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Preface 
The 8th TSME International Conference on Mechanical Engineering (TSME–ICoME 2017) was hosted 

by the Department of Mechanical and Aerospace Engineering, Faculty of Engineering, King Mongkut’s 

University of Technology North Bangkok, Bangkok, Thailand. The conference was held at Anoma 

Grand Hotel, Bangkok, from 12–15 December 2017. The conference is a leading conference of the Thai 

Society of Mechanical Engineering (TSME) and represents one of the only exclusive events in Thailand 

where everyone "mechanically-engineering-related" can share their ideas and establish long-lasting 

collaborations and networks. 

The scientific program covered a wide range of topics, including Alternative Energy and 

Combustion (AEC), Automotive, Aerospace and Marine Engineering (AME), Applied Mechanics, 

Materials and Manufacturing (AMM), Biomechanics and Bioengineering (BME), Computation and 

Simulation Techniques (CST), Dynamic Systems, Robotics and Controls (DRC), Engineering Education 

(EDU), Energy Technology and Management (ETM), Industrial Entrepreneurship (IEI), and Thermal 

System and Fluid Mechanics (TSF). 

This year conference brought together more than 200 delegates from Asia, Europe, Australia 

and North America to exchange knowledge by in-depth discussions and to promote international and 

multi-disciplinary collaborations under the theme of “Industry 4.0: Challenges and Solutions.”  

This volume of TSME-ICoME 2017 post-conference proceedings includes 169 papers 

presented in the conference (89 full papers, 72 abstracts of the full papers published in IOP Conference 

Series: Material Science and Engineering and 8 abstracts for a special ASEAN-student session). 

On behalf of the editing team, we would like to express our gratitude to the members of both 

the Conference Program Committee and the Organizing Committee, whose commitment and tireless 

devotion led to the success of this conference. We are also pleased to acknowledge our partners, 

sponsors, and participants for their contribution. Finally, we are grateful to King Mongkut’s University 

of Technology North Bangkok for the financial support of TSME–ICoME 2017. 

 

Assoc. Prof. Dr. Sinchai Chinvorarat 

Prof. Dr. Suwat Kuntanapreeda 

Conference Co-chairs of TSME–ICoME 2017 
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Message from the President of TSME 

 

 

In 2010, TSME started to hold yearly international conferences under the name of the International 

Conference on Mechanical Engineering (ICoME) with collaboration from the American Society of 

Mechanical Engineers (ASME), the Japan Society of Mechanical Engineers (JSME), and the United 

Kingdom's Institute of Mechanical Engineers (IMechE).  

The conference is a key mechanism to develop the researches from the knowledge exchanging 

which has contributed association networks and constituted a unique research community. The 

Mechanical Engineering research is an important role to enhance the growth of country especially in the 

industry sectors. This cooperation made a great opportunity of representing Mechanical Engineering to 

make the difference and success of engineering society. 

In this regard, I would like to express my congratulation and appreciation to the department of 

Mechanical and Aerospace Engineering, Faculty of Engineering, King Mongkut's University of 

Technology North Bangkok for the dedication to organize the 8th TSME–ICoME where will be held at 

Anoma Grand, Bangkok from 12–15 December 2017. Thank you for your supporting team and all staff 

for hard working to make this conference possible.  

I hope the conference will be success and belief that this collaboration will be further strengthened 

to the Mechanical Engineering in the years to come. 
 
 

Asst. Prof. Dr. Chinda Charoenphonphanich 

President of Thai Society of Mechanical Engineers (TSME) 
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Microturbine- and Turbo-Fuel-Cell Technology for Highly 
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Abstract. The development of decentralized energy supply systems and structures has received an increasingly 
important role in the recent years. Construction of new large-scale and base-load power plants will no longer take 
place in liberalized energy markets because of economic and political reasons and for the sake of acceptance. In 
this context, the development of flexible power plants with maximum efficiencies is inevitable. Hybridization of 
energy production processes is a very promising approach, because the various pros and cons of each individual 
process are in this case optimally combined and thus the disadvantages are decreased. One possibility is the 
combination of the electrochemical SOFC (Solid Oxide Fuel Cell) process with the recuperated Joule-process. The 
possible potential of this combination has been shown in various papers and is not the focus of this presentation. 
In the examples presented, the international technological transfer supported by DAAD (German Academic 
Exchange Service) and the cooperation with KMUTNB (King Mongkut's University of Technology North 
Bangkok) is shown on the field of MGT (Micro Gas Turbine), which provides the basic technology for the hybrid 
application of future MGT-SOFC systems. This future highly efficient energy converters are called by the network 
partners “Turbo-Fuel-Cell”.  

The international cooperation between the Department of Mechanical and Aerospace Engineering (MAE) at 
KMUTNB, Brandenburg University of Technology (BTU) and industrial partners is also presented in the research 
and education field of MGT-Technology and the planed Turbo-Fuel Cell system. This team is working closely 
together in the education, research and technology realization supported by the DAAD in the University-Business-
Partnership Program with a focal on the MGT-Technology. 
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The developed MGT is an advanced turbo machinery technology in combination with foil bearing. This 
technology is necessary for the realization of a “Turbo-Fuel-Cell”-process (MGT-SOFC system) with a long life 
time and less operating costs. Foil bearings are an innovative solution for small size, high speed high temperature 
turbo machinery. In addition, the SOFC-technology is another important key technology. Here, the SOFC stacks 
are integrated instead of the combustion chamber in the MGT process. Because of the combination between this 
advanced turbo machinery process and embedded SOFC stacks, the system has a high dynamic response 
(100kW/s) and a very high effective efficiency of 68% with a future potential of nearly 80%. 

The presentation also highlights the importance of this technology for the future of habitats and mobility. 
 
Biography. Heinz Peter Berg founded the Chair Combustion Engines and Flight Propulsion and the Institute of 
Transport Engineering at the Brandenburg Technical University in 1997. Since then he has been a full university 
professor and company founder.  

He has worked in various executive functions of cooperating development companies and research institutes 
for 25 years. He started his professional career as an academic associate and scientist at the Technical University 
Darmstadt in 1982. After the degree as an Dr.-Ing. of the Technical University Darmstadt, he was a founding team 
member of BMW Rolls Royce GmbH (now Rolls-Royce Deutschland). At BMW Rolls-Royce (from 1991), he 
directed the test program area, the fluid dynamic test department, the aerothermal test department and the whole 
section for engine component testing of all international divisions. During this period the first German turbojet 
engine (BR 700 family) after the second world war was designed, developed, built and certified. 

In the time periode 1997-2005 Prof. Dr. Berg was Vice-President of the Brandenburg Research & 
Development Company and Engineering Cooperation Center GmbH. From 2005 until now he was founder and 
share-holder in a variety number of technology-oriented companies, which are integrated into a technology 
network. Since 1997 he is a full Univ.-Professor, a member of various technology organizations, an expert (e.g. 
DFG, SFB) and entrepreneur. 

In addition to the research and development field of combustion engines and flight propulsion systems, Prof. 
Berg is very concerned with future technologies in the field of energy conversion and the network creation of 
international institutions.  
 
 

Micro/nano/pico-satellite Challenge for Novel Space  
Development and Utilization  
13 December 2017, 10:00-10:25, Arnoma Grand Room 
 
 

Prof. Dr. Shinichi Nakasuka 
Department of Aeronautics and Astronautics, University of Tokyo, Japan 

 
Abstract. University of Tokyo already developed 8 satellites, and seven of them were launched and operated 
successfully in space. Two CubeSat “XI-IV (2003)” and “XI-V (2005)” were primarily for space engineering 
education and pico-bus demonstration, but from the third satellite “PRISM” we have been challenging towards 
more practical applications.  PRISM aimed at obtaining 30 m GSD Earth remote sensing images, which was 
actually achieved in 2009.  Our fourth satellite “Nano-JASMINE,” which is now waiting for launch, has 
“astrometry” mission to obtain very precise 3D map of more than 400,000 stars in space.  From 2010, I lead a 
nationwide micro-satellite project named “Hodoyoshi Project,” through which, three Earth remote sensing 
satellites “Hodoyoshi-1,3,4” were launched in 2014 by Russian rocket “DNEPR,” which showed excellent 
performance of taking Earth images of 6m, 40m and 240m GSD. We are now seeking practical applications of 
these images for agriculture, forestry, fishery, disaster monitoring, etc. Based on the bus technologies developed 
in Hodoyoshi Project, in December 2014, we launched the world first 50kg class deep space probe “PROCYON,” 
which escaped from the Earth gravitational field, and various observation and experiment were conducted 
successfully in deep space. Based on the obtained deep space technologies, we started development of 6U CubeSat 
“EQUULEUS” targeting towards Earth Lunar Lagrange Point 2, with the planned launch by NASA’s SLS rocket 
in 2019. 
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In my talk, I will first show the features of micro/nano/pico-satellites, followed by the University of Tokyo’s 
history of development and in-orbit operation results of series of micro/nano/pico-satellites. In the latter part, I 
will describe current and future visions of applying these satellites to various practical missions, including space 
science and exploration, Earth observation, entertainment, and education support program. 
 
Biography. Prof. Nakasuka graduated from University of Tokyo in 1983 and got Ph.D in 1988.  He joined IBM 
Research during 1988-1990, and then worked for Department of Aeronautics and Astronautics, University of 
Tokyo as a lecturer in 1990, as an Associate Professor in 1993, and became a Professor in 2004.  He developed 
and launched seven micro/nano/pico-satellites successfully.  He is a member of JSASS, SICE, and IAA, and the 
Chairperson of IFAC Aerospace Technical Committee and UNISEC-GLOBAL.  He has been a member of Space 
Policy Committee of Japanese Cabinet Office since 2012. 
 

 
Kaizen Approach to Smart Manufacturing for Connected  
Industries  
13 December 2017, 10:45-11:10, Arnoma Grand Room 

 
Prof. Dr. Yasuyuki Nishioka 
Department of Engineering and Design 
Faculty of Engineering and Design, Hosei University, Japan 
President of the Industrial Value Chain Initiative 

 
Abstract. Manufacturing industry is facing tremendous changes in digitization.  From a system integration 
viewpoint, approaches toward manufacturing digitization are usually on a top-down basis. It could be true that an 
optimized production system can be specified in the cyber world. However, factory floor’s reality sometime refuses 
such sophisticated systems. On the other hand, Japanese production management usually make a decision based 
on fact-based reality. This fact-based and case-based system thinking creates valuable outcomes with respect to 
quality and productivity. So-called Kaizen is a typical example of a bottom-up approach for smart manufacturing. 

This talk, first, shows the Industrial Value Chain Reference Architecture (IVRA), which various kinds of 
factories can refer to improve performance with respect to digitized manufacturing. IVRA consists of Smart 
Manufacturing Units (SMUs) and Portable Loading Units (PLUs). SMU has three views: asset view, management 
view, activity view. Kaizen approach can be realized in the activity view of an SMU where PDCA cycles perform 
for continuous improvement. 

In order to implement IoT/ICT system in a manufacturing enterprise, it is necessary to keep interoperability 
among IoT devices, applications, data storages, and related tools. In order to achieve interoperability among such 
digital components, IVRA also addresses reference models of IVI platforms. The concept of Loosely Defined 
Standard (LDS) is applied in management of interoperability between IVI components, in which data commonality 
cannot be fixed unless improvement of the system as a whole is terminated.  
Using LDS, IVRA allows the factory managers to describe scenarios of daily operations and inter-relations 
between actors. Then an SMU can be defined as a set of models including Actor, Activity, Thing, Information, 
Logic and Data. The talk also illustrates the procedure of bottom-up system improvement of a cyber-physical 
SMU. Factory floor managers, production engineers and chiefs of workers make some operational scenarios from 
their actual concerns. Then the scenarios are redesigned using data and logics in the cyber world. Assigning 
appropriate services provided by platform component suppliers to the data and logics, an IVI platform gives 
interoperability framework to those components.   

Industrial Value Chain Initiative (IVI) provides a software tool, IVI modeler, to all the members for describing 
and sharing scenario models, IVI modeler is used by working groups to draw four kinds of diagrams. This tool 
performs well for facilitating common understanding and defining scenarios and terms. Models defined by the IVI 
modeler can play a key role in integrating the physical world and cyber world. In other words, a matching system 
between platform components and the practical operational scenarios is implemented by those models. 

Finally, this talk discusses a platform ecosystem framework. In order to make collaboration and win-win 
relation among platformers, component suppliers, system integrators and factory managers, general rules of profile 
specification and distribution are identified. Since the platformers and component suppliers have their own data 
models and interfaces, IVI proposes a profile publication framework and a common dictionary for specifying the 
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profiles in accordance with the concept of LDS. Many future possibilities of cross industrial collaboration are also 
discussed in the concluding remarks. 
 
Biography. Yasuyuki Nishioka received Bachelor of Engineering from Waseda University in 1985, Master of 
Engineering from University of Tsukuba in 1992 and Doctor of Philosophy from University of Tokyo in 1996. He 
is currently a professor in the Department of Engineering and Design at Hosei University, Japan. Since 2015, Prof. 
Nishioka has been President of the Industrial Value Chain Initiative. 
 
 
 

Technology Fusion in Series Production of Lightweight 
Structures 
13 December 2017, 11:10-11:35, Arnoma Grand Room 
 
Dipl.-Ing. Michael Heinrich 
Federal Cluster of Excellence “MERGE Technologies for Multifunctional Lightweight 
Structures,” Chemnitz University of Technology, Germany  
Director of Competence Centre for Lightweight Structures, Chemnitz, Germany 

 
Abstract. Research in production technology is currently being driven by mega-trends such as industry 4.0, 
resource efficiency, circular economy, human-machine interaction and demographic change. Therefore, issues 
relating to economic sustainability, future working and living environments, big data and human effected 
production processes are at the forefront of this research. The creative scope for possible technology combinations 
and interactions has in-creased significantly due to the paradigm shift that is occurring in production technology 
with regard to holistic approaches and sustainability. Therefore, the newly developed technology variants 
investigated in MERGE provide an excellent basis for new research approaches. For example, the sensor 
integration technologies tested in MERGE open up new paths of communication to aid greater understanding of 
material, energy and information flows with the involvement of people across the entire life cycle of lightweight 
structures. 

Networking digital functionalisation technologies with existing analogue production processes pursued in the 
MERGE Cluster aim to equip components with sensors across the board to depict the entire life cycle. A 
configurable information feedback between production parameters and the resulting component properties in the 
use phase provides the basis for detailed product and process optimisation for multifunctional lightweight 
structures. To expand upon this, interfaces between virtual and real-life processes will be researched, based on 
multi-criteria algorithms with a view to creating self-learning systems. 
 
Biography. Michael Heinrich, became his diploma (Dipl.-Ing.) for mechanical engineering, especially for 
lightweight structure and polymer technology, in 2004 at the Chemnitz University of Technology (CUT), 
Germany. He stays at the Institute of Lightweight Structures (Head: Prof. Dr.-Ing. habil. Lothar Kroll) at the CUT 
and make his Ph.D.-thesis on the effects of micro injection molded composites based on carbon nano tubes for 
electrical contacting of piezo ceramics. Furthermore, since 2008, he is leader of Competence Centre for 
Lightweight Structures. Since 2015, he is research assistant at the Research Centre for Textile Semi-finished 
Products and Preforms (STEX) at Fraunhofer-Institute for Machine Tools and Forming Technology (IWU), 
Germany. He also has been in the Scientific Management Board of the Federal Cluster of Excellence “MERGE 
Technologies for Multifunctional Lightweight Structures” (MERGE), established at CUT, since 2017. From 2004 
until now, more than 50 articles, proceedings and patents have been published. 
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Lessons Learned from KNACKSAT Satellite  
13 December 2017, 11:35-12:00, Arnoma Grand Room 
 

 
Prof. Dr. Suwat Kuntanapreeda 
Department of Mchanical and Aerospace Engineering, Faculty of Engineering, 
King Mongkut’s University of Technology North Bangkok, Thailand 
 

Abstract. KNACKSAT, an acronym for KMUTNB Academic Challenge of Knowledge SATellite, is a 1U-
CubeSat satellite (roughly 10 x 10 x 10 cm, 1.3 kg) developed by King Mongkut’s University of Technology North 
Bangkok (KMUTNB). Since September 2015, the KNACKSAT project has been funded by Broadcasting and 
Telecommunications Research and Development Fund for the Public Interest, Office of The National Broadcasting 
and Telecommunications Commission (NBTC), Thailand. It’s the first satellite entirely built in Thailand, entirely 
by a university team. The satellite will be launched into a 575-km sun-synchronous orbit in 2018. The 
communication between the satellite station and the ground station is based on amateur radio frequencies. The 
main mission of KNACKSAT include (1) developing a communication system using amateur radio frequencies, 
(2) taking images from space, (3) testing 3-axis attitude control algorithms by using magnetic torquers, (4) 
verifying a deorbit technology by a magnetic torque and (5) confirming the uses of Commercial Off-The-Shelf 
(COTS) components in space. But the larger objectives of the KNACKSAT project might be even more important: 
the educational and technology demonstration objectives. The educational objectives is to enhance the knowledge 
and experience of the students in satellite design and construction. On a national level, the project inspires and 
promotes interest in science and technology for young Thais. 

The KNACKSAT project started without prior in-house experience. However, from developing all 
subsystems in-house, the team has gained valuable experiences that can be considered as fundamentals for 
development of larger satellites in Thailand in the near future. 

In my talk, I will first present some relevant histories and then introduce the KNACKSAT project. Last, I will 
share the lessons learned from more than two years of development. The lessons are identified from both point of 
view of engineering and management. 
 
Biography. Suwat Kuntanapreeda received the B. Eng. degree in Mechanical Engineering from King Mongkut’s 
University of Technology North Bangkok (KMUTNB), Thailand in 1990, and the M.S. and Ph.D. degrees in 
Mechanical Engineering from Utah State University, USA in 1992 and 1995, respectively. He is currently a 
professor in the Department of Mechanical and Aerospace Engineering at KMUTNB. 
 
 

Fuel Upgrading to Cleaner and High Value Fuels 
14 December 2017, 10:40-11:00, Arnoma II 
 
 

 
Prof. Dr. Ashwani K. Gupta 
Department of Mechanical Engineering 
University of Maryland, College Park, MD 20742, USA 

 
Abstract. Clean energy harvesting from various kinds of feedstocks is a challenge but recent research and 
development efforts show a novel fuel reforming path that can be used in a wide variety of industries extending 
from commercial to aerospace application. Fuels of different physical and chemical properties could be made 
available, however, they must be tailored for specific applications. In addition it is important that we effectively 
and efficiently use low grade fuels and reform them to cleaner fuels, such as wastes and biomass to hydrogen and 
methane. Carbon dioxide is a greenhouse gas that is known to contribute to global warming. Although there are 
other contributors to global warming but the share of CO2 is significant. Most of the CO2 is produced from the 
combustion of fossil fuels and our use of fossil fuels has been increasing due to increased activity and population. 
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The carbon during the combustion process is converted to CO2 with the subsequent release of thermal energy. In 
many parts of the world most of the electricity is produced from fossil fuels, with coal being the highest. The 
demand for electricity continues to grow in the developed countries with significant more in some of the 
developing countries. This has resulted in dramatic increase in global ambient concentrations of CO2. Significant 
efforts are being pursued to curtail the emission of CO2 or capture and store it in order to maintain the ambient 
concentrations to some acceptable levels. 

This talk will focus on reforming wastes and biomass to clean energy with due consideration to energy 
sustainability, global climate change and mitigation of greenhouse gases emission to the environment.  The 
emphasis will be on sustainability with due considerations to efficiency and fuels used in different energy using 
sectors. Carbon emissions continue to increase through the increase use of fossil fuels but fossil fuels offer are 
near carbon neutral. . Gasification and pyrolysis are important steps to reform the fuel properties so that they can 
be used in the current energy conversion systems for various energy and power use with due consideration to 
environmental impact. Gasification results from a lab scale reactor and its effect on syngas yield and characteristics 
will be provided using different feedstock materials. 
 
Biography. Ashwani Gupta is a Distinguished University Professor at the University of Maryland, College Park, 
USA. He received his PhD from the University of Sheffield, and higher doctorate (DSc) from the University of 
Sheffield and also from the University of Southampton, UK.  He received Honorary doctorate from the University 
of Wisconsin Milwaukee, King Mungkut University of Technology North Bangkok, and University of Derby, UK. 
He is Honorary Fellow of ASME and Fellow of AIAA, SAE, AAAS and RAeS (UK). He is co-editor of 
Environmental and Energy Science book series by CRC Press and Associate editor of 4 journals. He served as 
Director of Propulsion and Energy group at AIAA and also a member of Board of Directors at AIAA. He has 
received several honors and awards and several best paper awards from AIAA, ASME. At the University of 
Maryland he received President Kirwan award and College of engineering research award. He has published over 
700 technical papers, 3 books and edited 13 books. His research interests include high intensity distributed 
combustion, HiTAC, swirl flows, combustion, sulfur chemistry, wastes and biomass to energy, biofuels, high 
speed flows and mixing, advanced diagnostics and miniature sensors, and air pollution. 
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Development and comparison of processing maps of Mg-3Sn-1Ca 
alloy from data obtained in tension versus compression 

K.P. Rao1,*, K. Suresh2, Y.V.R.K. Prasad3 and N. Hort4 

1 Department of Mechanical and Biomedical Engineering, City University of Hong 
Kong, Tat Chee Avenue, Kowloon, Hong Kong 
2 Department of Physics, Bharathiar University, Coimbatore 641046, Tamilnadu, 
India (formerly with City University of Hong Kong) 
3 processingmaps.com, No. 2/B, Vinayaka Nagar, Hebbal, Bengaluru 560024, India 
(formerly with City University of Hong Kong) 
4 Helmholtz-Zentrum Geesthacht, Institute of Materials Research, Magnesium 
Innovation Centre, Max-Planck-Straße 1, Geesthacht 21502, Germany 
 
* Corresponding Author: mekprao@cityu.edu.hk, +852 3442 8409, +852 3442 0172 

Abstract. The hot workability of extruded Mg-3Sn-1Ca alloy has been evaluated by 
developing processing maps with flow stress data from compression and tensile tests with a 
view to find the effect of the applied state-of-stress.  The processing maps developed at a strain 
of 0.2 are essentially similar irrespective of the mode of deformation – compression or tension, 
and exhibit three domains in the temperature ranges: (1) 350 – 425 oC, and (2) 450 – 550 oC 
and (3) 400 – 500 oC, the first two occurring at lower strain rates and the third occurring at 
higher strain rates. In all the three domains, dynamic recrystallization occurs and is caused by 
non-basal slip and controlled by lattice self-diffusion in the first and second domains and grain 
boundary self-diffusion in the third domain. The state-of-stress imposed on the specimen 
(compression or tension) does not have any significant effect on the processing maps. 
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Evaluation of tensile strength and consideration of the rope 
structure of net for super-pressure balloon 

R. Tanaka1,*, T. Matsuo1, Y. Saito2, D. Akita3, K. Nakashino4, and K. Goto2 
1 Department of Mechanical Engineering, School of Science and Technology,  
Meiji University, 1-1-1 Higashimita, Tama, Kawasaki, Kanagawa, 214-8571, JAPAN 
2 Japan Aerospace Exploration Agency, 3-1-1 yoshinodai, chuo, Sagamihara, 
Kanagawa, 252-5210, JAPAN 
3 Department of Transdisciplinary Science and Engineering, Tokyo Institute of 
Technology, 2-12-1 Oh-okayama, Meguro, Tokyo, 152-8550, JAPAN 
4 School of Engineering, Tokai University, 4-1-1 Kitakinme, Hiratsuka, Kanagawa, 
259-1292, JAPAN 
 
* Corresponding Author: ce62039@meiji.ac.jp 

Abstract. Super-pressure balloons which enable long duration flights have been developed to 
overcome the problem of high cost of artificial satellites. We have been studying super-
pressure balloons which have film structures covered with nets of high tensile ropes. The 
strength of the net is important to sustain the super-pressure; however, a detailed experimental 
investigation has not yet been carried out. The purpose of this study is to evaluate rope fracture 
strength to verify its applicability for a super-pressure balloon and to verify the mechanism that 
limits its strength. The net is a mesh of ropes and the rope is made of twisted two strands, 
which consist of many thin fibers. To achieve this objective, tensile tests were carried out for a 
single fiber and rope. The tensile strengths of a single fiber and rope were lower than that of 
the bulk specimen; the strength of the rope was higher than the required strength. Next, tensile 
test was carried out by changing the twist angle to study their relationship. A normal twist 
angle was 18.3°. The greater the difference in the normal twist angle, the lower the strength of 
the rope. We assumed that there is a drop in the strength of the rope because a twisted rope has 
a torque which produces a twist back force and cuts the fiber. Next, numerical simulation was 
carried out to confirm this assumption. Three pitch lengths of rope models were loaded with 
200 N of force. Results from the analysis shows that there is high stress between strands, and 
the rope turned to twist back. Therefore, it was assumed that the rope has a torque and breaks 
torsional balance, which cuts the fiber. 

1.  Introduction 
Many artificial satellites have been launched for atmospheric observation and scientific experiments. 
However, the costs of running artificial satellites after they have been launched are high. To overcome 
the problem of high costs, scientific observation balloons that can fly at high altitudes for long periods 
of time have been developed. The super-pressure balloon is one of them, which can overcome the 
buoyancy fluctuations between day and night. It enables experiments at low cost, long duration flights 
at constant high altitudes, and new monitoring with high accuracy. Several research institutes have 
developed super-pressure balloons with thin film and many ropes [1-3]. The Japan Aerospace 
Exploration Agency and some Japanese institutes have developed super-pressure balloons with a 
diamond-shaped net in order to overcome the problems with conventional balloons, such as heavy 
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weight and large mass. This type of balloon can withstand internal pressure because its film structure 
is covered with a diamond-shaped net and various experiments for practical applications can be 
conducted [4-6]. However, the strength of the net and rope have yet to be investigated in detail. The 
purpose of this study is to evaluate the fracture strength of a rope to verify its applicability in super-
pressure balloons and to determine its behavior under loading conditions. Tensile tests on ropes and 
single fibers were carried out. Next, finite element method (FEM) analysis was conducted and 
compared with experimental results. From these results, the strength of the ropes and their behavior 
under loading conditions were evaluated. 
 

2.  Structure of super-pressure balloon with a diamond-shaped net 

2.1.  Material and structure of rope 
The cover net for the super-pressure balloon is made of several polymer ropes. Figure 1 shows the 
structure of the rope used in this study. The balloon’s rope was formed by twisting two strands 
consisting of many thin fibers made from polyarylate. Polyarylate is a liquid crystal polymer and high-
performance fiber with a density of 1.40 , tensile strength of 3.01 GPa, and Young’s modulus 
of 104.3 GPa in bulk material [7][8]. The average diameters of a single fiber, strand, and rope are 25.0 
μm, 623 μm, and 966 μm, respectively. These diameters were measured with an optical microscope.  

 

fiber
rope strand2.0 mm

  

Figure 1. Components of a rope (left) and twisted rope (right). 
 

2.2.  Structure of balloon and weight reduction 
Figure 2 shows the fully inflated super-pressure balloon. The balloon was inflated by internal pressure, 
and its surface is made up of a 10- or 20-µm-thick polyethylene film covered by a diamond-shaped 
net. The meshes of the rope have no-knots so as not to damage the film as shown in Figure 3.  

This structure has a lobed-pumpkin shape, the film overhangs among the ropes, as shown in 
Figure 4 [9]. The forces acting on the film and rope are expressed by equations (1)(2), where  is 
the tension on the film,  is the local curvature radius of the film, and  is the internal pressure. 

 is the sum of tensions generated on the ropes and  is the equatorial radius of the balloon 
[9]. 

 
      (1) 

    (2) 
 

By equation (1), decreasing the size of  reduces to the tension on the film. This is made 
possible by the smaller size of the mesh of ropes. The force of the rope, obtained by the radius of the 
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balloon and pressure, is not related to the local curvature radius of the film. Thus, the tension on the 
rope and film do not affect each other; the thin and light film can withstand pressure that leads to the 
reduced weight of the balloon. The ultimate goal is to fly a balloon with a volume of 300,000 m3 to an 
altitude of 37 km while mounted with 1 t of equipment. The required load per rope is 59 N and the 
pressure is 100 Pa [4].  

 

  

Figure 2. Super-pressure balloon(left) and balloon’s surface(right) 

  

Figure 3. Mesh of rope Figure 4. Protruding film from between ropes 
 

3.  Tensile strength of rope and fiber 
First, tensile tests were carried out on a single fiber and rope to evaluate their strength. Tests on the 
fiber followed the JIS L1069 standard [10], and the edge of the rope was protected. The edge of the 
rope was folded back and the gripping portion was made. The tests were carried out at a speed of 2 
mm/min and repeated ten times. Figure 5 shows the stress–strain curve of the rope and single fiber. 
Here, tensile strength was normalized by using the strength of bulk material of polyarylate. As a result, 
the strengths of fiber and rope were 81% and 45% of the bulk specimen, respectively. The tensile 
strengths of a single fiber and rope were higher than required. However, these strengths were lower 
than that of the bulk specimen.  

After the tensile test, the damage observed on fibers, as shown in Figure 6, which was caused by 
the structure of the rope. Next, tensile tests of the rope with a different twisted angles were carried out 
at a speed of 2 mm/min. The twist angle of rope was 18.3 ; the tests were carried out in both of the 
plus and minus directions. As a result, the difference increased as the breaking load decreased, as 
shown in Figure 7.  

When the twist angle increased, the contact area between ropes increased and it was assumed that 
wearing of the fibers was caused by friction between ropes. Another reason for the reduced strength 
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was assumed to be twisting torque. When the tensile strength was applied to the rope, it was reported 
that twisting generated torque that attempted to twist it back [11].  
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Figure 5. Stress–strain curve of 
polyarylate 

Figure 6. Surface photograph of fractured 
rope after the test 

−15 0 15
0

0.5

1

1.5

N
or

m
al

iz
ed

 b
re

ak
in

g 
lo

ad

Difference of twis angle [degree]  

Figure 7. Relations of tensile strength and twist angle 
 

4.  FEM simulation 
To determine the reason for the weak tensile strength of the rope, numerical simulations were carried 
out by FEM analysis. Strand models with three pitch lengths were developed; the diameter and length 
of the strands were 0.623 mm and 10.5 mm, respectively. The models were loaded along the rope axis 
with a force of 200 N while the other side was fixed. The coefficient of friction was 0.02. The density 
of the rope model was 1.40 kg/m3 and Young’s modulus was 104.3 GPa. The material was set as 
isotropic material. The results of the analysis, shown in Figure 8, indicate that there was high stress at 
the contact points of the strands and the rope turned to twist back. Under this condition, the apparent 
stress on the rope was 707.3 MPa, and the maximum principal stress was 1724 MPa, or 2.43 times the 
apparent stress. Therefore, a tensile strength value from the experiment multiplied by 2.43 in the 
tensile strength from the experiment is close to the strength of the bulk specimen.  

Thus, at the contact part, the strength of the rope was equal to that of the bulk specimen. The 
reasons for the reduced strength were the local friction of ropes and the twisting torque caused by 
structure of the rope. 
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Table 1. Simulation conditions 

Material Polyarylate Isotropic material 

Young’s modulus 104.3 GPa Density 1.40 kg/m3 

Diameter of strand 0.623 mm Force 200 N 

Total elements 12102 Length of rope 10.5 mm 

Total nodes 24520 Friction coefficient 0.02 
 

5.  Conclusion 
In this study, the strength of the rope for a super-pressure balloon with a diamond-shaped net was 
evaluated. The tensile strength of rope was first measured. The tensile strengths of a single fiber and 
rope were higher than required. However, these strengths were lower than that of the bulk specimen. 
The reason for this was determined by numerical simulation. FEM simulation results confirmed that 
the rope produced a torque that can twist it back, which can cut the fibers. At the contact part, the rope 
showed a strength equal to that of the bulk specimen. 
 
Acknowledgement 
This work was supported by JSPS KAKENHI Grant-in-Aid for Scientific Research(A) 17H01352.  

References 
[1] Cathey H M 2015 Proceedings of the AIAA Balloon Systems Conference (Dallas) (Reston:VA/AIAA) 
[2] Yajima N, et al 2001 Journal of Aircraft 38(4) pp738-744 
[3] Venes S, et al 2014 Proceedings of 40th COSPAR Scientific Assembly(Moscow) (Paris:Ile-de-france 
/COSPAR) 
[4] Saito Y 2016 Proceedings of the 30th Atmospheric Science Symposium(Sagamihara) Ⅵ-4(Sagamihara : 
Kanagawa/JAXA,ISAS) 
[5] Saito Y, et al 2014 JAXA-RR-13-011 pp35-60 
[6] Saito Y, et al 2016 the Proceedings of the 16th Space Science Symposium(Sagamihara) pp1-7 (Sagamihara : 
Kanagawa/JAXA,ISAS) 
[7] Yamamoto Y 2006 Journal of the Japan Research Association for Textile End-Use 47 (9) pp 520-523 
[8] Nakagawa J 2003 Journal of Textile Engineering 56 (5) pp210-216 
[9] Saito Y, Matsuzaka Y, Mizuta E, Shoji Y, Matsushima K and Tanaka S 2011 JAXA-RR-10-013 pp25-40 
[10] JIS L 1069 Tensile strength tests of natural fibers 
[11] Tanaka K and Morohashi Y 1983 Journal of Structural and Construction Engineering 58 pp153-154 

 

Figure 8. Distribution of principle stress by FEM analysis. 

6



 
 
 
 
 
 

Characteristics of acoustic emission from corrosion in 
anticorrosive-coated steel 

T. Kagami*, and T. Matsuo 

Department of Mechanical Engineering, School of Science and Technology,  
Meiji University, 1-1-1 Higashimita, Tama, Kawasaki, Kanagawa 214-8571, Japan 
 
* Corresponding Author: ce62018@meiji.ac.jp 

Abstract. Corrosion in infrastructures made of steel is a serious problem. Corrosion protection 
paint is generally utilized on steel structures.  However, corrosion progresses under the coating 
films because of the deterioration of the coating films. Generally, visual and hammering 
inspection is widely used for inspecting infrastructures. A new nondestructive method to 
evaluate the corrosion of coated steels and the degradation of coating films is needed because 
present inspection methods are costly, time-consuming, and inaccurate. In this study, an acoustic 
emission (AE) method was applied to evaluate the corrosion condition of coated steel. An AE 
monitoring test during accelerated corrosion was carried out. A 3% NaCl solution was sprayed 
on a coated steel specimen and a bare steel specimen every 24 h for 90 days to accelerate 
corrosion. The AE events generated from the specimens were monitored continuously, and the 
corrosion activity was assessed by the change of the cumulative AE events. The assessment 
showed different behaviours of cumulative AE events between the coated steel specimen and the 
bare steel specimen. Moreover, a classification using frequency analysis was carried out for the 
AE signals generated from the coated steel specimen. As a result of the analysis, the conditions 
of the coating films and the under-film corrosion were estimated.  

1.  Introduction 
Corrosion is a serious problem for steel structures, and coating is the most popular method of 

corrosion protection. However, corrosion preventing performance of the coating films deteriorate 
because of its aging, and corrosion spread under the coating films [1, 2]. In order to prevent the accident 
and reduce LCC (Life Cycle Cost), it is important to perform maintenance adequately. Generally, a 
visual and hammering inspection is widely used for inspecting infrastructures [3]. However, such 
methods have problems of cost, accuracy and objectivity. Additionally, inspectors have to evaluate by 
destructive paint removing test due to check the under film corrosion. Thus a new inexpensive and 
simple nondestructive inspection technique is required.  

The acoustic emission (AE) method is a powerful tool for monitoring corrosion. AE signals are 
excited by fractures in rust during its growth [4]. Even though researchers have applied AE method to 
corrosion, many parts of the relationships between corrosion and AE characteristics remain unexplained 
[4-6]．Additionally, much less work has been done on AE characteristics of coating film deterioration 
and under film corrosion in anticorrosive-coated steel. The aim of this study was to develop an AE 
monitoring technique for the corrosion condition of anticorrosive-coated steel. Continuous AE 
monitoring for coated and bare steel specimens during accelerated corrosion was carried out, and the 
relationship between the AE activity and the amount of corrosion and coating damage was estimated. 
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2.  Experiment 
Continuous AE monitoring was carried out as shown in Figure 1. The specimens were made of 

SS400 with measurements of 30 mmW×300 mmL×2.2 mmT. One was coated with anti-corrosive 
coating (zinc-rich coating), the other was bared. The specimens were placed in a humid environment 
and a 3% NaCl solution was sprayed on them every 24 h to accelerate corrosion. The AE signals from 
corrosion were detected by PZT sensors (PAC, R15α) which have resonant frequency at 150 kHz and 
recorded with a digitizer after passing through a pre-amplifier (40 dB) and a high-pass filter (10 kHz).  

 

 
Figure 1. Experimental setup for monitoring AE signals during aged test 

 
Figure 2 shows changes in the surface of the specimens. Both specimens made significant changes 

in appearance. In the bare steel specimen, a rust lump grew into a layered rust and it made delamination 
in the day 75. On the other hand, in the coated steel specimen, a rust grew up under the coating film and 
oozed out on the coating films in the day 59. The results of the cumulative AE events are presented in 
Figure 3. As shown in the figure, there were high AE activity time frames in the both specimens (bare 
steel: Day 70–90, coated steel: Day 35–60) during which significant changes occurred in their 
appearance. Therefore, a correlation exists between the cumulative AE events and the corrosion 
condition. 

 
Figure 2. Surface photographs of specimen during aged test 

 
Next, in order to estimate a condition of under film corrosion in more detail, we classified the AE 

signals generated from the coated steel into a coating AE and a corrosion AE using frequency analysis. 
Our previous study had indicated that it can detect AE signals generated from fracture of coating films 
and it have low frequency components compared with those of corrosion [7]. Therefore, we defined the 
AE signals with a peak frequency under 100 kHz as the coating AE and those around 150 kHz peak 
frequency as the corrosion AE. Typical AE waveforms and frequency spectra of coating AE and 
corrosion AE ware shown in Figure 4. Figure 5 shows the results of the classification. This figure 
indicates the AE generation mechanism of the under-film corrosion. The corrosion AE increased in time 
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frame 1, while both the coating AE and the corrosion AE increased at the same time in time frame 2. 
Therefore, these results show the possibility of monitoring under-film corrosion using the AE method. 

 

 
Figure 3. Cumulative AE events of bare-steel specimen (left) and coated-steel specimen (right) 

during the aged test. 
 

 
Figure 4. AE waveform of (i) Coating AE and (ii) Corrosion AE (left) and their frequency spectra 

(right). 
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Figure 5. Cumulative AE events classified using frequency analysis. 

  

3.  Conclusion 
In this study, a continuous AE monitoring test for coated- and bare-steel specimens during 

accelerated corrosion was carried out for 90 days and was found to estimate the corrosion activity by 
the change in cumulative AE events. Moreover, a frequency analysis applied to the AE signals showed 
that it was possible to assess the condition of under-film corrosion. 
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Abstract. Dry sliding wear behavior of sintered nickel (Ni)-added Fe-Cr-Mo-C steels was 
investigated under constant sliding speed, load and sliding distance by pin-on-disc testing. Pin 
samples were produced by powder metallurgy (PM) process. Pre-alloyed Astaloy CrM (Fe-
3.0Cr-0.5Mo) powder was mixed with different carbon (0.3, 0.6 wt.% C) and Ni (0.0, 1.0 wt.% 
Ni) contents and sintered at 1250 °C for 45 minutes under hydrogen gas atmosphere and cooled 
with cooling rate 0.1 °C/s. After sintering, microstructures were examined by optical microscopy 
(OM) and scanning electron microscopy (SEM). A conventional automobile disc brake material 
was used as a counterpart material (testing disc). The hardness values of both pin and disc 
specimens were measured. Detailed microstructural morphology observed in the sintered 
Astaloy CrM-C steels with and without Ni were correlated with the wear properties. After wear 
test, the SEM analysis was carried out on the worn surfaces and wear debris to understand wear 
mechanisms. Worn surface revealed that the pin materials were worn by abrasive and adhesive 
mechanism. 

 

1. Introduction 
The main attractions of powder metallurgy (PM) are the high rate of material utilization, 

environmental friendly production, economical benefit especially for parts with complex geometries and 
lighter components [1]. PM steels produced from the pre-alloyed Astaloy CrM (Fe-3.0Cr-0.5Mo) 
powder show applications in various dynamically loaded parts in the auto industry such as gears, 
synchronizing hubs and other engine parts [2]. Most of these parts are required to exhibit good wear 
resistance [3]. In previous studies [4, 5], microstructure and mechanical property of sintered Fe-Cr-Mo-
C steels could be manipulated by carbon content and cooling rate. Sintered low-carbon Fe-Cr-Mo-C 
steels produced under slow a cooling rate exhibited dual-phase microstructure [4] whereas the materials 
produced under a high cooling rate showed better strengths due to the presence of harder structures of 
bainite and martensite [5]. However, the cooling rates for producing sintered high strength low-carbon 
Fe-Cr-Mo-C steels are uncommon for industrial sintering practices. Admixing of nickel (Ni) powder to 
modify the sintered material microstructure was conducted [6]. It was found that sintered high strength 
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low-carbon Fe-Cr-Mo-C steels could be produced under a slow cooling rate compatible to industrial 
sintering practices. 

In this paper dry sliding wear behavior of sintered Ni-added Astaloy CrM steels was investigated 
under constant sliding speed, load and sliding distance by pin-on-disc testing. Pre-alloyed Astaloy CrM 
powder was mixed with different carbon (0.3, 0.6 wt.% C) and Ni (0.0, 1.0 wt.% Ni) and sintered at 
1250 °C for 45 minutes under hydrogen gas atmosphere and cooled with cooling rate 0.1 °C/s. 
Microstructure were examined by optical microscopy (OM) and scanning electron microscopy (SEM). 
Sintered specimen was used as pin material. A conventional automobile disc brake material was used as 
a counterpart material (testing disc). After wear test, the SEM analysis was carried out on the worn 
surfaces and wear debris to understand wear mechanisms. 
 
2. Experimental Procedure 

2.1. Materials 
The base materials studied was Astaloy CrM, a pre-alloyed powder supplied by Höganäs AB 

Sweden, produced by atomization technique. This pre-alloyed powder was mixed with different carbon 
(0.3, 0.6 wt.% C) and nickel (0.0, 1.0 wt.% Ni) and mixed with 1 wt.% zinc stearate as a lubricant. The 
chemical composition of the powder is given in Table 1. The admixed powder were compacted into 
tensile test bars (MPIF standard 10) with green density of 6.5±0.05 g/cm3. The green tensile test bars 
were sintered at 1250 °C for 45 minutes under hydrogen gas atmosphere and cooled with cooling rate 
0.1 °C/s. 

Wear specimens using sintered specimens as pin and conventional automobile disc brake as a 
counting part material. Pins and discs dimensions shown in Figure 1 were machined from sintered tensile 
test bars and conventional automobile disc brake, respectively. 

 
2.2 Microstructural characterization 

The metallographic specimens were prepared by grinding, polishing and etching with 2% Nital 
solution. The microstructure were observed using optical microscopy (OM) (STM7-VI) and scanning 
electron microscope (SEM). 

 
2.3 Hardness and tensile tests 

Macrohardness values of each specimen were measured by Rockwell hardness testing. 
Microhardness values of phases in the microstructure were determined by Vickers tester. The specimens 
geometry of tensile test were flat bar. Tensile tests of sintered specimens were used tensile testing 
machine (INSTRON 8801) according to ASTM E-8 and load cell was 100 kN. 

 
2.4 Dry sliding wear test 

Wear tests were carried out under dry sliding condition using pin-on-disc apparatus (ASTM 
G99). Dry sliding wear test parameter are shown in Table 2. Wear tests using sliding speed of 0.25 m/s, 
sliding distance was 1000 m, and test load was 10 N. Before each test, the surface of the pin and the disc 
were polished. The weight of the pin at the beginning and at the end of each test was measured to find 
out the weight loss by 4 digit digital balance. Volume loss and wear rate of pin samples were calculated 
following equation (1) and (2), respectively. Worn surfaces after wear tests and wear debris were 
investigated using scanning electron microscopy (SEM). 
 
 
 
 
 
 

12



Table 1. Chemical composition of the powder mixtures 

Marking Material 
Chemical composition (wt.%) 

Fe-3.0Cr-0.5Mo C Ni 
A Astaloy CrM-0.3C 99.7 0.3 - 
B Astaloy CrM-0.6C 99.4 0.6 - 
C Astaloy CrM-1.0Ni-0.3C 98.7 0.3 1.0 
D Astaloy CrM-1.0Ni-0.6C 98.4 0.6 1.0 

 

Table 2. Dry sliding wear test parameter 

Pin material A = Astaloy CrM-0.3C 
B = Astaloy CrM-0.6C 
C = Astaloy CrM-1.0Ni-0.3C 
D = Astaloy CrM-1.0Ni-0.6C 

Disc material Cast irons (Hardness 108 HRF) 
Pin dimension Cylindrical with diameter 4 mm and height 20 mm 
Disc dimension Cylindrical with diameter 30 mm and thickness 10 mm 
Test condition Sliding speed 0.25 m/s (300 RPM × radius contact 8 mm 

Normal load 10 N 
Sliding distance 1000 m 
Temperature 25 °C 
Humidity 60% 

 

 

Figure 1. Dimensions of pin and disc. 
 

2.5 Definitions of wear terms 
After the test, pin samples were weighted to find mass loss. Equation (1) [7] was used to 

calculated volume loss of pin samples. Wear rates were calculated from volume loss divided by sliding 
distance that following equation (2) [7]. Wear resistance was simply defined as the reverse of the wear 
rate. 
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3. Results and Discussion 

3.1 Microstructure  
 Microstructures of all steels sintered with the cooling rate of 0.1 °C/s examined by OM and 
SEM techniques are shown in Figures 2 and 3, respectively. The sintered Astaloy CrM-0.3C steel 
exhibited dual-phase microstructure consisting of ferrite grains and bainite grains. This type of 
microstructure is in line with that of the material previously investigated [4]. The sintered Astaloy CrM-
0.6C steel exhibited microstructure consisting mainly bainite/martensite structure. With 1.0 wt.% Ni 
addition, both sintered Astaloy CrM-1.0Ni-0.3C and Astaloy CrM-1.0Ni-0.6C steels consisted of 
bainite/martensite structure and Ni-rich areas. In case of sintered Astaloy CrM-1.0Ni-0.6C steel, denser 
bainite/martensite structure was observed. It is well-known that the Ni addition results in promotion of 
bainite formation along with the suppression of polygonal ferrite and pealrite formation, respectively. It 
was reported that Ni and Mn had considerable effect on variation of the microstructure and mechanical 
properties of coarse grain heat affected zone in low carbon microalloyed steel [8]. The amount of 
granular bainite decreased and acicular ferrite or lower bainite increased with increasing Ni content. 

The presence of Ni-rich areas in sintered Fe-Cr-Mo steels was reported in the previous work 
[6]. The formation of Ni-rich area is related to Ni diffusibility in iron matrix. It was reported that among 
the substitutional solute elements, Ni had the slowest diffusion rate into iron [9]. Thus the Ni-rich areas 
are commonly formed in the peripheries of Ni powder particle sites. 

3.2 Tensile property and hardness 
 The tensile property and hardness are given in Table 3. The Astaloy CrM-1.0Ni-0.6C exhibited 
highest hardness and strengths among the investigated materials. The tensile properties of sintered 
Astaloy CrM steels increased with increasing amounts of carbon and nickel. When the comparison was 
made between sintered Astaloy CrM-1.0Ni-0.6C and sintered Astaloy CrM-0.6C, whose 
microstructures consisted of bainite/martensite structure, it was found that elongation increased when 
Ni was added. This result is in line with that given in the previous study [6]. The increase of ductility 
with increasing Ni content is attributed to the role of retained austenite (γr). It was previously reported 
that the presence of γr could enhance steel ductility [10]. 

The micro-hardness values of sintered Astaloy CrM-0.3C composed of micro-hardness values 
of ferrite and bainite that were 109 and 248 HV0.05, respectively. The micro-hardness values of sintered 
Astaloy CrM-0.6C and Astaloy CrM-1.0Ni-(0.3, 0.6C) steels were in the range of 339-421 HV0.1 
confirming the presence of bainite structure [11]. The hardness values of Ni-rich areas were in the range 
of 223-237 HV0.1, agreed with the values reported in [11]. 

Table 3. Results of tensile test and hardness test 

Material Yield strength 
(MPa) 

Ultimate tensile strength 
(MPa) 

%Elongation Hardness 
(HRF) 

Astaloy CrM-0.3C 93.76 169.70 6.10 49.18 
Astaloy CrM-1.0Ni-0.3C 259.92 456.83 2.43 93.45 
Astaloy CrM-0.6C 308.95 492.97 1.97 92.37 
Astaloy CrM-1.0Ni-0.6C 338.16 571.13 2.31 100.85 
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Figure 2. Microstructures of (a) Astaloy CrM-0.3C (b) Astaloy CrM-0.6C 
           (c) Astaloy CrM-1.0Ni-0.3C (d) Astaloy CrM-1.0Ni-0.6C. 
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Figure 3. SEM microstructure of sintered specimen (a) Astaloy CrM-0.3C (b) Astaloy CrM-0.6C  
     (c) Astaloy CrM-1.0Ni-0.3C (d) Astaloy CrM-1.0Ni-0.6C. 
 
 

         
 

         

Figure 4. SEM micrographs of the worn surface of pin materials (a) Astaloy CrM-0.3C  
(b) Astaloy CrM-0.6C (c) Astaloy CrM-1.0Ni-0.3C (d) Astaloy CrM-1.0Ni-0.6C. 
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Figure 5. SEM micrographs of the wear debris (a) Astaloy CrM-0.3C (b) Astaloy CrM-0.6C  
        (c) Astaloy CrM-1.0Ni-0.3C (d) Astaloy CrM-1.0Ni-0.6C. 
 

Table 4. Hardness and wear properties of the specimens. 

Material Hardness 
(HRF) 

Volume loss  
(mm3) 

Wear rate  
(mm3/m) 

Wear resistance 
(m/mm3) 

Friction 
coefficient 

Astaloy CrM-0.3C 49.18 1.2E-01 1.21E-04 8264.46 0.44 
Astaloy CrM-0.6C 92.37 5.3E-02 5.31E-05 18832.39 0.20 
Astaloy CrM-1.0Ni-0.3C 93.45 3.9E-02 3.93E-05 25445.29 0.33 
Astaloy CrM-1.0Ni-0.6C 100.85 5.2E-02 5.23E-05 19120.46 0.37 

 

3.3 Wear behavior 
 The SEM images of worn surfaces of the pin after wear test are shown in Figure 4. All the worn 
surfaces consisted of grooves running parallel to one another ensuring typical characteristic of sliding 
wear. Deep scratches were observed on the worn surfaces of all the test samples. They may be attributed 
to detached particles that are removed from the disc and placed on the contact surface [12]. SEM analysis 
for the worn surfaces indicated that wears were occurred mainly by adhesive and abrasive modes. Figure 
5 shows SEM images of the wear debris. It was observed that the presence of sheet-like wear debris. 
When cracks grow and get interconnected, a layer of metal is removed through delamination in the form 
of metallic sheets [13]. 

Wear properties of the specimens are shown in Table 4. In general, it was observed that the wear 
rates tended to decrease with increasing hardness. This is in line with the result previously reported in 
[14]. Wear resistance also tended to increase with increasing hardness of materials. It is well accepted 
that as the material hardness increases the wear rate decreases, corresponding to Archard equation [15]. 

a b 

c d 
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In this investigation, a deviation from Archard equation was observed. The sintered Astaloy CrM-0.3C 
steel showed the highest wear rate due to the lowest hardness. In contrast, the sintered Astaloy CrM-
1.0Ni-0.3C steel showed no highest hardness value but it had the lowest volume loss, lowest wear rate 
and highest wear resistance. This deviation caught our attention. According to the study on dry sliding 
wear behavior of low carbon dual phase powder metallurgy steels [16], dual phase PM steels having 
lower martensite volume fraction (MVF) showed high wear resistance. By comparison between the 
sintered Astaloy CrM-1.0Ni-0.3C and Astaloy CrM-1.0Ni-0.6C, it can be seen that the sintered Astaloy 
CrM-1.0Ni-0.6C had higher hardness and probably higher MVF due to higher carbon content, but the 
former steel shows higher wear resistance. 

The effect of MVF on wear behavior of the sintered Astaloy CrM-Ni-C steels will be further 
investigated. This will certainly clarify the influences of sintered steel microstructural components on 
wear behavior. 
 
4. Conclusion 
 Ni addition could change the microstructure of sintered low-carbon Astaloy CrM-C steel from 
dual-phase to bainite/martensite structure. In sintered high-carbon Astaloy CrM-C steel, although 
microstructural change was not obvious, Ni addition could improve strength and ductility. The 
experimental results indicated that Ni strongly promotes bainite transformation in the sintered Astaloy 
CrM-C steels. In addition to bainite transformation promotion, Ni addition also caused the formation of 
Ni-rich areas due to low Ni diffusion in iron matrix. Under dry sliding wear tests, all sintered specimens 
showed adhesive and abrasive mechanisms. The hardness effect on wear rate and wear resistance was 
reflected as the hardness increased the wear rate decreased but the wear resistance increased. 
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Abstract. This article reports of a study on the production of charcoal bri uettes from biomass 
for community use. Manufacture of charcoal bri uettes was done using a bri uette machine 
with a screw compressor. The aim of this research was to investigate the effects of biomass 
type upon the properties and performance of charcoal bri uettes. The biomass samples used in 
this work were sugarcane bagasse (SB), cassava rhizomes (CR) and water hyacinth ( H) 
harvested in Udon Thani, Thailand. The char from biomass samples was produced in a 200-
liter biomass incinerator. The resulting charcoal bri uettes were characterized by measuring 
their properties and performance including moisture content, volatile matter, fixed carbon and 
ash contents, elemental composition, heating value, density, compressive strength and 
extinguishing time. The results showed that the charcoal bri uettes from CR had more 
favorable properties and performance than charcoal bri uettes from either SB or H. The 
lower heating values ( HV) of the charcoal bri uettes from SB, CR and H were 26.67, 26.84 
and 16.76 M /kg, respectively. The compressive strengths of charcoal bri uettes from SB, CR 
and H were 54.74, 80.84 and 40.99 kg/cm2, respectively. The results of this research can 
contribute to the promotion and development of cost-effective uses of agricultural residues. 
Additionally, it can assist communities in achieving sustainable self-sufficiency, which is in 
line with our late King Bhumibol s economic sufficiency philosophy.                                                         
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Abstract. The direct ethanol fuel cell (DE C) is selected for this research. DE C uses ethanol 
in the fuel cell instead of the more toxic methanol. Ethanol is more attractive than methanol by 
many reasons. Ethanol is a hydrogen-rich li uid and it has a higher specific energy (8.0 
k h/kg) compared to that of methanol (6.1 k h/kg). Ethanol can be obtained in great uantity 
from biomass through a fermentation process from renewable resources such as sugar cane, 
wheat, corn, and even straw. The use of ethanol would also overcome both the storage and 
infrastructure challenge of hydrogen for fuel cell applications. The experimental apparatus on 
the micro direct ethanol fuel cell for measuring the cell performance has been set for this 
research. The ob ective is to study the micro direct ethanol fuel cell performance for applying 
with the portable electronic devices. The cell performance is specified in the terms of cell 
voltage, cell current and power of the cell at room operating temperature and 1 atm for the 
pressure and also includes the ethanol fuel consumption. The effect of operating temperature 
change on the electrical production performance is also studied. The steady-state time for 
collecting each data value is about 5-10 minutes. The results show that with the increase of 
concentrations of ethanol by volume, the reactant concentration at the reaction sites increases 
so the electrochemical rate also increases but when it reaches the saturated point the 
performance gradually drops.  
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Abstract. During the biomass densification can be recognized various technological variables 
and also material parameters which significantly influences the final solid biofuels (pellets) 

uality. In this paper, we will present the research findings concerning relationships between 
technological and material variables during densification of sunflower hulls. Sunflower hulls as 
an unused source is a typical product of agricultural industry in Slovakia and belongs to the 
group of herbaceous biomass. The main goal of presented experimental research is to 
determine the impact of compression pressure, compression temperature and material particle 
size distribution on final biofuels uality. Experimental research described in this paper was 
realized by single-axis densification, which was represented by experimental pressing stand. 
The impact of mentioned investigated variables on the final bri uettes density and bri uettes 
dilatation was determined. Mutual interactions of these variables on final bri uettes uality are 
showing the importance of mentioned variables during the densification process. Impact of raw 
material particle size distribution on final biofuels uality was also proven by experimental 
research on semi-production pelleting plant. 
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Abstract. This paper introduces the one-dimensional CFD model for downdraft gasification by 
making use of temperature profile from the experiment. Thermal equilibrium between solid fuel 
and gas stream is assumed. The pyrolysis gas generation, char generation, homogeneous reaction 
rate and char heterogeneous combustion rate can be calculated following Arrhenius law and 
regarded as the source terms to transport equations of 8 gaseous species.  Air flow rate was kept 
constant at 90 L/min.  From the measured temperature profile, the reactor is divided into two 
distinctive zones which are 1.) Combustion zone and 2.) Reduction zone. Combustion zone is 
determined as heat release region as dominated by oxidation of the raw material, while reduction 
zone is depicted by endothermic mechanism.  For simplicity, the process is assumed as one 
dimensional. With this alternative CFD procedure, non-linear coupling process from energy 
equation is ignored. Therefore, the computational effort is greatly reduced. Moreover, 
computational quality is improved with reduced residual as compared to conventional CFD 
procedure. 

   

1. Introduction  
Thailand is an agricultural producer. There are a lot of distributed biomass available in wide agricultural 
area.  Biomass has the capability to perform thermal process for producing gaseous fuel. However, 
careful economical consideration should be thoroughly studied for each project. [1] had studied on 
thermal performance and economical point of the operation of Biomass fueled power generation and 
cogeneration project in USA. He concluded that the system thermal performance and local fuel 
management are the key factor for successful operation of the process.  

Gasification is a complicate process. It involved a lot of detailed reaction mechanisms which are 
interact to each other. The process is strongly coupled and not easy to conduct modeling. Model 
developer need to deal with strongly non-linear term especially from energy equation which massive 
energy release during the combustion process. CFD modeling serve as an engineering tool to help 
engineer driving the improvement of the project. CFD modeling has an ability to predict the detailed 
process to help them understanding and pointing out performance improvement opportunity. CFD also 
working as a tool for project feasibility study to estimate the price to earnings ratio of the project. Since 
the system performance is the key for business success of the running project.        

There are many engineering applications classified into continuum porous media category. For 
example, catalytic converter, submerged flame combustion in an inert porous media. The continuum 
porous media modeling had been employed for modeling of the fixed bed gasification [2]. The idea of 
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continuum porous media modeling considers the occupied control volume consisting of solid and fluid 
pores region, as shown figure 1.      

 
 
 

CV

A‐Af solid

Af Pore filled 
with stagnant fluid

x'

 
Figure 1. Continuum porous media concept. 

 
Transport equation of the porous media could be written in the same form as the conventional form 

except that it has a porosity, a constant, being multiplied into each term. Transport of gaseous species 
through the finite control volume occurs only in the fluid space. The porosity reflects that the finite area 
and volume has the occupying solid constituent. Therefore, the convection, diffusion transport and 
source term is fractioned by porosity constant.                         

Transport equation for continuum porous media could be re-written as the equation below. 
 

HIWHHIU Sgraddivvudiv � )()(   (1)
 
In terms of modeling, fixed bed gasification process modeling is resemble to the combustion in an 

inert porous media except that the solid matrix in fixed bed gasification is not inert. On the contrary, it 
has pyrolysis kinetic taking place in the solid volume matrix. Moreover, it has heterogeneous char 
combustion at the surface of the solid matrix. Pyrolysis is the biomass thermal decomposition process, 
in which the rate is defined by Arrhenius form. It generates several gas, solid char and tar vapor. The 
pyrolysis equation can be written below.  

 
GasTarChar cbaBiomass ��o   (2)

 
In CFD modeling, the gas composition is directly prescribed into the model as the mass percentage 

of the total gas generated from pyrolysis process. Pyrolysis gas composition can be obtained from either 
the experimental pyrolysis test rig [3] or available data from other reference works.  

Several homogeneous combustion kinetic are taking place in fluid pores space in parallel with the 
combustible gas generation from pyrolysis. Tar cracking kinetic also occur in homogeneous form with 
water gas shift and CO combustion. Tar and steam condensation can be added into the model by 
estimating the saturation temperature of tar vapor and heat transfer rate between hot gas and cold solid 
porous fuel matrix.   

In this paper, alternative CFD procedure of down draft gasification process is proposed. The 
measurement of temperature profile from Kasemsil O. et.al. [3] was adopted. Various homogeneous and 
heterogeneous kinetics are calculated based on pervailing temperature profile. Transport equations of 8 
gas species together with biomass and char transport were solved by TDMA algorithm. Iteration 
coupling between kinetic rate, source term and transport equation were performed until convergence 
was achieved.  
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2. Exerimental setup      
The experimental set up case is refer to Kasemsil O.and team [3]. The air input rate was 90 litre/minute.       
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Figure 2. (a) Air inlet and thermocouple arrangement in the reactor. (b) Thermocouple arrangement in 
the reactor. 
 

Temperature profile for mathematical modelling was simplified from the measured profile. The first 
temperature rising rate, slope1, is obtained by identifying the distance between the location of maximum 
temperature and the location at the interface of preheat zone and the reaction zone. Slope 2 indicates the 
recession rate due to endothermic reaction. This second slope is obtained from linear approximation of 
temperature profile from the location of maximum measured temperature and the location at the 
interface of reduction and extinction zones, as seen in figure 4.  
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Figure 3. Temperature distribution in the reactor. 

       (a)                            (b)  
Figure 4. Temperature distribution in the reactor a) Experimental data b) Simplified 

temperature profile for mathematical modelling 
 
 Kasemsil O. et.al. [3], has perform experimental study of stratified downdraft process of biomass. He 
concluded that the process consisted of 2 distinct thickness in the reactor comprised of 1.) Combustion 
zone and 2.) Reduction zone as shown in figure 3. All zones propagated in counter direction with supply 
air flux. The propagation speed depended on gas mixture and thermal energy transport within the 
reactor. There have been many research into the propagation front in a packed bed. [4-8] has studied on 
the thermal propagation speed in downdraft gasification configuration with different supply air mass 
flux. He found that the propagation speed was dominated by convection and radiation heat transfer at 
the combustion front layer.                                    
 The flame propagation rate is calculated by knowing the distance between two consecutive 
thermocouples and the time required to reach a particular temperature between those thermocouples. 
The distance between two consecutive thermocouples is 5 cm. The time required to 
reach the reference temperature between two consecutive thermocouples is calculated by using the 

26



                  

temperature profiles between two consecutive time steps. The flame propagation rate is calculated by 
using the following relation Eq.(1) [5] 
  
 

Distance between thermocouples(cm)Propagation rate(cm/min) = 
Time required to reach the particular temperature(min)

     (3) 

  
3. Numerical modeling    
Estimated temperature profile and propagation speed is prescribed for CFD modeling. The problem is 
assumed to be quasi-steady. Instead of treating flame propagation moving, all reaction zones are kept 
stationery with an influx of biomass into the calculation domain with the velocity equal to the flame 
speed.  
     Transport equation of 8 gas species are treated as continuum porous media with predefined porosity.  
 

HIWHHIU Sgraddivvudiv � )()(   (4)
 
 Solid biomass and solid char transport equations are written in the same form as gas transport 
equation except that it has no mass diffusion transport term. It can be written as below. 
 

HHIU Svudiv  )(   (5) 

While molecular weight of mixture can be calculated as. 

 

MWiYi
MW

i

mix /
1

¦
  

(6)

 
 Various reaction rates are calculated by Arrhenius form with the input of defined temperature field. 
Each reaction rate will then link to particular mass generation and finally total mass generation of 
spcific species will transfer to source term of the transport eqution during coupling process. Conversion 
between concentration rate to mass rate can be written as below. 
 

))((/ II MWTRUPMWmix
(7)

 
 Gas phase combustion kinetic employed in the modeling are as follow 
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  Heterogeneous char surface combustion is calculated by one film model [9]. The thermal equilibrium 
between solid fuel matrix and fluid is assumed. Char surface temperature was assumed equal to 
measured gas temperature. There was a research on computational work proving that the temperature 
inequilibrium occurred around the combustion zone for combustion within inert porous media [10] 
which drive additional heat recirculation to the flame zone. However, if solid fuel particle is very small 
this assumption would be acceptable.  
  
 3.1 Mesh generation    
 Mesh generation is in one dimensional for 90 centimeters long. The domain was divided into 
100,000 equally control volumes, as shown in Figure 5. The code was tested by employing the material 
property and boundary condition as shown in Table 1. 
 

X(0) X(N+1)

X(1) X(N)

DX
 

Figure 5.  Mesh generation in calculation domain 
 
 

Table 1. Boundary condition   
 

Boundary condition 
                     Mixture inlet velocity           0.30 m/s 
                     Mixture Inlet temperature        310 K 
                     Oxygen mass fraction                  0.40 
                     Nitrogen mass fraction                  0.60 
                     Biomass relative velocity                  0.001 m/s 
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Table 2. Material property 
 

Material property 
         Porous void fraction               0.5 

                  Mixture binary diffusivity             0.0008 m2/s 
                     Pressure               101325N/m2 

  Biomass density          100 kg/m2 
 

 All transport equation are discretized into finite volume according to figure 1. In order to calculate 
convection term, face property was estimate by first order upwind scheme. All transport equations are 
written in system of algebraic equations. The volume at boundary was treated separately according to 
assigned boundary condition. All of the system of algebraic equations were solved by TDMA algorithm. 
The equation of state is calculated based on previous round of solved property field. All of the system of 
algebraic equation is then updated. The process is repeated until the convergence is achieved. 
 
4. Result and Discussion  
The custom made CFD code for biomass gasification is during the development stage. Code structure is 
divided into various subroutines. Every subroutine is tested individually whether they are capable to 
perform the desired task. Then the subroutine will be integrated into the programing loop in coupling 
procedure. The coupling test started from few variables until all variables are coupled and under 
controlled.  

The solid biomass transport and decomposition testing result is demonstrated in this paper. This is 
the test of coupling between biomass transport subroutine and pyrolysis subroutine. These two 
subroutines need to be coupled in order to correctly define biomass density distribution along the 
reactor.   

Figure 6 shows solid biomass density distribution along the reactor after the convergence of two 
subroutines coupling is achieved. This shows that major biomass decomposition process occur at the 
reactor length of 0.5 to 0.7 meter, because the temperature in this region is high. The decomposition rate 
is determined by Arrhenius rate, with the parameter for biomass decomposition from [2]. The biomass 
decomposition only 30% from the initial value which is considerable smaller than the experimental 
result from the author’s test rig [3].   

Figure 7 shows the rate of biomass decomposition versus temperature while the biomass density is 
kept constant at 100kg/m3. It was demonstrated that the kinetics start around 800 Kelvin. It 
exponentially increases with the increasing temperature. This Arrhenius rate parameter is likely to be 
slower than the experimental result. Rice husk start to emit smoke or undergoing pyrolysis process at 
temperature much lower than 800K. The Arrhenius parameter will need to be revised whether it is 
suitable to describe rice husk decomposition rate.     
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Figure 6. Solid biomass density distribution along the reactor 
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Figure 7. The rate of biomass decomposition versus temperature 

 

5. Conclusion  

The CFD code development is demonstrated in this paper. Since the biomass gasification is very 
complex process. All individual physics need to be modelled and programmed in separate subroutine 
and finally coupled until convergence was achieved. The couple between multi-physics is started from 
few variable then tested and calibrate with the experimental test whether it can properly describe the 
real process. Moreover, coupled stability also monitor at this stage. The couple between pyrolysis and 
solid biomass transport equation was demonstrated in this paper. It shows that coupling process is stable 
and reach convergence. However, the result of biomass decomposition is much slower than the 
experimental case. The Arrhenius rate parameter shows that the pyrolysis start at 800K which is 
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considerable higher ignition temperature than in the experimental result. The parameter need to be 
revised whether it is appropriate description for rice husk decomposition rate.         
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Abstract. Bri uettes and especially pellets became the fuel of the 21st century. These are 
pressed biofuels made from the biomass which have the re uired heat, shape, size, density and 
mechanical properties. Today, these pressed biofuels are made in the form of a block, cylinder, 
n-angle octagonal, either without or with the holes. Several analyses confirm that neither a 
block, nor the cylinder is the optimal shape for the production of pressed biofuels, both in 
terms of the production, storage, automated transport in the combustion process and the 
optimum combustion process. or this reason, we began to analyse different shape, size, 
density and mechanical properties of bri uettes and pellets. In the first part of this article, the 
biofuel is described from these points of view. The result of this analysis is the new optimized 
spheroid shape of the pressed biofuels. The goal of the second part of the article is the 
construction design of a new compacting machine for manufacturing of the optimized shape of 
the compacted piece.  The task is demanding due to the fact that in comparison to the 
production of cylindrical or s uare- shaped compacted pieces, the manufacturing of uasi-
spherical  compacted pieces is discontinuous. urthermore, unlike the standard types of 
compaction presses which compact the material between the two cylinders, it is necessary to 
hold the compacted piece for certain time under high pressure and at the high temperature. In 
this way, the lignin contained in compacted raw material becomes plastic and no further 
binding material needs to be added. The kinematics of a new compactor was therefore divided 
into two stages- the stage of compacting  and the stage of load bearing capacity. This article 
describes an innovative and patent protected principle of compactor construction. The 
prototype of a designed machine has already been produced in our department. The first test 
results of this machine production as described in the conclusion of the paper confirm that 
kinematics and compactor construction were both correct. 
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Abstract. RFID tag manufacturing has one of the most important processes: the welding of the 
circuit to the microchip. In this process, the electrode tip will press the circuit coil on the 
microchip and then release the electrical power through the welding tip to heat up the welding 
tip. The heat transfers to the circuit coil and then melted the circuit coil to microchip. The quality 
of the welding depends on the efficiency of the electrodes used in which the welding tip that 
have been used for a long time will be less effective due to receiving repeated heat and force, 
causing a stress on the welding tip. As a result, the end of the weld tip is deformed. This research 
studied the deformation behavior of welding electrodes under thermal-mechanical stress effect. 
The study based on simulation with using finite element software (MSC Marc). This leads to 
improvement for further optimal shape design. 

1.  Introduction 
Present the Radio Frequency Identification (RFID) is popular. Because high security in private data and 
convenient to use. The major part of RFID is Transponder or Tag is act to stores data and sends signals 
to the data reader. RFID tag manufacturing has one of the most important processes: the welding of the 
circuit to the microchip. The quality of the welding depends on the efficiency of the electrodes welding 
used. RFID tag circuit is very small so welds must be small and must have a high precision in welding. 
The electrode welding tip used to connect the circuit is a micro resistance spot welding. Micro resistance 
spot welding is a group of micro joining processes [4].  Micro-resistance spot welding has been used to 
join high temperature microelectronic interconnects [5]. In this process, the electrode tip will press the 
circuit coil on the microchip and then release the electrical power through the tungsten welding. Effect 
of electrical resistance in material and change of cross section for electrode welding to heat up. The heat 
transfers to the circuit coil and then melted the circuit coil to microchip. Based on the principle above, 
Electrode welding receiving repeated heat and force, causing a stress on the welding tip. As a result, the 
end of the weld tip is deformed and will be less effective.  
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2.  Computational model 

2.1.  Governing equations  
The governing equation for calculation of the heat generation per unit volume may be shown as [1]: 

𝑞 =  1
𝑅

[𝛻𝛷]     (1) 

where q is the heat generation per unit, R is the electrical resistivity and U is the electrical potential. 
 
For stress and strain analysis, since the thermal–elastic–plastic behavior is a highly nonlinear 
phenomenon, the stress–strain relation is described in incremental form [2]: 

𝑑{𝜎} = [𝐷]𝑑{𝜀} − {𝐶}𝑇    (2) 

where 
{𝐶} =  −𝐷𝑒 ({𝛼} + 𝜕[𝐷𝑒]−1

𝜕𝑇
{𝜎})   (3) 

[D] is the elastic–plastic matrix, in the elastic area [D] = [De], while in the plastic area [D] = [De]−[Dp]. [De] 
is the elastic matrix and [Dp] is the plastic matrix, ε is the coefficient of thermal expansion. 
 

2.2.  Geometry and boundary conditions 
Electrode welding is micro resistance spot welding type parallel gap will be melted the top material 
connect to the material below and he material below should not be damaged. 

 

    
 

Figure 1. Schematic diagram for the model of micro-resistance spot welding. 

In this process, the electrode welding will press the copper circuit coil 0.1 mm to microchip in the desired 
position to weld. Then applied the electrical current through the welding 170 A to heat up the welding 
tip can melted copper coil circuit attached to microchip. Detach the electrical current, but still hold the 
electrode welding on cupper circuit coil. When detach is complete and then lift the electrode welding 
from the weld to move position to welding the next point. As shown in the diagram of the Schematic of 
the welding schedule. (Figure 2.) 
 
 

Electrode Force 

+ - 
micro-resistance spot welding 

Microchip plate 

Copper circuit coil 
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Figure 2. Schematic of the welding schedule. 
 

2.3.  Material properties 
The data on material properties required for the numerical calculations were collected after extensive 
search through information of literatures and handbooks. 

 
Table 1.  Material properties for the simulation (for Tungsten and copper coil). 
 

 Tungsten Copper 
Young’s modulus (GPa) 411 130 
Yield strength (MPa) 550 117 
Poisson’s ratio 0.28 0.33 
Coefficient of thermal expansion, ε  4.5x10-6 1.6x10-5 
Density (kg/m3) 19,300 8,920 
Specific heat (J/kg.K) 132 384.4 
Thermal conductivity (W/mK) 173 401 
Electric Conductivity (1/(Ω·m)) 1.79x107 5.96×107 
Resistivity (Ω· m) 5.4x10-8 1.68x10-8 

 
Material properties for simulate Thermo-Mechanical Stress with using finite element software for 
studied the deformation behavior of welding electrodes 

3.  Results and discussion 
The simulation deformation behavior of welding electrodes under thermal-mechanical stress effect to 
analyzed the factors that lead to deformation of the electrode welding. So simulation is divided into 3 
case is Mechanical Load, Thermal Load, Thermal-Mechanical Load to compare the effects of stress and 
displacement. 
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3.1.  Temperature Distribution 

Simulate of temperature distribution on the electrode welding. When applied the electrical current 
through the welding on time 0.25-0.45 s 
    

    

 Figure 3. Temperature dependent on time                            Figure 4. Temperature distribution 
 
From the simulation of temperature distribution on the electrode welding. Found, the temperature varies 
with the duration of the electrical current time. When time increases the temperature is raised and applied 
the current to times 0.2 s, the maximum temperature is 1.522 K occurs at the tip of the electrode welding. 
Because it is a small area the flow resistance of the material is very high. This resulted in higher 
temperatures than elsewhere in the same period.  

3.2.  Stress, Strain and Displacement 
Simulation of behavior for Stress, Strain and Displacement is divided into 3 case to compare the results 
from each load, whichever type of load results in the most deformed electrode welding. Simulate with 
Schematic of the welding schedule. (Figure 2.)  But show the simulation results at  0.45 s is end of weld 
time. Because it does not simulate the time on hold time. Since the weld time range is the most load, 
this will cause the highest stress, strain and displacement. 

       
(a)    (b)    (c) 

Figure 5. Schematic of stress distribution on the micro-resistance spot welding. (a) Mechanical Load, 
(b) Thermal Load and (c) Thermal-Mechanical Load 
 
From simulation of stress behavior on 3 case of electrode welding. Found, all 3 cases have the highest 
stress and there is a dense distribution of stress at the tip of the electrode welding. Because the tip of the 
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electrode welding is the contact between the wire and microchip, and also the smallest. This area receive 
the pressure and heat more than other area.  

       
(a)      (b) 

      
(c)      (d) 

Figure 6. A graph the comparison between Mechanical load, Thermal load and Thermal-Mechanical 
load in welding process.  

From (a) Stress, (b) Strain, (c) Stress-Strain and (d) Displacement when applied with force to the current 
flowing through the welding head (weld time 0.25-0.45s). The result is Thermal-Mechanical load is 
higher than the other two cases and tends to correspond to Mechanical load and Thermal load. But the 
effect of the strain for trend line of the thermal-mechanical load is approach to the thermal load, so the 
effect of the thermal expansion rate on the electrode welding. Displacement values clearly show that 
case. The thermal-mechanical load is higher than the other load due to electrode welding pressures and 
heat into action. This causes the weld head to expand laterally, rather than just pressing several times. 
When the electrode welding has both pressure and expansion at the same time. Affect stress is higher 
than pressure or heat alone. But the higher stress of this electrode welding is not higher than the Yield 
Strength of tungsten then electrode welding is not damaged. But the electrode welding has been 
repeatedly pressure and heat for a long time this will result in electrode welding gradually deformed and 
eventually lead to damage. 
 
From the graph, compare the effect of load. . Found, (a) Stress of Mechanical Load approximate to 
Stress of Thermal Load but Thermal-Mechanical Load is higher than other cases. It will gradually 
increase over the load in both cases during the weld time. As a result, the stress of the Thermal-
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Mechanical Load is higher than other ranges. But the stress is still lower than the Yield Strength of 
tungsten. (b) Strain of thermal load and thermal-mechanical load are very similar, but both loads are 
higher than mechanical load. Can be seen that in simulate Thermal-Mechanical Load the strain that 
occurs on all electrode welding. The result from the expansion of heat. (c) Stress-strain of the thermal-
mechanical load is higher than that of other loads in weld time. (d) Displacement of Thermal-Mechanical 
Load is highest. The result is a combination of mechanical and thermal load. When the electrode welding 
is pressurized, it will expand laterally but it is very small. And when the welding head is heated together 
the electrode welding is more than doubled. Of course, heat can have a significant effect on the 
deformation of the electrode welding. 

4.  Conclusion 
Deformation occurs on tip the electrode welding. The result of being heated during weld time because 
the material is heated, its Yield Strength will decrease with increasing temperature. When applied force 
on electrode welding is deformed at the tip of the electrode welding at high heated. Then heat causes the 
welding head to expand and shrink when it is not heated. The RFID Tag welding process is heated and 
cooled and welding head must expand and shrink for a long time. This results in fatigue in the material 
and the electrode welding may cause deformation. Therefore, heat is the main factor affecting the 
deformation of the electrode welding. 
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Abstract. This work investigates a systematic numerical approach that employs 
Computational luid Dynamics (C D) to obtain performance curves of a backward-curved 
centrifugal fan. Generating the performance curves re uires a number of three-dimensional 
simulations with varying system loads at a fixed rotational speed. Two methods were used and 
their results compared to experimental data. The first method incrementally changes the mass 
flow late through the inlet boundary condition while the second method utilizes a series of 
meshes representing the physical damper blade at various angles. The generated performance 
curves from both methods are compared with an experiment setup in accordance with the AMCA 
fan performance testing standard.  
 

The 8th TSME International Conference on Mechanical Engineering 
  12-15 December 2017 

Bangkok, Thailand 
 
     
CST0002 
The full paper is published in IOP Conference Series: Material Science and 
Engineering by IOP Publishing (https://conferenceseries.iop.org). 

39



 
 
 
 
 
 

Free vibration analysis of functionally graded sandwich 
beams with elastically constrained ends 

Prapot Tossapanon*, Nuttawit Wattanasakulpong 

Department of Mechanical Engineering, Mahanakorn University of Technology, 
Nongchok, Bangkok, 10530, Thailand 
 
* Corresponding Author: jj_2007j@hotmail.com 

Abstract. In this research, the free vibration of functionally graded (FG) sandwich beams 
which are supported by translational and rotational springs at both ends is considered by 
utilizing Chebyshev collocation method. Timoshenko beam theory is employed to construct the 
governing equations of motion in order to cover the significant effects of shear deformation 
and rotary inertia. An accuracy of the present modeling is verified by comparing with some 
existing results in the literature. Moreover, many important parameters such as layer and beam 
thickness ratios, material volume fraction index, spring constants, etc. are taken into account. 
Based on numerical results, it is revealed that the stiffness of the springs has significant effect 
on natural frequencies of the beams and increasing the stiffness leads to the considerable 
increase of the frequencies. 

 

1.  Introduction  
A FG sandwich beam is typically composed of multi-layers of high-strength face sheets made of 
functionally graded materials (FGMs) and flexible core is homogenous material. Due to excellent 
properties in high strength-to-weight ratio, the use of FG sandwich beams has grown rapidly in various 
engineering applications such as automotive, marine and aerospace industries. Another advantage of 
FG sandwich beams is their material properties being changed gradually across the interfaces. Hence, 
the problems of de-bonding and delaminating modes of failure between layers are eliminated. 

In order to understand mechanical behavior of the beams under the action of different loadings, 
there exist some investigations on static and dynamic responses of the beams in the past few years. Vo 
et al. [1] investigated vibration and buckling behavior of FG sandwich beams using finite element 
method (FEM). The relationship between fundamental natural frequency and critical buckling load of 
the beams was presented. By using higher-order shear deformation theory, Nguyen et al. [2] also 
provided the solutions for vibration and buckling of FG sandwich beams. A quasi-3D theory was 
employed to deal with static bending, buckling and vibration problems of FG sandwich beams in Refs. 
[3-4]. However, all of above studies considered only the beams with general boundary conditions. The 
investigation on the beams with non-classical boundary conditions is very rare recently. Tossapanon 
and Wattanasakulpong [5] showed the numerical results of bucking and vibration of FG sandwich 
beams resting on elastic foundation and the beams were assumed to be supported by classical and non-
classical boundary conditions. Trinh et al. [6] also presented the frequency results of FG sandwich 
beams supported by combinations of non-classical boundary conditions using the state space 
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approach. In terms of dynamic analysis, Bui et al. [7] applied a truly meshfree radial point 
interpolation method to solve forced vibration of FG sandwich beams under harmonic, heaviside step 
and transient loadings. For FG sandwich plates and shells, there are some useful investigations [8-14] 
that can be used as benchmarks for further comparison and design in the field of FG sandwich 
structures. 

In this research, the powerful technique of Chebyshev collocation method that can give very 
accurate results is adopted to solve the vibration problem of FG sandwich beams with elastically 
constrained ends. By implementing the method, the present solutions can satisfy all of essential and 
natural boundary conditions. Our modeling is also useful for designing the beams with imperfect or 
damaged boundary conditions simulated by using translational and rotational springs. Moreover, some 
parameters such as material volume fraction index, beam and layer thickness ratios, spring constants, 
etc., are taken into consideration. 

2.  Functionally graded sandwich beam 
Consider a FG sandwich beam composing of three layers of FG face sheets and homogenous core 
which is made of ceramic (hardcore) or metal (softcore) as shown in Figure 1. The beam is supported 
by translational and rotational spring. It is noted that RLTRTL kkk ,,  and RRk  are spring constants of 
translational and rotational springs at the ends of the beam. The layer thickness ratio of the beam from 
the bottom )2/( 0 hhz �   to the top )2/( 3 hhz �   is defined by three numeric notations.  

 

  
Figure 1. A geometry of FG sandwich beam with elastically constrained ends  

 
The equations for estimating the effective material properties of the beam are given as follows:   

 
,)()()( )()(

t
i

btb
i EzVEEzE ��      (1) 

 
,)()()( )()(

t
i

btb
i zVz UUUU ��     (2) 

 

where )()( zE i  and )()( ziU  are the Young’s modulus and material density in each layer. The 
subscripts t  and b  denote the material properties at the faces and at the core, respectively. The 
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Poisson’s ratio (Q ) is assumed to be constant. The material volume fraction, )( j
bV , which is based on 

the power law distribution can be obtained from Ref. [1] as: 
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     where k is the material volume fraction index or power law index, fdd k0 . The conditions of
),(and),( mtmtcbcb EEEE UUUU     are used for the beam with hardcore; and the beam 

with softcore, we use ).,(and),( ctctmbmb EEEE UUUU      It is also noted that the 
subscripts c and m denote the material properties of ceramic and metal phases, respectively.         

3.  Equations of motion 
Based on Timoshenko beam theory, the equations of motion governing vibration behaviour of FG 
sandwich FG beams can be established as follows: 
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where 0u  and 0w  are the displacements of a point at the middle plane \),0(  z  is the rotation of 
the beam cross-section and t  is time. The mass moment of inertias appearing in Eq. (4) is defined as 
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Additionally, the stress results ),,( xxxzxx MQN  in Eq. (4) can be written in function of material 
stiffness components ),,,( 11115511 DBAA  as 
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     To solve the equations of motion in Eq. (4), we have adopted the Chebyshev collocation method 
(CCM) [15-18] to find out their solutions. Before applying the method, all components in Eq. (4) are 
required to change into dimensionless form with the Chebyshev domain )11( td� ] . For detail of 
how to create the dimensionless form of the equations of motion, the readers are referred to the 
previous study of Tossapanon and Wattanasakulpong [5]. Hence, the new form of Eq. 4 can be 
rewritten as:          
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     The left-hand side Eq. (9) can be expressed according to the requirement of the method, using the 
Chebyshev differentiation matrix as: 

  )]100([4)]001([41 211211 DbDaEM ���    (10a) 
  ))]100([2)]010([4(2 1255 DDaKEM s ��� K   (10b) 

   
))]100([)]010([2(

))]100([4)]001([43

155

211211

IDaK
DdDbEM

s ����
��� 

KK   (10c) 

where �  represents the Kronecker product. The size of 2,1 EMEM  and 3EM  is ),1(31 �u� NN  
where N  is the number of Chebyshev point. Theses matrices are stacked together in order to produce 
the )1(3)1(3 �u� NN  global matrix as: 
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     (11) 

where T][G  is the transpose displacement vector which can be expressed as: 

   .].........[][ 121121121
T

NNN
T WWWUUU ��� MMMG   (12) 

     The displacements at both ends of the beams are: 111 MWU  and 111 ��� NNN WU M . Therefore, the 
displacement vector is rewritten as: 

   .].........[][ 323232111111
T

NNNNNN
T WWWUUUWUWU MMMMMG ���  (13) 

4.  Boundary condition equations 
In this investigation, the beam is supported by elastic springs at both ends which can be seen in Figure 
1. Therefore, the relationship between shear force, bending moment and spring constants at the beam 
supports can be expressed as: 

   ,0,0,0 0  � � \RLxTLxx kMwkQN    (14) 
   .0,0,0 0  � � \RRxTRxx kMwkQN    (15) 
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     Similar to the equations of motion, the boundary condition equations must be transformed into the 
dimensionless form and then we use the Chebyshev differentiation matrix to produce the boundary 
condition matrices at both ends as follows:   

 Boundary condition matrices at left end 

   ,0]:)])[,1([]100([2])])[:,1([]001([2 111111  ��� TT DbDa GG   (16)
,0]])[0...001[]010([]])[0...001[]100([])])[:,1([]010([2 55155  ����� T

TL
T

s
T

s aKDaK GEGKG   (17) 

,0]])[0...001[]100([]:)])[,1([]100([2])])[:,1([]010([2 111111  ����� T
RL

TT DdDb GEGG  (18) 

 Boundary condition matrices at right end 

   ,0]:)])[,1([]100([2])])[:,1([]001([2 111111  ����� TT NDbNDa GG  (19) 

,0]])[1...000[]010([]])[1...000[]100([])])[:,1([]010([2 55155  ������ T
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T
s

T
s aKNDaK GEGKG  (20) 

.0]])[1...000[]100([]:)])[,1([]100([2])])[:,1([]010([2 111111  ������� T
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TT NDdNDb GEGG  (21) 

It is defined that 
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constant factors and 110110 and DA  are 1111 and DA  of homogenous beam. After applying the 
boundary conditions of beams, the system of algebraic can be expressed as: 
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     The subscript ''b  and ''d  refer to the point used for writing the collocation analog of the boundary 
conditions and the equations of motion, respectively. The size of bbS  is ,66u  the size of bdS  is 

},6)1(3{6 ��u N  the size of dbS  is 6}6)1(3{ u��N  and the size of ddS  is 
}.6)1(3{}6)1(3{ ��u�� NN  For another side of Eq. (9), ddM  is the dimensionless inertia matrix 

having the same size as ddS . The ddM  can be constructed as follows: 

   
»
»
»

¼

º

«
«
«

¬

ª

))
� 

][][0][
][0][][0
][][0][

][

21

0

10

IIIII
IIII
IIIII

M dd                                                    (23)

 
in which ][I  is the )1()1( �u� NN  identiry matrix. 

     To solve Eq. (22), the first line leads to  

   ]}.]{[[][][ 1
dbdbbb SS GG ��     (24) 

     And the second one yields the following relationship as 
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ddddbdb SS GZGG � �    (25) 

     From above relations, the final algebraic eigenvalue equation can be given by 
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5.  Numerical results and discussion 
In this section, we present several numerical exercises for vibration analysis of FG sandwich beams 
with elastically constrained ends. The FG sandwich beams are made from the mixture of Aluminum 
(Al) as metal phases and Alumina (Al2O3) as ceramic phases. The material properties of the beams 
such as Young’s modulus, mass density and Poisson’s ratio are given in Table 1. 

 Table 1. Material properties of metal (Al) and ceramic (Al2O3). 

Material Young’s modulus (GPa) Mass density(kg/m3) Poisson’s ratio 
Aluminum (Al) 70 2702 0.3 
Alumina (Al2O3) 380 3960 0.3 

 
     Convergence study and validation are carried out first in Table 2 to confirm accuracy of our 
modeling. As can be seen, an accuracy of the present results is improved when number of term (N) 
increased. For this table, it is defined that :  is natural frequency in unit of rad/s and Z  is 
dimensionless frequency parameter. The present modeling is adaptable to deal with general boundary 
conditions. For example, clamped support is obtained when the translational and rotational spring 
constants being very high )10( 12|  and simply support can be modeled by using zero of translational 
spring and very high value of rotational spring.          
 
              Table 2. Convergence study and validation of dimensionless frequencies of simply 
              supported FG sandwich beams ([1-1-1], homogenous hardcore). 
 

N           1Z         2Z         3Z

5 4.4691 17.4593 113.5967 
7 4.5330 17.9823 39.8887 
9 4.5315 17.9415 39.8839 
11 4.5316 17.9430 39.7089 
13 4.5316 17.9430 39.7182 
14 4.5316 17.9430 39.7178 
15 4.5316 17.9430 39.7178 
Ref.[5] 4.5316 17.9439 39.7226 
Ref.[1] 4.5324 - - 

 
     Table 3 presents dimensionless fundamental frequencies of FG sandwich beams with homogenous 
softcore and the layer thickness ratio of [2-2-1]. The dimensionless frequencies are presented in form 

of 
110

00

A
I

L: Z  where .and 00110 hIhEA mm U   In this table, the length to height ratio )(K  

and the material volume fraction index (k) are varied. In this exercise, the beams are supported by 
different general boundary conditions. For this case, increasing η leads to decrease of the frequency; 
while, the frequency increases as the increase of k .  
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         Table 3. Dimensionless fundamental frequencies of FG sandwich beams ([2-2-1]). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
     In table 4, the frequency parameter )(Z  is presented for the case of FG sandwich beams with 
elastically constrained ends. C-E beam means that the beam is supported by clamped support at left 
end, while, the right end is supported by elastic springs. The spring constants in this table are set as 
follows: for C-E beam )10,10( 12     RRTRRLTL EEEE , for S-E beam 

)10,0,10( 12     RRTRRLTL EEEE  and for E-E beam ).10(     RRTRRLTL EEEE     
 

Table 4. Dimensionless fundamental frequencies of FG sandwich beams 
(homogenous hardcore, 5.0,20   kK ). 

B.C. FG sandwich beams  
with symmetrical layers 

 FG sandwich beams  
with un-symmetrical layers 

 1-0-1 1-1-1 2-1-2  2-2-1 2-1-1 2-5-3 
C-E 0.3851 0.3997 0.3927  0.4056 0.3974 0.4116 
S-E 0.2601 0.2693 0.2649  0.2730 0.2679 0.2768 
E-E 0.3049 0.3120 0.3085  0.3152 0.3111 0.3183 

 
     Figure 2 shows the increase of frequency parameter due to the increase of spring constants for the 
case of C-E beams ).10,10( 12     RRTRRLTL EEEE  The frequency of the beam with η=5 is 
much larger than that of the beams with η=10 and η=15, respectively. The beams with E-E boundary 
condition )10;10( 2    RRTRRLTL EEEE  are considered in Figure 3 in order to find out the 
effect of k on frequency results. The variation of k from 0 to 1 shows the dramatic change in 
frequency. However, for k > 1, there is small change in frequency even the value k being increased to 
10.             

B.C. K  5.0 k  0.1 k  0.2 k  0.5 k  

S-S 10 0.4394 0.4839 0.5147 0.5338 
 15 0.2966 0.3267 0.3475 0.3602 
 20 0.2234 0.2461 0.2618 0.2713 

C-S 10 0.6657 0.7325 0.7795 0.8092 
 15 0.4567 0.5029 0.5350 0.5550 
 20 0.3462 0.3813 0.4056 0.4205 

C-C 10 0.9316 1.0244 1.0904 1.1334 
 15 0.6513 0.7169 0.7628 0.7917 
 20 0.4973 0.5476 0.5826 0.6043 
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Figure 2. Dimensionless fundamental frequencies of FG sandwich beams with C-E boundary  

       condition (homogenous hardcore, k=0.5, [2-2-1]).    

 
Figure 3. Dimensionless fundamental frequencies of FG sandwich beams with E-E boundary  

       condition (homogenous softcore, [2-1-2]). 
 

     Figure 4 illustrates the frequency changes due to the increase of η for three different boundary 
conditions. The spring constants in this figure are set as follows: for C-E beam

10,1012     RRTRRLTL EEEE , for S-E beam 10,0,1012     RRTRRLTL EEEE  and for E-
E beam .10    RRTRRLTL EEEE  As can be observed, the frequency of C-E beam is higher than 
the frequency of E-E and S-E beams, respectively. To study the significant effect of spring constants 
on frequency of FG sandwich beams, Figures 5-6 illustrate the variation of fundamental frequency 
with various values of spring constants. As shown in these figures, it is clearly seen that increasing the 
constants leads to the considerable increase of frequency for every beam.      
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Figure 4. Dimensionless fundamental frequencies of FG sandwich beams with different boundary  

    conditions (homogenous hardcore, [2-2-1], k=0.5). 
 

 
Figure 5. Dimensionless fundamental frequencies of FG sandwich beams with S-E boundary  

       conditions (homogenous softcore, [2-1-1], k=0.5, η=20). 
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Figure 6. Dimensionless fundamental frequencies of FG sandwich beams with E-E boundary  

       conditions (homogenous softcore, [2-5-3], k=0.5, η=20). 
 

6.  Conclusion 
In this research, the vibration of FG sandwich beams with elastically constrained ends is analyzed 
using Chebyshev collocation method. The present solutions satisfy both natural and essential boundary 
conditions. An accuracy of our modeling is confirmed by comparing with some existing solutions in 
the past for the cases of general boundary conditions. According to the numerical exercises, it is found 
that many parameters such as material volume fraction index, layer thickness ratio, length to height 
ratio, spring constants, etc. have significant impact on the variation of natural frequencies of the 
beams. For example, the frequency of the thick beam with low value of length to height ratio is larger 
than the frequency of thin beam with high value of the ratio, for every boundary condition. In case of 
FG sandwich beams with homogenous softcore, increasing the volume fraction index leads to the 
increase of the frequency. Due to the system becomes stronger when the spring constants at 
boundaries increase, therefore, the frequency of the beams is higher as the increase of spring stiffness. 
As mentioned above, it is important to consider all of those parameters when designing the beams.             
  
References 
[1]  Vo TP, Thai HT, Nguyen TK, Maheri A and Lee J 2014 Eng. Struc. 64 12  
[2]  Nguyen TK, Nguyen TTP, Vo TP and Thai HT 2015 Compos. Part B. 76 273  
[3]  Vo TP, Thai HT, Nguyen TK, Inam F and Lee J 2015 Compos. Struc. 119 1  
[4]  Vo TP, Thai HT, Nguyen TK, Inam F and Lee J 2015 Compos. Part. B 68 59 
[5]  Tossapanon P and Wattanasakulpong N 2016 Compos. Struc. 142 215 
[6]  Trinh LC, Vo TP, Osofero AI and Lee J 2016 Compos. Struc. 156 263  
[7]  Bui TQ, Khosravifard A, Zhang Ch, Hematiyan MR and Golub MV 2013 Eng. Struc. 47 90  
[8]  Li Q, Iu VP and Kou KP 2008 J. Sound Vib. 311 498  
[9]  Kashtalyan M and Menshykova M 2009 Compu. Struc. 87 36   
[10]  Natarajan S and Manickam G 2012 Fin. Ele. Ana. Des. 57 32  
[11]  Rahmani O, Khalili SMR, Malekzadeh K and Hadavinia H 2009 Compu. Struc. 91 229   
[12]  Liu M, Cheng Y and Liu J 2015 Compos. Part. B 72 97   
[13]  Sofiyev AH 2014 Compos. Struc. 117 124  
[14] Sofiyev AH 2015 Compos. Part. B 77 349  
[15] Sari MS and Butcher EA 2010 Int. J. Eng. Sci. 48 862  
[16] Sari MS and Butcher EA 2012 Int. J. Eng. Sci. 60 1   
[17] Wattanasakulpong N and Mao Q 2017 J. Mech. Adv. Mater. Struc. 24 260 
[18] Wattanasakulpong N, Pornpeerakeat S and Chaikittiratana A 2017 Int. J. Struc. Stab. Dyna. 17 14 

0

0.1

0.2

0.3

0.4

0.5

4 3 2 1 0 1 2 3 4

Z

log10(ETR=ERR)

TR= RR=1

TR= RR=10

TR= RR=100

49



 
 
 
 
 
 

CFD model of a packed-bed reactor with sulfide oxidizing 
bacteria  

Chatchai Udomsomboonphol1, Saroch Boonvakitsombut2, and  

Wishsanuruk Wechsatol1,* 

Faculty of Engineering, King’s Mongkut’s University of Technology Thonburi 
126 Pracha-uthit Rd., Bangmod, Thungkru, Bangkok 10140, Thailand 

 
* Corresponding Author: wishsanuruk.wec@kmutt.ac.th, +66-2470-9129 
 
Abstract. This research is aimed to develop a computational fluid dynamic model for 
determining the hydrogen sulfide (H2S) reduction in a packed-bed reactor with sulfide oxidizing 
bacteria (SOB). The kinetic models involving the reduction reaction of hydrogen sulfide and the 
growth rate of bacteria were utilized. The Monod’s equation was used to predict the hydrogen 
sulfide removal rate under suitable specific parameters such as the maximum specific growth 
rate (µmax) of 0.035 h-1, the half saturation constant of H2S in water (Ks) of 0.15 mg-S/L, the yield 
coefficient of the SOB strain by the H2S oxidation (Yx/s) of 0.093 mg-dry weight/L and the mass 
transfer coefficient for H2S in water (KLas) of 0.72 min-1. The simulation results were compared 
with the results from the experiment on the packed-bed reactor with diameter of 8 cm and filled 
with the packed-bed medium of 80 cm in height after operating for 4 hours. The comparison 
results on the H2S removal rate confirmed the model accuracy to be within ±5% of the 
experimental results. The determined reactor has the potential to remove H2S concentration by 
97%. The proposed model can be further utilized in design and performance prediction of 
packed-bed reactors for removal of contaminated hydrogen sulfide in biogas.  

1.  Introduction 
Nowadays biogas production converts waste or remnant from livestock or industrial plants such as dung, 
waste water or waste matter from industrial plant through fermentation process to producing biogas 
capable of being used as a renewable energy [1]. Biogas is a product from the process of organic 
degradation by anaerobic bacteria. The biogas generation process consists of four subsequent chemical 
and biochemical reactions [2], -i.e. Hydrolysis reaction, Acidogenesis reaction, Acetogenesis reaction 
and Methanogenesis reaction. Hydrolysis reaction decomposes organic molecule such as carbohydrates, 
proteins and fats into glucose, amino acids and fatty acids, respectively.  Acidogenesis converts those 
generated small organic molecules to volatile organic acids with help from bacteria. During the 
Acetogenesis process, bacteria in the acetic group digests volatile organic acids and releases acetic acid. 
Lastly, anaerobic bacteria in the methanogenic producing bacteria group will complete the 
Methanogenesis process by converting acetic acid to methane gas and other contaminated gases in 
biogas. Normally, the component of biogas consists of 40% - 75% methane, 25% - 40% carbon dioxide, 
0.1% - 0.5% ammonia, 0.5% - 2.5% nitrogen, 1% - 3% hydrogen and 0.1% - 0.5%  hydrogen sulfide [3] 
– [5]. 

 Cautiously, hydrogen sulfide has rotten-egg-like odor and is highly hazardous, corrosive and 
harmful to human nervous system. Hydrogen sulfide has demonstrated the corrosive effects on 
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combustion chamber and engine parts when used as fuel for internal combustion engines [6] – [7]. 
Therefore, hydrogen sulfide must be diminished to improve the cleanliness of biogas fuel. Currently, 
there exists three common techniques for hydrogen sulfide reduction, -i.e. solid adsorbent technique, 
gas-in-liquid adsorption technique and biological filtration technique by sulfide oxidizing bacteria 
(SOB).  In solid adsorbent technique [8] – [10], zeolite medias can be packed together to form a packed 
bed that obstructs the flow of biogas. While biogas is trying to permeate the packed bed, zeolite media 
will act as the adsorbent and reduce the hydrogen sulfide concentration in biogas. This technique is 
highly effective to guarantee the cleanliness quality of biogas, in the contrary is quite impractical due to 
the necessary to periodically replace the zeolite media and the cost of zeolite media itself. In the gas-in-
liquid adsorption technique, gas can normally be soluble in liquid solution to some extent. Practically, 
a solvent of Potassium Permanganate (KMnO4) in water is the common solution that is used for 
absorbing hydrogen sulfide from biogas that flows through an absorption tower [11]. After the hydrogen 
sulfide adsorption process, the regenerative process can be conducted to recycle the Potassium 
Permanganate (KMnO4) for repeatedly supply to the absorption tower. Due to feasibility and 
noncomplexed process structure, the biological filtration technique is the most popular technique among 
the three-available hydrogen sulfide reduction methods commonly utilized for reduction of hydrogen 
sulfide in biogas. Sulfide Oxidizing Bacteria (SOB) is raised and expanded in number under controllable 
condition inside the packed bed reactor of a wetted scrubber tower [12] – [13]. Sulfide Oxidizing 
Bacteria (SOB) is capable of digesting hydrogen sulfide to create soluble sulfate ion. There are only 
small precautions over external impurities that may cause the damage to bacteria [14], such as 
chromium, ammonia and potassium, only at high concentration.           

 To achieve the high purity and cleanliness of biogas, the design of biofiltration reactor is very 
crucial to biogas business. Normally the biofiltration reactor is design based on lump chemical models 
with an unrealistic assumption of having homogenous reaction throughout the reactor. In fact, the 
nonuniformity of flow may cause the non-homogenous reaction inside the reactor, which may affect the 
overall performance of hydrogen sulfide reduction of the reactor. Recently, Computational Fluid 
Dynamics method (CFD) and finite element method have been applied in design of the chemical reaction 
that involves gas reduction [15] – [17]. 

 In this work, the commercial finite element package, COMSOL MULTIPHYSICs version 3.5a 
(research package) was used to determine the hydrogen sulfide reduction behavior inside a packed bed 
reactor with 8 cm in diameter and 80 cm in length. The chemical kinetic models relating to hydrogen 
sulfide digestion of bacteria and gas-in-liquid adsorption behavior   such as Monod model were added 
to the commercial program beside the already equipped diffusion, convection and fluid flow. The 
accuracy was verified by comparing with the previous experimental results on the biofiltration reactor 
with similar geometry from literature [18]. 
   

2.  Computational domain and governing equations 
The focus of this work was to develop a computational model for evaluating and predicting the hydrogen 
sulfide removal efficiency of a bioscrubber. Biogas contaminated with hydrogen sulfide was directed to 
enter the bottom part of the reactor in order to create the counter-flow condition against the sprayed 
absorbent liquid as shown in Figure 1. The circular reactor with the diameter of 80 cm and height of 100 
cm as in Figure 2 contained an 80-cm-in-height packed bed with porosity of 0.55. The packed bed 
habituated sulfide oxidizing bacteria (SOB) that digest the soluble hydrogen sulfide in the absorbent 
liquid. The performance of the bioscrubber was evaluated by determining the hydrogen sulfide removal 
efficiency, which is defined by 

% 100Gin Gout

Gin

C CRE x
C
�

                                                (1) 

For the sake of simplicity, these following assumptions were applied; 
o the biogas entered the bio-wetted scrubber reactor with uniform flow distribution,  
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o the biogas entered the bio-wetted scrubber reactor with homogenous concentration of 
hydrogen sulfide, and  

o the biogas diffused through the packed bed with isothermal flow condition at the 
constant reaction temperature of 35°C.   
 
 
 
 
 
 
 
 
 

 
 
Figure. 1. Schematic diagram of the bioscrubber  Figure. 2. Dimension of bioscrubber  
in this experiment: 1. Packed bed reactor;  
2. Recirculation tank; 3. Pump.  
 
To computationally illustrate the concentration change of hydrogen sulfide throughout the reactor, a 
commercial CFD program, Comsol Multiphysics Version 3.5a was used to determine momentum 
transfer, mass convection and diffusion through porous media, and specie concentration balance.  The 
continuity equation and Navier – Stokes equation were used to represent the momentum transfer through 
the wet-scrubber, -i.e. 

0u��                                  (2)  
( ( ( ) ) ) ( )Tu u u pI u u

t
U K Uw

�� � � � � � �  � ��
w

                     (3) 
where U represented the bulk-density of biogas 3( / )kg m , u referred to the bulk velocity (m/ s) , K  
represented the dynamic viscosity ( )Pa s� , and P was defined as static pressure (Pa) , while biogas 
diffusion through the pack-bed was be determined by utilizing the Brinkman equation,  

( ( ( ) ) )T

P P

u u u pI u
t

U K K
H H N

w
�� � � � � � �  �

w
                                             (4) 

where PH  represented the porosity of the packed bed, and N referred to the diffusivity of porous 

packed bed 2( )m . The boundary condition of flow at the inlet and outlet were 0u n u�   and 0p  , 
respectively. Since the outlet was the minimum pressure surface, then the reference pressure equaling 
to zero was applied. The no-slip condition was applied on the solid wall of the reactor.  
 In order to determine the concentration change of sulfur dioxide in synthesis biogas, the mass 
convection and diffusion relation was applied as, 
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where iD  referred to diffusivity 2( / s)m , ic referred to concentration of each specie 3( / )mol m  

and iR  represented the chemical reaction rate 3(mol/ m )s� . The boundary condition of concentration 

distribution throughout the reactor were at time 0 sec, inlet concentration 5.3 3/mol m and diffusivity  
55.77 10x �  2 /m s  and at time 4 hours, outlet concentration 0 3/mol m  

In order to solve the two-dimension transient problems involving continuity, momentum and 
mass transfer relations, the Parallel Direct Sparse Solver (PARDISO) which is relied on the LU 
decomposition technique was selected. Grid generation study was performed until the change in the 
norm of concentration was less than 2%. The validation was done by comparing with the numerical 
results with the previous experimental results by Lestari [18]. The validation results are reported in the 
following section.    

 

3.  Chemical Reaction Rate 
The hydrogen sulfide reduction in the bioscrubber could be determined by balancing the 
concentration of hydrogen sulfide absorbed in adsorbent liquid and the concentration of residual 
hydrogen sulfide in biogas.   

3.1 Concentration of Hydrogen Sulfide in Adsorbent Liquid 
The hydrogen sulfide reduction process started with the adsorption of hydrogen sulfide in adsorbent 
liquid. Later the hydrogen sulfide was digested in the microbial reduction. The concentration change of 
the hydrogen sulfide soluble in the adsorbent liquid could be determined by the typical mass transfer 
relation. For simplicity, the solution of hydrogen sulfide in adsorbent liquid is homogeneous and 
completely mixed. The model of concentration balance could be expressed as follows [19],   

          ( ) RL
L ab bio

dCV R
dt

 �                                                                        (6) 

where LV  represented the effective liquid volume of the bioreactor (L), LC  referred to the concentration 
of each compound in the fluid phase (mg/L). R ab  and bioR  represented the rate of removal  ሺ


ሻ by 

liquid absorption and bio-digestion, respectively.  The absorption rate of gases in liquid could be 
determined from [20], 

          
C

R ( )inG
ab L S LK a C

H
 � �          (7) 

where C
inG  referred to the concentration of the compound in the influent gas stream (mg/L), L SK a  

represented the mass transfer coefficient ( 1min� ), and H was defined as the Henry’s law constant (-).  
The Henry's law constant could simply be determined from the solubility of hydrogen sulfide in the 
adsorbent liquid according to the Weiss relation [21], 

2H SK  =
100( 41.0563 (66.4005 ) (15.106 ln( )))

100
T

Te
� � � � �

        (8) 

        
2H SH K RT �           (9) 

where T represented chemical reaction temperature (K), and R was defined as gas constant, which are 

commonly equal to 0.08205746 (
L atm
K mol
�
�

), and the bio-digestion rate by the SOB could be expressed 

as, 
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bio L bio
X S

XR u V
Y

J � � �        (10) 

where maxu  represented the maximum specific growth rate ( 1min� ), /X SY  represented the yield 
coefficient of microorganisms digesting hydrogen sulfide (mg-dry weight/mg-S), X referred to the 
microbial density in the liquid phase (mg-dry weight/L), and bioJ  represents the biomass growth kinetic 
(-), while the microbial growth rate was based on the Monod relation [22] - [23]. 

LS
bio

LS S

C
C K

J  
�

        (11) 

where SK  referred to the half saturation constant of hydrogen sulfide (mg/L), LSC  referred to the 
hydrogen sulfide concentration in the liquid (mg/L). When combining equation (10) and equation (11), 
the rate of bio-digestion of the SOB in the reactor could be illustrated as follows,  

max
/

LS
bio L

X S LS S

CXR u V
Y C K

 � � �
�

       (12) 

The yield coefficient of the SOB strain by the H2S oxidation, /X SY  could be calculated by using the 
ratio between the weight of the SOB and the concentration of hydrogen sulfide in the liquid.  

/X S
LS

dXY
dC

          (13) 

By combining all the above equation, the overall mass balance for hydrogen sulfide in the liquid phase 
of the reactor could finally be expressed as shown by equation (14), 

, max
/

C 1( ) ( )inGSLS LS
i L L S LS

S X S LS S

dC CR K a C u X
dt H Y C K
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�

                            (14) 

where C
inGS represented influent concentrations of hydrogen sulfide (mg/L). 

 

3.2 Concentration Change of Hydrogen Sulfide in Biogas 
The The change in concentration of hydrogen sulfide in biogas could be estimated by applying the mass 
transfer relation of hydrogen sulfide adsorption behavior in liquid. The mass transfer behavior of 
hydrogen sulfide in biogas involved the advection and the adsorption of hydrogen sulfide in adsorbent 
liquid. Therefore, the concentration change of hydrogen sulfide in biogas could be determined from  

,

C
(C C ) ( )out in

in out

G GS
i G GS GS L S LS

S

dC QR K a C
dt V H

  � � � � �                      (15) 

where V represented the volume of bioreactor (L), and C
inGS  referred to the concentrations of 2H S  in 

the gas stream (mg/L).  
When solving the mass transfer relation in Eq. (14) and (15) simultaneously with the governing 
equations mentioned in previous section, the concentration change in bioreactor and the hydrogen 
sulfide removal performance could be evaluated. Therefore, the microbial density [24] and the hydrogen 
sulfide digestion rate were included in this proposed computational model. 
 
 

4. Results and Discussion 
The numerical results obtained from the proposed model were compared with the experimental results 
presented by Lestari [18]. The controlled parameter for comparison are the inlet volumetric flow rate at 
30 L/min of synthesis biogas with the composition of 0.02%  hydrogen sulfide, and 99.98% nitrogen, 
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the controlled hydrogen sulfide in supplied biogas at 180 ppm and the process duration of 4 hours. The 
comparison was done by comparing the concentration level of hydrogen sulfide at the pack-bed height 
of, 0, 20, 40, 60 and 80 cm, respectively. 
The parametric study on the effect of mass transfer coefficient of the bubble swarm for hydrogen sulfide, 

L sK a on the removal efficiency was done at the specified controlled parameters similar to the 

experiment by Lestari [18], such that max 0.0000007u  ( 1s� ), 3.9sK  (mg/L) and / 0.093x sY  (mg 
dry weight/mg-S). The simulation results at the end of 4 hour reaction period shows that the decrease of 
hydrogen sulfide content along centerline of reactor as shown in Figure 3. For the validation of the 
mathematical model, the local removal efficiency can then be demonstrated in comparison with the 
experimental results presented by Lestari [18] as in Figure 4. The simulation results match the 
experimental results when  L sK a  is equal to 0.012 (1/s), in which the removal efficiency is the highest.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. The hydrogen sulfide concentration in gas phase at 4 hour along the centerline of reactor at 
various L sK a  
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   Figure 4. The removal efficiency of hydrogen sulfide along the centerline of reactor at various L sK a  
 
  Further investigation on the distribution of hydrogen sulfide concentration throughout the reactor 
has been done as shown in Figure 5, which demonstrate the bulk velocity profile and the concentration 
contour of hydrogen sulfide. The maximum concentration of hydrogen sulfide appears at the reactor 
inlet on the bottom part of reactor. The concentration of hydrogen sulfide drops drastically along the 
centerline of the reactor. This implies that the reaction activity along the centerline is more rigorous than 
those near the reactor wall. 
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Figure 5. The bulk velocity profile and the concentration contour of hydrogen sulfide in the bioscrubber.   

5. Conclusion 
This paper proposed the computational model for predicting the concentration distribution and hydrogen 
sulfide removal efficiency of a bioscrubber. The proposed computational model has included the effects 
of hydrogen sulfide adsorption rate in adsorbent liquid and the digesting rate of SOB. The model was 
validated by comparing with the experimental results by Lestari [18]. In Lestari’s experiment, the 
removal efficiency after 4 hours of operation was reported to reach 97.15%, while the prediction result 
from the proposed model was expected to be 95.09%. The computational results showed the 
nonuniformity of hydrogen sulfide in radial direction of the reactor. The proposed computational model 
can be further utilized in designing and performance improving of the large scale bioscrubbers.   
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Abstract. This paper aims to investigate the influence of saw-toothed and sine-curved trailing 
edge shape to the asymmetric aerofoil; NACA4412 and NACA4415 at a chord Reynolds number 
of 1.05×105. Firstly, the impact of the trailing edge shapes to the wake-flow behaviour is 
numerically investigated. Secondly, the drag coefficient is calculated and compared with the 
symmetric aerofoil NACA0012. The CFD RANS-SST with a commercial code ANSYS CFX 
simulation is performed for the fully submerged aerofoil of 150 mm chord length with three 
trailing edge shapes: standard straight line, saw-toothed and sine-curved shapes. The results show 
the thicker camber, the higher drag coefficient for saw-toothed trailing edge shape. The sine-
curved trailing edge provided drag results as the standard trailing edge for NACA0012 and 
NACA4412. The result suggests that, in term of drag consideration, it is interchangeable for using 
either NACA4412 or NACA4415 at this Re, as they are provided similar drag.  

 

1. Introduction 
Wind turbine noise is mainly produced by the blades, all the noise sources is the interaction between 
boundary layer turbulence, which forms on the surface of the blades, with the airfoil trailing edge. It has 
been known as aerofoil trailing edge noise, which may be reduced by modifying the trailing edge 
geometry so that the aerodynamics fluctuating pressure is scattered into sound is reduced [1][2][3]. In 
consideration in term of the aerodynamic performance, the TBL over an airfoil may directly relate to the 
total drag of an aerofoil. The reduction of turbulent flow over an aerofoil, may result in the drag reduction 
of an airfoil.  
 The main purpose of this paper is to determine the aerodynamic drag of asymmetric aerofoils: 
NACA4412 and NACA4415 with different trailing edge shapes operated in low Reynolds Number of 
1.05×105. Second purpose is to investigate the flow behaviours of the aerodynamic wake behind the 
different trailing edge shapes for asymmetric aerofoils with different thickness.  
 
2. Theoretical approach  
2.1 Total drag prediction  
Physically, in the direction of resisting the moving, the aerodynamic drag can be calculated by the 
pressure (P) and wall shear ( w) which are two components of force acting on a body. In term of a 
dimensionless coefficient, an aerodynamic drag coefficient (CD)is therefore calculated from the pressure 
drag coefficient (CP) and the skin friction drag coefficient (CF).  
 
 CD = CP + CF                                                                            (1) 
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 Alternatively, if total drag of the model aerofoil could be predicted. The drag coefficient of aerofoil 
could then be estimated by:- 
 

  CD = (Total drag)/ (0.5  V2A)                                                    (2) 
where  is the fluid density, A is the aerofoil’s surface area. The dimensionless air speed (V) in term of the 
Reynolds number (Re) based on chord length (L) could be calculated by:- 
 
 Re = 70000VL                                                                          (3) 
 
 To predict an accurate aerodynamic drags, a steady-state Reynolds Averaged Navier Stokes (RANS) 
simulation has proved to provide reasonably accurate results [4][5][6]. 
 
 
2.2 RANS 
By assuming the flow is incompressible, the continuity equation becomes:- 
 డഢതതതതത

డ௫
ൌ Ͳ                                                                                           (4) 

The momentum equation can be written as:- 
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where i is Cartesian co-ordinates in X, Y and Z and Ui are the Cartesian mean velocity components (Ux, 
Uy, Uz). The Reynolds stress tensor (ݑߩᇱݑᇱ) is represented in the turbulence closure and ݂ҧ is the external 
forces. The previous three-dimension model simulations have shown that the shear stress transport (SST) 
turbulence closure model is able to replicate the flow around object with a moderate computer accuracy. 
Therefore, a commercial code ANSYS CFX [7] was selected to perform simulation, the solver RANS-
SST turbulence model was used to predict the flow in this study.  
 
3. Numerical modelling  
3.1 Aerofoil modelling 
The NACA0012, NACA4412, NACA4415 (Figure 1) is modelled for the chord length (L) of 0.15 m and 
the span-width (S) is 0.29 m, the NACA0012 is performed to be used as the benchmark case for this 
study. The saw-toothed and sine-curved trailing edge shape is shown in Figure 2 and 3. The surface area 
(A) is shown in Table 1.  
 
3.2 Model domain and boundary condition 
The fluid domain is modelled as 0.3×0.3 m and 3.30 m long. Free slip wall conditions are used for the 
roof and floor. For symmetry are modelled for both left and right side-walls. The air inlet velocity (V) is 
10 m/s related to the chord Reynolds Number 1.05×105. The zero relative pressure is for outflow 
condition. Aerofoil is modelled by using no slip wall condition. See Figure 4 and 5.  
 An appropriate mesh strategy and mesh resolution to capture the effect of the boundary layer and the 
wake behind the body is needed to obtain a high fidelity simulation result [5][6]. The number of element 
is tested for convergence of the results as detailed in Table 3. The meshing strategy and resolution is 
considered, samples of meshing are shown in Figure 6 and 7. The computational parameters are provided 
in Table 2. 
 

Table 1. Surface area A (m2) of NACA0012, NACA4412, NACA4415 model 
Model standard saw-toothed sine-curved 

NACA0012 0.089422 0.083259 0.088246 
NACA4412 0.089806 0.083640 0.088617 
NACA4415 0.090161 0.085951 0.089433 
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Table 2. Computational parameters 
Parameters Setting 
Mesh type Unstructured with local refinement around 

aerofoil and in wake regions 
y+ 1 (for 0.15 m long, 0.016 mm first layer height 

with 1.5 growth rate is selected) 
No. of elements 5-9 Millions with 8 prism layers in the 

boundary layer 
Turbulence model Shear Stress Transport 

Inlet turbulent intensity 1% 
Wall modelling Automatic Wall Function 

Spatial discretisation High Resolution 
Timescale control Auto Timescale 

Convergence criteria RMS residual < 10 6 
Run type Intel CORE i7 with 2GB RAM 

 
 

 
Figure 1. NACA0012, NACA4412 and NACA4415. 

 
 

 
Figure 2. Aerofoil with standard, saw-toothed and sine-curved trailing edge shape. 

 

 
(a) saw-toothed                 (b) sine-curved 

Figure 3. Dimension of trailing edges in mm 
 
 

 
Figure 4. Fluid domain and boundary conditions 
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Figure 5. Isometric view of simulation domain 

 

 
Figure 6. Sample fine mesh set for NACA0012 with standard trailing edge 

 

 
Figure 7. Fine mesh set for NACA0012 with standard trailing edge, saw-toothed trailing edge and sine-

curved trailing edge
4. Result 
4.1 Mesh convergences 
One measure of accuracy of the numerical scheme is the effect of mesh convergence. Mesh convergences 
were tested for NACA0012, NACA4412 and 4415 with standard trailing edge at Re = 2.10×105 (Figure 
8). The convergence of meshing from coarse, medium to fine mesh is 5.43, 5.63 and 7.84 million meshes, 
respectively. The convergence of meshing from coarse, medium to fine mesh is found for CP, due to mesh 
refinement at nose and tail, the pressure gradient is predicted more accurately. From an accuracy and time 
consuming prospect, the fine mesh set up is selected in this study. Since the mesh convergence is found at 
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Re = 2.10×105, therefore, the same mesh set could be valid for lower Re at 1.05×105 to capture the  flow 
in boundary layer.  
 
Definition of %CD are as following; 
  
  Ψܥ ൌ

ವǡିವǡషభ
ವǡ

ൈ ͳͲͲ%,                                                 (6)   

 
where i is the drag coefficient of coarse, medium and fine mesh. Table 3 shows results of CD, CF, CP 
and %CD.  
 

 
Figure 8. Mesh convergence for NACA0012 with standard trailing edge at Re=2.10×105 

4.2 Flow around the asymmetric aerofoils  
Figure 9 and 10 show the velocity contour of flow past NACA4412 and NACA4415 at Re = 1.05×105, 
respectively. Figure 11 shows the influence of TE to the velocity of the flow in the wake field. The 
velocity of flow past the sine-curved TE is accelerated at the TE, however, the zero velocity deficit at the 
0.2L from the TE. Therefore, there is very small difference between CF of standard and sine-curved TE. 
On the other hand, the velocity of flow past the saw-toothed TE is accelerated at higher velocity more 
than that of the flow past sine-curved TE, and zero velocity deficit at 0.6L, it results in higher CF of the 
saw-toothed TE aerofoil than other type of TE.  

4.3 Influence of aerofoil characteristic to drag 
At the same thickness, the asymmetric aerofoil experience higher drag than the symmetric aerofoil. It is 
due to the velocity and pressure unbalance between upper and lower side of the aerofoil (Figure 9 and 
10). In terms of magnitude, a thicker asymmetric aerofoil results in the higher the drag coefficient. The 
contour of flow accelerated by the camber can also be observed from Figure 9 and 10. The flow velocity 
of NACA4415 at both sides show higher velocity compared with NACA4412. 
 From Table 3, %CD,1  and %CD,2 are defined as following; 
  Ψܥǡଵ ൌ

ವǡೌೞିವǡೞೌೌ
ವǡೞೌೌ

ൈ ͳͲͲ%,         

  Ψܥǡଶ ൌ
ವǡరరభఱିವǡరరభమ

ವǡరరభమ
ൈ ͳͲͲ%,                                                  (7) 

 Considering aerofoils with the same thickness; NACA4412 and NACA0012, the results of 
Ψܥǡଵ�show that the additional camber results in 34%, 17% and 29% of drag increment for standard, saw-
toothed and sine-curved TE shapes, respectively.  
 Comparing NACA4415 with NACA4412, the results of Ψܥǡଶ show that for the increase of camber, 
the drag is increased by 6%, 9% and 3% for standard, saw-toothed and sine-curved TE shapes, 
respectively. It might say that the sine-curved TE shape could reduce the effect of camber to the drag.  
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Table 3. The drag coefficient, skin friction coefficient and pressure coefficient (×1000) at Re = 1.05×105,  
impact of airfoil shape to drag 

Trailing 
edge NACA CD %CD,1 %CD,2

 

Standard 
0012 10.12     
4412 13.52 34  
4415 14.33 42 6 

Saw-
toothed 

0012 11.49    
4412 13.46 17  
4415 14.67 28 9 

Sine-
curved 

0012 10.32    
4412 13.30 29  
4415 13.68 33 3 

 
 
 

  
Figure 9. The velocity contour of flow past 

NACA4412 at Re = 1.05×105 

 
Figure 10. The velocity contour of flow past 

NACA4415 at Re = 1.05×105 
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Figure 11. The velocity profile of flow past NACA0012, NACA4412 and NACA4415 at Re =1.05×105

 
Table 4. The impact of trailing edge shape to drag at Re = 1.05×10-5 for NACA0012, NACA4412 and 
NACA4415 

NACA Trailing edge CF CP CD %CD 

0012 
Standard 6.99 3.11 10.12   

Saw-toothed 7.47 4.01 11.49 13.5 
Sine-curved 7.44 2.87 10.32 2.0 

4412 
Standard 7.05 6.47 13.52   

Saw-toothed 7.31 6.15 13.46 -0.5 
Sine-curved 7.45 5.85 13.30 -1.6 

4415 
Standard 7.11 7.21 14.33   

Saw-toothed 7.36 7.30 14.67 2.4 
Sine-curved 7.09 6.59 13.68 -4.5 
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Figure 12. CD of NACA0012, NACA4412 and NACA4415 with different trailing edges at Re=1.05×105 

 

4.4 Impact of trailing edge to drag 
Table 4 shows the impact of the trailing edge shape on the drag coefficient at Re = 1.05×10-5 for 
NACA0012, NACA4412 and NACA4415. For the thin symmetric airfoil (NACA0012), the modified 
TE shapes show no benefit such as reducing drag, whilst the asymmetric NACA4412 show the 0.5% 
and 1.6% of drag reduction for saw-toothed and sine-curved TE shapes, respectively, compared with 
the standard TE. For a thicker asymmetric airfoil (NACA4415) with saw-toothed TE shape shows the 
drag increment of 2.4% compared with the standard TE. The NACA4415 with sine-curved TE shows 
the result of drag reduction up to 4.5% compare to standard TE.  
   The CD results of NACA0012, NACA4412 and NACA4415 with different trailing edges at 
Re=1.05×105 shows in Figure 12. NACA4412’s results show very small change of drag for different 
TE shape. Sine-curved TE shows the benefit of drag reduction for asymmetric airfoil.  
 
5. Conclusion and Suggestion 
The influence of saw-toothed and sine-curved trailing edge shape to the asymmetric aerofoils; 
NACA4412 and NACA4415 with three trailing edge shapes: standard straight line, saw-toothed and 
sine-curved shapes are numerical investigate at the chord Reynolds number 1.05×105. The CFD 
RANS-SST with a commercial code ANSYS CFX simulation is selected. The model is set up as fully 
submerged aerofoil with the chord length of 0.15 m and the span-width is 0.29 m. The fluid domain is 
modelled as working section area of 0.3×0.3 m and 3.30 m long. The NACA0012 study is performed 
so as to be used as the benchmark case for this study. 

Firstly, the impact of the trailing edge shapes to the wake-flow behaviour is shown. Secondly, the 
drag coefficient is calculated and compared with the symmetric aerofoil NACA0012. The results show 
that the thicker camber, the higher drag coefficient for saw-toothed trailing edge shape. The sine-
curved trailing edge provided drag results as the standard trailing edge for NACA0012 and 
NACA4412. The result suggests that, in term of drag consideration, it is interchangeable for using 
either NACA4412 or NACA4415 with sine-curved TE at this Re, as they are provided similar drag.  

Finally, the results suggest the potential of using sine-curved TE shape for a thick asymmetric 
aerofoil in term of reducing the aerodynamic drag.  
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Abstract. This paper compares the solution of the optimal output transition approach with 
polynomial tra ectories. Although the optimal output transition approach can guarantee the 
optimal output tra ectory, the complex problem formulation tends to be re uired, especially for 
nonlinear systems. The aim of this paper is to investigate differences between the optimal output 
transition approach and the polynomial-based approach. Based on the standard first and second 
order linear system examples, the output transition tra ectory can be obtained by using the 
polynomial-based approach without any significant differences when compared to the optimal 
output transition approach. 
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Abstract. Functions such as support, dialogue, and guidance with human beings are expected 
for home robots. However, there arise problems concerning hugging on the home robot and 
falling down of the home robot accompanying it. This paper develops a standing up 
mechanism during falling down as a home robot function capable of smooth service. 

1.  Introduction 
Development and introduction of service robots are currently drawing much attention to open the 2020 
Olympic and Paralympic Games in Tokyo, Japan [1]. For the service robots, functions of support, 
dialogue, guidance, and hospitality for human beings are expected, while safely moving in coexistence 
environments of the human being and service robot, such as home environments, commercial 
facilities, public facilities or the like [2, 3]. In particular, the service robot has the rapid development 
of Artificial Intelligence (AI) in recent years [4]. The dialogue and guidance of the human being with 
the service robot are enabled by speech recognition using AI. And furthermore, the recognition of 
environments and characters is enabled by image processing. As implemented technologies, there are 
communication by conversation as Apple’s Siri and Softbank Pepper [5, 6]. Furthermore, it is also 
possible to ask questions and make decisions as IBM Watson [7]. The communication technology with 
the human being by AI for the service robot is particularly remarkable with respect to software 
development and makes specialty areas of AI. The possibility of the communication technology 
between the human being and the service robot is expected [8]. On the other hand, service robots of 
various designs, unlike industrial robot arms, have been developed with respect to the hardware 
serving as main robot bodies [9]. However, the hardware of the service robot has not been narrowed 
down to a versatile platform. Some of the service robots are not taken into consideration, especially 
regarding safety aspects. 

Here, we consider the case where the service robot is used as a home robot for a home 
environment. There is no need to select a powerful robot arm for carrying a heavy load or a moving 
mechanism with a high load mass for the home robot that performs dialogue and guidance to the 
human being. Therefore, the home robot is possible to reduce the weight of a robot body. Furthermore, 
as a design shape of the robot body at the home robot, the projected area on the moving plane tends to 
become smaller than the height of the robot body. The small projected area of the robot body gives the 
easy viewpoint of movements in obstacle avoidance. Because of this weight reduction and design 
shape of the robot body, the home robot has a problem that falling down easily occurs. The problem of 
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falling down at the home robot is behind in the development of hardware, compared with the 
development of software at the communication technology by AI. For example, falling down of the 
robot body is caused by hugging on the home robot by a child and falling down accompanying it [10]. 
An inverted pendulum type mobile robot can cope with a certain power of external force [11]. 
However, it is difficult to prevent falling down by hugging on the robot body by the child in reality. In 
the worst case, there is a danger that a finger or the like will be caught in the robot arm by touching the 
robot body at the time of falling down. Carpets and magazines placed on the floor in the home 
environment also become obstacles in home robot movement. The home robot movement has uneven 
floor and obstacle avoidance problems by the obstacle. The possibility of falling down is increased in 
moving at the home robot by these problems. In the case of the home robot such as watching an old 
person, there is concern that the service will be stopped by falling down. These falling down problems 
of the robot body are to be solved in order to put into practical use of the home robot for the home 
environment. 

In this paper, a standing up mechanism for the home robot is developed for falling down of the 
robot body. The standing up mechanism specially focuses on a mobile type home robot during falling 
down of the robot body. Design, development, and verification experiment by a developed home robot 
with the standing up mechanism are shown in this paper. The developed home robot with the standing 
up mechanism shows its effectiveness of practical application for falling down on the home 
environment. 

2.  Design and Development of the Home Robot 

2.1.  Small size home robot design 
A design for the home robot is a mobile type home robot. A moving mechanism of the mobile type 
home robot is particularly a wheel type in this paper. The wheel type of mobile robot has simple 
control, efficient energy use, and accurate movement [12]. The wheel type of mobile robot also 
reduces production costs in comparison with a humanoid type of mobile robot, because of the number 
of driving motors. 

The size of the designed home robot is a cylinder shape with a diameter of about 300 mm and a 
height of about 300 mm. The designed home robot is a small size for human beings, especially 
children. The size of the designed home robot does not give a sense of oppression to a little child, and 
sufficient mobility ability can be expected, when the home robot is used in a narrow home 
environment with obstacles, such as chair, table or the like [13]. The wheel type of mobile robot uses a 
special type driving wheel. The designed home robot can work omni-directional movement by using 
the special type driving wheel in the narrow home environment. 

2.2.  Small size home robot development 
The wheel type of mobile robot equipped with a standing up mechanism is prototyped based on the 
above design as the home robot. An overall view of a developed home robot is shown in figure 1. The 
outside appearance of the developed home robot is a cylindrical shape. The developed home robot has 
the maximum diameter of 275 mm and the height of 305 mm when driving. The material of 
mechanical parts is mainly an aluminum alloy. The developed home robot is the weight of 1.7 kg. A 
robot body of the developed home robot uses the styrene foam in consideration of safety and weight 
reduction. 

A folding up type of moving mechanism built in the developed home robot is shown in figure 2. 
The folding up type of moving mechanism is used as both the moving and the standing up. The 
standing up mechanism is given by the folding up type of moving mechanism with special type 
driving wheels, a circular shape of the lower part of the robot body and the position of the center of 
gravity (CG) of the developed home robot. A theory of the standing up mechanism is explained in 
detail in the next section. Three driving wheel legs of the moving mechanism have severally two servo 
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motors (KRS4034HV: Kondo Kagaku Co., Ltd.) as shown in figure 2(a). One servo motor gives an 
independent joint for the folding up movement of a driving wheel leg, and the other servo motor drives 
 

 

Figure 1. A developed home robot equipped with the standing up 
mechanism during falling down. 

 
 

          
(a)                                                       (b) 

Figure 2. A folding up type of moving mechanism built in the developed home robot. 

 
 
the driving wheel. The driving wheel legs fold up during falling down of the developed home robot as 
shown in figure 2(b).  

2.3.  Details of the folding up type of moving mechanism and the theory of standing up 
A ground plan of the folding up type of moving mechanism is shown in figure 3. Three special type 
driving wheels with free rollers are used for driving wheels. These special type driving wheels are 
each 120 degrees apart as shown in figure 3. The special type driving wheel gives the omni-directional 
moving mechanism for the developed home robot. A front view of a cross section A-A as shown in 
figure 3 is shown in figure 4. The structure of the folding up type of moving mechanism is detailed in 
figure 4.  Motor control is performed by a control board (RCB-4HV: Kondo Kagaku Co., Ltd.) and 
gyro sensor (KRG-4: Kondo Kagaku Co., Ltd.) loaded on the moving mechanism, and a battery for 
power supply is also built in the moving mechanism as shown in figure 4. The motor for the leg gives 
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the folding up and taking out movements of the driving wheel leg, and the motor for wheel drives the 
driving wheel.  
 

 

          
Figure 3. A ground plan of the folding up type of moving mechanism. 

 
 

 
 

Figure 4. A front view of the folding up type of moving mechanism. 

 
 

A weight for adjusting the position of the CG of the developed home robot is attached to the lower 
part of the robot body as shown in figure 4. The robot body of the developed home robot is possible to 
independently stand up like an Okiagari-Koboshi (Traditional self-righting DARUMA Doll in Japan) 
as shown in figure 5(a). The standing up motion of the robot body is given by the position of the CG 
of the developed home robot using the adjusting weight and the circular shape of the lower part of the 
robot body when the driving wheel legs fold up as shown in figure 5(a-b). The position of the CG must 
be within the circular shape of the lower part of the robot body because of the theory of independently 
standing up like the Okiagari-Koboshi. The radius of the circular shape of the lower part is 100 mm at 
the robot body as shown in figure 5(a). The adjusting weight for the position of the CG is 0.7 kg in the 
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developed home robot. The adjusting weight of 0.7 kg is included in the developed home robot weight 
of 1.7 kg. 

 

          
 

(a)                                                                                     (b) 

Figure 5. The independently standing up motion of the developed home robot. 
 

2.4.  Control of autonomous standing up transformation 
A desired posture of the developed home robot is usually a standing posture. A block diagram for 
standing up motion control is shown in figure 6. In figure 6, Pd is a desired posture, P is an actual 
posture. The standing posture of the robot body is controlled as feedback control system by using the 
gyro sensor. As the strategy of the standing up motion, the gyro sensor (KRG-4) loaded into the 
developed home robot detects falling down of the robot body when the developed home robot falls 
because of disturbance. Three motors of the driving wheel legs are controlled by the control board 
(RCB-4HV). The driving wheel legs fold up on the inside of robot body as shown in figure 5(a), and 
the posture of the robot body returns to the standing posture by the CG of the developed home robot as 
shown in figure 5(b). The standing up motion of the robot body is given by the position of the CG of 
the developed home robot using the adjusting weight and the circular shape of the lower part of the 
robot body. The developed home robot becomes possible to move again by taking out the driving 
wheel legs. 
 
 

 

Figure 6. Feedback control system of the driving wheel legs by using the gyro sensor. 

 

3.  Experiments of falling down and standing up motions 
An experiment of the standing up motion during falling down is given in order to verify the 
effectiveness of the developed home robot with the standing up mechanism.  As the experimental 
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conditions, the workspace for the movement of the developed home robot is a flat environment like 
home, and an external force for falling down is given as a disturbance by the hand of the human being. 
For ease of control, the three motors of the driving wheel legs are also controlled with the same 
holding up movement in the experiment. 

An experimental result of autonomous standing up transformation is shown in figure 7(a-i). The 
developed home robot moves in the direction of the arrow as shown in figure 7(a-b). In figure 7(c-d), 
falling down of the developed home robot is given by the external force in the direction of the arrow. 
The developed home robot detects falling down by the gyro sensor, and three driving wheel legs fold 
up on the inside of robot body as shown in figure 7(e-f). The strategy of the standing up motion control 
is shown in section 2.4. The posture of the robot body returns to the standing posture, like the 
Okiagari-Koboshi. The developed home robot becomes possible to move again by taking out the 
driving wheel legs as shown in figure 7(g-i). As experimental results by the disturbance from various 
directions, it was confirmed that the developed home robot can stand up at any time. 
 
 

 

           
(a)                                         (b)                                          (c) 

 

           
(d)                                         (e)                                          (f) 

 

           
(g)                                         (h)                                          (i) 

 

Figure 7. The experimental result during falling down by using the standing up mechanism 
of the developed home robot. 
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4. Conclusions 
This paper has developed the standing up mechanism of the home robot for falling down of the robot 
body. The developed home robot verified the effectiveness of the standing up mechanism during 
falling down on the home environment. 

In the future work, we plan to install a touch panel capable of presenting visual information with 
human beings as the home robot. Service functions such as voice recognition and image recognition 
are included to the touch panel. We will also make improvements on the safety of the standing up 
mechanism. In addition, we think that it is necessary to analyze the dynamic motion of the developed 
home robot during the standing up motion. 
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A neural net ork based implementation of an MPC algorithm 
applied in the control systems of electromechanical plants 
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Abstract. The paper considers application of a neural network based implementation of a 
model predictive control (MPC) control algorithm to electromechanical plants. Properties of 
such control plants implicate that a relatively short sampling time should be used. However, in 
such a case, finding the control value numerically may be too time-consuming. Therefore, the 
current paper tests the solution based on transforming the MPC optimization problem into a set 
of differential e uations whose solution is the same as that of the original optimization 
problem. This set of differential e uations can be interpreted as a dynamic neural network. In 
such an approach, the constraints can be introduced into the optimization problem with relative 
ease. Moreover, the solution of the optimization problem can be obtained faster than when the 
standard numerical uadratic programming routine is used. However, a very careful tuning of 
the algorithm is needed to achieve this. A DC motor and an electrohydraulic actuator are taken 
as illustrative examples. The feasibility and effectiveness of the proposed approach are 
demonstrated through numerical simulations. 
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strategy for EMG-controlled robotic hand 
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Abstract. There are several studies that have examined the control strategy during the interaction 
of a robotic device while grasping an object. However, there are few research papers focusing 
on the stabilization of multi-fingered robot hand while picking up an object. In this study, a new 
set of experiments have been conducted which allow a human participant perform grasping and 
lifting objects with various total masses to difference targets. Once the human physically grasps 
the object, the interaction force between human fingers and object is measured by 3D force 
sensors (OMD-20-SE-40N) which mounted on five fingers. In addition, the object velocity can 
be estimated using ultrasonic ranging sensor (HC-SR04). To approach design guidelines for 
grasping an object of a multi-fingered robot hand, the mathematical model of human picking up 
an object with the influence of variables affecting the finger human fingers force such as masses 
and displacement targets has been analyzed. By using a mathematical and statistical technique, 
Box-Behnken design, which is a type of a Response Surface Methodology (RSM) was adopted 
in order to model and evaluate the functional equation that can be expressed the relationship 
between influential factors (mass and target) and the human finger force. By applying Analysis 
of Variance (ANOVA) technique to statistically evaluate the relationship as mentioned, the test 
results have demonstrated that at least one of the input variables significantly affected the output 
(human finger force) at the 95% confidence interval. The computed number of R2 is 0.969, which 
means that 96.9% of the surface roughness parameter (or predicted finger force) estimation is 
meaningfully related to the input variable parameters (mass and target). Additionally, it also 
indicates the third-order polynomial model used to estimate human finger forces is highly 
reliable. Therefore, the prediction model carried out is assured to be confirmed the 
appropriateness of the equation and highly reliable. 

1.  Introduction 
Robots are essentially poised to fill a growing number of roles in today’s society; these include 
applications in automated factories, and medical and other facilities. Robots continue to be successfully 
employed to improve productivity, quality, accuracy, and reliability. One of the interesting topics is that 
general-purpose and multifunctional robot hands can be used in a substituted human manual-handling 
task such as grab, grip, pinch, push and pull. To achieve a conceptual guideline for a robotic human-like 
control strategy, human behavioral characteristics has to be firstly were investigated. Additionally, such 
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robots need to incorporate high-level safety features in order not to injure people while performing a 
task. 

Over the past few years, much research involving robotic hand development has been significantly 
carried out for dexterous and skilful grasping applications in medical [1-3]. A robot hand should be, 
designed as compact and light weight and to be able to move their fingers in a safe and reliable manner 
before grasping an object with an optimized applied force without damaging the object. [4-6]. A new 
generation of robot hands is required to apply tactile sensors which can detect forces when touching an 
object. Many researchers have examined higher forces for finger grasping objects without slipping in 
object transferring tasks [7-9]. 

Various technologies, which are used to enable robot hands to be able to estimate grasping force and 
detect slip have been developed. For example, it can implement vibration-based and object motion based 
or designed sensors or general force/torque contact sensors. A number of research papers have studied 
the motion between two-rough surfaces which induces relatively high frequency contact force 
signals/vibrations during a slip [10-14]. The studies of Johansson and Flanagan [15, 16] show 
responding of the vibrations induced during slip. High frequency within the range of 5–100 Hz is 
detected on human-robot object grasping while the relatively low frequency between 0–5 Hz is used for 
force regulation during stable grasping. One of the interesting topics is related to how to estimate a 
threshold force during the slip occurred. This can be done using offline training/calibration methods [17, 
18] or empirically derived thresholds [15], in which both techniques require a sufficiently rich training 
dataset and considerable training time. 

However, few researchers have studied and developed human finger force characteristics while   
picking up and lifting (or manipulating) an object in a stable grasp under different masses. These results 
can be further used as a guideline to design a robot control system for the effective multi-fingered robot 
hand grasping an object tasks. Consequently, this paper highlights on the development of a behavioral 
control strategy for a multi-fingered robot hand while grasping and lifting an object; by first 
understanding the principle dynamics of human behavior, a new set of experiments have been conducted 
which allow a human participant perform grasping and lifting objects with various total masses to 
difference targets. In the meantime, finger force, completion time and object position parameters are 
measure and monitoring. In addition, object velocity and its acceleration can be estimated by using the 
1st and 2nd derivative functions respectively. The challenge is further complicated by the dynamic nature 
of the human-robot environment, which by its nature necessitates very careful design of the control 
strategy and its implementation in order to protect the human operator from the risk of harm or injury 
by the robot. 

 

2.  Robot hand control schematic 
Figure 1 schematically illustrates the overall block diagram of robot hand control. The system involves 
a set of physical sensors (which include force sensors, and optical absolute encoders), electric linear 
actuators and a signal conditioning system (such as line driver circuits or instrumentation amplifiers) 
and a microcontroller. A microcontroller which was used in this research was an Arduino Mega due to 
the availability, known low-power requirement and ease of use. This microcontroller can generate pulse 
width signals varied from 600 µs to 1.2 ms over a period of 20 ms in order to control the mechanical 
robotic hand. 

A new AR10 humanoid robot hand with 10 degrees of freedom (DOF) that are servo motors with 
encoders actuated within the hand’s envelope was selected. Anodized aluminium makes up the core of 
the hand, ensuring a durable and robust, yet lightweight construction whilst plastic linkages and circuit 
board carriers ensure lightness yet durability. The robotic device provides a complete solution for 
academia and can be implemented across various applications and interfaces to provide researchers and 
educators alike with a versatile, low cost platform. The human-like design AR10 device can be setup as 
a stand-alone platform or attached at the end-effector of a robot arm. The robot fingers have been 
controlled to suit a wide variety of applications via Windows, Linux, or Arduino. To measure robot 

78



 
 
 
 
 
 

finger forces while executing the object manipulation task, Opto-force 3D sensors (OMD-20-SE-
40N) were mouthed at the fingertips and the signals were collected in real-time. The sensor 
measures the magnitude and the direction of forces in x, y and z axes based purely on optical 
principles with high resolution and high sampling rate up to 1 kHz. 

 
Figure 1. Overall schematic block diagram of robot hand control. 

 

3.  Response Surface Methodology (RSM) 
As mentioned in Section 1, to understand the principle of human dynamic characteristics when 
completing human-object manipulation tasks, the tests which allow a human participant perform 
grasping and lifting objects under various total masses to difference targets have been conducted. These 
experimental results will be used as a guideline to design and develop a behavioural control strategy for 
a multi-fingered robot hand.  

This section dynamically investigates the relationship between the influential factors (mass and 
lifting target) affecting the human fingertip forces applied to the object (system output). It is crucial to 
delivery an appropriate set of experiments, which provide a statistically sufficient amount of complex 
data while also reducing costs in a timely manner. The Box-Behnken design [19], which is a type of a 
Response Surface Methodology (RSM) was utilized. The RSM technique is a popular technique to 
estimate a mathematical model that shows the relationship between output (y) and a group of input 
variables x1 and x2. A third-order response surface is very useful, and is widely used in RSM and it can 
be presented in Equation (1) [20-22]. 

ݕ ൌ ߚ � ଵݔଵߚ  ଶݔଶߚ  ଶݔଵݔଵଶߚ  ଵଶݔଵଵߚ  ଶଶݔଶଶߚ ߚ�ଵଵଶݔଵଶݔଶ  ଶଶݔଵݔଵଶଶߚ  ଵଷݔଵଵଵߚ �  ଶଷ�  (1)ݔଶଶଶߚ

where, all unknown coefficient parameters, including 111ߚ ,122ߚ ,112ߚ ,22ߚ ,11ߚ ,12ߚ ,2ߚ ,1ߚ ,0ߚ and 222ߚ 
can be solved using the least square method. 

Box and Hunter [19] addressed the term rotatable which means that the predicted variance is the 
same for every point based on its distance from the center. This method is effectively used for few input 
variable factors. In this test, the Box-Behnken cube design for two factors (mass and target) is 
demonstrated in Table 1 in which low, middle and high levels are defined as -1, 0 and 1 respectively. 
There are 9 different tasks of the Box-Behnken design generated by Matlab software [23]. 
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Table 1. Box-Behnken design 

Parameter 
Level 

Low (-1) Middle (0) High (1) 
Mass (kg) 0.1 0.3 0.5 
Height (m) 0.1 0.3 0.5 

 

4.  Human Grasping Object 
The experimental apparatus is shown in Figure 2, and involves a human participant (randomly selected) 
to perform the object grasping and manipulating tasks in which the object was attached with a distance 
sensor (Ultrasonic HC-SR04 sensor). Ten participants were adopted and required to perform a set of 
random tests in order to become familiar the test rig before completing the substantive experiments. 
Before the tests were executed, the human was requested to sit down in comfortable position in front of 
the test rig and his/her fingertips were mounted with the Opto-force 3D sensors. The participant was 
then instructed to grasp the object with different masses (0.1, 0.3 or 0.5 kg) and move the object 
vertically to the demanded targets of 0.1, 0.3 or 0.5m using only one hand. 

Whilst undertaking the task, three key parameters including object position, completion time and 
human finger force profiles are measured and collected in real-time for further investigation of the 
human finger force characteristics. When the object reached the demanded target position, the timer was 
simultaneously stopped. In the meantime, the LED was activated to indicate that the object was 
completely reaching to the final position. 

 
 

Figure 2. Schematic of force sensor and ultrasonic sensor. 

 
During initially starting each task, the participant has required to perform all assigned tasks to the 

best of their capacity, and only one hand is allowed to grasp the object and twisting or bending this 
object is not allowed. The experimental sequence as shown in Figure 3 can be divided into three distinct 
phases, (i.e. grasping, manipulating and reaching the target), which can be described as the following. 
In the rasping phase, the human has to naturally grab the object. In the meantime, the micro-controller 
is activated, and timer trigger is also started. The participant starts moving the object horizontally 
towards the target point in the object manipulating task. In the last phase, once the LED indicator is 
turned on and the timer is stopped, that means the object entirely reaches the final position target. After 
completing an object, the human is then able to release his/her grasp naturally. 
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              (a)                                                      (b) 

Figure 3. Object manipulating experimental set-up. 

5.  Estimation of Fingertip Forces during Human Grasping an Object 
This section presents the investigation of the relationship of the two influential variables including mass 
and lifting target affecting the human finger forces applied to the object. During the tests, it can be noted 
that the finger force profiles are related to how fast the object is moved, i.e. the faster the object is moved 
to the target, the narrower the force profile is depicted. Therefore, to effectively examine the effects of 
the relevant parameters, the human finger forces measured were required to be normalized before being 
analyzed.  

The human force profiles while grasping the object were normalized based on an average transfer 
completion time. The estimation of the third-order polynomial model that demonstrates the relationship 
between output y (finger force) and the variables  (mass) and  (moving target) was developed using 
SPSS [24-26]. ANOVA was also used to characterize the output responses for curve fitting and contour 
plots in which the 95% confidence interval (α = 0.05) was adopted.  

In this test, the maximum handler forces in each of the Box-Behnken tasks have been highlighted 
and investigated to deliver the effects of the influential variables proposed. The analysis of variance of 
the response variables and regression coefficients using SPSS [25] were carried out as shown in Table 
2 

 
Table 2. Coefficients of results for the third-order polynomial regression and significant value 

Model 
Unstandardized coefficients Standardized 

coefficients t Sig. 
B Std. Error Beta 

     (Constant) -2.785 2.733 -1.019 0.324 
Mass 62.189 22.174 3.011 2.805 0.013
Height 1.396 22.174 0.068 0.063 0.951
Height*Mass 20.963 48.356 0.454 0.434 0.671
Mass2 -154.331 73.266 -4.569 -2.106 0.052
Height2 -2.579 73.266 -0.076 -0.035 0.972
Mass*Height2 104.167 56.442 1.164 1.846 0.085
Mass2*Height -164.167 56.442 -1.834 -2.909 0.011
Mass3 203.222 78.704 3.171 2.582 0.021
Height3 -18.667 78.704 -0.291 -0.237 0.816
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Once, the parameter coefficients in the third-order equation had been computed and presented in 
Equation (2), the ANOVA method was subsequently used to assess the system output responses.  

ݕ ൌ�Ȃ ʹǤͻ  ʹǤͻͳݔଵ  ͳǤͶͲݔଶ  ʹͲǤͻݔଵݔଶȂ ͳͷͶǤ͵͵ݔଵଶȂ ʹǤͷͺݔଶଶ  ���ͳͲͶǤͳݔଵଶݔଶȂ ͳͶǤͳݔଵݔଶଶ  ʹͲ͵ǤʹʹݔଵଷȂ ͳͺǤݔଶଷ  (2)  

 
Table 3. One-way ANOVA results for the third-order polynomial equation 

Model Sum of squares df Mean square F Sig. 
1     Regression 206.640   9 22.960 51.480 0.000b 

Residual     6.690 15   0.446  
Total 213.330 24  

 
Table 4. Result of Model Summary 

Model R R Square Adjusted R Std. Error of the Estimate 
1 0.984 0.969 0.950 0.66783 

 
After applying an ANOVA technique to statistically evaluate the equation, it can be concluded that 

the input variables ݔଵ (mass) and ݔଵ (target) significantly affected the dependent output y (finger force) 
at the 95% confidence interval. Additionally, the computed ܴଶ was 0.969, which demonstrates that by 
employing the proposed third-order polynomial equation, 96.9% of the estimation of the human finger 
force (ݕ) is meaningfully related to the input variables as mentioned as shown in Table 4. Thus, the 
estimated regression model is highly reliable and acceptable.  

An evaluation of the third-order response surface was performed to ensure its accuracy and 
reliability. The same group of human participants were selected, in which the humans were required to 
grasp and lift the objects under the different masses of 0.2 and 0.4 kg and lifting target at 0.2 and 0.4 m. 
The third-order polynomial equation proposed was employed to estimate the human maximum force (ݕ) 
values before being were simultaneously compared with the actual results.  

Table 5 illustrates a comparison of the predicted dependent variable y (or human finger force) to the 
actual values. All gray table boxes represent the data designed by Box-Behnken, and on the other hand, 
the white table boxes show the values used for the evaluation. It can be noted that the maximum, 
minimum and average absolute errors are 14.0%, 11.54% and 5.22% respectively. 

Figure 4 (a) shows a contour of the relation between the mass and the target components and the 
actual force by using Box-Behnken design 9 different experiments and use to estimate the mathematical 
model. There are Figure 4 (b) shows the influence between estimated force and a group of input variables 
(mass and height). 
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Table 5. Result of estimated force 

Total mass 
(kg) 

Height 
target (m)

Mean of Actual 
force (N) 

Estimated 
force (N) 

Error 
(%) 

0.1 

0.1 2.57 2.34 9.00 
0.2 2.61 2.63 0.70 
0.3 2.85 2.85 0.02 
0.4 2.80 2.89 3.35 
0.5 2.78 2.65 4.83 

0.2 

0.1 4.67 5.17 10.74 
0.2 5.20 5.49 5.59 
0.3 6.33 5.95 5.99 
0.4 5.98 6.44 7.70 
0.5 6.68 6.85 2.50 

0.3 

0.1 7.55 7.03 6.91 
0.2 7.00 7.05 0.69 
0.3 7.59 7.42 2.26 
0.4 8.77 8.03 8.48 
0.5 8.93 8.76 1.92 

0.4 

0.1 8.57 9.13 6.51 
0.2 9.34 8.52 8.77 
0.3 8.18 8.47 3.58 
0.4 7.78 8.87 14.00 
0.5 9.68 9.60 0.82 

0.5 

0.1 12.89 12.69 1.55 
0.2 11.10 11.13 0.25 
0.3 9.42 10.33 9.68 
0.4 11.52 10.19 11.54 
0.5 10.26 10.59 3.22 

 

 
(a)                                                                 (b) 

Figure 4. (a) Profile of actual force; (b) Profile of output estimation. 
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6.  Conclusion 
This research aimed to present the estimated human finger force as a function of time during grasping 
and lifting an object under the various masses (0.1, 0.3 and 0.5kg) and difference lifting targets (0.1, 0.3 
and 0.5m). Response surface methodology (RSM) was employed to explain the input variables x1 (mass) 
and x2 (target) significantly affected the dependent output y (human finger force). By using the ANOVA 
technique to statistically evaluate the relationship proposed, it can be noted that the computed R2 was 
0.969 which means that 96.9% of the surface parameter ݕ is successfully related to the input variables 
 ଶ  . Therefore, the test results have proved by considering estimate force as mentioned compareݔ ଵ andݔ
with actual force. The results obtained have confirmed by efficacy the calculated mathematical equation 
from estimated error. It can be noted that the maximum, minimum and average absolute errors are 
14.00%, 11.54% and 5.22% respectively. It also indicates the third-order polynomial model used to 
estimate human finger forces is highly reliable. 
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Abstract. In this paper, we present the design of the software-in-the-loop simulation framework for 
a uadcopter that is incorporated in our hybrid aircraft. The hybrid aircraft comprises a uad-copter 
and a fixed wing with one forward thrust rotor. e need to develop a split control system that 
utilizes a typical uadcopter controller to control four motors/propellers and a supervisor controller 
to control a forward thrust rotor. The supervisor controller shall take feedback signals from the 

uadcopter and will command the fifth rotor for stabilizing the hybrid aircraft and resolves problems 
like thrust saturation. The simulation simulates the control algorithm and verifies the uadcopter s 
behavior using MAT AB and Simulink together. Achieving these results, we come to know how 
our hybrid controller will be implemented, what results to expect once the forward thrust rotor is 
attached to the uadcopter. The software-in-the-loop simulation of a uadcopter is one of the most 
effective methods for verifying overall control performance and safety of the hybrid aircraft before 
actual hardware implementation and flight test. 
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Abstract. The exhaust emissions generated by diesel vehicles have great impacts to local air 

pollution. The most damaging pollutants of diesel vehicles are nitrogen oxides(NOx) and 

particulate matter(PM). PM has been classified by WTO as a carcinogen, and nitrogen oxides 

are also classified as potentially carcinogenic. The emission of diesel vehicles has been 

regulated by EPA since 1987 in Taiwan. The emission standard at the present time is 

equivalent to EU 5. However, the emission test is carried out in a well controlled laboratory 

with a specified driving cycle. It has been criticized that the test does not reflect the real 

emissions on the road. The real road condition is much more complicated and harsh. The 

emission generated on the real road might be quite different from that in the laboratory. This 

paper presents the emission measurement of light diesel vehicles on real roads. A portable 

vehicle measurement system (PEMS) was used to measure the concentration of pollutants in 

the tailpipe. The instantaneous exhaust flow rate was also recorded with a pitot tube. The real 

emission was accumulated by integration of the measured concentration variations. Three 

different driving modes were arranged in each test, including urban, rural, and highway. 

Several light diesel vehicles that meet EU 5 and EU6 standard were tested. Results of test 

showed that highway mode has the highest emission rate while urban mode emits the least 

pollutants.  

1.  Introduction 
In recent years, the problem of air pollution has gained more and more public attention. One of the 

major causes of air pollution is the pollutants generated by the vehicle on the road, especially nitrogen 

oxides and particulate matter produced in the exhaust gas of the diesel vehicles. Nitrogen oxides have 

been classified by WTO as carcinogens. It may cause nerve damage on the human body. Long-term 

inhalation can cause cerebral palsy, hand and foot atrophy and other hazards. NOx decompose rapidly 

in the atmosphere and react with common chemicals in the air. Under the sunlight, the reaction 

products of nitrogen dioxide and other chemicals form nitric acid, which is the main component of 

acid rain. In addition to nitric acid, ozone is also a major product of NOx reaction. Ozone exposure of 

pregnant women may cause increase in neonatal interpalpebral narrow incidence and teratogenicity. 

NOx emissions from diesel vehicles account for 44% of all mobile sources in Taiwan, making diesel 

exhaust control more urgent and crucial for the reduction of NOx production.  

The traditional way to measure the NOx emission of diesel vehicles is to conduct a test in a well 

controlled laboratory in which vehicle is mounted on top of a dynamometer and follows a driving 

cycle that simulates a real traffic pattern in some specific areas. The exhaust gases are collected with a 

constant volume system and then are analyzed with gas analyzers. Since the environment of the 
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laboratory is well controlled and the driving pattern is fixed, it is not surprising that the measured 

emission factors are lower than those collected on real roads. It has been reported that the diesel 

vehicle NOx emissions data on real roads are significantly higher than the regulatory pollution 

emission standards [1]. As a result, EU began to plan to conduct real driving test for light diesel 

vehicle as part of the regulatory testing procedures from 2011 onwards.   

The Taiwan EPA also considers to adopt the real driving test as part of the regulatory testing 

procedure in the near future.  However, the traffic pattern as well as the road conditions in Taiwan are 

quite different from that of European countries, a series of studies on the feasibility of real road testing 

were carried out in advance to the enforcement the regulation.  This paper presents the results of light 

duty diesel vehicles on real roads in the middle part of Taiwan. 

This study follows the RDE (Real Driving Emissions) protocol defined in EURO VI regulations, 
including the boundary conditions and testing procedure. A PEMS (Portable Emission Measurement 
systems) was used to collect the instantaneous emission data on real roads. 

 

2.  TEST METHOD  

2.1.  program 

According to the RDE regulations [2], the whole trip is divided into three parts by vehicle speed, 

namely, urban, rural and motorway. The emission in the whole process should be continuously 

sampled. Table 1 shows the details of each part. The average vehicle speed in the urban area must be 

15-40 km/hr. Temporary stop (idling) is required in urban area. Temporary stop is defined as vehicle 

speed less than 1 km/hr. The time duration for each stop should be 10 seconds or more. The total time 

duration of temporary stop should be 6-30% of the whole time duration in urban area. However, if one 

stop exceeds 180 seconds, this trip should be discarded.  

The speed in rural area is 60-90 km/hr. In motorway, the speed range is 90-145km/hr and there should 

be at least five minutes that the speed exceeds 100km/hr. The entire trip should be between 90-120 

minutes and each trip shares about 1/3 of the whole time duration with 10% tolerance. The altitude 

difference between the start and the end is no more than 100 meters. The slope of the route should be 

less than 1200m/100km.  Each trip should be no less than 16 km. 

 

Table 1. RDE test standard 

 

The PEMS equipments used in this study are installed safely in the vehicle, as suggested by the EU 

RDE protocol. The fuel used in the test is commercial diesel fuel with sulphur content less than 10 

 urban rural motorway 
speed <60 km/hr 

average speed 15-40km/hr 
60-90 km/hr >90 km/hr 

No more than 145km/hr 

exceeds 100km/hr for at 

least five minutes 
Total trip 

ratio 
34%±10% 
( No less than  29%) 

33%±10% 33%±10% 

idle 6-30% 
A single stop should not exceed  

180s 

-- -- 

trip No less than  16 km No less than 16 km No less than 16 km 

1.Total time 90-120 mins 

2. altitude difference between the start and the end is not more than 100 meters ， The height of 

the path should be less than 1200m / 100km 
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ppm.  Engine was started at first to reach the working temperature before the vehicle was on the way.  

Then, the test was conducted according to the rout planned in advance and the emission data were 

collected with the PEMS. 

. 

2.2.  Devices 

Before performing the EU RDE test, the PEMS equipments were installed on the vehicle at first, as 
shown in Figure 1. The sensors, including the exhaust flow meter, OBD, and GPS, were confirmed to 
be normally functioned. Mainly for the measurement of vehicle emissions, it can detect CO2, CO, and 
NOx concentrations in the exhaust. A chemiluminescent analyser was used to measure the NOx 
variations in the exhaust flow. The NDIR detector was used to measure the CO2 and CO 
concentrations. The tail pipe diameter and length must meet the requirements of RDE specifications to 
ensure that the flow in the exhaust pipe is stable and uniform. The instantaneous exhaust flow was 
determined by a Pitot tube which was installed on an extended pipe connected to the original tail pipe, 
as shown in Figure 2. The exhaust gas was sampled through the sampling hole which is located at the 
rear part of the extended pipe. Sampling time delay should be considered because the sampling tube is 
quite long. The delay time in the whole process is corrected for the instrument before the test. It was 
about 1-2 seconds, depending on the engine running condition. The exhaust density was corrected to a 
temperature of 20 degrees. 

 
Figure 1 The PEMS equipment that conforms to the EU standard 

 

 
Figure 2 PEMS equipment of sampling tube 
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According to the EU RDE protocol, the vehicle speed and the associated acceleration information 

should be provided by the GPS (Global Positioning System) rather than the on board OBD system. 

The GPS used in this study has the characteristics of fast positioning and high precision, and can 

measure the vehicle speed, altitude and driving route at that time.  

A total of 21 light diesel vehicles were selected in this investigation, ranging from 1600c.c. passenger 

car to 3200c.c. pickup. The selection principle includes high market share, high representation, and in 

the warranty within the vehicle. All the test vehicles in this study are equipped with a set of diagnostic 

devices (On-Board Diagnostics, OBD), which can be used to collect a complete record of vehicles or 

engine parameters, such as engine speed, exhaust temperature, intake manifold pressure. 

 

3.  Measurement results and discussion 
We take the data of a vehicle as an example to show the variations in vehicle speed, NOx 
concentration, and exhaust flow rates during the test, as shown in Figure 3 to Figure 5. The entire trip 
took 95.43 minutes.  Figure 3 shows the vehicle speed variations in the entire trip. The test started 

from the urban road. We can see that the vehicle stops and goes quite often in this mode. The average 
speed in this mode was 29km/hr. In a substantial part of this test, the road speed was only 20km/hr, 
and the maximum speed was no more than 50km/hr. About 55 minutes after the start, the vehicle left 
the urban area, and ran into the rural area. We can see that the vehicle was going more smoothly in this 
area because part of the road in this mode is express way and there was less traffic lights. The vehicle 
speed varies between 60 km/hr and 80 km/hr with an average speed of 76 km/hr and a maximum 
speed of 90 km/hr. At 79 minutes after the test started, the car went into the third mode, the motorway. 
The vehicle speed is quite stable. It remains at 110 km/hr for most of the time. Besides, acceleration 
and deceleration are quite rare.  
 

 
                                                     urban                               rural      motorway  

Figure 3 GPS vehicle speed variations during the test 

 
Figure 4 shows the variations in NOx concentration. It can be found that normally the concentration of 
NOx in the urban area is very low. However, peaks of NOx concentration occur occasionally.  The 
NOx concentration in the rural mode is significantly higher than that in the urban area. This is because 
increasing vehicle speed would enhance combustion temperature within the cylinder, leading to 
instantaneous NOx concentration rise. The same trend can be found in the motorway mode. The NOx 
concentration in this mode is even higher because of the high vehicle speed.  
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                urban                               rural      motorway 

Figure 4 NOx concentration variations during the test  

 

Figure 5 shows the exhaust flow rate variations. Exhaust flow rate is a good indicator of engine load. 
In the urban area, the exhaust flow rates vary around 1m3/min, with instantaneous peak values up to 
3m3/min. Comparing Figure 3 and Figure 5, we can see that the instantaneous increase in flow rate 
occurs when the vehicle accelerates. The exhaust flow rate increases when the vehicle speeds up. The 
NOx concentration also followed. The exhaust flow rate increased in the rural mode. But the degree of 
change is not as obvious as the urban area. While in the motorway, the exhaust flow rate was 
significantly higher than 1m3/min. It became 3m3/min normally with peaks at 5 m3/min. 
 

 
                    urban                         rural          motorway 

Figure 5 Exhaust flow rate variations during the test  
 

In this study, the data were taken once per second, and the measured speed was used to calculate 
acceleration every second. The formula of calculation is as follows:  

 
An=(Vn+1-Vn-1)/2                                                          (1) 

 
And then multiply the acceleration and speed to get the power of the moment, the formula is as 
follows: 

 

P=Vn*An                                       (2) 
 

And convert the NOx concentration (ppm) to the emission (g / sec), as follows: 
 

 
 

where C is the concentration, Ԛ is the exhaust flow under standard conditions, and ρ is the density of 
the gas under standard conditions. 

m C Q U u u
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Figure 6 shows the acceleration and velocity distribution of the vehicle in the whole test. The vehicle 

speed in the urban area varies between 0 to 50 km / hr. The speed in the rural area is about 60 km/hr to 

80 km/hr. The speed in the motorway is between 90km/hr and 115km/hr. In the urban area, 

acceleration and deceleration occur frequently, and their magnitudes vary in a broad range, about -

3m/sec
2
 ~ +2m/sec

2
.  In the rural area, the magnitudes of acceleration and deceleration are relatively 

narrow, -0.3 m/sec
2
 to + 0.5 m/sec

2
. In the motorway road sections, acceleration and deceleration 

variations are about the same as that in rural area, -0.5m / sec
2
 ~ +0.8 m / sec

2
. 

 

 

                urban                  rural        motorway 
Figure 6 Acceleration and velocity distribution  

 

Figure 7 shows the relationship between exhaust flow rate and vehicle speed. In the urban area, the 

flow rate varies 0.5 ~ 3m
3
/min. In the rural area, the flow rate is between 1.2 ~ 4m

3
/min. And in the 

motorway, most of the exhaust flow rate was 1.5m
3
/min or more. In view of the trend, the faster the 

vehicle speed, the greater the exhaust flow, the trend is the same as the vehicle in Figure 5.  

 

  

               urban                  rural        motorway 
Figure 7 Speed and exhaust flow  

 
Figure 8 shows the relationship between the vehicle acceleration and NOx emissions which is 
expressed as g/sec. When the vehicle speeds down rapidly, the deceleration is less than -0.5 m/s2, we 
can see that NOx emissions are very low. It makes sense that engine emits low concentration of NOx 
when it is at low load and the driver does not step on the throttle. However, in the positive acceleration 
region, the relationship between the vehicle acceleration and NOx emissions is not clear. There is no 
clear trend to show how and when NOx emissions will increase as vehicle speeds up. This is because 
acceleration is only one of the indicators of vehicle load, not the only indicator.   
Figure 9 shows that a nonlinear relationship exits between NOx emissions and vehicle load during 
vehicle testing, where vehicle load is defined as equation (2). It can be seen from the figure that as the 
vehicle power increases, the NOx emissions increase too. If engine is doing negative work, the 
emissions of NOx is almost zero. 
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Figure 8 Acceleration of NOx emissions distribution 

 

 
Figure 9 Relationship between NOx Emissions and Vehicle Load 

 
 
The details of NOx emission in each mode is summarized in Table 2. The urban mode has the longest 
driving time, and accounts for 43.27% of all NOx emission. The emission factor for urban mode is 
also the highest. But in terms of emission rate, motorway mode has the highest value.  
 

Table 2. Comparison of NOx Emissions from Different Roads 
 urban rural motorway 
Trip time (min) 64.5 18 14 
Distance (km) 31.9 23.1 24.4 
Average speed (km/hr) 30 77 104 
Emission amount (g) 16.27 9.06 12.27 
Emission rate (g/min) 0.252 0.503 0.876 
Emission factor (g/km) 0.510 0.392 0.503 
Emission ratio (%) 43.27 24.10 32.63 

 
A total of 21 vehicles were tested in this investigation. Figure 10 shows the results of test. Most of the 
tested vehicles emit less than 1g/km of NOx on the road. It is noted that three vehicles emit more than 
1g/km of NOx in urban area, two vehicles emit more than 1g/km of NOx in aural area, and only one 
vehicle emits more than 1g/km of NOx in motorway.  It is interesting to note that the emission in 
different mode is not necessary consistent. Figure 10 shows that one vehicle has high NOx emission in 
all three modes. However, another one vehicle has high NOx emission in urban mode only.  Its 
emission in motorway is comparatively low.  
The average NOx emitted in each mode were calculated as shown in Figure 11. It is 0.51 g/km in the 
urban area, 0.44 g/km in the rural area, and 0.48 g/km in the motorway. The averaged emission factor 
is 0.48 g/km for the whole trip. The tested vehicles emit the highest NOx per kilometer in the urban 
area.  It is interesting to note that the NOx concentration in the exhaust pipe is the lowest in urban area, 
as shown in Figure 4. Its emission factor is the highest. The reason that the lowest concentration would 
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produce the highest amount per kilometer is that the vehicle speed in urban area is low. The time 
elapsed per kilometre is long such that NOx accumulation is high.  
The current emission standard for NOx of light diesel vehicle is 0.18 g/km. The regulatory driving 
cycle is the new European Driving Cycle (NEDC). All the 21 vehicles were tested with NEDC in this 
study and the averaged emission factor is 0.13 g/km, much less than the regulation value. As a result, 
the real road emission factor of NOx is 3.7 times higher than the results of laboratory test. 
In addition, the study of 21 vehicles for World Light Vehicles Test Cycles (WLTP) were carried out in 
this study. The averaged emission factor of NOx for WLTP is 0.284g/km, about 60% of the real road 
value. It is noted that the emission factor of WLTP is higher than that of NEDC, and is closer to the 
real road value.  

 
Figure 10 The NOx emission factor in each vehicle of 21 vehicles.   

 

 
Figure 11 Averaged NOx emission factor for 21 vehicles  

 
 

Table 3. Comparison of Emission factors for different driving condition 
NEDC WLTP urban rural motorway 
 
0.130 

 
0.284 

0.512 0.444 0.484 
0.480 

Regulatory standards：0.18 g/km (NEDC) 
 
Table 3 shows the results of emission factors for different test condition. It can be seen that no matter 
what kind of condition on real roads, the real emission factor is always higher than the NEDC 
emission factor. The maximum speed in NEDC is 120km/h, about the same as that in real motorway 
shown in Figure 3. However, the time duration of maximum speed in NEDC is less than one minute, 
much lower than that in real motorway. Furthermore, the acceleration and deceleration in NEDC is 
also much more gentle. The maximum speed in WLTP is 131.3km/h, which is higher than that in real 
motorway because the speed limit of highway is 110 km/hr in Taiwan. The high speed duration 
(defined as more than 100 km/hr) in WLTP is around 6 minutes. Besides, the acceleration and 
deceleration rates in WLTP are much wilder than that in NEDC. That is the reason WLTP has more 
than twice the emission factor of NEDC. However, the real road has even wilder acceleration and 
deceleration rates such that the real emission factor is 70% more than that of WLTP. 
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Figure 12 Comparison of real NOx emission factor with NEDC and WLTP 
 

Because real road testing is very costly, risky and time consuming, it would be very convenient if we 
can predict real road emission factor by the results of NEDC or WLTP which are conducted in a well 
controlled laboratory dynamometer. Figure 12 shows the comparison of real road emission factor with 
that of NEDC and WLTP for the 21 tested vehicles. The relationship between real road and NEDC is 
not clear. Emission factor data scatter in a wild range. The R2 value for linear regression is 0.1567, 
showing that the linear equation does not fit the data well. However,  the relationship between real 
road and WLTP is much better. A clear trend exits for the data, especially in the range of low emission 
factor, which means that WLTP is close to real road emission. But the data scatter in a diverging way 
in the high emission range. The R2 value for linear regression is 0.5178, showing that the linear 
equation is acceptable, even though not very good. It is still unlikely at the present time to estimate 
real road emission by this linear relationship.  
The CO emission factors were also obtained in this study. Figure 13 shows the CO emission factor  
for all the 21 vehicles in each mode. It can be seen that the CO emission factors of light diesel vehicles 
are much closer to each other than that of NOx. Most vehicles emit less than 0.4g/km of CO for all the 
modes. Only one vehicle is the outlier which emits more than 1 g/km of CO in urban and rural areas.  

 
Figure 13 CO emission factors of 21 vehicles in three modes.   

 
The averaged CO emission factors for all 21 vehicles are shown in Figure 14. It is 0.31 g/km in the 
urban area, 0.196 g/km in the rural area, and 0.168 g/km in the motorway. The averaged emission 
factor is 0.225 g/km for the whole trip. Similar to the trend in NOx, the tested vehicles emit the highest 
CO per kilometer in the urban area.  The rural area has the second place in CO emission factor, and 
motorway has the lowest emission factor.  The current emission standard for CO of light diesel vehicle 
is 0.5 g/km. The real road CO emission factors still comply with the regulation. 
All the 21 vehicles were tested with NEDC in this study and the averaged emission factor is 0.119 
g/km, much less than the regulation value. As a result, the real road emission factor of CO is 1.9 times 
higher than the results of laboratory test. In addition, the study of 21 vehicles for WLTP were carried 
out in this study. The averaged emission factor of CO for WLTP is 0.054g/km, about 24% of the real 
road value. It is noted that the CO emission factor of WLTP is lower than that of NEDC. This is 
because the duration of NEDC process only takes 1200 seconds, and cold start accounted for a large 
proportion of the entire test process.  CO is formed majorly in the cold start portion while the catalytic 
converter has not been light up yet. In the WLTP test process, the whole duration is 1800 seconds, and 

the cold start takes a less share compared with that in NEDC. As a result, WLTP has lower CO 

emission factor than NEDC. It is interesting to note that all the modes in real road have CO emission 

94



 

 

 

 

 

 

factor higher than that in NEDC and WLTP. Even in motorway mode in which the vehicle always 
remains the same speed at all and the engine keeps hot all the way, the CO emission factor is still 
higher than that in NEDC that cold start takes a substantial part.   

 

 
Figure 14 Averaged CO emission factors of 21 vehicles  

 

4.  Conclusion 

 
 (1). Real road driving is much more complicated than the specific driving pattern in laboratory. 
Vehicle speed varies in a much more rapid way. Acceleration and deceleration vary in a much more 
wilder range. The associated emission increases compared with that in laboratory. 
(2). Urban mode has the highest NOx emission factor, and the largest NOx emission ratio. However, 
motorway has the highest NOx emission rate.  
(3).  There is no clear trend between NOx emission rate and vehicle acceleration. However, NOx 
emission rate is well correlated with vehicle load.  
(4). The emission factor in real road is always higher than the laboratory emission factor. It is 3.7 
times higher than that of NEDC,  1.7 times higher than that of WLTP. 
(5). The real road emission factor does not fit with NEDC at all. The regression between real road and 
WLTP is better. However, the fitting is not good enough for prediction. 
(6). The emission factor of CO in real road is also higher than that of NEDC and WLTP.  However, all 
of them comply with current emission standard. 
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Abstract. Magnetic tor uers are used for the attitude control of small satellites, such as 
CubeSats with ow Earth rbit ( E ). During the design of magnetic tor uers, it is necessary 
to confirm if its magnetic dipole moment is enough to control the satellite attitude. The 
magnetic dipole moment can affect the detumbling time and the satellite rotation time. In 
addition, it is also necessary to understand how to design the magnetic tor uer for operation in 
a CubeSat under the space environment at E . This paper reports an investigation of the 
magnetic dipole moment and the magnetic field generated by a circular air-coil magnetic 
tor uer using experimental measurements. The experiment testbed was built on an air-bearing 
under a magnetic field generated by a Helmholtz coil. This paper also describes the procedure 
to determine and verify the magnetic dipole moment value of the designed circular air-core 
magnetic tor uer. The experimental results are compared with the design calculations. 
According to the comparison results, the designed magnetic tor uer reaches the re uired 
magnetic dipole moment. This designed magnetic tor uer will be applied to the attitude control 
systems of a 1U CubeSat satellite in the pro ect KNACKSAT.  
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Abstract. Secondary battery is widely installed on an electric prime mover as the traction 
energy storage. The battery has a chemical degradation with cycle and preservation lifetime. 
The battery may reach to the lifetime in short of the design life on the different kinds of real 
world conditions which provide inconvenience to drive a vehicle and lead to some troubles of 
the power train system. It is important subject to detect the battery deterioration condition with 
convenient method and to build the verification technology of the battery to the deterioration. 
This study noticed at the battery impedance of both a resistance part and a capacitance part that 
can be measured at the same time by an AC impedance response analysis, one of the 
convenient method is available to verify the battery deterioration condition in progress of cycle 
life. The previous report was focused on a Nickel-metal hydride (Ni-MH) battery which is 
widely used as traction energy storage in Hybrid electric vehicles (HEVs), and apply the AC 
impedance response analysis to verify the battery deterioration. This study investigates a 
possibility extent that the AC impedance response analysis, which method is available to verify 
a Lithium ion (Li-ion) battery being exchanged from the Ni-MH battery, applies to the battery 
deterioration condition in progress of cycle lifetime experiment. The Li-ion battery cycle 
lifetime experiment progresses on the way, and this report explains the battery condition on the 
deterioration and verifies the Li-ion battery deterioration characteristics to the Ni-MH battery 
one.         

1.  Introduction 
An environmentally friendly automobile, e.g. EVs and HEVs, have been developed and spreaded 
widely of that in all over the country. The EVs and HEVs have mechanical and electrical drivetrains 
with energy storage of batteries which must be considered in their lifetime [1]. The energy storage of 
batteries are connected in series and which are installed on-board. In each battery cell which does not 
have the same charge-discharge characteristics along with the deterioration which gets out of 
durability service in short of the designing lifetime. The battery condition and deterioration are 
technically difficult to diagnosis in precisely. 

This study challenges an on-board diagnosis technology to investigate the battery condition and 
deterioration, approaching in easy method which is an AC impedance measurement analysis. AC 
impedance measurement method applied to the battery, has an appropriate potential to verify the 
relations between the AC impedance and the battery capacity, to verify the relations between the 
battery the AC impedance and the battery temperature [2]. The study object is set a quantitative 
research that verifications between the battery AC impedance characteristics and the battery 
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deterioration, which makes the battery condition and deterioration quantify in easily. The battery has a 
chemical degradation with cycle and preservation lifetime [3]. The preservation lifetime is a battery 
deterioration along with the preservation time in which the battery leaves to stand. The preservation 
lifetime is a fundamental important because the whole life of EVs and HEVs occupies not in their 
drive conditions but in their park conditions. The preservation lifetime is a battery deterioration along 
with the preservation time in which the battery leaves to stand. The cycle lifetime is a battery 
deterioration along with the cumulative load in which the battery operates in charge-discharge cyclic 
load. EVs and HEVs have the charge-discharge cyclic mode but EVs and plug-in HEVs (plug-in 
hybrid electric vehicles, PHEVs) have charge mode by the way of external power source. 
 

2.  Experimental Method 

2.1 Batteries used in the experiment 
The experimental battery of which commercial model of cylindrical type Li-ion secondary batteries, 
the batteries have 2150mAh of rated capacity, are used for the experiment (model: UR18650A) 
manufactured by Sanyo Electric Co., Ltd. The experiment is carried out on brand-new batteries after 
activation by 10 charge-discharge cycles. 

2.2 Batteries structure 
A charge-discharge reaction of Li-ion experimental battery is the slow Lithium ion transfer process 
which is reversible conversion reaction between positive and negative electrode via electrolyte. The 
positive electrode material is used a metal oxide compound, e.g. cobalt, nickel, manganese and iron 
phosphate, with Lithium. The negative electrode material is used a carbo-based material.  

2.3 Batteries reaction 
A discharge reaction of Li-ion experimental battery is that the Lithium-ion placed an inter-layer of the 
carbo-based material of negative electrode transfers to the metal oxide compound with Lithium 
material of positive electrode, and electron from the negative electrode transfers to the positive 
electrode which works as a load current. The reaction equations are shown in Equation (1)-(3). 
The positive electrode reaction is  

 

ଶܱܯሺଵି௫ሻ݅ܮ   ା݅ܮݔ  ି݁ݔ �՞  ଶ (1)ܱܯ݅ܮ

 

The negative electrode reaction is  

 

ܥ௫݅ܮ  ՞ ܥ  ା݅ܮݔ   (2) ି݁ݔ

 

The total electrode reaction is  

 

ଶܱܯሺଵି௫ሻ݅ܮ   ܥ௫݅ܮ ՞ ଶܱܯ݅ܮ   (3) ܥ

 

Where 
 Lithium salt that can effectively passivate both negative and positive electrodes :݅ܮ
 reversible conversion reaction rate of Lithium salt :ݔ
݁ି: electron transfer 
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 carbonate for negative electrode, e.g. ethylene carbonate (EC) which has formed as a stable :ܥ
passivation film of a solid electrolyte interphase (SEI) suppressing further electrolyte decomposition 
 metallic element :ܯ
 

2.4 AC impedance measurement method 
AC impedance measurement method is to quantify interface structures of the battery storage, to 
measure battery AC impedance and battery phase difference between a cyclic wave from a signal 
oscillator and an AC current though the battery. The battery AC impedance and battery phase 
difference of battery impedance spectrum is measured by changing with the cyclic wave frequency 
from the signal oscillator. 

2.5 Equivalent circuit theory 
Battery impedance spectrum is plotted on the complex plane, which can be analyzed by combining 
impedances. Battery AC impedance has real (ܼǯ) and imaginary (ܼǳ) parts plotted on the horizontal 
and vertical axes, respectively. The plotted figure is commonly called “Nyquist diagram”. Figure 1 
shows equivalent circuit of battery electrochemical impedance resistor (ܴ) and capacitance (ܥ) model. 
Equation (4) shows battery chemical impedance Z for the model in figure 1 [4], [5]. 
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Z in Equation (1) consists of a real (ܼǯ) and imaginary (ܼǳ) parts shown in Equations (5) - (8). 
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where 

Rsol solution resistance  
(battery electrolyte resistance) 

Rct charge transfer resistance 
Cdl electric double layer capacitance 
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Figure 1. Basic RC model of battery chemical impedance. 
 

2.6 Experimental method 
The experimental study starts after the conditioning of battery is done with charge-discharge cyclic 
electrical load to the experimental battery by load control unit (type; HJ0610SD8Y) manufactured by 
Hokuto Denko Co., Ltd. The load control unit has a multi-channel to control which makes multi 
experimental battery conduct simultaneously. The temperature of experimental battery is measured by 
memory logger unit (type; 8423) manufactured by Hioki Co., Ltd. The AC impedance response with 
sweeping frequency was measured by chemical impedance analyser (model: IM3590) manufactured 
by Hioki Co., Ltd. The temperature of experimental battery is set in a thermostatic chamber (model: 
LU-113) manufactured by Espec Co., Ltd. And also, the temperature around standard band of 25 degC 
is set in a cool incubator (model: CN-40A) manufactured by Mitsubishi Engineering Co., Ltd. Figure 2 
shows the load control and data logging system for experimental batteries. 
 

Figure 2. Load control and data logging system for experimental batteries, 1) thermostatic chamber 1, 
2) computer system for load control and data logging, 3) AC impedance measurement unit, 4) cool 
incubator 1, 5) cool incubator 2, 6) power supply unit for charge-discharge load control, 7) 
thermostatic chamber 2. 
 

The experimental load of the battery is shown in figure 3. The load profile was set on JC08 mode. 
Experimental battery load level was scales down to the actual current load profile of EVs and PHEVs 
with electric drive mode driving in JC08 mode. Thus, the experimental battery load was set within 
60% to 40% SOC of the battery repeating the JC08 mode current profile shown on figure 3. One cycle 
of the battery experiment consists of JC08 load for 20% discharge and a constant current of 1125 mA 
(0.5 C) is given for 20% charge. Three samples of experimental batteries were done to with charge-

1 
2 3 4 5 6

7 
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discharge cyclic electrical load for the initial conditioning. After the initial conditioning, the charge-
discharge cyclic electrical load was applied to the experimental battery which was counted up from the 
zero cycle. 
 

 
Figure 3. Experimental battery cycle load profile (JC08). 

 
The measurement of AC impedance of the batteries under experiment has been done when 

experimental cycles are reaching checkpoint cycle. The measurement was carried out after the 
following process. First, the experimental battery was charged to the full capacity level and was 
preserved for 12 hours to reach stable state. Then the experimental battery was connected to the 
measurement wire harness by soldering to prevent voltage drop on the contact resistance [6], [7], [8]. This 
is needed because battery impedance is significantly small in the range of few milliohms, and reducing 
any ohmic loss during AC impedance measurement is a necessity. For the AC impedance 
measurement, wires are soldered to both terminals of the battery and inserted into the test fixture 
(model: 9261-10) manufactured by Hioki Co., Ltd. To acquire appropriate data each measurement was 
performed three times. Battery AC impedance response was measured at different frequencies applied 
to the battery. 

The AC impedance measurement was done for the frequencies in the range of 1000 Hz to 0.1 Hz. 
In the frequency range of 1000 Hz to 100 Hz, with 100 Hz step, in 100 Hz to 10 Hz range with 10 Hz 
step, and with 1 Hz and 0.1 Hz steps in the frequency ranges of 10 Hz to 1 Hz and 1 Hz to 0.1 Hz, 
respectively. The results of the AC impedance measurement for both batteries reveal both the real (Z’) 
and the imaginary (Z”) components of impedance. 

After the measurement, the experimental battery was discharged with constant current of 1125 mA 
(0.5 C) to the empty capacity level of 1.0 V and then charged for two hours with constant current of 
1125 mA (0.5 C) to the full capacity. The resulted voltage curve of the battery nearly follows CC-CV 
(constant current – constant voltage) curve of standard charging method. 
 

3 Experimental study 

3.1 AC impedance response in cycle durability test [10] 
Figures 4-6 show the AC impedance measurement results for Li-ion experimental batteries. Three sets 
of brand new batteries were used for cycle durability test. AC impedance measurement has been done 
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first at the battery activation stage (0 cycle) and then after reaching each checkpoint cycle: 15, 50, 100, 
400, 700 and 1000. The batteries measurement AC impedance results were increased and the batteries 
measurement results plot over almost the same trace area along with the durability experiment cycles 
progress. 

Figures 4-6 show the chemical impedance transition with durability cycles, owing to increase 
impedance part of equivalent circuit (figure 1) parameters of Li-ion battery. On figures 4-6 electrolyte 
resistance (Rsol) and charge transfer resistance (Rct) values are shown on the real part axis and electric 
double layer capacitance (Cdl) is shown on the imaginary part axis. Over the course of durability test 
cycles Rsol, Rct and Cdl are eventually increased. 
 

 
Figure 4. AC Impedance spectroscopy (Experimental sample L1). 

 

 
Figure 5. AC Impedance spectroscopy (Experimental sample L2). 
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Figure 6. AC Impedance spectroscopy (Experimental sample L3). 

 

3.2 Battery capacity in cycle durability test [9] 
Figure 7 shows the experimental battery discharge capacity which was measured for the complete 
discharge check in each 300 cycle after 100 cycle, which was done in 100, 400, 700 and 1000 cycle. 
Before 100 cycle, checking cycle was much short span, in which activation (0 cycle), 15 and 50 cycle. 
The experimental Sample L3 was the most deterioration battery in all and the second deterioration was 
Sample L2 and the third place was Sample L1. The experimental battery discharge capacity was 
measured for the complete discharge check when the experimental battery was charged from empty to 
full capacity in advance of the measurement test. 

Figure 8 shows the experimental battery discharge capacity which was measured from the start 
SOC of durability cycle in each 300 cycle after 100 cycle, which was done in 100, 400, 700 and 1000 
cycle. Before 100 cycle, checking cycle was much short span, in which activation (0 cycle), 15 and 50 
cycle. The experimental Sample L3 was the most dischargeable battery in all and the second 
dischargeable battery was Sample L2 and the third place was Sample L1. The experimental battery 
discharge capacity was measured from the start SOC of durability cycle when the experimental battery 
was charged from empty to full capacity and then discharged to 60% SOC (= the start SOC of 
durability cycle) in advance of the measurement test. 
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Figure 7. Battery discharge capacity (100%). 

 

 
Figure 8. Battery discharge capacity (60%). 

 
Figure 7 shows the battery deterioration was advanced from the initial capacity, 2150mAh 

(=100%SOC). Sample L1 was 1.1% deterioration, Sample L2 was 1.8% and Sample L3 was 5.1% at 
1000 cycle. Figure 8 shows the durability cycle start SOC was changed from the initial SOC, 
1290mAh (=60%SOC).  Sample L1 shifted to 33%SOC, Sample L2 shifted to 49%SOC and Sample 
L3 shifted to 72%SOC from 100 cycle to 1000 cycle in average. In progressed durability cycle, the 
battery was deteriorated. In case of the battery capacity changes from initial capacity to an actual 
capacity, durability cycle start SOC is also changed to actual SOC of which actual capacity basement. 
Sample L1 shifted to 33%SOC, Sample L2 shifted to 50%SOC and Sample L3 shifted to 75%SOC 
from 100 cycle to 1000 cycle in average. The durability cycle specifies that discharge amount is 20% 
battery capacity from 60%SOC to 40%SOC. In actual durability test, sample L1 was under low SOC 
range of 33/13%SOC, sample L2 was middle SOC range of 50/30%SOC and sample L3 was high 
SOC range of 75/55%SOC, which made difference deterioration of the experimental batteries. The 
high SOC range of 75/55%SOC is much affected deterioration than the low SOC range of 
33/13%SOC, which was 4.6 times (=5.1/1.1%) decreased from initial battery capacity in 1000 cycle. 
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3.3 Battery exhaust voltage in cycle durability test 
Figure 9 shows the experimental battery voltage at the mode end of the durability cycle discharge 
which plots in figure each 100 cycle. The experimental Sample L3 was the highest voltage transition 
battery in all and the second battery was Sample L2 and the third place was Sample L1. The above 
result shows that the higher voltage battery at the mode end of the durability cycle discharge is the 
larger amount of battery capacity in the start SOC of the durability cycle discharge. 
 

 
Figure 9. Battery voltage (End of mode cycle). 

 

4 Discussion 

4.1 AC impedance response in cycle durability test of Ni-MH [10], [11], [12], [13] 
Figure 10 shows the AC impedance measurement results for AB5 alloy-type Ni-MH experimental 
battery which is the most popular composite alloy structure of Ni-MH battery. Three sets of brand new 
batteries were used for cycle durability test. AC impedance measurement has been done first at the 
battery activation stage and then after reaching each checkpoint cycle: 100, 400, 700 and 1000. Ni-MH 
battery have 1900 mAh of rated capacity, is EVOLTA (model: HHR-3MWS), manufactured by 
Panasonic Co., Ltd. The experiment was carried out on brand-new batteries after activation by 10 
charge-discharge cycles. The experimental test condition was the same of the Li-ion battery mentioned 
in section 2.6 (Experimental method). The rated capacity of the experimental Ni-MH battery 
(1900mAh) is different with the rated capacity of the experimental Li-ion battery (2150mAh). The 
experimental test was done that the charge-discharge cumulative capacity (Ampere-hour capacity) is 
not the same but the charge-discharge capacity rate (C rate) is the same in both experimental test. 

Figure 10 shows that the AC impedance measurement results for AB5 alloy-type Ni-MH 
experimental battery was only increased electrolyte resistance (Rsol) over the course of durability test 
cycles. Figures 4-6 shows that the AC impedance measurement results for Li-ion experimental 
batteries were eventually increased electrolyte resistance (Rsol), charge transfer resistance (Rct) and 
electric double layer capacitance (Cdl). 

It is considered that additive material of electrode dissolves into electrolyte which is increased 
Rsol in Ni-MH battery. In Li-ion battery, it is considered that the SEI (solid electrolyte interface) is 
covered over electrode which is increased Rct and Cdl. And, Rsol increases a little over the course of 
durability test cycles [14], [15]. 
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Figure 10. AC Impedance spectroscopy (Ni-MH). 

 

5 Conclusion 
In this study, Li-ion batteries were examined with durability cycle test and the following conclusions 
were made. 
(1) AC impedance response analysis, which method is available to verify Li-ion battery, applies to the 

battery deterioration condition in progress of cycle lifetime experiment. 
(2) High SOC range of 75/55%SOC is much affected deterioration than low SOC range of 

33/13%SOC, which was 4.6 times (=5.1/1.1%) decreased from initial battery capacity in 1000 
cycle. 

(3) AC impedance measurement results for AB5 alloy-type Ni-MH experimental battery was only 
increased electrolyte resistance (Rsol) over the course of durability test cycles. It is considered that 
additive material of electrode dissolves into electrolyte which is increased Rsol in Ni-MH battery. 

(4) AC impedance measurement results for Li-ion experimental batteries were eventually increased 
Rsol, charge transfer resistance (Rct) and electric double layer capacitance (Cdl). In Li-ion battery, 
it is considered that the SEI (solid electrolyte interface) is covered over electrode which is 
increased Rct and Cdl. And Rsol increases a little over the course of durability test cycles. 
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Abstract. Inspired by how fishes propel themselves, a flapping-foil device is invented as an 
alternative propulsion system for ships and boats. The performance of such propulsor has been 
formerly investigated using a potential flow code. The simulation results have shown that the 
device has high propulsive efficiency over a wide range of operation. However, the potential 
flow gives good results only when flow separation is not present. In case of high flapping 
fre uency, the flow separation can occur over a short instant due to fluid viscosity and high angle 
of attack. This may cause a reduction of propulsive efficiency. A commercial C D code based 
on attice Boltzmann Method, low, is then employed in order to investigate the viscous effect 
over the propulsive performance of the flapping foil. The viscous results agree well with the 
potential flow results, confirming the high efficiency of the propulsor. As expected, viscous 
results show lower efficiency in high flapping fre uency zone.  
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 Abstract. In the design of Formula Student chassis structure, torsional stiffness and weight are 
the main factors which affect vehicle’s performance.  At present, the most popular type of 
chassis structure is space frame as it is inexpensive and simple. However, the main drawback 
of the space frame structure is its low torsional stiffness per weight ratio, which could be 
improved by replacing the steel tubes with sandwich semi-monocoque chassis structure 
consisting of carbon composite faces and aluminum honeycomb core. Therefore, this research 
focuses on the effects of different stacking sequences of carbon fiber composite faces that 
located on both sides of the 15.8 mm-thick aluminum honeycomb core. The responses of semi-
monocoque chassis under torsional load are evaluated by Finite Element Code and 3 stacking 
sequences of carbon fiber considered herein are [09/Core/09], [F6/Core/F6] and 
[F/06/F/Core/F/06/F], which F indicates bi-directional fabric and 0 refers to unidirectional fiber. 
The results suggest that pure bi-directional fabric lay-up [F6/Core/F6] gives the highest 
torsional stiffness per weight ratio which is higher than the [09/Core/09] and 
[F/06/F/Core/F/06/F] lay-ups by 144% and 46%, respectively. Moreover, the torsional stiffness 
of [F6/Core/F6] lay-up increases from the current space frame structure made from AISI 4130 
steel by approximately 5 times. 

  
 

1. Introduction 
 

Formula SAE is the student racing event organized by the Society of Automotive Engineers (SAE) to 
encourage college and university students to apply knowledge in designing the Formula Student racing 
car under Formula SAE Rules [1].  To maximize the performance of the vehicle, weight and torsional 
stiffness are the main factors to consider, as the chassis with high torsional stiffness is able to control 
the lateral load transfer distribution better than the low torsional stiffness structure [2]. This greatly 
improves the performance of the suspension system as it works according to the design and helps 
stabilize the vehicle during cornering. The main types of structure for Formula Student chassis used 
worldwide can be categorized into 3 groups as shown in Figure 1. 
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 (a) (b) (c) 

 

Figure 1. Different types of Formula Student racing car structure  
(a) Space Frame (b) Semi-Monocoque and (c) Full-Monocoque. 

  
The space frame structure is the most common used structure worldwide as it is the easiest to design 
and fabricate. However, the main drawbacks are its weight and low torsional stiffness. The full-
monocoque chassis, on the other hand, is the lightest structure and also has the highest torsional 
stiffness. However, it is the most expensive structure and is difficult to design and customize. The 
compromised structure in terms of torsional stiffness, weight and cost is therefore the semi-
monocoque chassis as shown in Figure 1b and is selected to further develop in this research. Another 
advantage of the semi-monocoque structure is its flexibility to customize compared to full-monocoque 
structure. The comparison between each chassis type in terms of torsional stiffness, weight and cost is 
summarized in Table 1 below. 
 

Table 1. Advantages and disadvantages of each chassis type. 

 
 
 John Christensen [3] has conducted a comparative study between a space frame structure, a semi-
monocoque and a monocoque structures using Finite Element Method. The space frame chassis used 
in this study weighed 32 kilograms and the torsional stiffness was 744 Nm/degree. The monocoque 
chassis consisted of aluminum core and carbon fiber face in which the type of the stacking sequences 
was [T2/F2/Core/F2/T2] where T represents 0/90° twill fabric and F represents ±45° bi-axial directions 
was used. The results showed that the weight of full-monocoque chassis could be reduced by 23 
kilograms while the weight of the semi-monocoque chassis could be reduced by 18 kilograms. In 
addition, the torsional stiffness was between 4,000 and 10,000 Nm/degree. Another conclusion drawn 
from this research is that the torsional stiffness of the Formula Student racing car depends on many 
factors such as type of the material, shape of the chassis and the stacking sequences. 
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Another study by Leonard Hamilton et al. [4] studied different design of a semi-monocoque structure 
which complies with the FSAE 2012 rules. The results from experiment and finite element method of 
2 lay-ups were compared. The first stacking sequence was [F/03/F/Core/F/03/F] which is used at the 
front bulkhead support and the second stacking sequence was [F/07/F/Core/F/03/F] that is used at the 
side impact zone, where F indicates bi-directional fabric and 0 represents unidirectional (UD) fiber. 
The results suggested that the weight of the semi-monocoque structure could be reduced by up to 53 % 
compared with the conventional space frame structure and the torsion rigidity of the semi-monocoque 
chassis was 2000 Nm/degree which increased by 43%. 
 It could be deduced from the previous studies that the chassis with high torsional stiffness can 
potentially improve the performance of Formula Student car and also the weight of the chassis needs 
to be reduced. Therefore, in this research, the stiffness per weight ratio is used as an indicator to 
evaluate structural performance of 3 different stacking sequences, namely [09/Core/09], [F6/Core/F6] 
and [F/06/F/Core/F/06/F], used for faces of the sandwich structure, where F represents plain weave 
fabric, 0 represents unidirectional fiber at 0° with respect to x-axis of the global coordinate, and the 
subscript represents number of layer. The 3 stacking sequences have the fiber orientation of balanced-
symmetric and cross-ply laminate which act as quasi-isotropic, where shearing-stretching-coupling, 
bending-stretching-coupling and bending-twisting-coupling do not occur. In order to determine the 
thickness of the sandwich structure, the FSAE Rule is used as a reference. The FSAE Rule has 
specified Monocoque Equivalency Rules of 3 zones such that the flexural stiffness (EI) of the 
monocoque panel is equivalent to the steel tube structure. These 3 zones are 1.Side Impact zone, 
which the EI equals to 3 baseline steel tubes, 2. Front Bulkhead zone, which the EI equals to 2 
baseline steel tubes, and 3.Front Bulkhead Support zone, which the EI equals to 6 baseline steel tubes. 
In the design of this research, the thickness of the aluminum honeycomb core is fixed while the face 
thickness can be varied. The face thickness is computed such that the EI passes all requirements of 
each zone according to the aforementioned FSAE Rule. 
 
2. Laminate Selection of Sandwich Structure 

 

 

According to the 2016 FSAE Formula Student rules, the flexural stiffness of the sandwich panels 
(Dsandwich) must be equal or higher than the flexural stiffness of the steel frame evaluated from a 3-point 
bending test.  The sandwich honeycomb structure as shown in Figure 2 that consists of faces and a 
core is relatively popular for automotive structure as it exhibits lightweight property, provides smooth 
surface and gives high out-of-plane and shear stiffnesses. The flexural stiffness of the sandwich 
structure can be calculated from equation 1 with parameters shown in Figure 3 below. 

 

 
 

Figure 2. Sandwich structure with honeycomb core. 
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Figure 3. Honeycomb sandwich panel. 

 

 
3 2 3

6 2 12
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Sandwich

E bt E t bd E btD  � �                    (1) 

 
where  
 
 D  =  Flexural Stiffness (Nm2) 
 Ef  =  Modulus of face material (Pa) 
 tf  =  Face thickness (m) 
 tc  =  Core thickness (m) 
 d  =  Average thickness of sandwich panel (m) 
 b =  Width of sandwich panel (m) 
 
 

In this research, the sandwich structure with Carbon Fiber Reinforced Plastic (CFRP) faces and 
honeycomb core is selected by which three different stacking sequences of CFRP are considered as 
show in Table 2. 

 
  Table 2. Stacking sequences of CFRP used in this study [5, 6]. 
 
 

Lay-up Face thickness, tf 
(mm) 

Core thickness, tc 
 (mm) 

Average sandwich thickness, d 
(mm) 

[09/Core/09] 1.125 15.800 16.925 

[F6/Core/F6] 1.800 15.800 17.600 

[F/06/F/Core/F/06/F] 1.350 15.800 17.150 
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It can be shown that all 3 stacking sequences of CFRP used in this study are balanced and 
symmetric, which yields Bij=0, cross-ply (A16=A26=B16=B26=D16=D26=0) laminate. This suggests that 
the coupling effects as shown in the ABD matrix (Figure 4) are eliminated. 

 

 
Figure 4. ABD matrix of composite structure. 

 
3. Torsional Stiffness Analysis 

 

Semi-monocoque chassis in this research was designed in accordance to 2016 FSAE Rules. The 
semi-monocoque chassis can be separated into 4 main parts, which are main hoop, front bulkhead, 
front bulkhead support and side impact as shown in Figure 5. The torsional stiffness as well as the 
strength of the chassis were evaluated using finite element analysis through Hyperworks ver. 14  
package. The material properties of the CFRP faces, aluminum honeycomb core and the steel tube 
used in the finite element analysis are shown in Table 3, Table 4 and Table 5, respectively. 

The finite element model of the Formula Student racing car is shown in Figure 6. In the monocoque 
area, the element was selected to be 4-noded shell element (Quad 4) whereas in the rear frame area, 
the element was selected to be 2-noded beam element (Bar2). 

 

 
Figure 5. Monocoque structure with rear space frame. 
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          Table 3.  Mechanical property of CFRP face.  

 

Facing Material 

UD 
Carbon 

Tape (0°) 
Epoxy 

Woven 
Carbon 
Epoxy 

Fiber volume fraction (ᴠf) 0.6 0.55 
Longitudinal modulus (E1), GPa 135 70 
Transverse modulus (E2), GPa 10 70 
In-plane shear modulus (G12), GPa 5 5 
Major Poisson’s ratio (ν12) 0.3 0.1 
PLY Thickness (tf), mm 0.125 0.3 
Weight per PLY , kg/m2 0.19 0.45 
Longitudinal Tensile Strength (F1t), MPa 1500 600 

 
    Table 4. Mechanical property of aluminum honeycomb core. 

 
Material CR III 5056 Hexagonal Aluminum Honeycomb 

Density ( U ), kg/m3 50 

Compressive Strength ( TV ), MPa 2.8 

Compressive Modulus ( cE ), MPa 669 
Shear modulus ( cG ), MPa 310 

 
        Table 5. Mechanical property of AISI 4130 steel [7]. 

 
Material Steel AISI 4130 

Tensile Strength, Ultimate (UTS), MPa 670 
Tensile Strength, Yield , MPa 435 
Poisson’s Ratio (ν) 0.29 
Modulus of Elasticity (E), GPa 205 
Shear Modulus (G), GPa 80 

 
 

The chassis was fixed at the rear A-arms (no translation and rotation for all 3 axes) while the front 
A-arms are free. The couple forces of 1,000 N were applied at the front A-arms as shown in Figure 6. 
The assumptions for this analysis are that the front A-arms are rigid, which means that the deformation 
is not permitted, and the monocoque and the rear frame are connected through rigid link. 
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Figure 6. Finite element model for torsional stiffness analysis. 
 

The torsional stiffness can be calculated from equation 2 
 

 
 

                                                 (2) 
 
 

where 
 
 KT =  Torsion Stiffness (Nm/degree) 
 F =  Couple force (N) 
 t =  Width at the load point  (m) 
 y1 =  Deflection at left A-arm (m) 
 y2 = Deflection at right A-arm (m) 
 
4. Result & Discussion 
 

 The results of each stacking sequence are compared as shown in table 6. 
 

 Table 6. Finite element analysis results of three lay-ups.  
 

Lay-up [09/Core/09] [F6/Core/F6] [F/06/F/Core/F/06/F] Space 
Frame 

Weight, kg 23.5 29.7 25.7 34.6 
Left Deflection (y1), mm 3 1.23 1.8 6.49 
Right Deflection (y2), mm 3 1.22 1.8 6.49 
Angle, degree 0.29 0.12 0.17 0.64 
Torsional Stiffness (KT), Nm/degree 3894 9536 6490 1800 
Longitudinal Maximum Stress, MPa 94 35 74 - 
Transverse Maximum Stress, MPa 13 10 18 - 
In-plane Maximum Shear Stress, MPa 45 18 41 - 
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It can be observed from Table 6 and graphically shown in Figure 7 that the deflection of semi-
monocoque chassis under couple forces are very small. In addition, the maximum stresses of all lay-
ups are below the tensile strength of the sandwich structure; therefore, the semi-monocoque structure 
could be used safely under torsional load.  

 
 

 
 

Figure 7. Maximum stress under couple force of [F6/core/F6] lay-up. 
 

All 3 stacking sequences of CFRP face in this research are balanced, symmetric and cross-ply 
laminate to prevent the shearing-stretching coupling, bending-stretching coupling and bending-
twisting coupling. This makes the face to exhibit the quasi-isotropic or isotropic-like behavior. 
According to the ABD matrix of each lay-up as shown in Table 7, the [F6/core/F6] provides the 
maximum torsional stiffness as the D66 entity is maximum. The [09/core/09] lay-up, on the other hand, 
provides maximum resistance to tension or compression force in fiber direction as the A11 entity is 
maximum while the D66 entity is the lowest; hence, the torsional stiffness is minimum. This is because 
there are no fiber in the transverse direction to resist the torsion. The [F/06/F/Core/F/06/F] lay-up 
provides slightly less torsion compared to the [F6/core/F6] lay-up as there are less fibers in the 
transverse direction, 4 layers compared to 6 layers.   
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   Table 7. ABD matrix analysis of each stacking sequences. 
 
 

Lay up ABD Matrix 

[09/Core/09] 

5 3

3 4

4

7 5

5 6

5

3 10 9.4 10 0 0 0 0
9.4 10 3.1 10 0 0 0 0

0 0 1.5 10 0 0 0
0 0 0 2.1 10 4.7 10 0
0 0 0 4.7 10 1.6 10 0
0 0 0 0 0 8.8 10

ª ºu u
« »u u« »
« »u
« »

u u« »
« »u u
« »

u« »¬ ¼

 

[F6/Core/F6] 

5 4

4 5

4

7 6

6 7

6

2.6 10 1.6 10 0 0 0 0
1.6 10 2.6 10 0 0 0 0

0 0 2.1 10 0 0 0
0 0 0 1.9 10 1 10 0
0 0 0 1 10 1.9 10 0
0 0 0 0 0 1.4 10

ª ºu u
« »u u« »
« »u
« »

u u« »
« »u u
« »

u« »¬ ¼

 

[F/06/F/Core/F/06/F] 

5 4

4 5

4

7 5

5 6

6

2.9 10 1.1 10 0 0 0 0
1.1 10 1 10 0 0 0 0

0 0 1.7 10 0 0 0
0 0 0 2 10 6.6 10 0
0 0 0 6.6 10 7.4 10 0
0 0 0 0 0 1 10

ª ºu u
« »u u« »
« »u
« »

u u« »
« »u u
« »

u« »¬ ¼

 

 
 

The comparison of torsional stiffness per weight ratio of 3 different lay-ups are shown in Figure 8. 
From Table 6, although the [F6/Core/F6] lay-up is the heaviest, it provides the highest torsional 
stiffness. Therefore, this lay-up provides maximum torsional stiffness per weight ratio among other 
lay-ups. As a benchmark, the torsional stiffness of the conventional AISI 4130 steel frame chassis is 
1,800 Nm/degree and the weight is 34.6 kilograms; therefore, the torsional stiffness and the weight of 
[F6/core/F6] lay-up are greater than the steel frame by 429% and 14.16%, respectively, making the 
torsional stiffness per weight ratio of the semi-monocoque structure higher than the space frame by 
approximately 5 times. 

  
 
 
 
 
 
 
 
  
 
 

117



                 
  

 
Figure 8. Torsional Stiffness per weight ratio comparison. 

 
5. Conclusion 
 

 In this paper, the torsional stiffness per weight ratio of the Formula Student racing car semi-
monocoque structure was evaluated for three different stacking sequences of the faces of sandwich 
structure, namely [09/Core/09], [F6/Core/F6] and [F/06/F/Core/F/06/F]. The structure was analyzed by 
HyperWork14 finite element code. The results show that the [F6/Core/F6] lay-up has the highest 
torsional stiffness because D66 entity in the ABD matrix appears to be the highest among all stacking 
sequences considered herein. However, the [09/Core/09] lay-up can handle tension or compression in 
fiber direction because A11 entity has the highest value. Therefore, this lay-up is the least stiff when 
subjected to torsion. Finally, the lay-up that gives the highest Torsional stiffness per weight ratio is 
[F6/Core/F6] which increases from AISI 4130 Space Frame by approximately 5 times. 
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Abstract. An experimental analysis was presented for heat transfer on the surface of teardrop 
protrusions with an inline arrangement. The air flow was passed through perpendicularly over 
the single row of 5 protrusions in the rectangular wind tunnel. The protrusion height from the 
bottom of wind tunnel was H/D=0.2 and the spacing of teardrop protrusion-to-protrusion was 
adjusted by four different spacing cases such as S/D= 1.125, 1.25, 1.5 and 2. The spacing can 
affect heat transfer enhancement and flow characteristics. Therefore, the spacing which was 
analysed in this study considered four cases because of experimental limitations. The 
temperature distributions of surface with protrusions was detected by using the thermochromic 
liquid crystal sheet (TLC) at ReH=20,000. Image processing was used to evaluate distribution 
of Nusselt number. The result shows that the highest average Nusselt number was found in 
S/D=1.125D case.  

The 8th TSME International Conference on Mechanical Engineering 
  12-15 December 2017 

Bangkok, Thailand 
 
     
TSF0001   
The full paper is published in IOP Conference Series: Material Science and 
Engineering by IOP Publishing (https://conferenceseries.iop.org). 
 

119



                
 

 
 
 
 
 
 

Design and development of a demonstration unit for the magnetic 
refrigeration system  

R. Prapainop* and S. Jarungthammachote 

Energy System Research Group, Department of Mechanical Engineering, Faculty of 
Engineering at Sri Racha, Kasetsart University, Sri Racha Campus, Sri Racha, 
Chonburi, 20230, Thailand 
 
* Corresponding Author: E-mail rotchana@eng.src.ku.ac.th,  

 
Abstract. Due to global warming and ozone depleting concerns of current refrigerants in the 
vapour compression refrigeration system, it is importation to find alternative refrigeration 
system or not-in-kind technology. One of the promising systems is the active magnetic 
regenerative (AMR) refrigeration system or simply called magnetic refrigeration system. In 
order to understand better the magnetic refrigeration system, the demonstration unit is required. 
This paper presents the design and development of a demonstration unit for the magnetic 
refrigeration system. The two dimensional magnetic flux is simulated by Maxwell SV 
computer program. The demonstration unit consists of a set of permanent magnets driven by a 
motor, a set of regenerator containing Gadolinium and a set of water/ethylene glycol system. 

 

1. Introduction 

Typical refrigerants used in common vapour-compression refrigeration systems are well known for 
environmental impact (i.e. ozone depleting or global warming impact) and are gradually phased out by 
Montreal Protocol or Kyoto Protocol. Many alternative refrigerants have been proposed, however, they 
may rise another concern of their flammability. Apart from searching for new refrigerants, alternative 
systems or not-in-kind technologies are studied.  
 Magnetic refrigeration is an emerging technology to replace the vapour-compression system [1]. Its 
principle is based on the magnetocaloric effect (MCE), e.g. the adiabatic temperature change due to a 
varying magnetic field [2] that is ocurring in magnetocaloric materials (MCM). If a solid refrigerant 
(MCM) is used, an impact on the atmosphere can be completely avoided [3].  
 For near-room temperature application, permanent magnets are more applicable, due to its 
compactness. Though the adiabatic temperature differences in magnetic materials found are not strong 
enough for the required near-room temperature applications, the temperature span can be increased by 
applying a regenerative thermodynamic process.  A system applying this method is generally named 
active magnetic regenerator (AMR) refrigeration system [4]. There are four main processes in AMR: 
magnetization, hot blow, demagnetization and cold blow [5]. The performance of the AMR system 
depends on various parameters such as materials, fluids, design and the operation characteristics [6]. To 
educate engineering students regarding to new technology, therefore, the demonstration unit is required.   
 The objective of this paper is to present the design and development of a demonstration unit for the 
magnetic refrigeration system.  
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2. Design a set of permanent magnet  

The magnets selected here are permanent magnets because it is feasible for refrigeration application. Two 
dimensional magnetic flux is simulated by Maxwell SV computer program, developed by ANSOFT 
Corporation. The formulations are based on the Maxwell’s Equations and the simulation technique 
applied is the Finite Element Method by computing as magnetostatic vector potentials. Type of the 
magnet used is NdFeB, N35 grade with 500 mT surface flux. Each magnet has a cubic shape of 30 mm 
×30 mm×30 mm. Three sets of assembly are simulated by Maxwell SV program. Set A: one magnet on 
the top and another one at the bottom of the regenerator. Set B: two magnets on the top and other two at 
the bottom of the regenerator. Set C: three magnets on the top and other three at the bottom of the 
regenerator. 
 Figures 1-3 show the magnetic flux density simulated by Maxwell SV with the solver residual of 
1×10-5 and percent error of 1×10-3. In the figures, the white squares are permanent magnets, while the 
white rectangles are the soft magnetic material; in this case, it is iron. The arrows represent the north pole 
of the permanent magnets.  
 

 
Figure 1 The magnetic flux density of Set A 

 

 
Figure 2 The magnetic flux density of Set B 
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Figure 3 The magnetic flux density of Set C 

 
 It is seen from Figure 2 that there is a neutral point at the center of operating area, in which the 
regenerator is installed. Thus, this design is not considered to use in this experiment. For Set C, there are 
two neutral points occurring between the center of operating area. The magnetic flux density at the center 
is about 0.167T. Comparison between Set A and Set C, it shows that set A provide magnetic flux density 
of 0.16T at the center and it increases when approaching the magnet. However, considering the area 
around the center (the location of the regenerator) in Set A and Set C, it is founded that the magnetic flux 
density in Set C is averagely higher than that in Set A. Therefore the demonstration unit will use Set C. 
 A further discussion about the magnet assembly should be done here. In Figure 4, it displays the 
magnetic flux density of magnets arranged following Halbach array principle. It is clearly observed that 
the magnetic flux density in regenerator varies between 0.250-0.288 T (see the legend scale), which is 
higher than those of other previous cases. Moreover, the neutral points shift away from the center, when 
compared with Set C. However, in our practice without a rigid holder, when trying to arrange magnets in 
Halbach array, the side magnets were not stable then caused serious impact of magnets, as a result were 
cracked. Therefore, in this article, the authors selected Set C arrangement (Figure 2) to use in this 
demonstration unit. 
 

 
Figure 4 The magnetic flux density of Halbach array 

 
3. Development of a demonstration unit 

The main components for the present demonstration unit are an assembly of permanent magnets (Figure 
5), a set of regenerator containing magnetocaloric material (Figure 6) and a motor controlling the linear 
movement of the magnet assembly (as seen in the demonstration unit shown in Figure 7).   

The permanent magnets in Figure 5 are assembled according to Set C (or Figure 3 in the previous 
section). As earlier described, each magnet has surface flux of 0.5 T. Nevertheless, the magnetic flux 
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obtained in the regenerator is expected to be smaller than 0.5 T, based on the simulation results it is about 
0.16 T in the regenerator area. This flux is enough for demonstration purpose.  

The magnetocaloric material used is Gadolinium ingot (purity of 99.99%) with various sizes 
roughly from 12×7×3 mm to 11×13×9 mm and total mass of 90 g. In fact, the size of Gd should be small 
as possible. However, due to its flammability and complicated fabrication, at the present stage, we select 
those available from the supplier without further fabrication. Therefore the total weight of 90 g is simply 
from those available sizes for the current regenerator. Undoubtedly, the present regenerator should be 
redesign in shape or dimension for certain amount of magnetocaloric material and in fluid flow path to 
improve the utilization of magnetocaloric effect and heat transfer process. 

A 1 horsepower servo motor is used for the present unit.  This unit can be used with or without heat 
transfer fluid, when applying the fluid, we suggest usage of distilled water/ethylene glycol with at least 20 
percent weight of ethylene glycol in order to avoid serious corrosions of Gd which can be easily corroded 
in water. From our experiment (not shown here) even with the distilled water with ethylene glycol of 
67/33 percent weight, the slight corrosion of Gd is still observed. One of the probable reasons is that in 
the present demonstration unit, the heat transfer fluid system is an open system. The corrosion should be 
minimized if the fluid part is operated as the close system. 

 
  

 
Fig.5 The magnet assembly (according to set C simulation as in Fig.3 in previous section) 

 
 

 
Fig.6 The regenerator with Gadolinium 
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Fig.7 The motor (left) with the moving magnet assembly (middle) and the stable regenerator (right). 
 
 
4. Conclusion and outlook 

The demonstration unit for preliminary study of magnetic refrigeration is presented. The design of 
magnetic flux by Maxwell SV assures the desirable magnetic flux area for this magnetic refrigeration 
application. Further improvements are required in the design of the regenerator, the fluid system, and the 
length of magnet movement. 
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Abstract. We carried out the experiments on the elongational flow of the polymer solution 
using the filament stretching method and examined the adhesive effect between a liquid and a 
solid occurring in the extensional deformation. The test fluid used was the aqueous solution of 
1.0wt% PAA. In the evaluation of adhesive effect, we confirmed that the adhesive force was 
larger than the extensional force acting on fluid in the flowing. Besides, it was found that the 
relationship between the adhesive force and the strain occurring in the flowing was similar to 
the time change in extensional force. Especially, since the adhesive force of the PAA solution 
at the high stretch rate was sustained at a constant value for a long time, it was suggested that 
the force balance in the PAA solution was kept during elongational deformation. 

1.  Introduction 
Aqueous solutions of polymers produced by dissolving polymeric material in water are composed by 
macromolecules called polymer chains [1]. The structure of polymer solution depends on the 
concentration and kinds of polymer material. Especially, in the case of thick concentration, it is known 
that the inside structure of fluid is in a state where polymer chains are entangled, and that the flow 
behavior shows viscoelastic characteristics [2]. This viscoelastic behavior is related to the structural 
change in polymers due to the deformation and is of interests in the rheological point of view. 
Although the studies on the rheological behavior of polymer solutions have been performed by many 
researchers, experimentally and numerically, there are many unclear points, yet. One of them is the 
stretching flow property of polymer solutions. Since the stretching flow is closely related to the 
extension and contraction of polymer chains, the examination of stretching property is of important in 
order to discuss the relationship between the macroscopic deformation of fluid and the microscopic 
change in polymer structure. At the present time, several methods are proposed for the examination of 
the stretching property of polymer solution. Especially, since the filament stretching method [3-5] can 
examine the stretching property of fluids under a constant stretch rate, it is widely used as the most 
available methods in comparison with other methods. In the filament stretching method, we can 
provide the elongational deformation to the test fluid by inserting test fluid between two cylinders and 
moving each cylinder in vertical direction. Accordingly, the fluid inserted between two cylinders 
forms a liquid filament accompanying with the movement of cylinders, and the stretching filament 
becomes shear-free flow. The evaluation of stretching property in the filament stretching rheometer is 
carried out using the profile of liquid filament and the elongational force acting on the upper cylinder. 
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However, it is predicted that the profile of liquid filament is affected by the adhesive condition 
between the cylinder and liquid, and that the effect of surface tension at the cylinder circumference is 
included in the measured elongational force. These details are unclear, yet. Then, we focused on the 
flow in the neighborhood of the upper cylinder during the elongational deformation and tried to 
examine the adhesive effect between the cylinder and liquid, and the effect of surface tension. 

 

2.  Experimental 

2.1.  Filament stretching rheometer 
Figure 1 shows the schematic description of a filament stretching extensional rheometer. Firstly, we 
insert a test fluid in the gap (2 mm) between two cylinders (I 6 mm) (figure 1(a)) and form the liquid 
column. At this time, the circumference of liquid column has a free surface and the column geometry 
is balanced by the surface force acting on the interface between a solid and a liquid. Next, when these 
two cylinders are moved to upwards and downwards at the same time, the liquid filament is formed 
between two cylinders (figure 1(b)), and the diameter of filament decreases with increasing the 
distance between two cylinders. Although the moving mechanism of cylinder was not shown in figure 
1, we used the linear moving system to control the movement of cylinder at a constant stretch rate. 

The concrete movement of cylinder is shown in equation (1) and figure 2 represents the trajectory 
of moving cylinder using the optical displacement sensor. 
 

　teLtL H
0)(                                                                           (1) 

 
where H  is the stretch rate and 0L is the half of initial gap (1 mm) between two cylinders. 

 

           
 

Figure 1. Schematic view of filament stretching extensional       Figure2. Displacement curves of upper cylinder  
rheometer : (a) the initial state,  (b) an elongatinal                        at a constant stretch rate. 
deformation. 

 
The measurement factors in this experiment are the stretching force acting on the fluid and the fluid 

diameter at the midpoint of filament. These factors were measured by using the load cell set at the 
upper cylinder and the laser sensor fixed at the midpoint of the gap between two cylinders, 
respectively. The whole geometry of filament was taken by the video camera. 

 

2.2.  Test fluids 
We used the aqueous solution of 1.0wt% polyacrylamide (PAA) as test fluid. Besides, for the sake of 
comparison with the PAA solution, we used glycerin as the Newtonian fluid. Figure 3 shows the 
steady shear viscosities for the test fluids. The measurement of shear viscosity was carried out by 
using the rotational rheometer of cone and plate type. With regarding to the aqueous solution of PAA, 
we confirmed that the decrement of shear viscosity which means a non-Newtonian fluid appeared with 
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the increment of shear rate. In general, such decrement of shear viscosity is called the shear thinning 
property. On the other hands, since the glycerin is the Newtonian fluid, its viscosity keeps a constant 
value over the wide range of shear rate shown in figure 3. 
 

 
 

Figure 3. Steady shear viscosity of test fluids. 

3.  Results and discussion 

3.1.  Filament shape 
Figure 4 shows the images of liquid filament for both fluids at the stretch rate of 1-s5.2 H . For both 
fluids, we found that the liquid filament was formed between of two cylinders under the condition of 

1-s5.2 H . However, comparing between both images about the change in filament diameter to the 
axial direction, we found that the result of glycerin is more remarkable than that of PAA. Especially, 
the filament diameter of glycerin at the midpoint of filament becomes quite thin. Besides, in the case 
of glycerin, the shapes of liquid surface around the upper and lower cylinder show remarkable 
asymmetry. In general, since it is considered that the inside structure of PAA solution is constructed 
by the entangled polymer chains, it is predicted that the images of PAA solution shown in figure 4(a) 
might be appeared as the elongational deformation of polymer chains.  

 

 
 
Figure 4. Filament images during the elongational deformation at the stretch rate of 1-s5.2 H : 

(a) 1.0wt%PAA, (b) glycerin 
 
Then, in order to examine the time change in the filament shape during elongational flows, we 

obtained the filament profile by the trace of filament images captured from the video images. Figures 
5 and 6 show the time changes in filament shape at the stretch rate of 1-s5.2 H and 1-s0.8 H , 
respectively. In figure 5, until 0.5sec after the start of flow, the difference of filament profile between 
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both fluids is not confirmed. However, at 0.68 second after that, the filament diameter of glycerin at 
the midpoint of filament decreases rapidly despite a short time. Accompanying with the decrement of 
filament diameter, although the liquid surface under the upper cylinder maintains a concave shape, the 
surface around the lower cylinder begins to swell and shifts to a convex one. In the results of figure 6, 
the same behavior as that of figure 5 is confirmed. Also, in figure 6, we can find the filament length of 
PAA solution at the stretch rate of 1-s0.8 H become very long in comparison with that of glycerin. 
However, in this case, since the concave shape under the upper cylinder have a large curvilinear 
radius, the contact condition between liquid and cylinder might be varied. 

 

          
 

Figure 5. Time changes in filament profile at           Figure 6. Time changes in filament profile at 
the stretch rate of 2.5 s-1 : (a) Glycerin,                     the stretch rate of 8.0 s-1 : (a) Glycerin, 
(b) 1.0wt%PAA                                                         (b) 1.0wt%PAA 
 

3.2.  Time response in elongational deformation 
Figure 7 shows the time responses of filament diameter and extensional force at the stretch rates of 2.5 
s-1 and 8.0 s-1. However, since the results for the stretch rate of 2.5 s-1 varies in the different time scale 
from those of 8.0 s-1, the results under both conditions cannot express in the same figure. Then, for the 
sake of comparison between both results at the different stretch rate, we showed the measurements 
factors using the Hencky strain. The Hencky strain is called the true or logarithmic strain and is used 
in the situation where the deformation progresses. In this experiment, as shown in figures 5 and 6, 
since the elongational deformation is progressing with time, the use of the Hencky strain becomes 
effective   to discuss the force balance acting on fluid. The Hencky strain is defined by equation (2). 

 
tH strainHencky                                                          (2) 

 
In figure 7, we found that the elongational force pF  acting on fluid increases with the progress of 

elonagational deformation. However, for each force curve, after showing the peak of  pF , the 
elongational force decreases with increasing the Hencky strain. Especially, with regarding to the peaks 
of force curve, although there is no difference of the value of peak between both fluids, the value of 
the Hencky strain at the peak of force curve depends on the magnitude of the stretch rate. In the case 
of 1-s0.8 H , since the changes in the filament diameter become gentle for the increase of the Hencky 
strain, it is considered that the force balance inside the fluid follows the progress of elongational 
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deformation.  On the other hand, in the results of 1-s5.2 H , we can find that the change in  filament 
diameter is remarkable in comparison with that at 1-s0.8 H . Consequently, considering the filament 
profile shown in figures 5 and 6, we predict that the force balance is important in the elongational flow 
at the low stretch rate. Especially, since the elongational force is measured at the upper cylinder, it is 
considered that the filament shape in the neighborhood of the upper cylinder is relate to the force 
balance in the inside of fluid in elongational flow. 

 

       
 

Figure 7. Changes in the extensional force and the filament diameter during the elongational flow at a 
constant stretching rate : (a) glycerin, (b) 1.0wt%PAA 
 

3.3.  Filament shape 
Szabo [6] carried out the analysis of force balance in fluid subjected to the elongational deformation in 
the filament stretching rheometer. According to his analysis, the stretching force occurring at the upper 
cylinder is expressed by the following equation. 
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where the first term in the right side in equation (3) means the effect of Laplace pressure around the 
cylinder. Besides, the second term is the surface force at the circumference of upper cylinder, and the 
third term represents the internal force of fluid acting on the cylinder. Also, the third term can be 
regarded as the adhesive force between the cylinder surface and the test fluid. Accordingly, we 
evaluated the adhesive effect in the elongational deformation from the stretching force and the 
filament profile. In equation (3), P' is given in equation (4). Besides, in equations (3) and (4), V  is 
the surface tension of test fluids and pR the radius of cylinder, dzdRR pp / c . U in equation (4) is the 
density of test fluids. 
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Figure 8 shows the adhesive force calculated from the filament profile and the time change in 

stretching force. From figures 7 and 8, we confirmed that the Hencky strain which shows the peak of 
adhesive force is almost consistent with that of the stretching force. Besides, the decrement of 
adhesive force after passing the peak is similar to the behaviors of stretching force. Especially, the 
decrement of adhesive force for glycerin becomes remarkable at both the stretch rate. However, the 
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adhesive force of the PAA solution at the stretch rate of 8.0 s-1 maintains a high value up to the region 
of high strain. In the whole region of the strain, we found that the adhesive force was larger value than 
the stretching force.  Therefore, it is deduced that the adhesive effect occurring at the surface of 
cylinder dominates the elongational deformation. In other words, it be might be said that the effect of 
surface force around the cylinder is significant with regarding to the evaluation of stretching force. 
Especially, in the case of PAA solution, since the liquid filament is greatly stretched due to the 
magnitude of stretch rate, it might be suggested that the adhesive effect between a liquid and a solid is 
sustained for a long time. Although this consideration seems to be closely related to the elongational 
deformation of polymer chains, the details was not clarified at this time because of small data. 
Therefore, we need to examine those by many data furthermore. 

 

 
 

Fig.8 Evaluation of adhesive force during the elongational deformation. 

4. Conclusion 
We carried out the experiments on the elongational flow of the polymer solution using the filament 
stretching method and examined the adhesive effect which affected the extensional deformation of 
fluid. As the polymer solution, the aqueous solution of 1.0wt% PAA was used. As the results, we 
confirmed that the adhesive force was larger than the extensional force acting on fluid in the 
elongational flow. Besides, it was found that the relationship between the adhesive force and the strain 
occurring in fluids was similar to the change in extensional force. Especially, the adhesive force of the 
PAA solution at the high stretch rate was sustained at a constant value for a long time. Consequently, 
it was suggested that the force balance in the PAA solution in the flowing was kept during 
elongational deformation. 
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Abstract. The authors consider the flow between co-rotating disks, namely, the disks which 
rotate co-axially in the same direction at the same angular velocity, with a narrow gap enclosed 
by a stationary shroud at their circumferences. The flow often accompanies azimuthally-
fluctuating instabilities; a non-axisymmetric secondary flow nears the shroud. In this study, the 
authors experimentally and numerically research the flow in torus-vortex modes, in addition to 
core-shape modes. Specifically speaking, in experiments, the authors visualise the meridian 
plane (r-θ plane) and the midplane (r-z plane) between co-rotating disks, using a high-speed 
video camera and a YAG laser to carry out particle-image-velocimetry (PIV) analyses. Based 
on such PIV results, the torus-vortex modes and the core-shape modes are defined. On the 
basis of many experimental and numerical observations, the authors report stability diagrams to 
predict their occurrence and criteria for their frequencies. Furthermore, authors discuss the 
relation between the flow modes. 

1.  Introduction 

The flow in the neighborhood of a rotating disk is of practical importance, particularly in connection 
with rotary machines (Schlichting, 1979 [1]) common in turbo-machineries. The flow on a single 
infinite rotating disk or the flow between two infinite coaxially rotating disks have been studied by 
many researchers [2 – 6]. Then, the flow around a single and shrouded rotating disks with a finite radius 
and the flow between two finite co-axial rotating disks have been studied as well [7 – 11]. These flow 
problems can be found out in various fundamental industrial applications such as axial compressors, vane 
less diffusers, multiple-disk pumps and disk/drum-brake systems. In general, these types of flow tend to 
include non-axisymmetric secondary flows known as ‘stall propagations’ which occasionally cause disk 
vibrations and noises [12 – 15]. 

Now, we consider the flow between two co-rotating disks which rotate co-axially in the same 
direction at the same angular velocity with a narrow gap enclosed by a stationary shroud (or a 
stationary casing) at their circumferences. This flow is modelled on the flow inside the random-access 
disk-storage device of computers. The flow has been studied by many researchers [16 – 27], because, the 
flow is very complicated with three-dimensionality and turbulence. For example, when we visualise 
the flow on a plane between the disks (or the r-θ plane), we often see an azimuthally-fluctuating 
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instability which exhibits a non-axisymmetric secondary flow near the stationary shroud with a clear 
boundary. The clear boundary exists between the core region which is the laminar-flow region around 
the central hub and the outer region where the flow is turbulent near the stationary shroud. This clear 
boundary, hereinafter, referred to as a core boundary, between the core region and the outer region has 
a near-polygonal shape, such as hexagon, pentagon, square, triangle and ellipse, together with circle. 
The core-boundary shape rotates slightly slower than the disks, while the fluid in the core region 
rotates in a rigidly-rotational motion with the disks. On the other hand, when we visualise the flow in 
the meridional plane (or the r-z plane), we often see a pair of torus-vortex structures near the stationary 
shroud. 

In the present study, focusing upon the core-boundary shape, we classify the azimuthally-
fluctuating instability observed on the midplane between the disks (or the middle r-θ plane) into six 
flow modes as a function of the Reynolds number Re and two geometric parameters δ and κ. 
Hereinafter, these flow modes are referred to as core-shape modes CSMs. Furthermore, we also focus 
upon the other flow modes called as torus-vortex modes TVMs, in addition to CSMs. Then we 
conduct experiment and numerical analysis on the flow. And, we reveal the stability diagrams 
concerning both CSMs and TVMs of the flow. Especially in computations, we compare computational 
results with experimental results, and try to reveal the details of flow structure in each mode.  

2.  Methodology 

Figure 1 shows a side view of the present model. The model is composed of two coaxial rotating disks, 
cylindrical hub between them and a stationary peripheral shroud. The disks rotate in the same direction 
at the same angular velocity :d with a narrow spacing G. In the present study, as non-dimensional 
system parameters, we choose a disk-tip Reynolds number Re ≡ :dRd

2/ν, a gap aspect ratio δ ≡ G/Rd, a 
non-dimensional hub radius κ ≡ Rh/Rd and a non-dimensional peripheral radius λ ≡ Rw/Rd, where Rd 
and Rh are the radii of the rotating disk and the hub, respectively. Characteristic velocity is a disk-tip 
velocity Rd:d. Tables 1 and 2 summarise the present experimental and computational parameters, 
respectively. 
 In experiments, we visualise both the midplane and the meridional plane, using a high-speed video 
camera and a YAG laser to carry out particle-image-velocimetry (referred to as PIV) analysis. For flow 
visualisation, the upper disk and the cylindrical container are transparent and the others are frosted. 
The flow between the disks is visualised using SiO2 particles coated by fluorescent paint, and it is 
recorded by a high-speed video camera above the disks for top view or beside the disks for side view.  
 In computations, we assume that Mach number Ma is much smaller than unity. Therefore, fluid is 
supposed to be incompressible. So, the governing equations are the incompressible unsteady Navier-
Stokes equations and the equation of continuity. These governing equations in a cylindrical coordinate 
system are solved by a finite difference method based on the MAC method for the coupling between 𝒗 
and p with the FTCS scheme using a staggered grid system.  
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Figure 1. Model, together with experimental parameters and coordinate system. 

 
 

Table 1. Experimental parameters. 
Disk-trip Reynolds number Re (≡ ΩdRd

2/ν) 1.4×103 – 1.4×105 

Gap aspect ratio δ (≡ G/Rd) 0.10 – 0.30 
Non-dimensional hub radius κ(≡ Rh/Rd) 0.11 

Non-dimensional enclosure radius λ (≡ Rw/Rd) 1.01 ≈ 1.0 
 

Table 2. Computational parameters. 
Disk-trip Reynolds number Re (≡ ΩdRd

2/ν) 1.4×103 – 1.4×104 

Gap aspect ratio δ (≡ G/Rd) 0.10 – 0.30 
Non-dimensional hub radius κ(≡ Rh/Rd) 0.11 

Non-dimensional enclosure radius λ (≡ Rw/Rd) 1.01 ≈ 1.0 
 

3.  Results and Discussion 

3.1.  Time-mean flow 
First of all, we examine (time-)mean flow, which has an axisymmetric structure in space. Figure 2 
shows an example of computational results: namely, radial profiles of mean velocities �̅�𝑟, �̅�𝜃 and �̅�𝑧 
on the midplane (on the r-θ plane at z/G = 0.50), together with the experiment (a dashed line in the 
figure) and the computation (a chained line in the figure) by Humphrey et al. (1995) [21] whose Re 
and 𝜅 are larger than the present ones. A superscript “ ̅ ” represents to be time-mean over enough long 
time. A blue solid line in the figure denotes �̅�𝜃 in the rigid rotation like �̅�𝜃 = 𝑟𝛺d.  

We can see that the fluid in such a wide inner region as r/Rd ≲ 0.8 is approximately in a rigidly-
rotational motion with the disks. On the other hand, in such a narrow outer region as r/Rd ≳ 0.8, the 
mean flow is three-dimensional and seems complicated. Besides, we can see that the present result 
almost agrees with Humphery et al.  

Figure 3 shows the flow on the meridional plane (the r-z plane); that is, the distributions of mean 
velocities �̅�𝑟 in panel (a), �̅�𝜃 in panel (b) and �̅�𝑧 in panel (c). In the inner region as r/Rd ≲ 0.8, �̅�𝑟 and 
�̅�𝑧 are almost zero, everywhere. And, �̅�𝜃 is constant in the z direction, depending on r/Rd. Again, we 
can confirm that the fluid in the inner region is approximately in a rigid rotation. In the outer region at 
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r/Rd ≳ 0.8, we see two centrifugal currents at z/G ≈ 0.2 and 0.8 and one centripetal current at z/G ≈ 0.5 
in panel (a). As well, we see a pair of midplane-ward concentrating currents from the disks at r/Rd ≈ 
0.95 and a pair of disk-ward spreading currents from the midplane at r/Rd = 0.8 – 0.9 in panel (c). So, 
we can recognise a pair of torus vortices in the outer region.  

3.2.  Core-shape mode 
In this subsection, we define the core-shape mode CSM. Figure 4 shows the distributions of axial-
vorticity component ζz on the midplane by experiments (PIV analysis). Panels (a) – (g) are related with 
seven different Re and gap aspect ratio δ. And, we should note that the figures represent not mean but 
instantaneous flow at an instant. In figure 4, we can confirm a distinct boundary between an inner 
region at r/Rd ≲ 0.6 – 0.8 and an outer region near the shroud at r/Rd ≳ 0.6 – 0.8. We hereinafter refer 
to the inner region as “core region” and the distinct boundary’s geometry as “core shape.” In core 
region, ζz is almost twice :d. So, in the core region, fluid is almost in a rigidly-rotational motion with 
:d at any instant in any conditions, as well as mean flow shown in figures 2 and 3.  

In each panel in figure 4, we can see that the core shape is a nearly-polygonal. For further 
discussion, we now define the core-shape mode CSMs corresponding to the number of polygonal 
vertices of the boundary. For example, in Fig. 4(c), we can identify CSM6 because the boundary shape 
is hexagonal.     

By computations as well as experiments, we successfully identify these CSMs.  

3.3.  Torus-vortex mode 
 Based on the vortices’ structure in outer region on the meridional plane (the r-z plane), we classify 
the flow as follows.  
TVM1: A pair of torus vortices are steady, axisymmetric and symmetric about the midplane.  
TVM1A: A pair of torus vortices cyclically and alternately expand and contract mainly in the axial 
direction on a meridional plane.  
TVM1B: Remarkable features are similar with TVM1A, but the dominant directions of vortices’ 
expansion/contraction are not only axially but also radially.  
TVM2: A pair of torus vortices are steady and axisymmetric, but asymmetric about the midplane.  
TVM2B: As well as TVM2, a pair of vortices remain asymmetric. However, the vortices are not 
steady but unsteady, expanding/contracting axially and radially. 
TVM3: It is hard to confirm a pair of torus vortices, clearly. Fluctuations of the vortices are not 
periodic, but random. 
 

 

 

  
 
 
 
 
 
 
 
 
 
 
 

 
. 

Figure 2. Radial profiles of mean velocity 
components (for Re = 2.7x103, δ = 0.10, κ = 
0.11, λ = 1.0 and z/G = 0.50 by computation). 

 Figure 3. Distributions of mean velocity on 
the meridional plane (for Re = 2.7x103, δ = 
0.10, κ = 0.11 and λ = 1.0 by computation) 
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 As an example of TVMs, figure 5 shows the distributions of circumferential-vorticity component 
ζθ in TVM2B by experiment. Of course, we have confirmed that computational results well correspond 
to the experimental ones. In figure 5, positive and negative vortex structures are asymmetric about the 
midplane and unsteady. 

3.4.  Stability diagram 
Now, we reveal the stability diagram concerning both the core-shape modes CSMs and the torus-

vortex modes TVMs, for the non-dimensional hub radius κ = 0.11 and λ =1.0 in wide ranges of other two 
system parameters of the disk-tip Reynolds number Re and the gap aspect ratio δ.  

Figure 6 shows a stability diagram of CSMs and TVMs on the Re-δ space. Green zones represent each 
CSMs stable region and blank zones by experiment between the green zones show transition regions where 
we could not determine CSM. Also, red solid lines denote the border between TVMs stable regions by 
experiment.  
 

 

 
 

  
 
 
 
 
 
 

Figure 4.  Core-shape modes CSM’s: distributions 
of vorticity ζz on the midplane between disks (on the 
r-θ plane at z/G = 0.50 for κ = 0.11 and λ =1.0 by 
experiment). 

 Figure 5. Distributions of vorticity 
denseness on the meridional plane (r-z 
plane) in time sequence (for Re = 5.4x103 
and δ = 0.3 in TVM2B by experiment) 
 

 

 
Figure 6. Stability diagram of both core-shape modes CSM∞ – CSM2 and torus-vortex modes TVM1 
– TVM3 (for κ = 0.11 and λ = 1.0 by experiment and computation). 

About CSMs, the increases of Re and δ tend to decrease the modal number of CSM. About 
TVMs, the increases of Re is apt to enhance the irregularity of the TVM (axisymmetry, unsteadiness 
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and periodicity). The increase of δ influences the asymmetry about midplane. The increase of the Re 
promotes the non-axisymmetry of TVM 2 and TVM 2B, the aperiodicity of TVM 3 and the amplitude 
of the periodic oscillation of TVM 1A, TVM 1B and TVM 2B. The parameter δ has the influences 
similar to that of Re.  

For reference, figure 6 shows the comparison between the numerical result and the experimental 
result on the stability diagram of CSMs and TVMs for λ =1.0 and κ = 0.11. The number above each 
symbol denotes the modal number of CSM and blue solid lines denote the border between TVMs 
stable regions in computation. The Green regions and the red solid lines are the same as those in figure 
7. In figure 8, the boundary between TVM1A and 1B or TVM 2 and 2B exists near the boundary 
where CSM’s modal number changes from ∞ to some number. So it is considered that the torus vortex 
structure became unsteady when core shape changes from circular to polygonal, because CSM’s 
modal number shows the number of core vertices and these boundary between TVMs relate to the 
magnitude of radial fluctuation of torus vortex structures. 

As a result, we can see good agreement between the experimental and computational results 
concerning both CSM and TVM in figure 6.  

3.5.  Three-dimensional flow structure 
Numerical analysis is useful to investigate the concerning flow in detail. In general, it is difficult to 
estimate numerical accuracy for non-linear phenomena such as the cornering flow. However, we have 
confirmed it by the comparison with experimental results.  

In order to examine three dimensional structure of the concerning flow, we visualize the flow to 
use second invariant of Q velocity-gradient tensor. Figures 9 – 12 show some examples obtained by 
computation to visualise the whole three-dimensional structures of the concerning flows.  

At first, figure 7 exhibits the flow at Re = 1.4x103, δ = 0.10, κ = 0.11 and λ = 1.0. The flow is in 
CSM∞ and TVM1. Then, the flow is in axsymmetry, steady and in the symmetry about midplane. This 
well corresponds to figure 7. Second, figure 8 presents the flow at Re = 2.7x103, δ = 0.30, κ = 0.11 and 
λ = 1.0. The flow is in CSM∞ and TVM2. Then, the flow is in axsymmetry and steady, but in 
asymmetry about midplane in contrast with figure 7. Thirdly, figure 9 represents the flow at Re = 
4.1x103, δ = 0.15, κ = 0.11 and λ = 1.0. The flow is in CSM∞ and TVM1A. In outer region, we can 
find a pair of azimuthally-fluctuating torus vortices with a constant interval between neighboring 
nodes. These torus vortices rotate in the same direction as disks with lower angular velocity than 
disks’. This flow structure in the outer region is known as the shift-and-reflect symmetry reported by 
Herero et al. (1999). Finally, figure 10 exhibits the flow at Re = 8.2x103, δ = 0.15, κ = 0.11 and λ = 1.0. 
The flow is in CSM6 and TVM1B. In contrast with TVM1A, the flow is disturbed in radial direction. 
Besides, the core has an almost hexagonal boundary, and the fluid inside the core is in the rigid 
rotation with disks. In this figure, disks, the core boundary and the outer-region vortical structures 
rotate not with the same speed but with three different speeds. This will be discussed in the next 
section. 

3.6.  Rotation speeds of core shape and outer vortices 
In order to investigate the rotation speeds of the core-boundary vertex and the outer-region vortical 
structure more precisely, we introduce two inspection conditions IC1 and IC2. IC1 is to reveal the Re’s 
effect, and IC2 is to reveal the δ’s effect. Namely, in IC1, (Re, δ) = (6.8x103 – 1.2x104, 0.10), and in 
IC2, (Re, δ) = (about 5x103 (to be strict, 4.1x103 – 6.8x103), 0.10 – 0.30).  

Figures 11 and 12 show non-dimensional angular velocities ωc/Ωd of the core shape and ωo/Ωd 
of outer-vortices. Figure 11 and 12 are in IC1 and IC2, respectively.  

In figure 11, ωc/Ωd ≈ 0.85, except for Re = 5.5x103 where ωc/Ωd ≈ 0.6. And, ωo/Ωd is always 
constant to about 0.6, being independent of Re. Now, we assume that ωc and ωo are intrinsically about 
0.85 and 0.6, respectively. Under this assumption, we can regard that ωc synchronises with ωo for Re = 
5.5x103, and that ωc does not synchronise with ωo for Re > 5.5x103. Hereinafter, the former is referred 
to as “low-ω-synchronisation,” and the latter is referred to as “anti-synchronisation.” 
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In figure 12, ωc/Ωd ≈ 0.6, except for δ = 0.20 where ωc/Ωd ≈ 0.85. And, ωo/Ωd always coincides 
with ωc/Ωd , being independent of δ. So, the low-ω-synchronisation appears except for δ = 0.20. For δ 
= 0.20, we can consider that ωo/Ωd synchronises with ωc/Ωd. Hereinafter, this is referred to as “high-ω-
synchronisation.”  

Figure 13 shows the appearance concerning the high-ω-synchronisation, the low-ω-
synchronisation and anti-synchronisation on the Re-δ plane, together with the stability diagrams of 
CSMs and TVMs. Either of the high-ω-synchronisation or the anti-synchronisation appears, when the 
flow is unsteady. And, the high-ω-synchronisation is exceptional. These results suggest that the 
slower-rotational motion with about 0.6Ωd is usually observed. And, in addition to the slower 
rotational motion, the faster-rotation motion with about 0.85Ωd tends to be observed, when the flow is 
in TVM1B which is possibly linked to the complexity of the CSMs. 

Furthermore, mean velocity �̅�𝜃 at the center of the outer-region is close to 0.6RdΩd as shown in 
figure 2. This seems acceptable, if we suppose the vortical structures in the outer-region advect with 
an average speed of the outer-region. This supports such an assumption as ωc and ωo are trinsically 
around 0.85 and 0.6, respectively.  

 
 

 

 

  

Figure 7. Iso-surfaces for Q = 0.75 at an 
instant in CSM∞ and TVM1 at Re = 1.4x103, δ 
= 0.10, κ = 0.11 and λ = 1.0 by computation. 

 Figure 8. Iso-surfaces for Q = 1.5 at an 
instant in CSM∞ and TVM2 at Re = 2.7x103, 
δ = 0.30, κ = 0.11 and λ = 1.0 by computation. 

 
 

 

  

Figure 9. Iso-surfaces for Q = 1.5 at an instant 
in CSM∞ and TVM1A at Re = 4.1x103, δ = 
0.15, κ = 0.11 and λ = 1.0 by computation. 

 Figure. 10. Iso-surfaces for Q = 2.0 at an 
instant in CSM6 and TVM1B at Re = 8.2x103, 
δ = 0.15, κ = 0.11 and λ = 1.0 by computation. 
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Figure 11. Non-dimensional angular velocities 
of core-boundary and outer-vortex in IC1 (for 
Re = 6800 – 12240 and δ = 0.10 by 
computation). 

 Figure 12. Non-dimensional angular velocity 
of core-boundary and outer-vortex in IC2 (for 
Re ≈ 5000(4080 – 6800) and δ = 0.10 – 0.30 
by computation). 

 
 

 
Figure 13. Appearance concerning high-ω-synchronisation, low-ω-synchronisation and anti-
synchronisation, together with stability diagrams of CSMs and TVMs (for κ = 0.11 and λ = 1.0 by 
computation). 

 

4.  Conclusion 

Obtained results are as follows. 

1. In the inner region within 70 – 80% of the disk radius, the flow rotates almost rigidly with the 
disk. 

2. Core shape mode CSM and torus vortex mode TVM are classified into six types. 
3. The increases of Re and δ tend to decrease the modal number of CSM. 
4. About TVMs, the increases of Re is apt to enhance the irregularity (axisymmetry, unsteadiness 

and periodicity) and the increase of δ influences the asymmetry about midplane. 
5. The torus vortex structure became unsteady when core shape changes from circular to polygonal. 
6. The experimental and computational results concerning both CSM and TVM agree well.. 
7. Angular velocity in the core region ωc and outer region ωo are intrinsically around 0.85 and 0.6, 

respectively 
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Abstract. Contact type sensors with piezoelectric transducer (PZT) element are generally used 
in the acoustic emission �AE� method. However, it is difficult to utilize the contact sensor for 
measurement in downsized specimens with complicated shapes owing to difficulty in sensor 
attachment. Therefore, AE monitoring with non-contact type sensors is required. The non-
contact sensor generally faces the issue of low S/N ratio due to acoustic impedance mismatch 
occurring in air-coupled sensors. Additionally, in our previous study, we reported that the S/N 
ratio further decreases depending on the shape of the material surface while performing AE 
measurement using the air-coupled ultrasonic sensor. In this study, air-coupled AE sensor with 
high sensitivity has been developed by utilizing the wavelength of elastic wave. The developed 
sensor is composed of arrayed air-coupled ultrasonic transducers and the length of the array was 
decided as per the wavelength of the AE signals. Relationship between the sensitivity of the 
developed AE sensor and length of the sensor was initially studied via transmission in a flat 
plate. The sensitivity was the highest when the array length was set to the A0-mode wavelength 
of the Lamb wave propagating in the plate. The cylinder specimen showed a similar tendency. 
Moreover, the sensitivity changed according to the angle of the sensor involving the wavelength 
of the sensor obtained from Snell's law. The sensitivity of the developed sensor was higher than 
that of a single sensor. 

1.  Introduction 
In recent years, highly safe and accurate monitoring and inspections are required for structures such 

as aged industrial machinery. The acoustic emission (AE) method is one of the techniques capable of 
nondestructively monitoring a structure. However, conventional contact type sensor cannot be attached 
to a complicated shaped or small device. Therefore, we developed a system capable of measuring AE 
in a non-contact manner using air-coupled ultrasonic technique. We constructed a system using 
commercially available air-coupled ultrasonic sensors and succeeded in detecting AE during fatigue test 
[1]. However, the constructed system faced the problem of insufficient sensitivity as compared to the 
contact type sensor, and the sensitivity varied depending on the surface shape of the object to be 
inspected. Therefore, in this study, we study the relationship between the sensitivity, the angle of a 
sensor and the wavelength of elastic wave in air, and develop a sensor that can detect AE with high S/N 
ratio by using air-coupled ultrasonic sensor elements such that the detection efficiency improves. 
Moreover, based on the position and angle of the sensor element, we report the sensor shape that can be 
used to detect AE with high S/N ratio and investigate AE measurement results using it. In this study, a 
new sensor was created based on the wavelength of the Lamb wave and the sensor angle obtained from 
Snell's law. 
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2.  Theoretical 
2.1 Lamb wave dispersion curve 

Lamb wave is a kind of elastic wave propagating through a flat plate. This wave propagates two-
dimensionally in the plane and has a smaller attenuation factor compared to the wave propagating three-
dimensionally, so it is widely used for non-destructive inspection. In this study, a new noncontact AE 
measurement system was constructed focusing on the Lamb wave. In particular, the speed dispersion of 
Lamb waves was focused on. In this wave, the group velocity is dispersed according to the frequency. 
figure 1 shows the group velocity dispersion of Lamb waves propagating on an aluminum plate with a 
thickness of 5 mm. 
 

 
Figure 1. Group velocity dispersion curve of  the lamb wave in the aluminum plate 
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The terms are wave number � ൌ ߱ ܿΤ  where c is phase velocity and ɘ is circular frequency; plate 

thickness is d; longitudinal wave velocity is ܸ; and shear wave velocity is ௌܸ.[2] 
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2.2 Snell’s law 
  When the elastic wave propagates in the two media, the wave refraction phenomenon occurs at the 
boundary surface. The relation between the incident angle of the traveling wave and the reflection angle 
at this time is called Snell's law. Snell's law is shown in equation (4) and figure 2. [3] 
 

 
ܿଵ ��� ଶߠ ൌ ܿଶ ���  ଵߠ

 
(4)

 

Figure 2. Relationship between incidence angle, refraction angle and velocity. 
 

3.  Experiment 
AE measurement was performed using a system that consists of 12 air-coupled ultrasonic sensors. 

Therefore, it was necessary to consider sensors arrangement method that can perform the most efficient 
measurement. In order to investigate this, experiments on the arrangement angle of the sensors and 
experiment on the distance between the sensor were conducted. 

First, experiments on the arrangement angle of the sensor was conducted. An aluminum plate of 400
×400×5 mm was used as a test piece. For the sound source, an artificial Hsu-Nielsen source (pencil 
lead break) was used. The angle of the sensor was varied by 3 ° from 0 ° to 45 °. When ߠ ൌ ͵ι, the S/N 
ratio was maximum. This is consistent with the angle theoretically obtained from the Snell's law. 

Second, the experiment on the distance between the sensors was conducted. In this research, the 
distance between the sensors was determined based on the wavelength of the Lamb wave. This 
experiment was performed by inputting electric signals obtained from a system incorporating 4 sensors 
into a measuring device after passing through an optimized band pass filter with an adder circuit. From 
these results, the distance of the sensor was decided as per Wavelength of A mode wave of Lamb wave 
propagating in the specimen. 

Based on these experiments, a new AE measurement system was developed. By this system, the AE 
measurement was conducted. Figure 3 shows the experimental setup in this experiment. This system 
consisted of 12 sensors, a sensorcase, an adder circuit and a band-pass filter (30 50 kHz). Figure 4 
shows a waveform measured with a conventional sensor with a resonance frequency close to that of the 
system we developed, and also shows the waveform measured by the developed system. According to 
the experimental results, S/N ratio was measured to be 39.4 dB with the conventional sensor and 53.2 
dB in the developed system. By comparing these results, it can be seen that the S/N ratio greatly 
improves. Moreover, if the thresholds are set to be the same for both measurements, the number of noise 
signals to be measured is lesser for the developed system than for the conventional sensor. This is 
probably due to fact that the noise signals measured by each sensor are cancelled out. 
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Figure 3. Experimental setup for detecting Lamb wave produced by pencil lead breaking 

 

 
(a)                                                                            (b) 

Figure 4. AE wave form detected by (a) a conventional sensor (b) the developed system 

4.  Conclusion 
As per the experimental results, it was found that the system developed in our research performs AE 

measurement with high S/N ratio. Therefore, this system is sufficiently noise-resistant to be used in a 
real environment. And, compared with conventional sensors, it became possible to keep the cost very 
low. However, since several sensors are included in this system, it is larger than conventional sensors; 
further miniaturization is necessary for using it in a real environment. And, because the sensor element 
was made very inexpensive, it was poor in durability. It is thought that further improvement is necessary 
for this as well. 
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Abstract. A vibration method is a standard non-destructive inspection method used to identify 
defects in rotary machines, however, the use of this method to detect defects at an early stage is 
difficult. Therefore, an alternative effective monitoring technique for detecting defects at an early 
stage is necessary. The acoustic emission (AE) method can be used to find small defects in a 
material by detecting elastic waves that occur when cracks or deformations start to form. In this 
study, we developed a method to monitor wear, and the relationship between the surface 
condition of gear teeth and the released AE wave was studied. We first measured the AE waves 
produced by gears with different surface roughness. Teeth with indentations and contamination 
generate AE waves with larger amplitudes. Additionally, the amplitude of the AE signals was 
correlated to the wear depth after the test. We next studied the relationship between surface 
geometry and the AE parameter; the maximum amplitude and RMS voltage tend to increase with 
increasing protuberance height. 

1.  Introduction 
The excessive wear of gears due to excessive load, foreign matter contamination, and lubrication 

problems can cause serious mechanical component failure [1]. Evaluating the lifespan of gears is 
difficult in order to prevent accidents. Therefore, inspecting gears regularly is essential to prevent 
accidents due to gear failure. The acoustic emission (AE) method is a monitoring method used for 
identifying mechanical component failure by detecting elastic waves inside a material produced by 
dynamic deformation, transformation, dislocation, micro-fracture and breakage [2]. Various researches 
about gear monitoring was proposed by using AE method [3][4]. However, sensitivity of defect 
detection was almost same as well as conventional inspection method such as vibration method. 
Detecting defects in gears at an early stage can be possible to utilize some AE parameter. 

In this study, we determined the feasibility of using the AE method to monitor the gear reducer to 
detect some gear failure, as well as to estimate the surface condition of gears. 

2.  Experimental setup for monitoring the AE waves caused by gears 
Figure 1 shows the experimental setup used to monitor AE signals produced when gears are 

damaged. A gear reducer, angle sensor, AE sensor, pre-amp, and oscilloscope were used in this study to 
measure AE waves. AE signals from gears were classified according to which tooth of the gear they 
came from using the angle sensor. Table 1 shows the specification of the gear. Teeth of the small gear 
were numbered 1 to 16, and over the course of the experiment, some of these teeth were adapted to 
several types of damage. Table 2 shows the surface condition of the damaged gear teeth. 
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3.  Relationship between the AE waves caused by the failure of gears 
First, the AE signals from damaged teeth were studied. AE signals for the damaged gear teeth were 

monitored. Figure 2 shows the change in the surface conditions of gear teeth No. 1 and No. 15 and figure 
3 shows the change of the AE signal amplitude of the gear tooth No.1 and No.15. The amplitude of the 
AE signals from tooth No. 1 rapidly decreased immediately after the start of rotation because the uplift 
near the boundary of the indentation was chipped. On the other hand, the amplitude of the AE signals 
from the tooth No. 15 gradually decreased because the uplift near the boundary of the indentation was 
shaved off slowly.  

Figure 4 shows the change in the AE amplitude caused from tooth No. 4. The amplitude of AE 
signals from tooth No. 4 increased after the start of the test owing to the introduction of foreign matter 
contamination. After 20 days, the AE signal amplitude decreased because the thickness of the 
contamination layer decreased. 

 
 
 

 

Figure 1. Experimental setup for monitoring AE signals from wearing of gear  

 Small gear Large gear 

Material C3604 A2017 

Number of teeth 16 32 

Module [mm] 2.0 

Reference circle diameter[mm] 32 64 

Pressure angle [deg] 20 

Teeth width[mm] 30 

 Table 1. Specification of gears 
 

Table 2. The type of defects 

No. 1 Indentation 
(small) 

No. 4 Contamination 
(glue) 

No. 15 Indentation  
(large) 
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Figure 3. Change in the �୮Ǥ୮Ǥ of the AE wave in the case of indentation (No. 1, 15) 

(a) Tooth No.1 (indentation)
Before running  

 
Direction of rotation  

At 20 days 

 

(b) Tooth No.15 (indentation) 
Before running  

 
Direction of rotation  

At 20 days 

Figure 2. Condition of the damaged teeth 
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Figure 4. Change in the �୮Ǥ୮Ǥ of the AE wave in the case of contamination (No. 4) 

4.  Relationship between the AE waves caused by the wear of gears 
The tooth No. 6 was observed for large-scale wear, therefore we researched the AE wave caused by 

the wear of gears. Figure 5 shows the change in the AE signal amplitude caused from tooth No. 6. The 
AE signal amplitude from tooth No. 6 increased because of friction after the start of driving, but by day 
20, the amplitude of the AE wave decreased. Figure 6 shows the surface condition of the worn part. 
Before running, the surface existed the horizontal direction of the stripe. At 7 days, the stripe was 
disappeared because of the rotational direction of wear. At 14 days, the vertical direction of the stripe 
was appeared because of also the rotational direction of wear, and at 20 days the surface was smoothed 
because of the progressing wear. Next, the relationship between the roughness (�ୟሻ of the surface of 
tooth No. 6 and the AE parameter was studied. Figure 7 shows the change of the roughness of the worn 
surface. By and large, the worn surfaces were smoothed with time, but at 14 days the worn surfaces 
were roughed because of the vertical direction of the stripe. Figure 8 shows the relationship between the 
AE parameter and the roughness (�ୟሻ. It turns out that there is a weak correlation between the AE 
parameter and the roughness (�ୟሻ. However, although the maximum amplitude and value of RMS 
voltage decreased with time, the roughness (�ୟሻ increased 14 days after the start of driving. This is 
because the contact between pair of teeth is unstable because a shaft which is the side of a large gear is 
not installed on the flywheel. 
 
 
 

Figure 5. Change in the �୮Ǥ୮Ǥ of the AE wave in the case of friction (No.6) 
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(a) Before running Direction of 
rotation 

(b) At 7 days  

(c) At 14 days Direction of 
rotation 

(d) At 20 days  

Figure 6. Condition of the worn surface (No.6) 
  

Figure 7. Relationship between time and roughness (�ୟሻ 
 

Figure 8. Relationship between roughness and AE parameter 
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4. Conclusion 
In this study, we measured the AE wave caused by the gear reducer. We measured the amplitude 

of the AE wave produced by teeth with indentation, contamination, and friction damage. The AE wave 
produced by the various types of damage is larger than the AE wave produced by undamaged teeth. 
Further, the amplitude of the AE wave produced by teeth with indentations and contaminations 
decreases with driving time. From these results, the height of the uplift from the AE wave can be 
estimated. Additionally, there is a weak correlation between tooth surface roughness and the AE 
parameter. This is due to unstable contact between pair of teeth. 
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Abstract. Wire cables are widely used in infrastructure and mechanical components. However, 
disruptive accidents can be caused by corrosion or frictional wear of these wires. Such 
accidents can be prevented by detecting small defects in the wire cables. In our previous 
studies, a rough detection of defects in six-strand wire cables using guided waves that can 
propagate long distance and detect internal damage was developed. However, this method is 
not practical as the inspection and implementation is time consuming. Therefore, the aim of 
this study is to develop an efficient method using waveguides for detecting defects in wire 
cables. We developed waveguides for a PZT sensor in order to excite a uniformly guided wave 
to all strands. The guided waves produced by the PZT sensor were detected by two PZT 
sensors. Two receivers each in contact with three strands were installed at the top and bottom 
of the six-strand wire cables. The propagation distance was 600 mm and defects were placed in 
the strands. We found that in the absence of defects, guide waves were excited uniformly to the 
entire wire cable when the waveguide is used, because there is no difference in amplitudes 
between the two receivers. The recorded amplitude on the sensor installed on the strand with 
defects decreased as the number of breaking wires increased. It was found that this method can 
effectively detect the defects in a fewer number of measurements as compared to the previous 
method. 

1.  Introduction 
Wire cables are widely used in the industry because of their high tensile strength and flexibility. 

However wire cables are often damaged by frictional wear, corrosion and temperature changes due to 
aging [1]. Normally, periodic inspection are conducted by visual inspection, however visual inspection 
can find the damage only on wire cable surface and need an abundance of time. Then nondestructive 
inspection techniques such as guided wave inspection was required in order to detect damages at an 
early stage to prevent accidents [2]. Various studies have been conducted on guided wave inspection 
for wire cables [3, 4]. However, characteristic of wave propagation in wire cable are complex because 
wire cable is consist of many iron wires and have helical shape [5]. In our previous studies, simple 
type wire cable that consist of two strands was made to simplify propagation path of guided wave. The 
mode that have responsiveness for defects of wire cable was found by experimental method [6]. This 
mode was named L-like mode because it has characteristics similar to the longitudinal mode in the 
rod. Roughly detection of defects by L-like mode could carried out for six-strand wire cable. However, 
this method is not practical, because it is needed to be inspected by guided wave excited on each 
strand using pulse YAG laser in order to inspect all strands in wire cable. Therefore, the aim of this 
study is to develop an efficient method for the inspection of defects using waveguides. 
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2.  Experiment 
The experimental setup for detecting guided waves is shown in Figure 1. This wire cable consists 

of six strands. The tests were carried out with tensile force of 98 N. Figure 2 shows schematic 
representation of transducer installation and receiver installation. Guide waves were produced by a 
piezoelectric transducer (PZT) via the waveguide. This waveguide was developed in order to excite 
uniformly guided wave to all strands of the wire cable. Two receivers were installed at the top (Ch.1) 
and bottom (Ch.2) of wire cable, and each receiver is in contact with three strands in order to detect 
guided waves propagated each strand. Figure 3 shows that the time domain signal, its frequency 
spectra and its wavelet contour map of guided waves propagated in wire cable via waveguide detected 
by Ch. 2. According to the contour map, the group velocity of first wave packet is slower than that of  
L (0,1) mode of the rod having same diameter as the wire of this wire cable, and faster than that of F 
(1,1) mode. This mainly frequency is 360 kHz according to the frequency spectra. The mode of first 
packet is considered to be L-like mode because L-like mode has the same feature as these. As there 
result, it was confirmed that L-like mode can be detected using this experimental setup. The 
amplitudes of L-like mode detected by each sensor are shown in Figure 4. The variation in 
measurement of amplitude in each sensor decreased when a waveguide was used as compared with the 
case of not using a waveguide. Moreover, the output difference of each sensor was reduced. From 
these results, it was found that a stable signal can be propagated in the wire cable by using the 
waveguide. 

 

 

 
Figure 1. Experimental setup for detecting guided wave. 

 

Figure 2. Schematic representations of receiver installation and transducer installation. 
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Next, a rough estimation of the defects in the wire cable was carried out using the waveguide. The 

defects were added by breaking the wires of one strand where the sensor of Ch. 2 was installed. Figure 
5 shows time domain signal, its frequency spectra and its wavelet contour map of guided wave 
propagated in wire cable with seven wires broken in a strand. L-like mode can be detected, however 
the amplitude of L-like mode was decreased compared to without defects. The relationship between 
the amplitude of L-like mode and number of breaking wires is shown in Figure 6. The output of Ch. 2 
decreased as the number of breaking wires increased. On the other hand, the output of Ch. 1 did not 
decrease though there was some variation in measurement. As s result, it was found that the damages 
to wire cable can be detected by using two receivers and the waveguide. The excitation method using 
PZT via waveguide is effective as the efficient method of guided wave excitation. A drawback of this 
technique is that the location of damages cannot be detected and the measurement accuracy is low. It 
is necessary to improve the position or the detection method of the receiver. 

 
 
 
 

Figure 3. Time domain signal (left), its frequency spectra (center) and its wavelet contour map (right) 
of guided wave propagated in six strand wire cable via waveguide detected by channel. 2. 

 
Figure 4. Wave amplitude detected by each receiver when excited (a) via the waveguide and (b) 
without waveguide 
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Figure 5. Time domain signal (left), its frequency spectra (center) and its wavelet contour map (right) 
of guided wave propagated in six strand wire cable with defects via waveguide detected by channel. 2. 
 
 

Figure 6. Relationship between the output of each sensor and number of breaking wires by using a 
waveguide. 
 

3.  Conclusion 
From this study, we concluded that guided waves can be uniformly excited to the wire cable by using 
a waveguide. Moreover, the variation in measurement can be reduced. Thus, the waveguide was 
developed in order to efficiently inspect the defects present in a wire cable of six strands. 
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Abstract. This study deals with the new method to fabricate a mat-surface by using fixed-
abrasive tool. Mat-surface is a surface with microscopic irregularities whose dimensions are 
close to the wavelengths of visible light (400-700 nanometers). In order to develop the new 
method to fabricate mat-surface without pre-masking and large scale backup facility, utilization 
of fixed-abrasive tool is discussed. The discussion clarifies that abrasives in shot blasting are 
given kinetic energy along to only plunge-direction while excluding traverse-direction. If the 
relative motion between tool and work in fixed-abrasive process can be realized as that in 
blasting, mat-surface will be accomplished with fixed-abrasive process. To realize the proposed 
idea, new surface-fabrication system to which is adopted feedback-speed-control of abrasive 
wheel has been designed. The system consists of micro-computer unit (MPU), work-speed 
sensor, fixed-abrasive wheel, and wheel driving unit. The system can control relative speed 
between work and wheel in optimum range to produce mat-surface. inally experiment to 
verify the developed system is carried out. The results of experiments show that the developed 
system is effective and it can produce the surface from grinding to mat-surface seamlessly. 
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Abstract. Rapid Prototyping technologies are the fastest growing technologies in the 
manufacturing of components and parts. There are many techni ues which can be used with 
different materials and different purposes of produced part. Gradually, Rapid Prototyping 
systems have grown into Additive Manufacturing, because technology expansion brings faster 
production, improved manufactured components, and expanded palette of used materials. So 
now this techni ues are also used for regular production of special parts, where is usual change 
of part design, where is necessary to produce variety of different designs and shapes.  
The following article deals with used Deposition Modelling ( DM) technology, the core of 
which is the manufacture models and components from thermoplastic polymers by deposition 
single fibres of semi-molten plastic material layer by layer. The article focuses on the results of 
research for testing of manufactured specimens by DM technology. Components are modified 
by acetone vapour for surface smoothing. The purpose is to point out how the additional 
specimen treatment influence the strength properties. Presented paper shows realized 
experiments and measurements of compressive force on specimens and surface roughness which 
are influenced by acetone vapour treatment. 
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Abstract. Maraging steel (MDN 300) find its application in many industries as it exhibits high 
hardness which are very difficult to machine material. Electro discharge machining (EDM) is an 
extensively popular machining process which can be used in machining of such materials. 

ptimization of response parameters are essential for effective machining of these materials. 
Past researchers have already used Taguchi for obtaining the optimal responses of EDM process 
for this material with responses such as material removal rate (MRR), tool wear rate (T R), 
relative wear ratio (R R), and surface roughness (SR) considering discharge current, pulse on 
time, pulse off time, arc gap, and duty cycle as process parameters. In this paper, grey relation 
analysis (GRA) with fuzzy logic is applied to this multi ob ective optimization problem to check 
the responses by an implementation of the derived parametric setting. It was found that the 
parametric setting derived by the proposed method results in better a response than those reported 
by the past researchers. btained results are also verified using the techni ue for order of 
preference by similarity to ideal solution (T PSIS). The predicted result also shows that there is 
a significant improvement in comparison to the results of past researchers. 

      The 8th TSME International Conference on Mechanical Engineering  
  12-15 December 2017 

Bangkok, Thailand 
 

AMM0002 
The full paper is published in IOP Conference Series: Material Science and 
Engineering by IOP Publishing (https://conferenceseries.iop.org). 

156



Effect of fuel injection ratio on partially premixed combustion 
of ethanol blends 

Ronnachart Munsin1,*, Pietro Pinazzi2, Fabrice Foucher2, Ida Truedsson2 and 
Christine Mounaïm-Rousselle2 
1 College of Integrated Science and Technology, Rajamangala University of 

Technology Lanna (RMUTL), Doisaket, Chiangmai 50220, Thailand. 

2 PRISME Laboratory, Université d’Orléans, Orléans cedex 2, 45072, France. 

* Corresponding Author: ronnachart@rmutl.ac.th, +66 5326 6516, Fax +66 5326 6518 

Abstract. The use of ethanol blended with gasoline as fuel for partially premixed combustion 

(PPC) mode in compression ignition (CI) engines has a good opportunity to provide high 

efficiency, energy sustainability, and low emissions, especially of soot and oxide of nitrogen. 

The control of PPC is still a major issue in the engine development, particularly at low load. The 

objective of this work is to investigate the effect of fuel injection ratio on combustion 

characteristics of ethanol blends in a PPC engine at low load. Test fuels were a commercial 

gasoline (95 RON) and the same gasoline blended with different ethanol contents, i.e. 20 vol.% 

(E20) and 50 vol.% (E50). The experiments were performed in a modified CI engine, at an engine 

speed of 1500 rpm and an injection pressure of 400 bar. Intake air was pressurized and preheated 

to 1 bar and 165 oC, respectively. Double injection strategies were used with the different fuel 

injection ratio of 30/70 %m, 50/50 %m and 70/30 %m. The first and second injection timing 

were maintained at -35 and -3 CAD aTDC, respectively. The results show that fuel injection 

ratio can control not only combustion behavior but also emissions for both gasoline and E20. 

Fuel injection ratio of 50/50% seemed to be the most suitable ratio to operate E20 and gasoline. 

For E50, only the fuel injection ratio of 30/70 %m can be used for PPC. 

1.  Introduction 
Due to global warming and public health concerns, more stringent emission regulations drive the 

development in internal combustion engines. The diesel engines are continuously developed, but it is 

difficult to reduce soot and NOx emissions simultaneously, meeting the stringent regulations. Besides 

the conventional engine development, the homogeneous charge compression ignition (HCCI) is an 

approach to obtain low soot and NOx emissions [1-3] by providing a fully premixed and lean charge.  

However, combustion controllability and excessive rate of heat release limits efficiency at high loads 

for HCCI [3-6]. To eliminate these problems, the partially premixed combustion (PPC) was proposed, 

especially PPC with high auto-ignition resistant fuels [7, 8]. The principle of PPC is the early injection 

to allow partially premixed air-fuel charge. Although fully premixed charge does not occur, PPC with 

auto-ignition resistant fuels in a diesel engine has a better fuel-air mixing due to the longer ignition delay 

compared to a conventional diesel engine, and control of combustion as in a conventional diesel engine 

is available at extended load, resulting in high efficiency, low soot and low NOx [8-16]. Kalghatgi et al. 

operated gasoline PPC in both light duty [12] and heavy-duty [13] diesel engines. They showed that a 

light duty engine could run at 14.86 bar gross IMEP with 46% indicated efficiency, with soot emissions 

of 0.36 FSN and 1.21 g/kWh of NOx. Heavy-duty engine could be run up to 15.95 bar gross IMEP, 
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while the highest gross indicated efficiency of 47% was obtained at 12.86 bar gross IMEP with 0.19 

FSN of soot and 0.39 g/kWh of NOx. Fuel effects on PPC using diesel and different octane number 

gasoline fuels were studied at 4 and 10 bar gross IMEP with EGR sweeps [14, 15]. The results showed 

that at lower load all fuels showed the same NOx, while soot was almost zero for the gasolines. At higher 

load, all fuels showed the same trend for NOx. High octane number gasolines showed insignificantly 

the increase in soot except low octane number gasoline, but not as high as for diesel [14]. The results 

also showed that gasoline PPC concept is a function of the fuel ignition quality rather than its volatility 

as long as combustion starts after the end of the injection. The NOx and soot emissions will be the same 

regardless fuel volatility and composition if CA50 and the ignition delay of different fuels are matched. 

Increasing the aromatic percentage in the fuel increases auto-ignition resistance resulting in the increase 

of PPC load limit [15]. Manente et al. [16] concluded that the best fuel for PPC is a gasoline with octane 

number in the range of 70, which is readily available in oil refineries and possible for introducing to the 

market.  

 

However, the conventional petroleum fuels cannot serve in the point of view of sustainable and 

friendly-environmental energy. Ethanol is considered as green energy if produced from bio-mass, and it 

is a high auto-ignition resistant fuel. Blending ethanol into gasoline can reduce consumption of 

petroleum-based fuel and can reduce greenhouse gas emissions. Ethanol blended with gasoline showed 

promising results for PPC. Manente et al. [17] demonstrated that high auto-ignition resistant fuel is the 

best fuel for a CI engine. Ethanol and gasoline were used to operate PPC with double injection strategy 

and cool EGR. First injection fuel quantity of 54 % was injected very early, and the remained fuel is 

used as ignition trigger near TDC. For gasoline, high load of 16.56 bar gross IMEP was obtained with 

lower NOx, soot and specific fuel consumption compared to Diesel. Ethanol also showed excellent 

results with the maximum load of 14.80 bar gross IMEP. Manente et al. [18, 19] also showed that at 

high load of 18 bar IMEP and EGR of 50%, ethanol PPC in 2 liters single cylinder CI engine could be 

operated at high brake efficiency over 48.5 % with soot reduction by 33 times compared to the maximum 

soot produced from other test fuels, and NOx was below the EU VI limit. At half load (11.5 bar IMEP) 

with 33% EGR level, the results showed that it is better to have a small overlap between injection event 

and combustion in case of ethanol and gasoline to control pressure oscillation and high efficiency, while 

NOx and soot are still low compared to those of diesel. Dec et al. [20] investigated the effects of gasoline 

reactivity and ethanol contents on HCCI and PPC at high boost and substantial amounts of EGR. Test 

fuels were 87-AKI gasoline and its blends with ethanol content of 10% and 20% to form E10 and E20, 

respectively. The results show that blending gasoline with ethanol up to 20% can extend maximum load 

limit to 20 bar gross IMEP and can reduce the required EGR at high-boosted conditions to prevent early 

ignition. PPC operated with both gasoline and ethanol blends has higher thermal efficiency than HCCI. 

PPC with high resistant fuels seemed to be positive results at high loads. 

 

Nevertheless, for low load, PPC could not easily be obtained due to late combustion phasing, high 

hydrocarbon (HC) emissions and high cycle-to-cycle variation [16]. Many techniques are introduced to 

operate PPC at low load, e.g. ozone seeding [21, 22], fuel stratification [23] and fuel injection strategy 

[24-26]. Dec and Sjöberg [23] showed that gasoline PPC with fuel stratification using late GDI injection 

at low loads has good potential for improving combustion efficiency. Kaiadi et al. [24] concluded that 

double injection strategy should be favored for ethanol PPC in a heavy-duty CI engine. The double 

injection showed good controllability, high efficiency, low emissions and low level of combustion noise. 

Rousselle et al. [25] found that for light-duty CI engine fuelled with gasoline, the optimized PPC at low 

load operation could be obtained with 30% of EGR level and double injection with fuel injection ratio 

of 50/50% and second injection timing near TDC. Labreche et al. [26] also showed that fuel injection 

ratio plays an important role in the combustion controllability and emission reduction of PPC. An equal 

mass of fuel in first and second injections (50/50%) was not the favorable configuration for gasoline 

PPC. Injecting 40% of the total fuel in the first injection was the optimized condition. Start of 

combustion and combustion phasing were shifted to the expansion stroke due to the cooling effect, while 
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IMEP, combustion and thermal efficiencies and pressure gradient were relatively stable with acceptable 

emissions.  

 

To overcome the principal difficulties on PPC at low loads, the fuel injection ratio should be 

considered, because it can change local temperature and equivalence ratio. However, a few works are 

available for PPC light-duty engine fuelled gasoline-ethanol blends with different injection ratio. A 

knowledge gap exists in PPC and optimal injection ratios are not clear for ethanol-gasoline blended 

fuels. Therefore, the objective of this work is to investigate the effect of fuel injection ratio on 

combustion characteristics of ethanol blends in a PPC engine. The fuel injection ratio is expected to be 

a key factor to achieve the proper combustion and performance at low load without the use of other 

techniques, e.g. EGR, boosting and variable valve train. 

2.  Experiment 

2.1.  Experimental Setup 

The experiments were performed in a research single-cylinder engine modified from the original four-

cylinder diesel engine. The specifications of the modified engine are listed in Table 1. Figure 1 shows 

schematic diagram of the experimental setup. 

 

 
 

Figure 1. Schematic diagram of experiments. 
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Table 1. Modified engine specifications 
 

Parameter Description 

Engine model Peugeot PSA DW10 

Cylinder 1 

Bore x stroke 85 x 88 mm 

Displacement volume 499 cc 

Compression ratio 16:1 

Fuel injection system Common rail system 

 

Intake air supplied from an air compressor was heated up to the desired temperature by electrical heaters 

at the plenum upstream from the intake port, where the intake air temperature and pressure were 

measured by thermocouples (type K) with an accuracy of ±2 K and a piezo-resistive pressure sensor 

(Kistler 4075A) with the accuracy of ±0.3% of the full scale, respectively. The engine was directly 

driven by an electric motor to keep a constant engine speed. The engine oil and coolant were constant 

at 95 oC. The common rail fuel injection system was separated from the engine to operate independently. 

Fuel was injected into the combustion chamber by a Delphi diesel injector that has an umbrella angle of 

120° with 8-holes and a nozzle diameter of 150 μm.  
 

The fuel consumption was measured by the liquid mass flow controller (Bronkhorst M13-CORI-FLOW) 

that has an accuracy of ± 0.2% on the measure. Position of crank angle was identified by an optical 

crank encoder with an accuracy of ±0.1 CAD [27]. With this system, the engine parameters can be 

controlled by a closed-loop control to keep the desired conditions. After a steady period, a piezo-electric 

pressure transducer (Kistler 6043A) with an accuracy of ± 2% measured the in-cylinder pressure. For 

all the experiments, in-cylinder pressure was recorded and averaged for 100 cycles to calculate 

combustion characteristics using thermodynamic analysis. A gas analyzer (Horiba MEXA-7100 HEGR) 

measured pollutant emissions. The measurement ranges of gas analyzer are shown in Table 2. Soot 

emission was measured by a filter-type smoke meter (AVL 415s) that has the measurement range of 0-

10 FSN with the minimum detection limit of 0.002 FSN and resolution of 0.001 FSN [28]. 
 

Table 2. The measurement ranges of gas analyzer Horiba MEXA-7100 HEGR [29] 

 

Emissions min. range max. range 

CO 0 to 100 ppm 0-12 vol% 

CO2 0-5,000 ppm 0-20 vol% 

NO/NOx 0-10 ppm 0-10,000 ppm 

THC 0-10 ppmC 0-50,000 ppmC 

O2 0-5 vol%, 0-25 vol% 

 

2.2.  Experimental Conditions 

The experimental conditions for this study are shown in Table 3. Two ethanol-gasoline blends (gasohol) 

were tested in the engine and compared to a reference fuel, i.e. conventional gasoline RON95. 

Anhydrous ethanol was used for blending. Properties of ethanol and gasoline are shown in Table 4. Test 

fuels were injected with double injection strategy at an injection pressure of 400 bar. Equivalence ratio 

was constant at 0.29 corresponding to a constant heat input of 330 J/cycle. The ratio of first and second 

fuel injection amount was investigated at 30/70%, 50/50% and 70/30%. First and second injection timing 

were fixed at -35  and  -3 CAD aTDC, respectively. The fuel injection ratios are shown in Figure 2. The 

other parameters were kept constant and used consistently for all experiments. 
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Table 3. Engine operating conditions 

 

Intake conditions Value Unit 

Temperature : Tin 165 oC 

Pressure : Pin 1 bar 

Injection conditions 
Injection pressure: 

Pinj 

400 bar 

Injection strategy Double injection 

Injected fuel ratio 30/70 

50/50  

70/30 

%m 

1st start of injection 

(SoI1) 

-35 CAD.aTDC 

2nd start of injection 

(SoI2) 

-3 CAD.aTDC 

Equivalence ratio: 

Φ 

0.29 - 

Engine conditions 
Engine speed 1500 rpm 

Test fuels 

Injection 

amounts 

(mg/cycle) 

Energy 

input (J) 

Gasoline 7.8 329 

E20 8.2 329 

E50 9.1 329 
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Figure 2. (a) Constant injection timing and (b) Different fuel injection ratios. 
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Table 4. Properties of test fuels 

 

Properties 
Ethanol 

[30, 31] 

Gasoline  

[27, 31, 32] 

Formula C2H5OH 
C7.06 

H13.40O0.11 

Oxygen content  

(% by weight) 
34.80 1.8 

Viscosity (cP) 1.19@20 qC n.a. 

Density (g/cc) 
0.789@20 

qC 

0.747@15 
qC  

LHV (MJ/kg) 26.80 42.23 

Latent heat of 

vaporization 

(kJ/kg) 

854.8 305 

Boiling 

temperature (qC) 
78 37-194 

Autoignition 

temperature (qC) 
422 n.a. 

RON 107 95.7 

 

3.  Results and Discussion 
Effects of fuel stratification on partially premixed combustion of gasoline and ethanol blends are shown 

in Figure 3, where the in-cylinder pressure and rate of heat release are shown for the three injection 

ratios. For gasoline and E20 at injection ratio of 30/70%, the results show two peaks of heat release rate. 

The first peak belongs to first injected fuel considered as premixed combustion. The remaining fuel of 

70% was injected into the hot flame. Cooling effect due to fuel vaporization slightly suppressed heat 

release resulting in the decrease of heat release rate. Afterward the mixing-controlled combustion was 

started and produced another peak of heat release rate in the expansion stroke. For gasoline combustion, 

the injection ratio of 30/70% retards combustion phasing (CA50), and lengthens combustion duration 

(CA90-CA10) compared with other injection ratios as shown in Figure 4 (b) and (c). The more premixed 

cases with first injection quantity of 50% and 70% shows more steep pressure rise and higher heat 

release rate, because more fuel quantity was allowed to mix with the air in the first injection event 

resulting in increasing maximum pressure gradient and thermal efficiency, especially in the case of 

70/30%, shown in Figure 4 (d) and (f). Combustion efficiency, however, decreases with increasing the 

first injection quantity. It could be explained by cooling effect and fuel interaction with piston. 

Increasing the first fuel quantity can cool down the in-cylinder temperature due to vaporization, and fuel 

impingement on the piston head gives poor combustion and decrease of combustion efficiency shown 

in Figure 4 (e). For gasoline, fuel injection ratio of 50/50% seemed to be the suitable ratio considered 

from combustion characteristics. 

Combustion of E20 with different fuel injection ratio behaves like gasoline as shown in Figure 3 (b) 

and Figure 4. Fuel injection ratio of 50/50% shows good combustion characteristics as well as gasoline 

PPC. However, the injection ratio of 70/30% of E20 retards CA50 resulting in decrease of pressure 

gradient and thermal efficiency. It could be results of high cooling effect and high auto-ignition 

resistance of ethanol content [20, 33]. Ethanol normally requires higher heat of vaporization almost 3 

times compared with gasoline as shown in Table 4. Therefore, at fuel injection ratio of 70/30%, E20 

delayed start of combustion (CA10) and combustion phasing (CA50) leading to lower maximum 

pressure gradient and thermal efficiency compared to gasoline.  
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Figure 3 (c) shows that the fuel injection ratio of 30/70% is only available for higher ethanol content 

(E50) to operate PPC at given conditions, while other ratios are failed. As discussed above, low 

reactivity and heat of vaporization of ethanol play an importance role in combustion behavior. The 

increase of first fuel injection amount of E50 could be able to prepare low in-cylinder temperature due 

to E50 vaporization, and penalized chemical reaction leading to misfire in case of fuel injection ratio of 

50/50% and 70/30%.  

Figure 5 shows CO, HC and NOx from combustion of gasoline and ethanol blends. For gasoline and 

E20, increasing first injection amount increases CO and HC, while NOx slightly decreased. The reasons 

of increasing CO and HC are poor combustion and fuel dilution in lubricant on the cylinder liner and 

piston due to fuel impingement. The decrease of NOx is probably resulted from the lower in-cylinder 

temperature with increasing first injection amount. Soot of gasoline and E20 was influenced by 

increasing injection ratio shown in Figure 6. Increasing the first fuel injected quantity could suppress 

soot for both gasoline and E20, because the level of air- fuel mixing is enhanced.  

In comparison between test fuels at the same injection ratio, it was found that ethanol blends produces 

higher CO and HC compared with gasoline, which is due to the higher ignition resistance of ethanol. 

NOx emission from combustion of gasoline and ethanol blends is insignificant different, because all test 

fuels were burnt at fuel-lean zone and low in-cylinder temperature, where it is far from the formation of 

nitric oxides, according to the Zeldovich mechanism. Soot reduction over 50% was clearly observed 

with ethanol blends. It is postulated that the existence of oxygen molecule as in the ethanol could 

participate in the soot oxidation, resulting in the reduction of soot. In addition, the other properties of 

ethanol, i.e. high auto-ignition resistance, high volatility, low heating value and high heat of evaporation 

[24], promotes a more premixed combustion and therefore produce lower soot emissions. 
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Figure 3. In-cylinder pressure and heat release rate of (a) Gasoline (b) E20 and (c) E50 with different 

fuel injection ratios tested at constant equivalence ratio of 0.29, intake temperature of 165 oC and engine 

speed of 1500 rpm 
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Figure 4. Combustion Characteristics of test fuels at different fuel injection ratios: (a) CA10, (b) CA50, 

(c) CA90-CA10, (d) Maximum pressure gradient, (e) Combustion efficiency and (f) Thermal efficiency 
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Figure 5. CO, HC and NOx for (a) Gasoline, (b) E20 and (c) E50 with different fuel injection ratios 
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Figure 6. Soot of test fuels at different fuel injection ratio 

 

4.  Conclusion 
The effect of fuel stratification on partially premixed combustion (PPC) of ethanol-gasoline blends at 

low load condition was investigated by varying the ratio of fuel injected in a first and second fuel 

injection. Tested fuels, gasoline, E20 (20 vol% ethanol and 80 vol% gasoline) and E50 (50 vol% ethanol 

and 50 vol% gasoline), were injected at a constant heat input (300J/cycle) with the different fuel 

injection ratio, i.e. 30%/70%, 50%/50% and 70%/30% by mass. The main conclusions are shown below: 

• Fuel injection ratio controls not only combustion behavior but also emissions of test fuels. 

Fuel injection ratio of 50/50% is suitable to operate PPC for both E20 and gasoline considered from 

thermal efficiency and maximum pressure gradient, and emissions.  

• For gasoline PPC, increase of first fuel injection amount (a more premixed fuel-air charge) 

could advance CA50, shorten combustion duration and increase maximum pressure gradient resulting 

in increase of thermal efficiency. Increase of first fuel injection amount also decreases soot, while HC 

and CO are increased. 

• E20 PPC behaves like gasoline for the less premixed cases, except at injection ratio of 70/30%, 

for which combustion characteristics are changed by high cooling effect and high auto-ignition 

resistance of ethanol content. 

• The fuel injection ratio of 50/50% failed in operating PPC using E50 at this intake condition, 

instead leading to misfire. Only the fuel injection ratio of 30/70% can be able to operate E50 PPC. 

• Ethanol blends produces higher CO and HC compared with gasoline, while soot was reduced 

by over 50% using ethanol blends. NOx produced from PPC of gasoline and ethanol blends is 

insignificantly different, because of lean and low temperature combustion. 
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Abstract. Rapid depletion of world s crude oil reserve, rising global energy demand and 
concerns about greenhouse gases emission have led to the high-level interest in biofuels. The 
biofuel, bioethanol is found as an alternative fuel for SI engines as it has similar properties 
those of gasoline. Higher areal productivity with fast growth rate of microalgae and a uatic 
weeds makes them promising alternative feedstocks for bioethanol production. In this study, 
bioethanol produced from S.molesta (a uatic weed) using combined pre-treatment and 
hydrolysis followed by fermentation with yeast was used to make bioethanol- gasoline blend. 
The uantity of bioethanol produced from S.molesta was 99.12  pure. The physical properties 
such as density and heating value of bioethanol were 792.2 kg/m3 and 26.12 M /kg, 
respectively. In this work, the effects of bioethanol–gasoline (E5) fuel blends on the 
performance and combustion characteristics of a spark ignition (SI) engine were investigated. 
In the experiments, a single-cylinder, four-stroke SI engine was used. The tests were performed 
using electric dynamometer while running the engine at the speed (3200 rpm), and seven 
different load (0, 0.5, 1, 1.5, 2, 2.5 and 3 k ). The results obtained from the use of bioethanol–
gasoline fuel blends were compared to those of gasoline fuel. The test results showed an 
increase of 0.3  in brake thermal efficiency for E5. rom the emission analysis, reduced 
emissions of 39 ppm unburned hydrocarbon, 1.55  carbon monoxide and 2  smoke opacity, 
respectively was observed with E5 at full load. An increase in C 2 by 0.17  and N x by 86.7 
ppm was observed for E5 at full load.   
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Abstract. The novel combustor design also has an impact on the ignitor arrangement. The 
conventional ignitor system cannot guarantee optimal ignition performance in the usual radial 
position. The difficult ignitability of gaseous fuels was the main challenge for the ignitor 
system improvement. ne way to improve the ignition performance significantly is a torch 
ignitor system in which the gaseous fuel is directly mixed with a large amount of the 
combustor air. To reach this goal, the ignition process was investigated in detail. The micro gas 
turbine (MGT) ignition was optimised considering three main procedures: torch ignitor 
operation, burner ignition and flame propagation between the neighbour in ectors. A successful 
final result of the chain of ignition procedures depends on multiple aspects of the combustor 
design. Performed development work shows an important step towards designing modern high-
efficiency low-emission combustors. 
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Abstract. Thermal conversions of municipal solid waste (MSW) are sustainable solution in 
waste treatment since the amount of MSW trends to increase every year. Compared to other 
biochemical and physiochemical processes, their main advantages are strong reduction of solid 
waste in mass and volume by rapid conversion. Hence, thermal treatment preserves landfill space 
and time including labour expenses. In 2015, approximately 26.9 million tons of MSW was 
generated in Thailand but just twenty percent of those amount was sanitary disposal whereas 
only 150k tons was utilized in heat and electricity by thermal conversion. This paper proposes a 
high efficiency steam gasification as a selected thermal technology to recover energy from 
carbonaceous waste into form of combustible gas which is mainly hydrogen. Small dropped tube 
fixed bed reactor was represented as experimental gasifier. The average compositions of 
Thailand MSW consisting of 55%wt. food & kitchen waste, 22.4%wt. plastic (70% PE & 30% 
PP), 13%wt. paper, 1.4%wt. rubber & leather, 3.1%wt. textile and 5.1%wt. yard waste & 
biomass were utilized for gasifying feedstock. The experiments were varied by the two steam 
flow rates with the reaction temperatures 700-850qC to investigate the effect of steam quantity 
and temperature on hydrogen production and related compositions e.g. methane, carbon 
monoxide, carbon dioxide and light hydrocarbons. The results indicated the increasing of steam 
and temperature improved hydrogen production. Hydrogen yield reached 30.0 and 33.0 
gH2

/kgMSW when steam flow rate of 0.05 and 0.13 ml/min was supplied at highest reaction 

temperature, respectively. In addition, energy yield of hydrogen in steam gasification overcame 
pyrolysis which mostly containing of light hydrocarbon. The optimized condition performed 
energy output as 16,015 kJ/kgsample and the energy conversion efficiency of the system was 
65.2%. 

1.  Introduction 
 
Municipal Solid Waste (MSW) management has become a crucial issue since the main waste disposal 
form still employ open dumped site. It is an essential objective, while the need for a complete sustainable 
energy solution is apparent. There is a pressing need to develop and deploy new alternatives in order to 
minimize the environmental impacts at all links in the MSW chain. The concept of Waste-To-Energy is 
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popular for handling disposal of MSW in many countries and it is more attractive when landfill space is 
limited. 

To-date technologies have to deal with the MSW management problems, to be environmental 
friendly and economical attractive. Gasification is considered as an important sustainable solution in 
fast conversion of solid fuel with high energy recovery. Typically, air is fed as gasifying agent for partial 
combustion to produce producer gas e.g. H2, CO, CH4 and CxHy. To improve gas quality, oxygen and/or 
steam are supplied instead or mixing with air into the gasifier to produce higher heating value gas. 
However, oxygen production unit is very high investment cost, hence, steam generated by waste heat 
recovery is more attractive. When steam is employed to be an agent, hydrogen-rich gas is produced. Not 
only higher heating value of gas but tar or aromatic hydrocarbon is also reformed by thermal and steam 
cracking. It provides one of the most competitive means of obtaining hydrogen-rich gas from renewable 
sources compared to other hydrogen productions such as methanol production by fermentation or 
methane reforming.  

This paper presents experimental research conducted of gasification in a small dropped tube fixed 
bed. MSW was fed as feedstock considering only combustible materials. However, its compositions 
were not constant according to the different of waste management in each area. Therefore, constant 
fraction of surrogate MSW was adopted in the experiment. Steam was supplied as gasifying agent with 
two different steam flow rates and three different temperatures were varied. Pyrolysis were conducted 
parallel with the same temperatures of gasification for basis reference. The influent of steam quantity 
and varying of temperature on producer gas concentration, hydrogen yield, dry gas yield and energy 
conversion efficiency were investigated. 
  
2. Material and Methods 
2.1 Municipal Solid Waste  

The data of waste compositions from several provinces in Thailand has been reviewed. Only 
combustible materials were considered to be calculated the constant components of solid waste which 
represented of Thailand MSW. The average wet percentage of surrogate MSW is presented in Table 1 
and its proximate and ultimate analysis are presented in Table 2. Each composition was a model sample, 
for example plastic was totally 22.4% by weight. It comprised of polyethylene (PE) for 70% which came 
from plastic carrier bag and polypropylene (PP) for 30% which came from plastic glass and plastic 
packaging for hot food. They were separately prepared by drying and grinding processes. In the 
experiment, each component had been weighted by its dry percentage and mixed together before 
compressing into small tablets. 

 
 Table 1. Average composition of surrogate MSW (%wt.) [1-4] 

      
Food & kitchen 

waste 
plastic 

(70% PE, 30% PP) 
Paper Rubber Leather & 

textile 
Yard waste & 

biomass 
55.0 22.4 13.0 1.4 3.1 5.1 

 
         Table 2. Proximate and ultimate analysis of surrogate MSW 

    
Proximate analysis  
(dry basis) 

(%wt.) Ultimate analysis (%wt.) 

Moisture 0.94 C 54.30 
Volatile matter 83.65 H 8.34 
Fixed Carbon 6.45 N 0.70 
Ash 9.91 S 0.48 
Lower heating value  (kJ/kg) 24.53 
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2.2 Experimental procedure  
The schematic diagram of test laboratory is demonstrated in Figure 1. Test rig included electric furnace 
with temperature controller, quartz tube reactor, sample holder, water supply pump, steam generator, 
flow controller and gas & tar sampling unit. Temperature controllers were installed to monitor 
temperature through the experiment at five different positions including of (1) steam generator, (2) gas 
inlet line, (3) gas & tar sampling unit, (4) electric furnace and (5) inside reactor. Steam generator was 
made from heat pipe tube operating at temperature 300qC. In gasification, water was pumped from 
reservoir into steam generator then water in liquid phase was totally converted into steam vapor. 
Nitrogen was inert to carry steam agent into reactor and all experiments were conducted in atmospheric 
pressure. 

The reactor has internal diameter 13.5 mm and 50 cm length. 1.2 g of sample was mixed and 
compressed into small tablets and after that, they were put inside the sample holder. Flow of carrier gas 
was set up at 100 ml/min. When the reactor reached designed temperature and remain stable, steam was 
supplied into reactor at least 15 minutes before sample was dropped. Steam flow rates were set up as 
0.05 and 0.13 ml/min with varying of three reaction temperatures as 700, 800 and 850qC. In parallel, 
pyrolysis experiments were conducted as the same temperatures of gasification. Without steam but only 
nitrogen was fed at the flow rate of 100 ml/min.   

Since sample tablets was being dropped, producer was collected into gas bag. It was collected every 
30 minutes until reaction time reached 120 minutes. There were two gas chromatography (GC) machines 
to analyze producer gas comprising of GC-2014 and GC-14B. H2 was analyzed by TCD detector while 
CH4 and C2Hy (H = 2, 4, 6) were analyzed by FID detector, Porapak-Q column of GC-2014. Besides, 
CO2 was analyzed by TCD detector, Porapak-Q column and CO was analyzed by TCD detector, MS5A 
column of GC-14B. 

 

 
Figure 1. Schematic diagram of test laboratory 

 
3. Results and Discussion 
3.1 Producer gas yield and concentration 
Gasification were conducted at temperature 700, 800 and 850qC with two steam flow rate at 0.05 and 
0.13 ml/min including with no steam in pyrolysis at the same reaction temperatures. The experiment 
results of dry gas yield and hydrogen yield are demonstrated in Figure 2. The main principle of using 
steam instead of air or oxygen is to produce hydrogen-rich gas. H2 yield was reported in term of gram 
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of hydrogen produced per one kilogram of feedstock and it could observe that H2 increased twice in 
steam gasification comparing with pyrolysis [5]. Theoretically, when steam was added into gasification 
reaction, hydrogen would be more produced by water gas (C + H2O o CO + H2) and water gas shift 
reaction (CO + H2O o CO2 + H2). At low temperature, H2 was less produced compared to higher 
temperature with same steam amount by endothermic of water gas reaction [6-7]. In pyrolysis, H2 yield 
was obtained as 6.4, 11.3 and 13.8 gH2

/ kgMSW at reaction temperature 700, 800 and 850qC, respectively, 
whereas it increased to 28.8, 29.5 and 29.9 gH2

/ kgMSW when minimal steam was fed at the same 
temperature. The maximum hydrogen yield could be observed at steam flow rate 0.13 ml/min with 
temperature 850qC as 33.0 gH2

/ kgMSW. In addition, the same test condition also offered the highest dry 

gas yield as 0.98 Nm3/kgMSW while the highest dry gas yield of pyrolysis was 0.80 Nm3/kgMSW from the 
same reaction temperature.  

 

 
Figure 2. Dry gas yield and hydrogen yield of pyrolysis and gasification 

 
Figure 3. presents concentration of carbon monoxide (a) and carbon dioxide (b) and Figure 4. 

presents the concentration of CH4 (a) and C2Hy (b) in millimole unit. In pyrolysis, sample was rapidly 
thermal decomposed, hence, methane and light hydrocarbon gas including of acetylene, ethylene and 
ethane were produced in high rate due to decomposition of plastic. C2Hy in pyrolysis was produced 
higher than that of gasification. The highest concentration of C2Hy reached 6.8 mmol/1.2 gMSW at 
temperature 850qC. In addition, at temperature above 830qC, CO could be produced by Boudouard 
reaction as can be seen that CO trended to increase when temperature was increased from 700 to 850qC. 
The optimized condition of pyrolysis offered highest CO concentration as 7.7 mmol/1.2 gMSW. In 
gasification, light hydrocarbons were generated by thermal cracking of large aromatic hydrocarbon and 
it was consumed by steam reforming (CnHm + nH2O l nCO + (n + m/2)H2), hence, trend of C2Hy of 
steam gasification was lower than pyrolysis at the same reaction temperature. Besides, methane could 
be produced by methanation (CO + 3H2 l CH4 + H2O), however, it was reformed by methane steam 
reforming (CH4 + H2O l CO + 3H2) [8]. Therefore, increasing of steam flow rate resulted in increasing 
of H2 and CO2 but decreasing of CO. Nevertheless, reaction temperature takes more effect than steam 
quantity because most of related chemical reactions are endothermic. The exposition can be observed 
by Figure 3 (a) and (b). The concentration of CO2 was increased from 7.9 mmol/1.2 gMSW to 8.6 
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(1) 

(2) 

mmol/1.2 gMSW when steam flow rate was increased from 0.05 to 0.13 ml/min at temperature 800qC. 
When the temperature increased to 850qC, CO2 of the latter was still higher than the former but the trend 
of CO2 of both steam flow rates were decreased. They were 6.6 and 7.8 mmol/1.2 gMSW obtained from 
steam flow rate 0.05 and 0.13 ml/min, respectively. In contrary, concentration of CO of both steam flow 
rates rose up when the temperature was increased from 800 to 850qC. This caused by Boudouard 
reaction even though water gas-shift might took place in steam-rich gasification but the influent of high 
temperature induced endothermic reactions [9].         
 

  
(a) (b) 

Figure 3. Mole concentration of CO (a) and CO2 (b) of pyrolysis and gasification 
 

  
(a) (b) 

Figure 4. Mole concentration of CH4 (a) and C2Hy (b) of pyrolysis and gasification 
 
3.2 Energy conversion efficiency 
Energy output of each experiment condition of pyrolysis and gasification was calculated from 
 

𝑇𝑜𝑡𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 𝑜𝑢𝑡𝑝𝑢𝑡 = ∑{𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑟 𝑔𝑎𝑠 × 𝑛𝑒𝑡 ℎ𝑒𝑎𝑡𝑖𝑛𝑔 𝑣𝑎𝑙𝑢𝑒}  𝑁𝑚3/𝑘𝑔,  
 
where producer gas was including of H2, CO, CH4 C2Hy and the calculation was based on one kg 
gasification of sample.  

Similarly, energy efficiency was calculated from 
 

𝐸𝑛𝑒𝑟𝑔𝑦 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =  
𝑇𝑜𝑡𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 𝑜𝑢𝑡𝑝𝑢𝑡 𝑝𝑒𝑟 1 𝑘𝑔 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒

𝐿𝑜𝑤𝑒𝑟 ℎ𝑒𝑎𝑡𝑖𝑛𝑔 𝑣𝑎𝑙𝑢𝑒 𝑜𝑓 𝑑𝑟𝑦 𝑏𝑎𝑠𝑖𝑠
× 100%. 

 
      Trend of energy output and conversion efficiency were plotted in Figure 5. The energy output was 
a function of temperature as same as mole concentration of producer gas. At temperature 700qC, the 
overall performance of gasification and pyrolysis was quite low but energy output of pyrolysis and 
gasification increased 2 times and 1.5 times, respectively, when reaction temperature reached 800qC. In 
pyrolysis, most of energy output was obtained from gas heating value of CH4 and light hydrocarbon gas 
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while in gasification most of energy came from H2 and CO which were more beneficial in secondarily 
continual process e.g. Fischer-tropsch synthesis. Pyrolysis performed high energy yield closed to 
gasification because thermal cracking of plastic produced C2Hy which contain higher energy per unit 
volume of gas 5 times more than H2. However, the energy yield of steam gasification overcame pyrolysis 
especially when more H2 was produced in higher steam flow rate. The highest energy output of both 
pyrolysis and gasification were offered from temperature 850qC. The former was 15,186 kJ/kgMSW with 
energy conversion efficiency 61.9% whereas the latter performed energy output 16,025 kJ/kgMSW with 
energy conversion efficiency 65.2%.  
 

 
Figure 5. Energy output and energy conversion efficiency of pyrolysis and gasification 

 
4. Conclusion 
Steam gasification of municipal solid waste can provide hydrogen-rich gas. However, due to different 
consumptions and waste disposal managements in different areas, surrogate MSW was represented as 
combustible waste of Thailand. The experiment studied the effect of temperatures and steam quantities 
on producer gas quality. In pyrolysis, producer gas concentration trended to increase when temperature 
was increased by thermal decomposition. When steam gasification was conducted, yield of hydrogen 
increased drastically from pyrolysis. Hydrogen can be produced by increasing of steam flow rate and 
temperature since most of the related chemical steam reactions are endothermic. Hence, reaction 
temperature took more influential in producer gas quality. There were two steam flow rates of 0.05 and 
0.13 ml/min conducted in this experiment. Hydrogen yield was optimized by steam flow rate 0.13 
ml/min which can be observed 30.0, 32.4 and 33.0 gH2

/ kgMSW with reaction temperature 700, 800 and 

850qC, respectively. Increasing of reaction temperature, increasing the producer gas concentration. 
When the temperature was increased from 800 to 850qC, mole of carbon monoxide, methane and light 
hydrocarbon increased because the related endothermic reactions took place while carbon dioxide 
decreased by reverse water gas shift reaction.       

Pyrolysis gas mostly consisting of light hydrocarbons which contains higher energy per unit value 
than hydrogen. Although methane and light hydrocarbons were consumed by steam reforming in 
gasification to produce hydrogen but the energy efficiency yield of gasification overcame pyrolysis. At 
temperature 800qC, steam flow rate 0.05 ml/min offered the highest energy output as 13,727 kJ/kgMSW 
with energy conversion efficiency 55.9% while steam flow rate 0.13 ml/min offered highest energy 
output as 16,025 kJ/kgMSW with energy conversion efficiency 65.2% at temperature 850qC.      
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Abstract. Despite the growing use of hydrogen (H2) as a transport fuel, one of the ma or barriers 
still remaining is efficient and inexpensive fuel distribution and storage. Current approaches, 
such as compression, li uefaction or metal hydride formation, incur a significant energy penalty. 
Ammonia (NH3) has long been considered a prospective H2 medium, exhibiting a higher 
volumetric H2 density than li uid H2, through li uid-phase storage at mild pressure. 
Decomposition of NH3 into H2 and N2 can be achieved via use of catalytic reactors and fuel-cell-
grade H2 can be produced using metal membranes at H2 distribution sites.In this study, a 3-
Dimensional (3D) Computational luid Dynamics (C D) model has been developed to 
understand the performance of the H2 separation process in gas mixtures derived from an NH3-
cracking reaction. The reactor consists of 19 tubular membrane tubes, each 470 mm long, inside 
a tubular shell with an inner diameter of 130 mm. Standard transport and energy e uations 
governing a 3D, pressure-based, steady-state model were derived from the laws of conservation 
of mass, momentum and energy. The governing e uations were solved using commercial C D 
software ANS S luent 18.0. Gas flow and mixing were modelled by the two-e uation standard 
k-epsilon model for closure. Coupled solver was used for pressure-velocity coupling, enabling a 
pseudo-transient option with pseudo time steps of 0.01 s. To estimate H2 permeation through the 
metal membrane, a constant H2 permeability of 3.0E–07 mol.m 1 s 1 Pa 0.5 derived from series 
of experiments tested under a range of industrial conditions, was used. Model simulations were 
conducted for an adiabatic temperature of 300 C, a feed-side pressure of 7.8 bara and a permeate 
side pressure of 0.1 bara. A parametric analysis was carried out to explore the effects of variation 
in total feed-gas flow and effects of changes in NH3-cracking efficiency on H2 production rates 
and H2 yields. The model estimated that 4.6–11.6 kg H2/day can be produced from a 30–70  
min–1 NH3 inlet flow with 80–90  NH3-cracking efficiency. At lower NH3 inlet flow rates, 
higher H2 yields can be obtained within a shorter distance of the membrane tubes due to relatively 
slower velocities and longer residence times. At high inlet flow rates, H2 yields were significantly 
lower due to their faster velocities and shorter resident times, but high yields ( 95 ) were still 
observed at the membrane reactor outlet. A sensitivity analysis of the model showed that even if 
metal membranes functioned at only 50  of the maximum permeability, a high H2 yield similar 
to that estimated using 100  permeability can still be achieved at the H2 outlets. 
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Abstract. This research presents the prediction of thermal behavior of a turbulent spot on a flat 
plate having a constant heat flux of 1893 /m2 using arge Eddy Simulation ( ES) with 7.1 
million grid points. In this study, the water is used as a working fluid. The mainstream flow on 
the heating plate having the width of 0.2 m x the length of 0.4 m, corresponding to the local 
Reynolds number between 42,200 and 98,400. A laminar boundary layer on the test plate was 
transformed into Bypass transition by in ecting the water to initiate the turbulent spot in 
upward direction and perpendicular to the mainstream flow with the velocity of 26.31 m/s and 
the period of 0.01 seconds through a 1 mm diameter hole. The results are presented as the 
contours of Nusselt number and temperature of the spot in the top and elevation views, 
respectively. They show that the heated near wall water is accumulated by the spot and cause 
the increase of the temperature inside the spot body in the higher layer flow. The near wall 
water is replaced by the water from the upper layer and makes the decrease of the surface 
temperature underneath the spot. Conse uently, this leads to the increase of the Nusselt number 
within the spot bound above the laminar state. The yielded convective coefficient, spot 
celerities, and half spreading angle from the ES agree well with experimental results reported 
by other researchers. Thus, this obtained information is a strong evidence to confirm that the 

ES can provide an accurate prediction of the characteristics of the artificially initiated 
turbulent spot. 
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Abstract. Preliminary study in this article, the flow and the heat transfer of rotary drum dryer 
were simulated by using Computational Fluid Dynamics (CFD). A 3D modelling of rotary drum 
dryer including ambient air was created by considering transient simulation. The temperature 
distributions on rotary drum dryer surfaces of experimental setup during heating detected by 
using infrared camera were given to be boundary conditions of modelling. The average 
temperature at the surface of the drum lids was 80°C, and the average temperature on the heated 
surface of the drum was 130°C. The results showed that the internal temperature of air in drum 
modelling was increased relating on time dependent. The final air temperature inside the drum 
modelling was similar to the measurement results.  
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Abstract. In this study, numerical investigations were carried out on the granular materials 
discharge from a hopper using the discrete element method (DEM). The DEM was used to 
investigate the influence of material filling in the silo and discharge process, including dynamic 
interactions between materials in the silo (filling and discharge), particle size, and friction on the 
granular materials as well as force distribution. Emphasis was given to the effect of variables 
related to factors such as particle characteristics, material properties, and geometrical constraints. 
Traditional methods for silo design take into account some material properties and flow patterns. 
However, it is not possible to accurately predict dynamic loads in silos with these methods. 
Consequently, numerical methods have begun to be applied to the design of silos, making it 
possible to better understand the interaction between each particle and between the particle and 
wall of silos. For the numerical method, it was necessary to consider additional parameters of 
the materials such as mechanical properties, physical properties and interaction properties that 
describe the behaviour of materials usually stored and flowed in silos. The purpose of this work 
was to provide values for different size ratios and material properties considered for silo design 
methods. It also aimed to understand the coefficient of static/rolling friction and other 
possibilities. The basic mechanisms for these effects are discussed in terms of interaction 
between particle-particle and the particle-wall of a silo, particle size distribution (PSD) and the 
coefficient of friction and discharge rate. 

 
1. Introduction 
Paddy is the main food of most people in Southeast Asia. There are about 30% of the world's paddy 
fields. [1] Physical properties and mechanical properties of paddy are important for the design of the 
equipment. Including mathematical analysis to optimize the storage performance. The properties of 
materials used in mathematical models include bulk density, solid density, shear modulus, Poisson's 
ratio, the coefficient of restitution, the coefficient of static friction, and coefficient of rolling friction. 
There are numerous studies on how to test [2] include the size and shape of the sample material.  
 Hoppers are critical devices that are widely used during the processing and handling of bulk/granular 
materials. One of the biggest problems with hoppers is the steady flow of particles and discharge flow 
rates of the particles. This issue is associated with the complex flow patterns of granular materials inside 
the hopper. Accurate prediction of discharge rate is necessary for dependable design and working of 
hoppers. Janssen analysis showed that above a certain height, the weight of the particle within a hopper 
is supported by frictional forces on the walls of the silo. [3]. Thus, the pressure on the bottom of the 
hopper is independent of fill height. Since the overburden pressure has a significant influence on the 
discharge rate through the orifice. The segregation of bulk solids is a highly important issue in storage 
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and transportation. The segregation can have a detrimental effect on the quality of a product, especially 
in the case of food and mixed cereals where strict ratios of the constituents are required. The nature of 
segregation depends on many factors such as the geometry and the surface properties of the particles, 
velocity gradients, and boundary conditions [4] illustrates a broad range of possible mechanisms for 
segregation nicely when filling and when emptying silos of various design. Carson et al.[5] explain that 
due to differing frictional, different materials will move at different velocities. The product having a 
higher friction will have a lower velocity. Mosby et al. [6] explains in detail of the heap segregation is 
often described as one form of segregation where in fact it is a combination of several individual 
segregation mechanisms interacting with each other. Williams [7] explain the sifting mechanism is one 
of the most common causes of separation. When particles of different sizes are poured into a silo, the 
small particles concentrate under the filling point while the large particles roll down the pile to the edges. 
Small particles also fall through the voids produced by the large particles. 
  Discrete Element Method (DEM) is becoming an increasingly popular method for simulation 
analysis and visualisation of the materials flow and impact on other particle or the wall of the geometry. 
The principle of DEM is to track any time stepping simulation, each particle rotation and trajectory in 
the geometry to evaluate the position and orientation of the particles and then to calculate the interactions 
between the particles themselves and also between the particles and their environment. The particle 
movement in the silo is sliding and rolling that provide to the size distributions [8]. DEM has been used 
by many authors to study the particle flow properties of silos such as segregation processes [9] flow 
velocity[10] pressure distribution [10, 11] and flow patterns [9, 10]. 
 This work focuses on simulating particle flow in a conical-shaped silo using the discrete element 
method (DEM). The particles are modelled as inelastic, frictional, cohesionless spheres. These 
parameters include silo and hopper shape, the coefficient of friction between particle – wall of the silo 
and between particle–particle and particle size ratio. This paper presents a study of the application of 
DEM simulate the material movement in the silo has been used to analyse the segregation of bulk 
materials flow. The spherical particle shape injected at the top of the silo with the initial location of the 
two sizes of the particle are mixing already before falling to the silo. This paper also illustrates the DEM 
simulation of the particle mixing and segregation in the silo with different particle sizes ratio force of 
particle in silo storage, particle size distribution, coefficient of friction and discharge rate of two sizes 
of particles, small and large with size ratio 1.0, 1.25, 1.5, 1.75, 2 and 3. Therefore, the DEM method 
was developed to simulate the mixing and segregation of bulk materials during filling and discharge in 
the silo with these techniques and details of the modelling are presented in this paper. 
 
2. Discrete Element Method 
In recent years, numerical simulation has become one of the most useful techniques for modelling 
particle flows. The DEM method has been developed and widely used to study interactions between the 
particles and their environment. Particles flow have been described in many references [12-14]. The 
motion of each particle is based on rotational and translating motions according to Newton's second law. 
The equations are as follows. 
 
  ݉

ௗ௩
ௗ௧
ൌ σሺܨ  ௦ܨ  ݉݃ሻ (1) 

 
ܫ  

ௗఠ
ௗ௧

ൌ σ ሺܴ ൈ ௦ܨ െ หܨܴหߤ ప߱ሻ  (2) 
 

where�݉ ܫ , ݒ ,   and ߱  are the mass, the moment of inertia, translational velocities and rotational 
velocities of particle ݅�, respectively. ܨ, ܨ௦  and ݉݃ represent the normal contact force, the tangential 
contact force imposed on particle ݅ by particle ݆ and gravitational force, respectively. ܴ�represents a 
vector from the centre of particle to contact surface, ߤ represents the coefficient of rolling friction and 
ෝ߱ is a unit vector equal to ߱ divided by its magnitude. The contact force model between the particles 
and particle-wall are based on a spring-dashpot model, which is proposed by Cundall and Strack [15]. 
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The complex model was developed by Hertz-Mindlin model. Hertz [16] proposed the normal contact force 
between two particles include the normal force and normal displace in the normal direction and Mindlin and 
Deresiewicz [17] proposed a generally tangential force model. Hertz-Mindlin no-slip model and frictional 
slider in the tangential direction for the particle-particle and particle-wall contacts [18]. The magnitude 
of the normal force between two particles is given as [13]:  
 
ܨ   ൌ െ݇οݔ    (3)ߥܥ

 
The magnitude of the tangential force is given as: 
 
௧ܨ   ൌ ����ሾܨߤǡ ݇௧  ݐ௧݀ߥ   ௧ሿ (4)ߥ௧ܥ
 
where ݇�and ݇௧�are the normal stiffness and tangential stiffness respectively, x is the particle overlap, 
 ௧ are theܥ  andܥ ,௧ are relative normal velocity and relative tangential velocity respectivelyߥ  andߥ
normal damping coefficient and tangential damping coefficient respectively, ܥ  depends on the 
coefficient of restitution, ݁ defined as the ratio of the normal component of the relative velocity after 
and before the collision.  
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where ݉  is the reduced mass of two particles ݅ and particles�݆. In addition, the DEM simulations 
investigate the particle contact force, particle velocity occurring when material motions and impacts in 
the silo tester. The interaction of particle contact effect from the coefficient of static/rolling friction 
between particle-particle and between particle-wall will be considered. The interaction force between 
particle-particle and particle-wall are analysed to understand their influence in terms of typical flow 
features in silo under different particle size ratio are considered in the bin section, hopper section and 
axial directions.  

 
3 Initial and Boundary Condition 
The geometry of the conical-shape silo and type of particles used in this simulations are described in 
this section. To produce accurate DEM simulations the physical properties of the materials (paddy) and 
the silos (steel) have been used to aid in the determination of the interaction properties, as shown in 
Table. 1. The processes used for many of these tests have been reported previously [19], including the 
particle shape and particle size of the particle model used in the DEM simulations. Subsequently, in the 
DEM simulations, the particles were set with a fixed spherical particle size.  
 The calculation of the required number of particles was based on 80% by volume of the conical silo 
samples tested (Table 1). A simplification was made in the calculation of the number of particles 
required, that being there was no accounting for the void space that would exist between the particles. 
The simulation configurations are built to the conical shape of the silo (50L) with the volume of particle 
40L. 
 
3.1 DEM Model Parameters 
A model particle is a spherical shape, rigid property, and no liquid bridge between each particle was 
used in this study. However, this study is to investigate effects of the mixing and segregation of the two 
different particle size movement in the silo which two states; filling and discharge. Thus, the particles 
of a simple model were used based on the similarities between the various sizes of mixing and 
segregation.  Table 1 lists the parameters of the model particles and interaction between particle contact 
and environment. The particle density corresponds to that of regular paddy. The other parameters in the 
contact model were determined according to a previous study [19]. At this stage, it was not possible to 
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simulate the actual number of particles in the silo within a reasonable computing time due to the 
limitation of the computer. For example, larger spherical particles should be used in the DEM simulation, 
resulting in the smaller number of particles and the reasonable computing time. To determine the optimal 
particle size, the effect of particle size on the particle motion was investigated. The particle movement 
in the conical-shape silo was simulated with various particle size ratio as shown in Table 2. The 
coefficient of static friction ߤ௦ was adjusted to keep the ratio ߤ constant, while the other parameters 
were the same as shown in Table 1. The number of particles in each simulation was determined to keep 
the particle filling volume constant. In all cases, the simulation was carried out under the constant gravity 
of the particle falling. 
 

Table 1 Properties of paddy, stainless steel 
Properties steel particle 
Particle density (kg/m3), ሺߩ௦ሻ 
Loose-poured bulk density (kg/m3), ሺߩሻ 
Poisson’s ratio ሺߥሻ 
Shear modulus (Pa),  ሺܩሻ 
Particle coefficient of restitution, ሺ݁ሻ 
Particle coefficient of static friction, ሺߤ௦ሻ 
Particle coefficient of rolling friction, ሺߤሻ

8000 
- 

0.4 
7.7x1010 

0.5 
0.6 
0.1 

1200 
- 

0.4 
1x108 

0.5 
0.6 
0.1 

 
3.2 Geometry and systems 
The geometry shows a three-dimensional representation of the conical-shape silos was used in this 
simulation work, as presented in Figure 1(a). The conical silo consists of a bin cylindrical is the 300 mm 
diameter, and 630mm high whereas the hopper is 370mm high, 15° angles of a hopper, 100 mm diameter 
of the outlet at the bottom of the silo (Figure 1b) and the number of mesh cell is 239,900. A 3D model 
was created using a computer-aided design (CAD) software. The three-dimensional CAD drawing was 
imported into the EDEM to take into account its complex geometries accurately. Figure 1c shows the 
thin slice of a large at the middle of the conical cross-section silo for presented. The silos of vessel sizes 
(50L) were used in the DEM simulation. These dimensions completely satisfied the geometric similarity. 
 

bin

hopper

mass flow rate      
(a)                              (b)                        (c) 

Figure. 1 Schematic of the conical silo domain that model (a) full conical-shape silo, (b) 3 sections of 
silo and (c) thin slice of a large at the middle of the conical cross-sectioned silo  
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3.3 DEM Particle Shape Generation 
The particle shape and size of paddy were more dimensions hard to determine by measurement of the 
materials. The simulated mass of the particle model was matched with the experimental data for the 
mass of material, bulk density and angle of repose [15]. Subsequently, particle models in the DEM 
simulations were set with a fixed size and shape. All particles were generated from an injection plane 
and allowed to fall due to gravity alone to the bottom of the silo in 5 sec. The particle size and particle 
shape of the paddy model, material properties and interaction between particle-particle and between 
particle-wall selected for simulation by DEM software are shown in Table. 1. The base particle shape 
used in the current DEM simulations is spherical with the principal dimensions, d = 9.00 mm. A total of 
six simulations are performed for a mono-dispersed system using five different size ratios of loading. 
Table 2 summarises the dimensions and number of particles required for the five small particle sizes 
used in the simulations. A series of simulations were devised to investigate the effect of variation in 
particle size, keeping the massive particle, P1, the same for all simulations and varying the size of the 
small particle for each simulation completed. P2 to P6 are arbitrarily sized particles to generate 
increasing ratios of large to small particles. It should also be noted that for both the large and small 
particles (50:50 % by volume) used in these DEM simulations, a mono-sized particle generation was 
used in the setup of the simulations, based on the upper side of each size distribution [20]. This was 
applied in the interests of minimising simulation time and should still provide adequate simulation 
results to show trends based on variation in particle size. The calculation of the required number of 
particles was fill levels at 80% of the silo volume, also shown in Table 2. A simplification was made in 
the calculation of the number of particles required, that being there was no accounting for the void space 
that would exist between the particles, which has led to a slight overprediction of the number of small 
and large particles required. 
 

Table 2 Dimensions of simulated particles and the number of particles required for the DEM 
simulations 

Particle 
d 

(mm) Large to Small Particle Size Ratio 
Number of Particles 

Large / small 
P1 9.00 - 60000 / 0 
P2 7.20 P1/P2 = 1.25 30000 / 56,000 
P3 6.00 P1/P3 = 1.50 30000 / 99,000 
P4 5.14 P1/P4 = 1.75 30000 / 155,000 
P5 4.50 P1/P5 = 2.00 30000 / 240,000 
P6 3.90 P1/P6 = 2.50 30000 / 840,000 

 
 Paddy materials were chosen as the test material for investigation of the flow mechanisms of the 
particles within conical-shape silos. The coefficient of friction was a selection of the materials test 
because the purpose of the investigation was to visualise the particles flow in the silos tester, to measure 
the flow pattern, discharge rate generated as a result of the simulation. This is also vital for the DEM 
simulations replicating the tests. The conical-shaped silo requires same operating conditions to follow 
of particles. This condition will be presented in this study without air effect around the silo tester. 
 
3.4 DEM Simulation Conditions 
The DEM simulations were performed using an HP Z240 workstation, with 16 GB RAM and four 
processor cores. The total simulation run time for a 16 sec simulation varied between 6 and 18 hours, 
depending on the combination of particle sizes simulated. Material flow in the silos was investigated via 
DEM simulation using the same six different parameters of the coefficient of static friction as described 
for the simulation and also for a range of different particle sizes. The simulated material was randomly 
generated by allowing the particles to fall under gravity, with no initial velocity from an injected plane, 
the particle forming a natural heap inside the silo. The initial homogeneous mixture of the large and 
small particles is achieved by the particles being randomly generated via the injection plane. After the 
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formation of the heap was complete, the gate at the bottom of silo will be open for a total of 11 seconds 
in all simulated cases. 
 
4. Results and Discussion 
 
4.1 Simulation of Filling and Discharge 
Different DEM models were performed to describe the movement of particles in a silo at the filling and 
discharge states. The first step of the simulation process comprised particle filling into the silo, which 
were generated randomly with two sizes of particles. The virtual factory plate was mixed completely 
before falling to the bottom of the silo. The particles generated were allowed to fall under gravity until 
the silo was full. The level of the particles in the silo was 40L (number of particles is shown in Table 2).  
During the filling process, the outlet of the silo was closed. Filling was deemed to be complete when all 
particles were static, and the state was identified by the value of the kinetic energy of the entire system 
being negligible. The next step involved particle discharge from the silo. When the particles reached a 
static state, the plate blocking the outlet of the hopper was removed so that the particles could begin to 
discharge. The discharge simulation continued until all particles had exited the silo. Figure 2 illustrates 
the particles position and particle velocity at 6-time steps (t=1, 2.5, 5.0, 7.5 10 and 15 sec), with the 
particles filling and being discharged from the conical-shaped silo.  
 

        
(a)           (b)          (c)                   (d)           (e)           (f) 

Figure 2. Simulation of filling process at (a) 1sec, (b) 2.5sec (c) 5sec and discharge process at (d) 
7.5sec, (e) 10sec and (f) 15sec. 
 
4.2 Segregation 
The effect of particle size ratio on the influence of particle separation during filling in a silo was 
investigated. It was found that smaller particles tended to move to the centre of the silo, while large 
particles rolled and collected near the silo wall. If flow does not occur along the silo wall during 
discharge, small particles discharge first and the large particles last. The DEM simulation investigated 
the segregation of particles and the combination of particle sizes detailed in Table 2. The percentage of 
each size particle in each simulation of the silo was determined via post-processing. This analysis was 
performed for the entire simulation to graph the movement of particles throughout the silos based on the 
initial different size ratio loading condition in the silo. Figure 3 shows simulation snapshots of an equal 
volume fraction binary mixture capturing the progression of the mixture from an initial mixed state, just 
before the commencement of discharge. The particles in Figure 3 are coloured by diameter, with the 
large particles being yellow and the small particles being red. For the simulation proceeds, the small red 
particles move through the voids of larger counterparts and arrange into a highly-ordered packed 
structure at the bottom, as indicated by the final snapshots for all cases. However, the addition of a size 
ratio degree for particles in the silo causes this band of red particles to not only diminish in height with 
the gradual appearance of the major yellow particles lower in the bed, but the uniformity and order also 
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decrease since the size disparity disrupts the structured packing, as seen in the corresponding cases 
(Figure 3d and e). Although the difference in the order of packing for the small particles is not as 
apparent between Figure 3(d and e), there is a major difference between the final state of a mixture with 
the fixed distribution of sizes (Figure 3a) and the two cases with high particle size ratio (Figure 3d and 
e). This suggests that adding a slight distribution in size aids the flow of all particles, which can be seen 
by the appearance of larger particles toward the bottom. 
 
4.3 Total force of particle in silos storage. 
The effect of particle size ratio on the influence of particle force distribution within the silo during 
storage was investigated by DEM simulation. The simulation shows that total force is occurring on each 
particle size ratio. A lot of small particle movement is apparent to the voids between large particles. 
When the ratio of particle size increases, the result is a dramatic decrease in the total force acting on the 
system, especially in the middle section of the silo, as shown in Figure 4. This distribution shows an 
ever-decreasing trend with increased particle size ratio, reaching a maximum at the hopper outlet and 
with no peak at the silo wall/hopper transition. This also explains the greater unexpected pressure values 
obtained during filling compared to during emptying. 
 

 
(a)           (b)                (c) 

 
                          (d)                (e) 

 
                      (a)              (b)               (c) 

 
                       (d)               (e)               (f) 

Figure 3. Side view of DEM simulations for 
binary equal volume mixtures with different size 
ratios (a) 1.25, (b) 1.5, (c) 1.75, (d) 2.0 and (e) 
3.0 at the end of filling (small size = red colour 
and large size = yellow colour) 

Figure 4. Illustration of the total force at the 
middle of the silo with different size ratios (a) 
1.0 (b) 1.25, (c) 1.5, (d) 1.75, (e) 2.0 and (f) 3.0 
at storage time 
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 The normal force distribution is predicted in a silo (Figure 5a) with different particle size ratios. 
However, particle size ratio increase was observed to decrease the force in the silo, and its behaviour 
was very similar compared with various size ratios. During filling of the particles in the silo, it can be 
seen that the normal force continuously increases until the end of the particle filling. In the vertical 
section of the silo, normal force values are lower than for the particles on the wall. In the transition zone, 
particles are rearranged with the smallest particles moving into the spaces between larger particles. 
Normal force decreases until the particles stop moving. Further down in the final process of particle 
discharge, it can be seen that normal force gradually decreases until the silo is empty. 
 

  
(a) (b) 

Figure 5. Illustration of normal force in the silo with different size ratios (a) normal force on the 
particles (b) normal force on the wall 
 
4.4 Particle Size Distribution 
DEM simulations were also performed for various values of small volume fraction with the size ratio of 
the particles, as shown in Table 2.  DEM segregation of two sizes of particles is illustrated in Figure 6, 
comparing different particle size ratios in the range of 1.0 - 3.0 for small particles and large particles in 
the bin section (Figure 6a) and hopper section (Figure 6b). Though this difference is small, it is 
consistent. It can be seen that the combination of particle size ratio increases with volume fraction 
increase in the bin section and decrease in the hopper section. 
 

 
(a)                                            (b) 

Figure 6. Volume fraction in (a) bin section and (b) hopper section 
 
4.5 Particle–particle and particle-wall friction 
The coefficient of friction has an important role in determining the hopper discharge rate. In order to 
determine which type of friction between particle–particle and between particle–wall dominates the 
discharge rate, each coefficient of friction between each particle was varied from 0.2 to 0.8 and a 
constant coefficient of rolling friction at 0.1. Figure 7 compares the results for the four cases. It is clear 
that the coefficient of friction between particle–particle exhibits a much more significant influence on 
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the mass flow rate discharge from a hopper. For the case of large coefficient of friction between particle–
particle, the mass flow rate is lower than the value for the low friction of coefficient between particle–
particle cases. These results suggest that the coefficient of friction between particle–particle is the 
primary controlling factor in determining the mass flow rate. Also, the coefficient of friction between 
particle–particle is expected to have a more significant role in determining the mass flow discharge rate 
since most of the interactions in a flowing hopper system are between particles. 
 
4.6 Mass Flow Discharge Rate 
Based on this simulation, a parametric study was performed to determine which values of the friction coefficients 
and discharge rate become independent of the various size ratio of the particle fill in a silo. Figure 8 shows the 
results obtained from the parametric study. In the figures, the particle discharge rate of four particle size ratios is 
plotted against the time step. Higher particle size ratio shows an increase in the mass discharge rate. 
 

Figure 7. Mass flow rate from the silo plotted 
against time for a range of coefficients between 
particle–particle values 

Figure 8. Mass flow discharge rate plotted as a 
size ratio of particles  

 
5. Conclusion 
DEM simulation was carried out to determine the movement behaviour of each particle of material, both 
entering a silo until full and after discharge of the material from the hopper.  It can be seen from the 
image showing the discharge behaviour of the material from the silo at the outlet by predicting the 
movement of materials at different particle size ratios. The accuracy of the DEM simulation is based on 
the accuracy of the modelling variables as well as the sizes and shapes of the model materials. As the 
testing programme was being performed, mixing and segregation could be seen. The mixing indices 
used to represent the segregation are present in each test. The particle model and the parameters of 
paddy, which are validated for a mixed size and coefficient of friction, are suitable for modelling as well 
as silo discharge. The particle movement behaviour of granular materials draining inside of the silo was 
studied via a mathematical model using DEM simulation. Marked differences in particle size in the silo 
affected the mass flow discharge rate of granular materials and force on the silo wall. Segregation 
mechanisms of the particle movement effects were quite visible. Normal particle force effects decreased 
as each test progressed. As the variability in size of particles increased, total force was shown to be the 
highest in the hopper and decreased in the bin. 
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Abstract. The aim of this research was to design and develop a rotary drum dryer for palm fruit 
sterilization. In this article, the results of the effect of ventilation hole number on the reduction 
of moisture content in palm fruit were presented. The experimental set up was a drum dryer 
which has 57.5 cm in a diameter and 90 cm in a length (the size was similar to 200-littre steel 
drum container). A driving gear and a gear motor rotated the drum dryer. The ventilation hole 
were drilled on the lateral side of the drum. The diameter of ventilation hole was 10 mm, and 
the number of ventilation hole were 18, 36 and 72 hole (each side was 9, 18 and 36 hole, 
respectively). In the experiment, the palm fruit was dried by using PG to burn and heat the 
bottom of the drum. The flow rate of PG was controlled to keep the temperature inside the 
drum steadily at 120 C. 
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Abstract. This paper presents the finite element method for analyzing two-dimensional heat 
conduction problem using the closed-form quadrilateral element. In general, Gauss-Legendre or 
numerical integration is the most widely used method in deriving the matrices for heat 
conduction problems.  However, the accuracy of the result depends on the number of Gauss 
points which in turn has an effect on the CPU time. The closed-form expression is developed by 
using Mathematica symbolic manipulation and hand-post processing. The results show that the 
derived closed-form matrices can improve not only the solution accuracy but also the CPU time 
required for computation.  

1.  Introduction 
Finite element method is the acknowledged numerical analysis technique due to its performance and 
accuracy for solving the complex engineering problems. When considering the real world engineering 
problems, the computational domain always be an irregular geometry and arbitrary condition; hence, 
the analytical solution is required a lot of effort or sometimes it is impossible to determine. That is the 
reason why finite element method is widely used. 

Generally, element’s shape of two dimensional problem can be divided into two element types; 
triangular element and quadrilateral element. Quadrilateral element gives the better solution than 
triangular element because the triangular element presents the distribution of the solution as flat plane; 
on the other hand, the quadrilateral element produces the bilinear interpolation function which obtain 
the higher accuracy. However, the integration over quadrilateral element is very difficult and complex 
that the numerical integration is commonly applied. However, applying such numerical integration 
always causes numerical error in the solution.           

Gauss-Legendre is common numerical integration technique applied for the quadrilateral element. 
This method evaluates solution by multiplication of weight and value of function at Gauss point location. 
The accuracy of solution depends on number of Gauss point. The more number of Gauss point is applied, 
the more accuracy will be obtained. Number of Gauss point affects to the CPU time consuming which 
cannot be denied. 

Nowadays, algebraic and symbolic manipulation programs are continuously developed and the 
computer hardware is greater efficiency than the past [1]. Therefore, researchers take these advantages 
to develop and improve element stiffness matrix calculation. In 1989, Kikuchi [2] used symbolic 
manipulation to direct integration the stiffness matrix for 4 node quadrilateral element with elastic-
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plastic problem which give the high accurate result but required the long CPU time. Yagawa et al. [3] 
worked with the modified numerical integration scheme based on symbolic manipulation which can 
reduce CPU time and accurate solution. According to review article of symbolic computation in 
structural engineering [4], there is considerable attempt to develop stiffness matric in closed-form 
expression by using symbolic language; nevertheless, it is not obviously state how FEM closed-form 
expression were.  Then, Videla et al. [5] concerned with 8 node quadrilateral element on elastic problem 
in 2007. This paper concludes that the solution is much closed to the exact solution but stiffness matrix 
integration spent large computer memory and integral equations of stiffness matrix were very large and 
complex. In 2014, Roque [6] presented symbolic analysis on plate bending by using MATLAB to create 
two programs: generating expression and numerical calculation program. However, no published works 
presents explicitly closed-form expression and considers shape element to categorize FEM equation.  

This paper develops the closed-form quadrilateral element for heat conduction problems. The 
solution accuracy and computational time of developed finite element matrices are investigated by using 
three cases which are single element matrix, heat conduction without heat generation and heat 
conduction with heat generation.     

2.  Finite Element Method for Heat Transfer Analysis 

2.1.  Governing equations for heat transfer problem 

For two-dimensional heat transfer problem, the temperature distribution of pure heat conduction is 
governed by the differential equation as; 

 0x y
T Tk k Q

x x y y
§ ·w w w w§ · � �  ¨ ¸¨ ¸w w w w© ¹ © ¹

  (2.1) 

where   xk , yk  are the thermal conductivity in x and y direction, respectively. 
             Q          is the internal heat generation. 

2.2.  Finite element formulation for quadrilateral element 

The method of weighted residuals is applied with equation (2.1) along with the isotropic material 
condition. Therefore, the finite element equation can be written as shown below; 

 0T TN k k Q d
x x y y:

§ ·§ ·w w w w§ · � � :  ¨ ¸¨ ¸¨ ¸w w w w© ¹ © ¹© ¹
³   (2.2)   

Temperature distribution on the quadrilateral element in the form of multiplication between 
interpolation function and nodal temperatures is shown in equation (2.3). 

 ^ `
4

4 11 41
( , ) ( , )i i

i

T x y N x y T N T
uu 

  « »¬ ¼¦   (2.3) 

After substitute equation (2.3) into equation (2.2) and then apply Green’s theorem. The finite element 
equation for heat transfer problem can be rewritten in matrix form as; 

 ^ ` ^ `[K ]C T Q  (2.4) 

where         > @C
A

N N N NK k tdxdy
x x y x

§ · ½w w w w ½« » « » �® ¾ ® ¾¨ ¸« » « »w w w w¯ ¿¬ ¼ ¬ ¼¯ ¿© ¹
³³  (2.5a) 
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                   ^ ` ^ `
A

Q Q N tdxdy ³³   (2.5b) 

2.3.  Interpolation function of quadrilateral element  
The quadrilateral element in Cartesian coordinate system ( ,x y ) can be transformed to the natural 

coordinate ( ,[ K ) in range of 1 1[� � �  and 1 1K� � � . Thus, the interpolation function, iN , as shown 
in equation (2.3) can be presented as follow;  

 
1
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1 (1 )(1 )
4
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[ K

[ K

 � �

 � �
     

3

4

1 (1 )(1 )
4
1 (1 )(1 )
4

N

N

[ K

[ K

 � �
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 (2.7) 

As the interpolation function is in natural coordinate, the chain rule is employed and rewritten in the 
matrix form as below;  
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 (2.8) 

Hence, the first derivative of interpolation function in Cartesian coordinate can be written in natural 
coordinate as; 

 > @ 1 *

N NN
x J J
N N N
y

[ [

K K

�

w w ½  ½w ½
° ° ° °° ° w ww° ° ° ° ° °ª º  ® ¾ ® ¾ ® ¾¬ ¼w w w° ° ° ° ° °

w° ° ° ° ° °w w¯ ¿ ¯ ¿ ¯ ¿

 (2.9) 

After substitution of equation (2.9) into equation (2.5a) and (2.5b), the finite element matrix can be 

rewritten in the natural [ K� coordinate as  

 > @ > @ > @
1 1

4 2 2 41 1

( , ) ( , ) ( , )T
CK k B B t J d d[ K [ K [ K [ K

u u� �

 ³ ³  (2.10a) 
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( , ) ( , )Q Q N t J d d[ K [ K [ K
� �

 ³ ³  (2.10b) 

where > @B  is the first derivative of interpolation function matrix; 
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2.4.  Conventional quadrilateral matrix 
For conventional technique, Gauss Legendre integration is applied to compute the conduction matrix 
and heat generation vector which can be written as the following; 

 > @
1 1

( , ) ( , ) ( , )
NG NG T

C i j i j i j i j
i j

K WW k B B t J[ K [ K [ K
  

ª º ª º � �¬ ¼ ¬ ¼¦¦  (2.12a) 

 ^ ` ^ `
1 1

( , ) ( , )
NG NG

i j i j i j
i j

Q WW Q N t J[ K [ K
  

 � �¦¦  (2.12b) 

where NG  is number of Gauss point 

iW , jW  are weights in [ and K  direction, respectively 

i[ , jK  are location of Gauss point 

2.5.  Closed-form quadrilateral matrix 
To derive the closed-form quadrilateral matrix, the heat conduction matrix (equation (2.10a)) can be 

rewritten to the form as shown in equation (2.13).  

 > @ > @CK k t I � �  (2.13) 

where  > @ > @ > @
1 1

1 1

( , ) ( , )TI B B J d d[ K [ K [ K
� �

 ³ ³  (2.14)  

The multiplication of matrix > @ > @TB B J  in equation (2.14) can be calculated by hand and grouped 
with the intermediate parameters as shown below;   
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� �³ ³  (2.15) 

while h  , f , g  , l  , m  , n  , p  , q  and r  are rational function of nodal coordinate.  
Then, equation (2.15) can be integrated directly using symbolic manipulation in Mathematica program 

to obtain the closed-form matrix of heat conduction. After considering the shape of element, some 
intermediate parameters in equation (2.15) become zero when the opposite sides of element are 
paralleled. Therefore, the closed-form matrix of heat conduction can be divided into four cases based on 
the parallelism of the side of element.    

2.5.1.  No parallel side. 
For this case, all variable are valid, thus the conduction matrix can be noted as following:  
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where      
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2.5.2.  One pair of parallel sides (between line 1-2 and line 3-4) 

 

Figure 2.1.  The element that has line 12  parallels with line34 . 

As line 12  is parallel to line 34 , both slopes are equal and give 0q  . Hence, the conduction matrix 
equation can be rewritten as equation (2.18) and corresponding algebraic equation be noted as equation 
(2.19) 
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�³ ³  (2.18) 
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r
ª º � � � � � � � � �¬ ¼   (2.19) 

2.5.3.  One pair of parallel sides (between line 1-4 and line 2-3) 

 

Figure 2.2.  The element that has line 14  parallel with line 23 . 
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As line 14  is parallel to line 23, both slopes are equal and give 0r  . Hence, the conduction matrix 
equation can be rewritten as equation (2.20) and corresponding algebraic equation be noted as equation 
(2.21) 
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2.5.4.  Two pairs of parallel sides. 
 

 
Figure 2.3.  The element that has two pairs of parallel sides. 

When there are two parallels, both q and r become zero. Hence, the conduction matrix equation can 
be rewritten as equation (2.22) and corresponding algebraic equation be noted as equation (2.23) 
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3.  Results 
To evaluate the efficiency of the derived matrix, the investigation in both accuracy and computational 
time compared between closed-form expression and conventional method are considered. Three different 
cases are selected for this paper; 1) single element matrix, 2) heat conduction problem without heat 
generation and 3) heat conduction problem with heat generation.  

3.1.  Single element matrix 
Accuracy and performance of a derived conduction matrix is evaluated by several different shape 
elements. The accuracy is measured by the total percentage difference of all 16 members in a conduction 
matrix [2] as shown in equation (3.1). While the performance is measured by CPU time consuming to 
calculate single element matrix. The time consuming is presented in ratio of time used by Gauss-
Legendre integration to closed-form expression. 
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The several different shape elements and their description are as following: 
Case A : Rectangular element (2 pairs of parallel side) 
Case B : Parallelogram or Rhomboid 
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Case C : Trapezoid (1 pair of parallel side, 2 right angles, 1 obtuse angle and 1 acute angle) 
Case D : Trapezoid (1 pair of parallel side, 2 obtuse angles and 2 acute angles) 
Case E : Trapezium (1 right angles, 2 obtuse angle and 1 acute angle) 
Case F : Trapezium (1 right angles, 1 obtuse angle and 2 acute angle) 
Case G : Trapezium (1 obtuse angle and 3 acute angle) 
Case H : Trapezium (2 obtuse angle and 2 acute angle) 
Case I :   Poor shape trapezium 

 
Table 3.1. Different between closed-form expression and Gauss Legendre integration. 

 Case A Case B Case C Case D Case E Case F Case G Case H Case I 

 

   
NG = 2 0.00 0.00 200.03 34.74 9.81 136.02 14.40 36.17 193.20 

NG = 3 - - 6.07 9.91 0.23 8.17 0.44 3.65 93.40 

NG = 4 - - 0.18 2.76 0.01 0.55 0.02 0.52 55.41 

NG = 5 - - 0.01 0.76 0.00 0.04 0.00 0.09 36.77 

NG = 6 - - 0.00 0.21 - 0.00 - 0.02 26.21 

NG = 7 - - - 0.06 - - - 0.00 19.63 

NG = 8 - - - 0.02 - - - - 15.25 

NG = 9 - - - 0.00 - - - - 12.20 

NG = 10 - - - - - - - - 9.98 
 

Table 3.2. Ratio of CPU time between Gauss Legendre integration to closed-form expression. 

 Case A Case B Case C Case D Case E Case F Case G Case H Case I 

NG = 2 2.09 2.08 2.09 1.98 1.51 1.47 1.51 1.48 1.48 

NG = 3 - - 2.08 2.06 1.55 1.56 1.55 1.52 1.57 

NG = 4 - - 2.20 2.16 1.61 1.61 1.61 1.59 1.60 

NG = 5 - - 2.38 2.26 1.71 1.65 1.71 1.72 1.68 

NG = 6 - - 2.49 2.47 - 1.80 - 1.81 1.78 

NG = 7 - - - 2.59 - - - 1.95 1.93 

NG = 8 - - - 2.78 - - - - 2.11 

NG = 9 - - - 3.05 - - - - 2.24 

NG = 10 - - - - - - - - 2.42 
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Table 3.1 shows that some shape elements are required high number of Gauss points to achieve the 
same accuracy as closed-form expression such as 9×9 Gauss point for case D and 10×10 Gauss point for 
case I. The results demonstrate that the closed-form element matrix provides more solution accuracy 
compared to the conventional technique. 

From Table 3.2, Gauss-Legendre always spends more time than the closed-form expression, for 
example, 2.42 and 3.05 times for case I and D, respectively. When considering the cases based on 
parallelism of element, if the element has parallel sides, it would spent 25% less than general or non-
parallelism cases. 
 

3.2.  Heat conduction problem without heat generation. 
Considering heat conduction on rectangular plate with insulation along left and bottom side while the 
other sides are assigned with specific temperature as shown in Figure 3.1. The exact solution for 
temperature distribution of this problem can be calculated by equation (3.2). The rectangular domain is 
divided into 118 elements by using AUTOMESH2D [7] as shown in Figure 3.2. Gauss-Legendre method 
with 2×2 Gauss point is used in this problem to compare the accuracy and performance with closed-
form element matrices. 
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Figure 3.1. Problem statement.            Figure 3.2. Mesh element. 

The result of temperature distribution using the closed-form expression is presented in Figure 3.3. 
Figure 3. 4 shows the temperature distribution along the line of symmetry (y =  1)  from closed- form 
expression and Gauss-Legendre compared with the exact solution. The accuracy is measured by the mean 
absolute percentage error (MAPE) (equation (3.3)) and maximum percentage error. While the performance 
is measured by CPU time required to calculate the system conduction matrix.  The accuracy and 
performance of both closed-form and Gauss-Legendre are summarized in Table 3.3. 
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Exact
n n

T T
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¦
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where     NN  is number of node.  
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Figure 3.3. Temperature distribution on rectangular plate. Figure 3.4. Temperature along the symmetry line.  

From Figure 3.4, temperature from both closed-form expression and Gauss-Legendre are in the same 
trend as the exact solution. Both mean absolute percentage error and maximum percentage error from 
closed-form expression are less than Gauss-Legendre integration. Closed-form expression also spends 
27.22% less CPU time than Gauss-Legendre integration.  

Table 3.3. Result of Closed form expression and Gauss Legendre  

Item Unit Closed Form Gauss-Legendre 

Mean absolute percentage error % 0.05478 0.05515 

Maximum percentage error % 0.6251 0.6310 

CPU time sec 0.006468 0.008887 

3.3.  Heat conduction problem with heat generation. 
Considering heat conduction on the triangular plate with zero temperature on all edges with unit heat 
generation as shown in Figure 3.5. The exact solution for temperature distribution of this problem can 
be calculated by equation (3.3). The triangular domain is divided into 320 elements by using 
AUTOMESH2D as shown in Figure 3.5b and then do re-meshing to 413 and 534 elements in order to 
see the effect of the refined mesh. Gauss-Legendre method with 2×2 Gauss point is used in this problem 
to compare the accuracy and performance with closed-form element matrices. 

 � �� �( , ) y 2 3 3
4
QT x y x y x y
k

 � � �  (3.3) 

 
            (a)                                   (b)                                            (c) 

Figure 3.5. a) Problem statement, b) Mesh element, c) Temperature distribution on triangular plate 
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For comparing the accuracy of closed-form expression and Gauss-Legendre method, the value of 
mean absolute and maximum percentage error are considered. Table 3.4 shows the mean percentage 
error of all nodes of closed-form expression is less than Gauss-Legendre integration. Furthermore, closed-
form expression gives the lower maximum percentage error than Gauss-Legendre integration. On the 
other hand, closed-form expression spends 28.44% less CPU time than Gauss-Legendre as presented in 
Table 3.4.  

Table 3.4. Result of closed-form expression and Gauss Legendre.  

Item Unit Closed-Form Gauss-Legendre 

Mean absolute percentage error % 0.3343 0.3352 

Maximum percentage error % 5.1184 5.1261 

CPU time Sec 0.0156 0.0218 

While the number of mesh increasing, Table 3.5 shows that the closed-form element matrices give more 
accurate result both mean and maximum percentage error. 

Table 3.5. Percentage error of different number of element. 

 Mean absolute percentage error  Maximum percentage error 

No. of Element Closed-Form Gauss-Legendre  Closed-Form Gauss-Legendre 

320 0.3343 0.3352  5.1184 5.1261 

415 0.2784 0.2790  5.1130 5.1219 

534 0.2462 0.2473  5.0995 5.1076 

4.  Conclusion 
This paper explicitly presents the closed-form stiffness matrix of the quadrilateral element for heat 

conduction problems. The evaluation of the accuracy and computational time between both closed-form 
expression and Gauss-Legendre methods is demonstrated by three cases. The investigations are 
confirmed that the accuracy of closed-form expression is better than Gauss-Legendre integration, 
especially in single element testing. Considering a poor shape element, Gauss-Legendre method requires 
more than 10×10 Gauss points in order to obtain the same accuracy as closed-form expression. 
Moreover, the CPU time consuming of Gauss-Legendre method is more than the proposed method 1.5 
to 3 times. For heat transfer problems, the results of the closed-form expression and Gauss-Legendre are 
comparable. However, the computational time of closed-form expression is faster than Gauss-Legendre 
almost 30%. This conclude that the closed-from expression of quadrilateral element developed in this 
paper can improve the performance and solution accuracy of the finite element method. 
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Abstract. This paper presents a backstepping boundary control for vibration suppression of 
flexible beam. The applications are such as industrial robotic arms, space structures, etc. Most 
slender beams can be modelled using a shear beam. The shear beam is more complex than the 
conventional Euler-Bernoulli beam in that a shear deformation is additionally taken into account. 
At present, the application of this method in industry is rather limited, because the application of 
controllers to the beam is difficult. In this research, we use the shear beam with moving base as 
a model. The beam is cantilever type. This design method allows us to deal directly with the 
beam s partial differential e uations (PDEs) without resorting to approximations. An observer 
is used to estimate the deflections along the beam. Gain kernel of the system is calculated and 
then used in the control law design. The control setup is anti-collocation, i.e. a sensor is placed 
at the beam tip and an actuator is placed at the beam moving base.  inite difference e uations 
are used to solve the PDEs and the partial integro-differential e uations (PIDEs). Control 
parameters are varied to see their influences that affect the control performance. The results of 
the control are presented via computer simulation to verify that the control scheme is effective. 
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Abstract. Spherical microphone array beamforming has been a popular research topic for recent 
years. Due to their isotropic beam in three dimensional spaces as well as a certain fre uency 
range, the arrays are widely used in many applications such as sound field recording, acoustic 
beamforming, and noise source localisation. The body of a spherical array is usually considered 
perfectly rigid. A sound field captured by the sensors on spherical array can be decomposed into 
a series of spherical harmonics. In noise source localisation, the amplitude density of sound 
sources is estimated and illustrated by mean of colour maps. In this work, a rigid spherical array 
covered by fibrous materials is studied via numerical simulation and the performance of the 
spherical beamforming is discussed. 
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Abstract. In recent years, 3-dimensional (3D) printers have successfully fabricated parts. The 
purpose of this study is to propose a 3D-printed robot that anyone can fabricate easily at a low 
cost employing a home-use 3D printer. To achieve this purpose, this study focuses on efficiently 
utilizing parts manufactured using a 3D printer and the mechanism of a robot comprising these 
parts. Although numerous studies have been conducted on 3D-printed robots, we propose the 
use of a fused deposition modeling (FDM)-type 3D printer to manufacture a robot at low 
production costs. The proposed robot does not require an assembling process as it is created by 
a single process using a 3D printer. On the basis of the above-stated design criteria, a wheeled 
robot was manufactured through a single 3D printing process. However, the circuit, sensor, and 
motor require a separate installation process. The study successfully concludes that anyone can 
reproduce an integrated robot form in approximately 300 USD using a low-price 3D printer made 
for ordinary home use. Therefore, a significant number of innovative mechanical robot's 
prototypes can be manufactured using this open-source technology. In addition, it is expected 
that the effectiveness of the fabricated robot can be practically ascertained. 

1.  Introduction 
A robot is a machine consisting of huge parts that autonomously perform work on behalf of human 
beings. In this paper, the word robot refers to a machine that can move by itself and has power as well 
as programmable circuits. Although robots have changed considerably in shape and performance with 
time, there are certain aspects about them that remain unchanged. A considerable amount of time is 
required to design and manufacture a robot. In addition, it is necessary to be a technician with specific 
knowledge and skill to assemble a robot. A technician learns to assemble several parts independently 
and thereafter trains extensively to improve these skills over time. 

However, with the recent advances in technology, the earlier expensive hardware and software are 
now available at low costs. Moreover, there is also an increase in opportunities for non-professional 
individuals who do not have any significant expertise in these fields. 

Although the 3D printer was put into practical use in the 1980s, the machine itself was expensive 
and required advanced control at the time; therefore, its use was not widespread. In 2009, the patent for 
the fused deposition modeling (FDM) technique expired; this allowed the popularization of 3D printers. 
Nowadays, the number of people involved in manufacturing is on the rise. Similar to the FDM patent, 
the patent for selective laser sintering (SLS) expired in 2014. The SLS technique has a higher printing 
accuracy than the FDM technique. However, compared to the FDM method, it is currently difficult for 
ordinary people to use this method owing to its complexity in terms of materials and systems. 
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Therefore, there is an increase in the number of studies on the use of FDM-type 3D printers and other 
types of 3D printers; for example, printing of surgical instruments in outer space at a significant distance 
from the earth [1], 3D bio-printing [2, 3, 4], fabrication of robots using 3D printers [5, 6, 7, 8], etc. 

In addition to the aforementioned fields, a significant number of studies are being conducted on the 
integration of robots [9, 10], particularly on the design of robots using 3D printing solids and liquids 
[10]. The robots are designed with a 3D CAD software and are manufactured through 3D printing in a 
single process. These robots can operate immediately after their removal from the 3D printer by 
attaching the necessary circuit components such as sensors and actuators. These robots can be operated 
using bellow actuators based the expansion-contraction mechanism for their six legs. 

In the above-stated case, all the parts, excluding the electronic parts such as circuits and actuators, 
were manufactured using a 3D printer in a single process. As a result, the assembly process, which is 
usually an indispensable process in robot production, is no longer required. As mentioned above, not 
every individual can assemble a robot; by removing this process completely, this study aims to change 
the production process of robots significantly. 

However, the study faces a problem that 3D printing of robots is extremely expensive. Moreover, the 
3D printer must be remodeled to print the robot. The printer originally uses only three materials to make 
the robot; however, this process requires the remodeling of the printer so that eight materials can be used 
simultaneously. The study also aims to make this robot production process easily accessible to common 
people. 

Therefore, this study uses an inexpensive and easily available FDM-type 3D printer, namely Da 
Vinci Jr 1.0 (by XYZ printing). This 3D printer ensures ease in the design and evaluation of the robot 
for non-professional individuals; furthermore, it ensures that a single-process 3D printing technique 
successfully manufactures the desired robot. 

2. Concept of 3D printing of robots 
Recently, there has been an increase in 3D-printer users as well as an increase in the manufacturing 
processes that use 3D printers. In the academic field, it is common practice to use expensive 3D printers. 
These printers make rapid prototyping difficult. To differentiate our research from the existing robot 
making techniques, we have focused on ensuring that our technique has a low cost and is easy to use. 
The following subsections state the purpose of this study. 

 
2.1. Single-process manufacture of robot using 3D printing   
The primary purpose of this study is as follows: "A robot that anyone can make using an inexpensive 
3D printer". Currently, it is considered impossible to design, produce, and operate a robot using a single 
process. Therefore, the robot is manufactured with a 3D printer only. As the robot is a single- process 
3D-printed robot, the production time can be devoted to other processes. Consequently, this makes robot 
manufacturing an easy process. Moreover, many innovative 3D prototypes can be created using 
inexpensive materials for ordinary household use at low production costs. The aforementioned reasons 
differentiate our research from previous studies in the same field. 

 
2.2. Design criteria for mechanical parts 
Our objective is to develop a 3D-printed robot through a single process using a 3D printer. In comparison 
to previous studies, our research methodology has improved precision, the number of nozzles of the 
printer is different, and the injected resin material is different. Therefore, we require a new method in 
3D projection for manufacturing through a single process. This study focuses on the rotating axis, which 
is an important element of our robot. Therefore, an additional design criterion of our research was to 
create a rotation axis through a single process in 3D printing. As a result, these design criteria will enable 
widespread usage in the creation of different 3D-printed robots through a single process. 
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2.3. Evaluation of experiment on application of 3D printing robot with one process 
The functioning of the robot, manufactured by a single-process 3D printing technique, requires 
appropriate evaluation through experiments. The experiments are designed to examine the effectiveness 
and mechanism of the 3D-printed robot. 

The accomplishment of the above-stated objectives will enable the successful production of a robot 
simply through the activation of a 3D printer. In addition, as 3D printers are commonly used 
commercially, anyone would be able to produce the robot at an extremely low cost, thereby making this 
technology an open-source technology.  
This will enable an increased number of studies and prototype developments, which in turn will help 
determine the effectiveness of the aforementioned technique in the design and manufacture of a 3D-
printed robot through a single process. 

3.  Evaluation experiment of 3D printed mechanical part 
3.1. Experimental setup 
The study uses an inexpensive FDM-type 3D printer. Therefore, there is a difference between the sizes 
of the CAD drawing and the actual product. In order to overcome this drawback, it is required to 
determine the optimum axle diameter of wheel, inner diameter of wheel, and their clearance through 
experimentation. Hence, we conducted the following two basic experiments. 
First, we test multiple printing conditions through experimentation. Therefore, only the driving unit of 
the 3D-printed robot is printed with a single process under various conditions. The same sizes are used 
for the clearance optimization experiments and the supporter angle optimization experiments (refer 
figure 1). The supporter is the support material used for printing the axle. The ratio of the motor shaft 
(high-speed shaft) to the axle diameter (low-speed shaft) is 1: 2. The least count of the measuring scale 
used in the experiment is 1 mm. 
 

 
Figure 1. Experimental set up model 

 
Figure 2. Experimental set up situation 

 
The regulated power supply (3 V) is connected to the motor of the above-stated model. Thereafter, a 
reflective seal is placed on the wheel and the tachometer (TMS 792 D) is set 300 mm away from the 
model. The number of revolutions (rpm) of the wheel was measured 10 times every 2s; thereafter, the 
average rpm value was calculated (refer figure 2). 
 
3.1.1. Clearance of Axle diameter and inner diameter 
The inner diameter was set at 5 mm on the basis of the results of the preliminary experiments. The 
optimum clearance was obtained by changing the axle diameter. 

In figure 3, the red circle depicts the axle diameter and the blue circle depicts the inner diameter. The 
term clearance refers to the difference between the radii of the aforementioned circles. The clearance 
was set at 0.1 mm, 0.2 mm, 0.3 mm, 0.4 mm, and 0.5 mm for this experiment. 
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Figure 3. Axle cross section 
 

 
 

 
Figure 4. Attachment angle of supporter 

3.1.2. Attachment angle of supporter.The attachment angle varied from 0° to 90°; 0° was assumed as 
the vertical direction (refer figure 4). In figure 4, the angle of the supporter on the left-hand-side figure 
is 0° and that on the right-hand-side figure is 50°. This experiment aims to determine the optimum 
attachment angle of the supporter. 
 
3.2. Clearance and supporter of drive unit 
3.2.1. Clearance of axle diameter and inner diameter. Table 1 presents the results of the initial clearance 
optimization experiments. When the clearance value was set to 0.1 mm and 0.2 mm, the clearance was 
lost (“Clearance” is the gap between axle diameter of wheel and inner diameter of wheel.). Hence, the 
movable part and the fixed part adhere to each other and the wheels were unable to rotate. 
The experimental results indicate that the most stable rotational speed is at a clearance of 0.4 mm. 
 
            Table 1. Results of clearance optimization experiment 

 
 
3.2.2. Attachment angle of supporter. On the basis of the experimental results described in subsection 
3.2.1, the axle diameter of the robot used in the experiment was set at 4.2 mm and the inner diameter 
was set at 5 mm. The experimental model was created by varying the angle of the supporter with 10° 
steps from 0° to 90°. The experimental results of the rotational speed of the model and the supporter 
attachment angle are displayed in figure 5. 

It can be observed from the above results that the attachment angle of the supporter changed 
insignificantly between 20°–90°. Therefore, by setting the supporter attachment angle at 0°, the 
rotational speed is increased by 1.4–2 times when compared to other angles. 

Clearance(mm) 0.1 0.2 0.3 0.4 0.5

Axle diameter(mm) 4.4 4.2 4.0

Inner diameter(mm) 5.0 5.0 5.0

Adhesion Exist Exist None None None

pulley on motor side(mm) 30 30 30 30 30

pulley on wheel side(mm) 15 15 15 15 15

Maximum value(rpm) 3612.8 3814.0 3526.8

Minimum value(rpm) 3167.4 3187.2 3382.4

Average value(rpm) 3515.7 3618.2 3452.4

Fixed part (Inner diameter) 

Movable part (Axle diameter) 

Supporter 
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Figure 5. Optimization experiment of supporter mounting angle  

 
3.3. Consideration on gap and support of driving part 
A clearance of 0.4 mm was observed to be the optimal clearance. Although no adhesion was 
observed at a 0.3 mm clearance, the axle diameter was thermally deformed owing to the small value 
of clearance and the high frictional force applied to the axle diameter. 

At a 0.5 mm clearance, the axle diameter blurred on rotation owing to the large inhibiting 
rotation. Furthermore, the axel rotated at a 0.3 mm clearance; however, the friction significantly 
hindered the rotation. In comparison, a 0.4 mm clearance offered the most stable rotational speed 
with respect to blurring and rotational friction of the axle. Therefore, the optimum design clearance 
of the axle was 0.4 mm. 

This experiment also aims to optimize the mounting angle of the supporter. At 10° and 0°, the 
supporter gave high rotational speeds. However, when the supporter was attached at an angle higher 
than 10°, the rotational speed was significantly decreased. This is because while designing the 
supporter in the horizontal direction, the axle diameter is in a floating state; hence, the computer 
automatically produces a support at the time of printing. In other words, the two patterns of support 
created for the axle diameter resulted in large friction. 
 
4. Single-process 3D printing of robot 
4.1. Experimental conditions 
In order to investigate the performance of the 3D-printed robot manufactured in a single process, the 
following experiment was conducted. 

First, the robot was printed using a 3D printer. Second, a rubber field with x: 600 mm and y: 800 mm 
was prepared. Thereafter, the robot was placed at three different positions of x: 100 mm, x: 300 mm, x: 
500 mm. Subsequently, the laser pointer that was installed in the middle of the field was moved to the 
left and right of the optical sensor attached to the robot, and the target point was set 400 mm away. The 
robot was required to make a turn after arriving at the target point. Finally, the trajectory and the time 
taken to reach the target were measured and evaluated as an example of the behavioral performance of 
the robot. 

 
4.2. Driving experiment and performance analysis 
The single-process 3D-printed robot measures 100 mm in width (W), 100 mm in length (D), and 90 mm 
in height (H), as shown in figure 6. The mass of the main body is 95 g and that of the circuitry and other 
components is 182 g. Furthermore, the printing cost of the robot is 3.5 USD. The time taken to print the 
robot is approximately 19 h. 
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Figure 6. 3D printing robot with one 

process 

 

 
Figure 7. Steering mechanism 

 
Figure 7 displays the steering mechanism of the robot; it consists of a servomotor and a DC motor. The 
single-process 3D-printed robot is similar to a two-wheel drive robot. However, there are a significant 
number of improvements. 

The two-wheel drive robot was manufactured in a single process by 3D printing. Table 2 compares 
the number of man-hours required for assembling the robot from scratch with the man-hours required 
to create this robot. The table shows that the assembling process itself requires nine steps. 
 
                   Table 2. Comparison of number of steps in the assembly process  

 
 

 
Figure 8.  Robot orbit 

Number of steps for
assembling 3D
printed robot

Number of steps for
assembling the robot

from scratch
Assembly steps of body 0 9

Mounting of belt 1 1
Installation of circuit parts 3 3

Mounting of Motor 2 2
Total 6 15
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The robot took 1 min and 10 s to travel from the 300-mm point to the target. However, the robot 
starting from the points x:100 mm and x: 500 mm was stopped at approximately 200 mm in the y-axis 
direction from the starting point and was unable to reach the target (figure 8). 
 
4.3. Discussion  
The aforementioned robot has a low production cost of 3.5 USD, which is suitable for mass 
production. Considering that the process can be repeated and the robot can be duplicated within a 
day makes the robot extremely suitable for mass production. 

In this experiment, the basic experimental robot, which could only move forward in a straight 
line, was mounted with two wheels and a moving mechanism to enable it to perform the functions 
of turning and direction change. Consequently, the robot started from the point x: 300 mm and 
reached the destination. As the sensor received the light of the laser pointer, the robot was able to 
move forward while turning left and right.  

Further, when the robot started from the points x: 100 mm and x: 500 mm, it did not reach the 
target point; however, it was able to approach the target.  

The above-stated observations ascertain that it is possible for a 3D-printed robot, manufactured 
by a single process, to complete a simple task. Furthermore, it was unable to reach the target as the 
sensor ceased to recognize the laser beam because the light beam stopped reaching the sensors 
midway. 
 
5. Conclusion 
In this study, a robot was manufactured as a single piece using the modeling accuracy of a 3D 
printer. Therefore, we successfully proved that the proposed robot manufacturing technique does not 
require assembling work. This new manufacturing technique uses a less costly printer than the other 
3D-printed robot in a single process conducted in a previous study. 

The objectives described in section 2 were achieved as follows: 
1. The experimental cost was reduced by using the Da Vinci Jr 1.0 printer, which can be 

easily obtained for approximately 500 USD. Therefore, we succeeded in manufacturing a 
working model of a two-wheeled 3D-printed robot using a single printing process. 

2. While we modeled a wheeled robot with a single 3D-printing process, we focused on the 
axis of rotation of the robot and investigated the design rules required to obtain the 
maximum ease of rotation of the axis through basic experiments. Consequently, the robot 
cannot be driven by a gear mechanism and a simple driving method such as a pulley-drive 
is the preferred. The optimum dimensions for the axle diameter and inner diameter were 4 
mm and 5 mm, respectively. The optimum clearance between the axle diameter and inner 
diameter was set at 0.4 mm. The support material, when forming the axle diameter, should 
be designed to be cylindrical with a diameter of 1 mm in the vertical direction. 

3. In the experiments based on the above-mentioned design criteria, we created an active 
two-wheeled robot whose driving mechanism was a pulley, and we evaluated it with a 
simple operation. We examined the effectiveness of single-process 3D printing for 
producing a robot. The robot successfully reached the target position in approximately 1 
min and 10 s and was able to move forward in a straight line until the signal was lost. In 
addition, we confirmed that the robot could approach the target point successfully from 
three different starting points. Therefore, although we considered only one sample robot, 
we discovered that the 3D-printed robot is effective in performing simple tasks.  

In conclusion, it is necessary to select appropriate circuits, sensors, and motors to successfully 
create a wheeled robot based on the design criteria used in this study for manufacturing a 3D–
printed robot through a single process. 
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Abstract. In order to reduce amplitude of vibrating structures additional damping such as 
constrained-layer damping is being used to dissipate vibration energy at local and critical 
locations. To understand complex vibration modes of the structure due to inhomogeneous 
distribution of structural damping, the identification and characterization of the localized 
damping is necessary. The localized damping identification method is developed in this work. 
The method is applied to both numerical simulation and experimental analysis. The non-
contact sound pressure transducers are used to eliminate mass loading due to use of 
accelerometers, two microphones are used to measure nearfield acoustic along a nodal line of 
an anti-symmetric mode. The nearfield acoustics response at a nodal line correlates to the 
locations and sizes of localized damping. 

1. Introduction 
 
The additional damping treatments such as constrained-layer damping (CLD) is often placed at the 
critical areas of the structure, to reduce and control structure vibration problem [1]. The efficient 
damping treatments can increase dissipation rate of vibration energy and improve vibration behavior 
of the structure. The placement of these damping treatments can derived from the optimization process 
[2], which lead to very local and critical locations of the vibrating structure. To identify the localized 
damping on the structure, experimental modal analysis is one of the standard experimental approaches 
to estimate damping ratio at each location on the structure which is time consuming to measure all 
points on the structure. Also the effects of transducer mass loading can alter the damping properties of 
the flexible structure, the use of non-contact sound pressure transducers can resolve the problems. 

In this work, localized damping identification method is developed, where sound pressure 
transducers are used to measure nearfield acoustic along a nodal line of an anti-symmetric mode. In 
Section 2, the nearfield acoustic at nodes of a normal mode are described. In Section 3, the occurrence 
of complex vibration modes due to the localized damping and the phase distortion of the nearfield 
acoustic at a nodal line are related. In Section 4, the modal testing and the nearfield acoustic 
measurement were carried out on a rectangular plate. The experimental results were used to update 
and validate numerical Finite Element/Boundary Element (FE/BE) model. The structural FE model 
was validated and updated using experimental modal results. The coupled FE/BE model of a vibro-
acoustic plate was validated for the plate vibrating at non-resonance and resonance frequency. The 
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deviation between the measured acoustic pressure and from coupled FE/BE model are less than 10%. 
The localized damping identification method was applied on both numerical simulation and 
experimental analysis. 
 
2. Nearfield acoustic at nodes of normal mode 
The acoustic radiation from an infinite plate vibrating in a normal mode has been given in [3]. The 
radiation from an infinite plate vibrating in a standing wave mode at a single frequency with normal 
surface velocity K given by: 

 Kሺݔǡ ሻݕ ൌ �K ሻݔሺ݇௫ݏܿ  ൯ (1)ݕ൫݇௬ݏܿ

where ݇௫ and ݇௬ are the wavenumber in the ݔ and ݕ directions of the plate located in the ݖ ൌ Ͳ. The 
distance between nodal lines on the plate in the ݔ and ݕ directions is given by: 

 O௫Ȁʹ� ൌ �SȀ݇௫ , O௬Ȁʹ� ൌ �SȀ݇௬ (2)�  

The conditions needed to solve this boundary value problem, to determine the pressure on the half-
space above the plate [1], the pressure   must satisfy the Helmholtz equation (ଶҧ  ݇ଶҧ ൌ Ͳ), the 
fluid particle velocity Zሶ  must satisfy Euler’s equation (݅Zሶ UݒԦ ൌ �ݖ for (ሬሬԦ�  Ͳ, the fluid always stays 
in contact with the plate so the displacement of the fluid particles near the plate boundary and normal 
to the plate surface must be continuous (Kሺݔǡ ሻݕ ൌ �Zሶ ሺݔǡ ǡݕ ሻǡݖ ݖ�ݐܽ ൌ Ͳ) and there are no sources 
above the plate. With above conditions, the steady state pressure  radiated from a vibrating plate with 
surface velocity given in equation (1) can be obtained: 

ǡݔሺ  ǡݕ ሻݖ ൌ �
KబUబ
బ

݁బ௭ ሻݔሺ݇௫ݏܿ �൯  (3)ݕ൫݇௬ݏܿ  

where U is the fluid density, ܿ is the speed of sound in the medium, ݇௫ and ݇௬ are the given 
wavenumbers of the modal pattern of the plate and ݇௭ is a function of them and the acoustic 
wavenumber ݇:  

 ݇௭ ൌ �േට݇ଶ െ ݇௫
ଶ െ ݇௬

ଶ�  (4)�  

as usual ݇ ൌ �ZȀܿ, where Z is the radian frequency of the plate oscillation. When the nodal lines in 
either directions on the plate (O୶ǡ O୷) are separated by less than a half of acoustic wavelength, ݇௫ 
and/or ݇௬ wavenumbers of the modal pattern is greater than ݇ the acoustic wavenumber, the square 
root in equation (4) becomes: 

 ݇௭ ൌ �െ݅ට݇௫
ଶ  ݇௬

ଶെ݇ଶ� ൌ ݅݇ᇱ௭�  (5)�  

Where the argument of the square root is now positive and ݇ᇱ௭ is real. The pressure above the plate in 
equation (3) now becomes: 

ǡݔሺ  ǡݕ ሻݖ ൌ � ିKబUబ
ᇲబ

݁ିᇲబ௭ ሻݔሺ݇௫ݏܿ �൯  (6)ݕ൫݇௬ݏܿ  

decaying exponentially away from the plate boundary. The adjacent regions of negative and positive 
velocity tend to cancel one another at nodal line area. By combining this acoustic wave propagating at 
nodal line area with the existing of complex mode, the localized damping identification using relative 
phase of nearfield acoustic near nodal line was developed in the next section. 

The FE/BE formulation of structural-acoustic system has been given in [4] for coupled fluid-
structural system in an open environment. It is assumed that structure is totally submerged to acoustic 
medium, the effect of the acoustic medium to the boundary can be neglected, and no coupling exists 
between the structural and acoustic damping. 
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The structural equations of motion: 

 ሾܯ௦ሿሼݑሷ ௦ሽ  ሾܥ௦ሿሼݑሶ ௦ሽ  ሾܭ௦ሿሼݑ௦ሽ ൌ ሼ ௦݂ሽ െ ሾܭሿሼሽ  (7)�  

The acoustic equations of motion: 

 ሾܯሿሼሷሽ  ሾܥሿሼሶሽ  ሾܭሿሼݑ௦ሽ  ሾܯሿሼݑሷ ௦ሽ ൌ ሼ ௦݂ሽ�  (8)�  

The combined fluid-structure equations becomes: 

 ܯ௦ Ͳ
ܯ ܯ

൨ ൜ݑሷ ௦ሷ
ൠ  ܥ௦ Ͳ

Ͳ ܥ
൨ ൜ݑሶ ௦ሶ

ൠ  �� ܭ௦ ܭ
Ͳ ܭ

൨ ቄ
௦ݑ
ቅ �ൌ ൜ ௦݂

݂
ൠ��  (9)�  

where �௦ is the structural displacement vector and  � is the sound pressure vector of the acoustic 
field; �௦ is the structural force vector and  � is the sound source in the acoustic field; �௦ and �௦ are 
the structural mass and stiffness matrices, respectively; � and � are the acoustic mass and stiffness 
matrices, respectively; � and � are the coupling matrices of the structural-acoustic system. Equation 
(9) is asymmetric due to coupling between the structure and the acoustic field, it is symmetrized by 
using a variable transformation. Let a velocity potential ݍ be defined such that 

  ൌ ሶݍ�   (10)�  

Assuming harmonic time dependence, equation (9) can written in the form: 

 ܯ௦ Ͳ
Ͳ ܯ

൨ ൜ݑሷ ௦ݍሷ ൠ   ௦ܥ ܭ
െܯ െܥ

൨ ൜ݑሶ ௦ݍሶ ൠ �� 
௦ܭ Ͳ
Ͳ െܭ

൨ ቄ
௦ݑ
ݍ ቅ �ൌ ቊ

௦݂
ೌ
Z
ቋ��  (11)�  

Because of Euler’s equation, the pressure  and the velocities ݑሶ�can be obtained from equation (10) 
and following equation: 

ሶݑ  ൌ �െ
ଵ
Uబ
 (12)  ݍߘ

The FE/BE simulation results of  the vibro-acoustic plate shown in figure 1, a rectangular plate is 
free supported and vibrating at first normal mode. The acoustic filed at nodes of normal mode shown 
in figure 1(a) & figure 1(b), acoustic wave propagating from moving or active parts of structure 
propagate to the nodes area. A plot of acoustic pressure at a node at different heights show in figure 
1(c), which can be devided into three regimes. The first two regimes have approximatley constant 
pressure level, and pressure decay in the third regime. The charaterization of nearfiled acoutic at nodes 
will perform at regime-1, which is more sensitive to acoutic wave propagating from adjacent area than 
regime-3 and less sensitive to environment distrubance. 
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Figure 1. (a) Acoutic pressure field over the plate vibrating at 1st normal mode, and (b) acoustic 
intensity vector, (c) and acoustic pressure at a node at different heights. 
 
3. Identification method of localized damping 
The localized damping usually result in a non-proportional to the stiffness distribution which is the 
condition for complex modes to exist. As a result, each part of a structure vibrating in a complex mode 
will reach its own maximum deflection at a different phases. While a real mode is one in which the 
phase angles are all identically 0q or 180q so all parts of structure do reach their own maxima all at the 
same instant in the vibration cycle. If two adjacent areas close to the nodal line of normal mode have 
different localized damping, the acoustic wave propagating from these two area will reach nodes area 
at different instant of time. 

Numerical simulation results of nearfield acoustic on the plate vibrating at an anti-symmetric mode 
or torsional normal mode shown in figure 2, the contour plot of signed amplitude of acoustic pressure. 
The positive pressure, zero pressure and negative pressure shown in red, green, blue colour 
respectively. The nearfield acoustic at a nodal line area was characterized at two section lines parallel 
to a nodal line and slightly offset from a nodal line, which is at the centre of the plate for this torsion 
mode. For without damping case (real mode), figure 2(a) & figure 2(c), the phase angles are all 
identically 0q or 180q at all location along upper (dot) and lower (dash) section. The constrained-layer 
added to a model to simulate localized damping case shown in figure 2(b), high phase distortion can 
be observed at localized damping location. The details of FE/BE model is described in Section 5. 

 
 
 
 
 
 
 

(a) (b)

(c) 

Regime-1 Regime-2 Regime-3 

x 

(b) 

z 

x

z

215



 
 
 
 
 
 

 
 

            
 
 

 
 
Figure 2. Acoustic singed pressure over a plate vibrating at torsional normal mode (a) without and (b) 
with localized damping. Acoustic pressure phase at nodal line area (c) without and (d) with localized 
damping. 

The relative phase between upper (dot) line and lower (dash) line shown in solid line in figure 2(c) 
& figure 2(d). In the experiment, the relative phase can be obtained by using a pair of microphones 
measure acoustic pressure along a nodal line. This new method is developed for operational analysis 
or output-only analysis, a technique for characterizing localized damping of a test structure using only 
response data of the structure whose inputs are unknown and/or difficult to measure. The distortion of 
relative phase could be observed at the localized damping area, same as seen on acoustic phase 
contour plot, but this relative phase method require only two microphones and small number of 
measurement points at nodal line areas.  
 
4. Test setup 
The dimensions of the rectangular aluminum plate being studied are 0.600 x 0.250 x 0.008 m., the 
material is aluminum 6061 (69 GPa Young’s modulus, 0.33 Poison’s ratio, 2700 kg/݉ଷ). The plate 
was suspended using 4 suspensions, as shown in figure 3(a), to simulate the free boundary conditions. 
The plate was excited at different locations, for modal testing and plate vibrating at the third torsional 
mode the excitation location is at (559, 205) mm from the origin, for out of plane vibrating at non-
resonance mode is at (300, 125) mm from the origin as shown in figure 3(c) using 2025E The Modal 
Shop modal shaker. The excitation direction was perpendicular to the plate surface. The responses of 
the plate were measured using one Kistler 8770A50 impedance head and three Kistler 8704A50 
accelerometers for modal testing and two B&K 4958 microphones for nearfield acoustic measurement, 
the data were collected using an LMS spectrum analyzer. For modal testing, the three accelerometers 
were attached on the bottom surface of the plate. For nearfield acoustic measurement, the two 
microphones were placed at the end of aluminum bar arm which is movable in three axes as shown in 
figure 3(a). For calculating relative phase between upper and lower lines of nodal area as discussed in 
Section 4, a pair of microphones were set to measure acoustic field along the nodal line area of the 
third torsional mode of the plate as shown in figure 3(b). 
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Figure 3. (a) Test setup for the modal testing and nearfield acoustic measurement, (b) a pair of 
microphones, (c) excitation points & sensors locations.  
 
5. Numerical and experimental results 
Numerical simulation is conducted for structural modal analysis and vibro-acoustic analysis using 
commercial FE software Simcenter 11.0, the FE/BE model shown in figure 4. The FE/BE model was 
validated using experimental results on both the plate vibrating at non-resonance mode and at 
resonance mode. Then the different placement configurations of localized inhomogeneous damping on 
a plate were studied using the FE/BE model to characterize nearfield acoustic. The Constrained-Layer 
Damping (CLD) was applied to a structure to simulate localized damping, which model by the 
viscoelastic layer (1 mm thickness, 40 GPa Young’s modulus, 0.4 Poison’s ratio, 1200 kg/݉ଷ and 0.3 
damping ratios) and the constraining layer (0.3 mm thickness, same material as a base structure) as 
shown in figure 4.  

 
Figure 4. Vibro-acoustic FE/BE model and Constrained-Layer Damping (CLD) model 

The structural FE model was validated and updated first by using experimental results from modal 
testing. The measured modal parameters (natural frequency, damping ratio) were extracted from four 
sets of measured FRFs from the three accelerometers and one impedance head. The damping ratio was 

(a) (b)

(c) 
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applied to each natural frequency, the driving point FRF comparing between experimental and updated 
FE model shown in figure 5. 

 

 
 

 Figure 5. Driving point FRF by modal testing and FE method.  
 

Then the coupled FE/BE model of a vibro-acoustic plate was validated on two cases. The first case 
is the plate vibrating at non-resonance mode at 20 Hz away from the first bending mode at 117 Hz. 
The shaker excitation point is at the center of the plate with 3 N force. Figure 6 shows comparisons 
between FE/BE simulation and measurement results. The maximum deviation of plate acceleration 
and acoustic pressure from FE/BE model, compare with measurement results, are 4.5% and 6.5% 
respectively. 

 
 

 
 

Figure 6. Plate in plate vibration at non-resonance mode (a) measurement locations, (b) plate 
acceleration, (c) acoustic pressure along the centre line and (d) acoustic pressure at different heights. 

The second case of a vibro-acoustic plate FE/BE model validation is the plate vibrating at an anti-
symmetric mode, 617 Hz third torsional normal mode, for both with and without localized damping. 
The localized damping location shown in figure 7(a). Figure 7(d) shows comparison between the 
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relative phase results from FE/BE simulation and measurement, both methods show same trend. The 
most distortion of phase, comparing with undamped areas, can be observed at localized damping area.  
 

 
Figure 7. The relative phase between upper and lower line in nodal area of the plate vibrating at third 
torsional mode, for with and without localized damping. 
 

Figure 8 shows the relative phase of nearfield acoustic at nodal area (solid line), nearfield acoustic 
at active area (dot line) and acceleration response at active area. The active area is the responses at the 
both longitudinal edge (x-direction) of the plate. The phase distortion at localized damping is clearly 
observed only on the nearfield acoustic at nodal area, while being merely observed on other cases. The 
wave propagating at active area is too strong to be affected by adjacent areas, while at nodal area is 
more sensitive to wave propagating from adjacent areas. The acceleration response of the plate is only 
from one local point, while the nearfield acoustic is response from both local and global areas so that 
the effect of complex mode is stronger. 

 
Figure 8. The relative phase of nearfield acoustic at nodal area (solid) and at active area (dot) and plate 
acceleration at active area (dash). 
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Table 1 shows the numerical results of nearfield acoustic on the several placement configurations 
of localized damping on a plate. The acoustic pressure and the pressure phase at nodal line area were 
distorted depend on both size and location of applied damping layer. Each damping configuration has 
the unique relative phase (solid line) distortion. Damp case 04 & 05 show larger area of localized 
damping results more relative phase distortion at nodal line area. 

 
 Damp 00: No Damp Damp 01: Full Plate Damp 02: Cross-Length 

Displacement 

 

Acoustic 
pressure 

  
Acoustic 
pressure 

phase (deg.) 
 

       Upper Line 
       Lower Line 
       Lower/Upper 

 
 

 Damp 03: Cross-Width Damp 04: Partial-A Damp 05: Partial-B 

Displacement 

Acoustic 
pressure 

  
Acoustic 
pressure 

phase (deg.) 
 

       Upper Line 
       Lower Line 
       Lower/Upper 

 
 

Table 1. The numerical results of nearfield acoustic on the several placement configurations of 
localized damping on a plate. 
 
6. Conclusion  
The localized damping identification method developed here is based on the requirement that the 
structure is vibrating at anti-symmetric mode. The present of localized damping lead to the occurrence 
of complex vibration modes, resulting the acoustic wave propagating from each area of the structure 
reach a nodal line at different instant of time. This distorts the phase of acoustic pressure at nodal line 
from identically 0q or 180q. The relative phase of a pair of microphone measure acoustic pressure was 
calculated, which is developed for output-only analysis and with single frequency excitation. It is 
shown that large distortion of the relative phase can be observed at localized damping locations. Each 
damping configuration has the unique distortion pattern, which depend on both size and location. 
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Future works will develop a method to extract damping ratio of the localized damping area 
using nearfield acoustic at nodal line, and the sufficient algorithm to accurately identify the damping 
locations of various configurations of damping treatments. 
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Abstract. In this paper, the development of speech controlled RoboQuad is presented. 
The objective of the study was to construct and implement a 4-legged speech controlled 
robot capable of proportional forward reverse speeds and steering. The robot has four legs 
and its movements are wirelessly controlled by speech. Each leg has three joints with 3 
degree of freedom and all joints are driven by servo motors. Simple quadruped walking 
styles, Polygonal walking configuration and walking balance are applied in this study. 
All movements of the quadruped robot were controlled by speech recognition via 
Bluetooth. Voice commutation is used for communicating the computer and Arduino 
through Bluetooth. Kinematic analysis and experimental results are also described in this 
paper. 

 

1.  Introduction 
A Robots is automation system that fundamentally works based on a program and control of an operator. 
Speech Controlled RobQuad robot is a 4-legged robot, that moves using a crawling motion and is 
controlled wirelessly by a Bluetooth enabled device governed by Arduino modules. Many of 
engineering applications could benefit from the advantages legged machines offer in traversing rough 
terrain. Industrial uses include forestry and hazardous waste inspection and disposal, while research 
applications include the exploration of inaccessible or dangerous locations such as volcanos and the 
surfaces of other planets where wheeled robots and humans can't go and perform tasks [1]. Surveillance, 
reconnaissance, and land mine detection and removal are just a few examples of the many military uses 
for legged machines. In these fields, 4 legged, quad robots bring about opportunities due to their tiny 
size and practicable mobility. Potential uses for walking or crawling robots is when being in situation 
they are preferred over wheeled vehicles. 

Multi-legged robots can investigate forest and rough environments where wheeled mechanisms do 
not have that flexibility. Nonetheless, legged machines are likewise utilized for trial analysis on the 
behavior of living creatures and for testing Artificial Intelligence (AI) techniques [2]. Historically, 
researcher have been initiated of the ideas of developing a robot with the human image. Such a robot 
has two legs like human. In practice, Humanoid (2-legged) is hard to design [3]. Having two legs 
contribute to get a less sense of balance and it can fall over easily. The sense of balance that humans can 
get easily, is hard to develop into a machine. Fundamentally the robot needs a minimum of 3-legs on 
the ground to make balance. Thus, having four legs can make a perfect walking sequences. When looked 
from this aspect, 4-legged walking robot can be simply scroll by produced design in all types of 
topography is an advantage. 
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In a robot a leg is needed to consist of at least 2-Degree of Freedom for walking or crawling [10]. 
Having 2-Degree of Freedom is very ineffective for crawling or walking and it like human walking 
style. Humans are walking with the supporting of knees and ankles and it is difficult to install on the 
mechanism [4]. A quadruped robot will have the capacity to show smoother walking gait by having 
three degree of freedom legs as well as having functions of crouching and spider movements. There are 
numerous approaches to control a robot, among them one of the broadly utilized ways are wireless 
control for example, using android phone or wireless remote. Among them, controlling robot using 
speech become widely and prevalent develop in robotic field these days [5]. 

As the aim of this project the movement of the robots are controlled by speech and commands are 
spoken into the microphone. Robot will follow the commend actions. The robot can make simple 
performances such as, moving forward, backward, left, right and other movements. The paper is 
organized as follows: A methodology for implementation is given in this section. Testing and 
Experimental Results is presented in the section after. A conclusion is drawn at the end. 

2.  Methodology 

2.1.  System Overview 
The main objective of this project is to make 4-legged mobile robot wirelessly controlled by using 
speech recognition through a Bluetooth module. The main process of the robot is leg’s controlling 
process. The interface between a human and the robot is generated wirelessly through BitVoicer 
software and it is implemented using Bluetooth module HC 06. Once user give’s a command to the 
computer’s microphone, BitVoicer recognized the commands and transmit data to the Arduino mega 
wirelessly though HC-06 Bluetooth module. When the Arduino receive’s the data, it reprograms the 
servo motions upon the commands. In this case, ultrasonic sensors make the robot to move backward if 
the sensor detect some obstacle in front of the robot. After making reprogrammed movement, the process 
is going to be ended and user is needed to give a new command to make next processes as shown in 
Figure 1. 
 

 
Figure 1.Overall flow diagram 
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2.2.  Mechanical Design of RoboQuad 
In order to get light weight and high strength, all parts of the robot are made from PLA filaments by 3D 
printing. The total weight of the robot is a 459 g. The robot will have the following dimensions of 2.5 
cm thickness 10 cm width and 40 cm length. The legs are joined with the servo at the opposite sides of 
the body. The main importance is that the robot is needed to make balance itself during walking. 
Ultrasonic sensor is placed in front of the chassis and the battery is embedded in chassis. Arduino, 
control circuit and power buttons have been put on the chassis. 

 

           
(a) Isometric View                                                                      (b) Side view  
 

 
(c) Side view 

 
Figure 2.Mechnical CAD design of RoboQuad 

 
 

 
 

Figure 3.Assembled robot 
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The specifications of the robot is:  
� Coxa length of 4 cm 
� Femur length of 6.5 cm 
� Tibia length of 9 cm 
� Total length for each leg of 16.5cm  
� Chassis width of 8cm 
� Chassis length of 10 cm 
� Robot total length of 40 cm  
� Robot total width of 10 cm  
� Robot height of 9.5 cm  
� Robot total thickness of 2.5 cm  
� Total weight of the robot 459 g   

2.3.  Legs Segments 
Each leg has three joints, and all joints are connected with servo motors. An understanding of 

biological legged locomotion can also aid in the design and control of legged machines [6]. All legs 
have the same mechanisms for instance their mechanical systems and degree of freedoms but the 
difference is their motion algorithm. [7]. Therefore, functions such as unbalanced walking style and 
slow actions are prevented from this project. By considering those conditions the robot will get high 
efficient and stable performances were gained. The leg segments of the robot are the cox, femur and 
tibia as shown in Figure 4. 

 

 
 

Figure 4.The Leg Segments 
 

2.4.  Walking Balance Analysis 
At the initial state, the body of the robot is supported by 4 legs that contact with the ground surface and 
robot can stably stand at the standing condition with four leg. But in walking condition, each tip of the 
leg sequentially moves to one position to other position in planned motion gaits as shown in Figure 5. 
When the robot chooses a leg to move, remaining 3 legs are supposed to support the robot body to 
maintain stability of the robot body for walking. In walking situations, the balance of the walking system 
is necessary to be considered [8]. 

Four-legged mechanism means usually can stand with stability on four legs, but the stability of the 
robot cannot be certain in walking. Therefore it is the challenging part of the task. The robot was 
balancing of quadruped at walking and standing conditions were analyzed in this paper. 
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Figure 5.Motion steps of explorer gait 

To get stability, the robot must have at least 3 feet in contact with the ground surface to support the 
body during walking in quadruped locomotion. Thus, when quadruped lifts one leg while walking the 
other three will remain stable. And then, when a leg is lifted for walking, remaining 3 legs will support 
the body on the surface like a shape of well-defined triangle as shown in figure 6. In the figure, the solid 
circle show feet that contact with the ground; the open circle show the leg which is chosen to lift for 
walking.  

 

Figure 6.Step process of four foots 

Generally, if a mechanism has n legs, the number of possible moving style(K) can be calculated by: 
K =(n 1)!                                                                  (1) 

The robot will specially consider the walking gait starting from leg 1. As the first swing the robot is 
always going to choose leg number 1 so, this robot can make (4-1)! =6 walking gaits [10]. Therefore, 
this quadruped robot can make 6 walking patterns of foot configuration as shown in Figure 7. As we 
will see later, Case III (1342) keep the highest balance for walking. Consequently, the robot was used 
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Case III (1342) walking patterns for forward and backward walking movements in this paper. For 
example, Case III’s specifically sequential walking patterns was described as shown in Figure 8. 

 

Figure 7.Quadruped walking gait 

 

Figure 8.Walking pattern of a quadruped robot 

A foot polygon is primarily considered in the 4-legged robot to make analysis for centroid-based 
analysis. Absolutely, the different types of polygon shape which formed in each of quadruped walking 
are triangular foot polygon shapes and rectangular foot polygon shapes as illustrated in Figure 9. If one 
leg is swung in the quadruped walking, the triangular shape of foot configuration is formed for example, 
Figure 9(a) shows such a triangular shape of foot polygon and its centroid coordinate position 
Cg(xg(t),yg(t)) can be obtained by  

xg(t) = {x1(t) + x2(t) + x3(t)}/3                                                         (2) 
yg(t) = {y1(t) + y2(t) + y3(t)}/3                                                         (3) 

Foot configuration that form a rectangular shape polygon as shown in Figure 9(b) is built at the standing 
state by four legs. The rectangular polygon’s centroid can be obtained by 

ሻݐሺݔ ൌ
ଵ

௦భሺ௧ሻି௦మሺ௧ሻ
ሼݏଵሺݐሻݔଵሺݐሻ െ ሻݐଷሺݔሻݐଶሺݏ  ሻݐଷሺݕ െ  ሻሽ                        (4)ݐଵሺݕ

ሻݐሺݕ ൌ ቊ
ሻݐሺݔሻ൛ݐଵሺݏ��������� െ ሻൟݐଵሺݔ  ݎ����ሻǡݐଵሺݕ

ሻݐሺݔሻ൛ݐଶሺݏ െ ሻൟݐଷሺݔ  ሻݐଷሺݕ
                                   (5) 
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Figure 9.Foot polygons 

Although the robot’s centre of mass has been conformed to the centroid of foot polygon. The walking 
configuration and walking level cannot be the same due to the different shape of the polygon [8]. As the 
shape of the polygon has more sides, the higher the walking balance of the robot. By this view, we 
simply describe performance index (IB) of the quadruped for walking balance depend on a distance as 
the following equation.  

IB = min(rj (t)), j = 1, ·  ·  · , n                                                             (6) 
where the minimum value of rj(t) have been referred as min(rj (t)) and (n) represent 4 for a rectangular 
polygon shape and 3 for a triangular shape polygon [8]. For example, the distance between the jth vertex 
of a polygon and centroid of polygon in Figure 9, rj(t), is derived by 

rj(t) = {xg(t)  xj(t)}2 + {yg(t)  yj(t)}2                                                 (7) 
Approximately, the minimum distance between the support centroid of the polygon and each foot 
positions in a walking configuration is represented by the value of IB in equation(6) [8]. It is the last 
evaluated that the walking style with larger IB  has batter walking balance possibility by a comparative 
study through many walking styles. 

 

Figure 10. The result of IB (balance index) in six case 
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The balance index in defined equation(6) was check to survey which style have better walking balance 
during walking. Figure 10 shows the values of IB that indices for the six walks assigned in Figure 7. 
From Figure 10, we can approve that the Case III walking style, keep the best balance at early of time. 
But the Case V is higher walking balance than the others in later part of time and the long-range walking 
balance of the Case II (124311) is the lowest. On the other hand, Case I and Case VI get the intermediate 
balance and stability. Thus, both case is suitable for turning. Thus, the robot was focused on Case III for 
walking forward and backward and Case I and Case VI for turning left and right in this project 

2.5.  Calculations 

2.5.1.  Inverse Kinematics Calculations of Legs 
After choosing one of the walking patterns, we must calculate the values for the servos. The quadruped 
has total 12 degrees of freedom, where there is 3 degrees of freedom on each leg. This section show the 
simple calculation to get the degrees for the servos of each joint to turn this into programming language, 
we need to work it out using equations and trigonometry. 

 

Figure 11. Trigonometry diagram of the robot’s leg 
ߛ ൌ ���ିଵ ቀ௫

௬
ቁ                                                                    (8) 

ଵߙ                                                    ൌ ���ିଵ ቀ�௦௧


ቁ                                                                    (9) 

where,                                                ܮ ൌ ටܼ௦௧ଶ  ሺܮͳ െ  ሻଶܣܱܺܥ

ଶߙ ൌ ���ିଵ ்ூூ
మିிாெோమିమ

ିଶሺிாெோሻሺሻ
�                                                    (10) 

And D is,                                            ߙ ൌ ଵߙ     ଶߙ
By (9) and (10) 

ߙ                             ൌ ���ିଵ ቀ�௦௧


ቁ ����ିଵ ்ூூ
మିிாெோమିమ

ିଶሺிாெோሻሺሻ
�                    (11)  

And finally, 
ߚ ൌ ���ିଵ 

మି்ூூమିிாெோమ

ିଶሺ்ூூሻሺிாெோሻ
��������������                                        (12) 

At that point, we have our values for our servos then transferred the mathematics into a program. Inverse 
kinematics is what's actually driving the robot. In simple words inverse kinematics, for short ik, is a 
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bunch of trigonometric equations that determine the position of the tip of the leg, the angle of each 
motor, and other values when given a couple of pre-sets that we need to determine. For example, the 
length of each step which we want our robot to reach and the height where we want our robots body to 
be at. Using this pre-determined (data) it will derive how much it should move each servo to be able to 
manage to perform the given task. 

The rotation matrices example for the quadruped robot are obtained: 

            ܴ௫ሺߙሻ ൌ 
ͳ Ͳ Ͳ
Ͳ ��� ߙ െ��� ߙ
Ͳ ��� ߙ ��� ߙ

൩, 

    ܴ௬ሺߚሻ ൌ 
��� ߚ Ͳ Ͳ
Ͳ ͳ Ͳ

െ��� ߚ Ͳ ��� ߚ
൩,                                             (13) 

���������������ܴ௭ሺߛሻ ൌ 
��� ߛ െ ��� ߛ Ͳ
��� ߛ ��� ߛ Ͳ
Ͳ Ͳ ͳ

൩,     

Therefore, the homogeneous rotation matrix is represented by 
                ܴ ൌ ܴ௫ሺߙሻ�ܴ௬ሺߚሻ�ܴ௭ሺߛሻ 

and R’ = R (ݖ ,ݕ ,ݔ) is the foot position vector, thus 

ܴᇱ �ൌ 
Ԣݔ
Ԣݕ
Ԣݖ
൩ ൌ ܴ ቈ

ݔ
ݕ
ݖ
�����������������������������������������������������������������ሺͳͶሻ 

From the above example equations, we got the values for the foot positions. It is important to notice 
that, when programming walking algorithm, balance walking giant can control by adjusting these values. 

3.  Testing and Experimental Results 
 
3.1 Speed and Time Testing  
The purpose of this experiment is to test how long the robot takes to move to the destination point by 
varying speeds. In this case, the destination point is set to 150 cm from the starting point 0 cm and the 
body move speed is fixed at 3. First experiment is investigated at the plane and smooth surface. 

 
Table 1.Average time taken of the robot at plane surface 

No Distance 
(cm) 

 Body speed 
(rpm) 

Leg speed 
(rpm) 

Time taken to the destination point (s) 
 1st 2nd 3rd 4th 5th Average 

1 150  3 3 54.35 54.31 54.10 54.05 54.40 54.24 
2 150  3 6 30.33 30.10 30.56 30.22 30.34 30.31 
3 150  3 9 21.57 21.46 21.30 21.49 21.56 21.48 
4 150  3 12 22.51 22.44 22.30 22.20 22.40 22.37 
5 150 3 15 23.16 23.02 23.13 23.23 23.22 23.15 
6 150 3 18 Walking error  

 
Next, the same speeds and distances with the above experiment are tested at the rough surface. 
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Table 2. Average time taken of the at rough surface 

No Distance 
(cm) 

Body speed 
(rpm) 

Leg speed 
(rpm) 

Time taken to the destination point (s) 
 1st 2nd 3rd 4th 5th Average 

1 150  3 3 56.45 56.60 54.51 56.75 56.67 56.19 
2 150  3 6 32.37 32.14 32.45 32.22 32.42 32.32 
3 150  3 9 22.21 22.65 22.86 22.79 22.38 22.58 
4 150  3 12 23.68 23.78 23.89 23.45 23.67 23.69 
5 150 3 15 25.22 25.34 25.45 25.65 25.32 25.39 
6 150 3 18 Walking error  

 
 

 
 

Figure 12.Comparison of speed and time taken 
 

According to the results, the time that take to reach the destination point at plane surface is not much 
more less than the time taken at the rough surface. The legs of the robot are hard to move and it may 
slip in each step so, the time taken in rough surface is longer than the other. 

In both case, speed (3,9) is the best speed for quadruped. If the speed is more than that, the possibility 
of slipping rate is more and more due to the discontinuity of the feet forces. If the leg move speed more 
than the maximum speed (3,15), friction force from high speed have less time to make centroid foot 
polygons for balance because the swing let cannot continuously transit. In high speed, robot’s legs are 
supposed to continuously move one position to another in short time so, the legs couldn’t perfectly 
support the body to make stable. Thus, the possibility of slipping rate become highest and robot cannot 
move properly. Secondly, when the body moves the body speed is changed with the change in legs 
speed, the time taken to the destination point is a slightly less than above experiment in which body 
speed are fixed at 3. These experiments were also performed at the plane surface and the results of the 
experiments are show in the below table. 
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Table 3. Average time taken of the robot by varying speed 

No Distance 
(cm) 

Body speed 
(rpm) 

Leg 
Speed 
(rpm) 

Time taken to the destination point (s) 
1st 2nd 3rd 4th 5th Averag

e 
1 150 3 3 54.40 54.45 54.01 54.50 54.43 54.36 
2 150 6 6 25.52 25.59 25.50 25.46 25.49 25.51 
3 150 9 9 19.75 19.76 19.80 19.81 19.71 19.77 
4 150 12 12 20.11 20.45 20.35 20.20 20.18 20.26 
5 150 15 15 28.56 28.61 28.73 28.34 28.54 28.56 
6 150 18 18 Walking error 

 
3.2 Movement of The Robot Experiment and Result 

The purpose of the test is to describe resulting movement characteristics of the robot by the 
normal sight. The robot was place as in Figure 13 for the movement test and the speed is set up at leg 
move speed 15, body move speed 3. 

 

 
 

Figure 13.The robot movement test arrangement 
 

The result of the test with preprogramed robot is shown in Figure 14. As mentioned above experiment, 
robot could not move in a straight-line position during the movement of forward and backward. The 
misalignment can be seen since the robot’s  reach is just 70 cm. When the robot reach is 300 cm, it 
already shifts 90 cm from the straight line of the robot. According to the results, robot make slip event 
during each of it’s movements.  
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Figure 14.The movement test result 

The slip is because the robot has only 4 feet with only 3 degree of freedom in each leg, thus various 
areas of exposure of the feet make to occur slips during different movements. After that, the movement 
experiment was investigated by varying speed of leg at the plane surface like the first experiment. In 
this case, body move speed is fixed at 3. As the result shown in above experiment varying body speeds 
is majorly different with the condition when it was fixed. 

Table 4. Relationship of speed and movement 

Speed Slip distance at final 
position (cm) 

3 8 

6 10 

9 0.5 

12 40 

15 90 
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Figure 15. The result of movment test by varying speed 

According to the result, the higher the leg speed is set up, the higher the slip event is occurred. But at 
the leg speed (9), the robot moves just 0.5 cm from the line. Thus, the speed, (3,9), is the most suitable 
speed for this quadruped robot. Next the robot is placed as in Figure 16 for movement trace test. A white 
board marker was added at the back of the robot. Robot was installed and preprogramed to move forward 
for 20 steps, turn left 90x  and move forward 20 steps with speed (3,9). 

 

Figure 16. Movement trace test arrangement using whiteboard marker 

 

Figure 17. Result of movement trace test 
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The result of the test that plot by preprogramed robot with the movement gaits is shown in Figure 17. 
The curve that was plotted by the trace of robot and every step of the robot.  

3.3 Speech Recognition Accuracy Tests and Results 
In the test of voice recognition, a simple test is performed with comparison of using single words and 
double to confirm that the Arduino gets the right information from the Bitvoicer for controlling the 
movement of the robot. Several accuracy tests are investigated with two conditions, recognized (Yes) 
and rejected (No) of words. Firstly, the recognition accuracy is tested by single words. Secondly, with 
the double word which was used in this project. These two tests are test’s conducted under silent 
environment.  

 

Figure 18. Bitvoicer program 
 

Figure 18 describes how the voice was noted. The recognition accuracy test consists of 10 tests for each 
command. Tests’ results are shown in the following tables.  

Table 5. Results of the speech recognition accuracy test using single words 

 1 2 3 4 5 6 7 8 9 10 

Forward Yes Yes Yes Yes Yes Yes No Yes Yes Yes 

Backward Yes Yes Yes Yes Yes Yes Yes No No Yes 

Left No No Yes Yes Yes No No Yes Yes Yes 

Right No Yes Yes No Yes No Yes No Yes Yes 

Stand Yes Yes Yes Yes No Yes No Yes Yes Yes 

Sit No No Yes Yes Yes Yes No Yes Yes Yes 

Faster No No Yes Yes Yes Yes Yes Yes Yes Yes 

Slower Yes Yes Yes No Yes Yes Yes Yes Yes No 
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As per above results of the total accuracy percentage of using single words from Table 5 is; 
x Total test = 8ൈ10 = 80  
x Rejected number(No) = 20 
x Recognized number (Yes) = 60  

So, the total accuracy percentage is: 
଼
ൈ ͳͲͲΨ ൌ ͷΨ 

Table 6.Results of the speech recognition accuracy test using double words 

 1 2 3 4 5 6 7 8 9 10 

Move Forward Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes 

Movebackward No Yes No Yes Yes No Yes Yes Yes Yes 

Turn Left Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes 

Turn Right Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes 

Stand up No Yes Yes Yes Yes Yes No Yes Yes Yes 

Sit Down Yes Yes Yes Yes Yes Yes Yes No Yes Yes 

Go Faster Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes 

Go Slower Yes Yes Yes Yes Yes Yes Yes Yes Yes No 

As per above result of the total accuracy of using double words from Table 6 is; 
x Total test = 8ൈ10 = 80  
x Rejected number (No) = 7 
x Recognized number (Yes) = 73 

Therefore, accuracy percentage is: ଷ
଼
ൈ ͳͲͲΨ ൌ ͻͳǤʹͷΨ 

According to the results, it is clear that the accuracy of using double words is higher than using 
single word accuracy. The more the number of word increase the better the accuracy is gained [9]. Thus, 
double words are used to control the robot in this project. The same tests were also investigated in a 
noisy area to check the accuracy of the recognition but the system cannot be able to recognize as well 
as silent environments. 
 
4.  Conclusion 
A quadruped robot with 3 Degrees of Freedom in each leg have been developed using speech control. 
This project is a simple demonstration of technology which we can control the robotic movements by 
serial communications. The speech controlled quadruped has been made by using software like Arduino 
programming. The mechanical design of quadruped works pretty well and the robot can move to the 
determined position without serious resistance. Through many investigations, we have confirmed that 
4-legged locomotion need consequence legs movement in each step-in order to get stability. And then, 
the walking balance of 4-legged mechanism is also depending on the walking style that the robot applied. 
Particularly, it is familiar that the walking gaits of Case III can be applied as a useful walking style for 
the 4-legged robot in forward direction and Case I and Case VI can be utilized for turning. The robot 
has only four legs with 3 degree of freedom has slip occurrence during each of movement and the robot 
cannot move the direction of straight line with high speed, such that the forward movement with speed 
at 15 has changed 90 cm from its straight position after it reached 300 cm forward distance from its 
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starting point. All the results show robot occurs slip events in every movements. Speech controlled 
RoboQuad is practiced and carry out with sufficient results. The Quadruped robot can be control 41.54 
m range with the perfect signal. The robot only can control with speech. In this project, Bitvoicer 
software was used instead of Python and Eclipe because Bitvoicer is open source due to which we were 
easily able to make the necessary programs and no money was wasted to acquire the software. 
 
 
5.  Further developments 

As a further development of this project a student at AIT is currently developing the concept of 
attaching wheels to the bottom surface of the legs of this RoboQuad. The advantages of having wheels 
at the bottom surface of the legs will be enabling the quad greater mobility and flexibility. It will have 
the functions of covering greater distances as well as cover range of surfaces. 
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Abstract. This paper presents a method for determining the GPS location of a ground-based 
object when imaged from a multirotor vehicle. Using the pixel location of the target in image, 
with measurement of multirotor position and attitude, and camera pose angles, the target is 
localized in world coordinates. The localization method has been implement and flight tested on 
a multirotor vehicle and experimental results are presented demonstrating the localization of a 
target to within range from 2-15 meters of its known GPS location. 

1.  Introduction 
One of the primary reasons for the current interest in small unmanned aircraft is that they offer an 
inexpensive platform to carry electro-optical (EO) and infrared (IR) cameras. Almost all small and 
miniature air vehicles that are currently deployed carry either and EO or IR camera. While the camera 
is primarily used to relay information to a user, it makes sense to attempt to also use the camera for the 
purpose of navigation, guidance, control, and accurately determine the location of ground-based objects. 

This paper presents a method for determining the location of objects in world/inertial coordinates 
using a gimballed EO/IR camera on-board a multirotor UAV. We have assumed that the target is 
identified in the video stream by a human end user. The target is then automatically tracked at frame 
rate using a combination of colour segmentation and feature tracking [1]. After the object has been 
identified in the video stream and an initial estimate of its world coordinates. However, the geo-location 
results presented in [2] are often in error by more than 20 meters, while our method achieves localization 
errors below 15 meters. 

The remainder of the paper is organized as follows. In Section 2, we present the concept of a 
geolocation. In Section 3 and Section 4 we present the basic mathematics used to obtain the raw target 
localization estimates from a single frame within the video. We present flight results demonstrating the 
effectiveness of our method in Section 5, and offer some concluding remarks in Section 6. 

2.  The concept of a geolocation 
The task of geolocation targets from airborne video is required for many application in surveillance, law 
enforcement, reconnaissance, etc.  The usual approaches to target geolocation involve terrain data, single 
target tracking, gimbal control of camera head, altimeter, etc. 
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Figure 1. The concept of vision-based geolocation for a multirotor UAV. 
 
 In figure 1 shows concept of vision-based geolocation for a multirotor UAV, an airborne video are 
transmitted by video downlink at 5.8 GHz to ground PC, while flight data are transmitted by XBee-pro 
at 900 MHz to ground PC in the same time. After that the ground PC are estimated the position of 
ground-based target by geolocation equation. 

 
Figure 2. The geolocation algorithm. 

 
A block diagram of the geolocation algorithm is shown in figure 2. The input to the geolocation 

algorithm is the position and velocity of the UAV in the inertial frame as estimated by the GPS smoother, 
the estimate of the normalized line-of-sight vector, and the estimate of the attitude of UAV. 

3.  Target Localization 
To estimate the 3D coordinates of ground target [3], target position is computed by intersecting the ray 
starting from the camera center and passing through the target pixel location in the image plane with the 
ground. In this section, the method are described for locating the stationary target in the navigation 
coordinate system. In order to achieve this objective, relation between coordinate frame information is 
described briefly as follows: 
 
3.1. Coordinate Frames and Conversion 
The Localization algorithm uses a number of coordinate frames and considers transformations of             
3-vectors among coordinate frames. We assume that all coordinate frames are right-handed and 
orthogonal. 
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3.2. The inertial coordinate Frame (I) is an earth-fixed coordinate system with its origin at the defined 
home location. This coordinate system is sometimes referred to as a north-east-down (NED) reference 
frame. It is common for north to be referred to as the inertial x direction, east to be referred to as the 
inertial y direction, and down to be referred to as the inertial z direction. The transformation from vehicle 
frame to body frame is given by: 
 

uav
I
v uav

uav

x
R y
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�ª º
« » �« »
« »¬ ¼

                         (1) 

 
3.3. The vehicle frame (v) is at the center of mass of the UAV. However, the axes of v are aligned with 
the axis of the inertial frame, in other word the x direction points north, y direction points east, and z 
points toward the center of the earth. 
 
3.4. The body frame (b) is vehicle-carried and is directly defined on the body of the flying vehicle. Its 
origin is the center of mass, x direction points out the nose of the airframe, y direction points out the 
right wing, and z direction points out the belly. The transformation from vehicle frame to body frame is 
given by 
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where, coscI I and sinsI I  . The anglesI  , , and  are commonly referred to as Euler angles. 
Euler angles are commonly used because they provide an intuitive means for representing the orientation 
of a body in three dimensions. 
 
3.5. The sensor frame (s) - The origin of the S frame is at the optical center of the camera with geodetic 
coordinates. The z axis is along the general downward direction along the optical axis. The x axis is to 
the right hand side of the image .The y axis completes the right-handed coordinate frame. The image 
points and normalized image points are expressed in the S frame ( , , )x xu v f .  
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where l    the vector to the object of interest and || ||L l . 

4. Geolocation 
This section presents a method for determining the location of objects in world/inertial coordinates using 
a video camera on board a multirotor UAV.  
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Figure 3. Range estimation using the flat-earth assumption. 
 
The only element on the right-hand side of equation 4, which is unknown is L  . Therefore, solving the 
geolocation problem reduces to the problem of estimating the range to the target L  . If digital elevation 
model is not available, simple strategy for estimating L   is to assume a flat-earth model. Figure 3 shows 
the geometry of the situation where dh p �   is the height-above-ground, and M   is the angle between 
l   and direction in ik   axis. It is clear from figure 3 that 

            
cos

hL
M

           (5) 

Where 
      cos i i i I v b s

v b sk l k R R R lM                 (6) 
Therefore, the range estimate using the flat-earth model is given by 
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The Geolocation estimation is given by combining equation 4 and 7 to obtain 
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5. EXPERIMENTAL RESULTS 
We applied a commercial multirotor UAV platform for evaluation of proposed method. The custom 
design of the multirotor allows us to mount all the necessary devices needed to perform target geo-
location. The platform is equipped with small video camera and with appropriate sensors and autopilot 
to perform stabilized and autonomous flights. The autopilot unit includes MEMS gyroscopes and 
accelerometers, a 3-axis magnetic sensor, a barometric pressure sensor and a single frequency low-cost 
GPS receiver.  
 We develop own geolocation programming using for estimates the position of ground-based target 
using C++ language and Opencv is shown in figure 4. In the flight test a multirotor UAV is hover above 
the ground at the height of 50 meters, tracking a ground-based target, and record position of ground-
based target data. 
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Figure 4. Shows the graphical user interface of geolocation. 

 
 The error of the raw estimates of geolocation of the target are shown in figure 5. The raw estimates 
have errors that range from 2-15 meters, which are compared between the raw estimates of geolocation 
of the target with the target location in google map. 
 

 

 
Figure 5. Shows the error of localization of a target. 

 

Conclusion 
In this paper, an algorithm capable of estimating target geolocation based on video imagery acquired by 
small UAV equipped with GPS. The geometry required to produce raw localization estimates is 
discussed in detail. Our experiments proved both the efficiency and accuracy of the position estimation 
algorithm by flight test in real-time. The geo-location error from flight test below 15 meters. Throughout 
the paper we have assumed a flat earth model and stationary target. Future research will include kalman 
filter to reduce the geo-location error. 
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Abstract. Diesel engines becomes more and more popular for automobile applications 
nowadays. The fuel economy of diesel vehicles is better than most gasoline vehicles. However, 
the exhaust emissions, especially NOx and PM, are always a problem to be solved for diesel 
engines.  Diesel fuel blended with gaseous fuels is a promising way to ease up this problem. 
This paper presents the experimental work conducted to investigate the effect of auxiliary 
gaseous fuel, including hydrogen, natural gas, and biogas, on the combustion characteristics of 
a heavy-duty diesel engine. Results of experiments showed that nitrogen oxides decreased 
compared to diesel fuel only.  The opacity of the exhaust gas also decreased. The BSFC 
increased and the thermal efficiency decreased slightly compared to diesel fuel only. The 
pressure in the engine cylinder was also measured and the associated heat release rate was 
obtained in this work. According to the result of the cylinder pressure analysis, different 
characteristic of the combustion rate and timing were observed. 

1.  Introduction 
The thermal efficiency of diesel engine is generally higher than gasoline engine, and diesel fuel is also 
cheaper than gasoline. However, the nitrogen oxides (NOx) and particulate matter (PM) emission of 
diesel engine is higher than gasoline engine. With the tougher and tougher standard of emission in 
these years, the emission control technology has become the focus of every automobile company. 
Exhaust gas recirculation (EGR) system has been used to decrease the formation of NOx during 
combustion stage inside engine cylinder, but has some negative impacts on thermal efficiency. 
Selective catalytic reduction (SCR) system has been widely used in recent years to remove NOx in the 
exhaust gas, but the consumption of urea becomes additional cost, and driver should refill urea from 
time to time. Diesel particle filter (DPF) system is used to remove PM in the exhaust gas. The filter in 
the system can be clogged with particles and cause high back pressure after being used for a while. It 
has to be cleaned by regeneration, or replaced to turn the filter back to the good condition for the 
engine. The work of cleaning the filter, and the hardware of regeneration system built in the DPF 
system increase the cost to maintain the engine. 

Addition of gas fuel into the intake system of the engine can change the combustion process 
directly and affect the formation of pollutants. Adding gas fuel to diesel engine may decrease exhaust 
emission, and is an alternative way for emission control. In this study, we use hydrogen, natural gas, 
and biogas as an auxiliary fuel for diesel engine to investigate their effects on engine performance as 
well as emission reduction. 
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Maki and Prabhakaran have conducted a hydrogen addition test in a diesel engine running on a 
dynamometer[1], and found some beneficial results. Both BSFC and NOx emission have 20% 
improvement by adding hydrogen. On the contrary, Masood et al found that adding hydrogen into 
diesel engine may cause negative effect on fuel consumption and NOx emission. But they found 
substantial decrease in PM[2]. Lyford-Pike took natural gas powered and diesel powered vehicle to the 
chassis dynamometer to do experiment[3]. The results showed that the natural gas vehicle releases 
much less NOx than diesel vehicle. Besides, there’s 26%~45% difference of NOx emission between 
the natural gas vehicle and the diesel vehicle. According to the review of Ashok et al, natural gas 
addition may decrease 27.6% of NOx for diesel engine and also lower the opacity[4].  Lata and Misra 
observed that when hydrogen addition reached 50% or natural gas addition reached 70%, the diesel 
engine started to knock[5]. The knocking phenomenon was also reported by Wannatong’s research[6]. 

Previous research gave contradictory results. Some people found beneficial effects by adding 
gaseous fuel. However, some other people found contrary effects. In this paper, we added hydrogen , 
natural gas, and biogas into the diesel engine and look for the effects in engine performance and 
emission reduction. The maximum blend ratio of gas fuel was set as 20% based on total energy of the 
fuel supply to avoid knocking of the engine. 
 

2.  Experiment system 
The experiments were carried out on a HINO W06E engine. Figure 1 shows the whole set of engine 
and dynamometer. Details of  the engine specification were given in Table 1. 

 
 

 
Figure 1. The engine and the dynamometer for the experiment 

 
Table 1. Specification of the engine 

Item Spec. 
Brand Hino 
Model W06E 

Cylinder arrangement Inline 6 cylinders 
Aspiration type Naturally aspirated 
Displacement 6,000 c.c. 

Max rated power 165 Ps@3,000 rpm 
Max rated torque 42 kg-m@1800 rpm
Injection timing 14 °CA BTDC 
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In order to apply loading on the engine, we use SCHENICK W230 engine dynamometer to do it. The 
specification of the dynamometer was shown as Table 2. 

 
Table 2. Specification of the dynamometer 

Item Spec. 
Power 230 kW 

Rated torque 750 Nm 
Minimal speed for rated torque 620 rpm 

Minimal speed for maximal power 2928 rpm 
Maximal speed 7500 rpm 

Moment of inertia 0.53 kg-m2

 
The intake system was modified to adopt auxiliary gaseous fuel, as shown in Figure 2. The air went 
through the air filter, the laminar flow meter, and then went into the intake manifold. The gas fuel was 
supplied from the compressed gas bottles. Each bottle is equipped with a flow meter such that the flow 
rate of gas fuel was indicated and can be adjusted with a valve. There is a water tank specially 
designed for hydrogen to avoid back fire of hydrogen. 

 
Figure 2. The intake system was modified to adopt auxiliary gaseous fuel 

 
A high accuracy electronic scale was used to measure the weight of the fuel tank for the fuel 
consumption measurement. An NGK NOx sensor and the MA200A Opacity Meter was used to 
measure the engine emission. The brake efficiency can be obtained by Eq.(1)-Eq.(3). 

 

B
W
Q

K                                                                                                                                                                     (1) 

d d f fQ m Q VQU ��                                                                                                                                            (2) 

2 qW TS :                                                                                                                                                              (3) 

where 
Q : Power delivered by fuel (J/min) 

dm�  : Fuel consumption (g/min) 
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dQ  : Heating value of diesel(kJ/kg) 

fU  : Density of gas fuel (g/L) 

V  : Flow rate of gas fuel (L/min) 

fQ : Heating value of gas fuel 

W  : Brake power of the engine (J/min) 
:  : Engine speed (rad/sec) 

qT  : Torque output of the engine (Nm) 

 

3.  Test Procedure 
Steady engine tests were carried out in this study. The test procedure followed the European Stationary 
Cycle 13 Modes as shown in Figure 3. We picked Mode 6 and Mode 11 for the experiment. The 
engine was operated at high load(270Nm) and low speed(1650rpm) with Mode 6, and low 
load(190Nm), high speed(1950rpm) with Mode 11. In each test point, only diesel fuel was supplied 
into the engine in the beginning. Engine speed was locked by the dynamometer. Fuel was increased 
gradually until the target torque was reached. This is the reference condition of pure diesel fuel.  Then 
gaseous fuel was introduced into the intake manifold according to the preset ratio. Engine torque 
would increase as more fuel was supplied. The diesel fuel was then reduced gradually until engine 
torque returned to the same value as that of reference condition.  Since engine output power remained 
the same, the efficiency and the emission characteristics can be compared on the same power basis. 

 

 
Figure 3. European Stationary Cycle 13 modes 

 
 

Four different gaseous fuels were considered in this paper, namely, pure hydrogen, pure methane, 
mixture of 90% methane and 10% carbon dioxide, and mixture of 70% methane and 30% carbon 
dioxide. Pure hydrogen was to simulate synthesized gas produced by gasification or carbonization of 
biomass. Pure methane was to simulate imported natural gas which will become dominant fuel in 
Taiwan in the near future. Since imported natural gas is in the form of LNG, pure methane is the major 
component.  Mixture of 90% methane and 10% carbon dioxide was to simulate domestic natural gas 
which is extracted in middle Taiwan. Mixture of 70% methane and 30% carbon dioxide was to 
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simulate bio gas which can be converted from pig effluent and will become an important byproduct of 
pig farm in southern Taiwan. 
The blend ratio of gas fuel addition was based on total energy supplied to engine. Two ratios were set 
in this study, 10% and 20%. The total energy supplied to engine was calculated from the fuel 
consumption of reference condition, i.e., the pure diesel test. The flow rate of the gas fuel of each 
experiment setting was shown as Table 3. 

 
Table 3. Flow rate of gas fuel addition (LPM) 

 Hydrogen Methane 
Energy ratio Mode 6  Mode 11  Mode 6 Mode 11  

10% 71.5 41.0 23.5 13.5 
20% 143.0 81.9 47.0 26.9 

 Domestic NG Biogas 
Energy ratio Mode 6  Mode 11  Mode 6 Mode 11  

10% 2.61 1.49 10.06 5.76 
20% 5.21 2.99 20.11 11.53 

 

4. Result of the study 

4.1. Basic performance of the engine 
Figure 4 shows the results of thermal efficiency for engine running with hydrogen addition. The left 
bars represent thermal efficiency at low load condition, while the right bars represent thermal 
efficiency at high load condition. We can see that thermal efficiency is about 25% at low load , and 
35% at high load. The thermal efficiency decreased as hydrogen was added. The more hydrogen added, 
the more efficiency loss could be found. The thermal efficiency of the engine with imported natural 
gas addition was shown in Figure 5. The thermal efficiency decreased a little less compared to pure 
diesel test at low load, but not so much as hydrogen addition. The thermal efficiency keep the same at 
high load compared to pure diesel test. The thermal efficiency of the engine with domestic natural gas 
addition was shown in Figure 6. The thermal efficiency of the engine with biogas addition was shown 
in Figure 7. Both domestic natural gas and biogas affected thermal efficiency a little. Generally 
speaking, addition of gas fuel may decrease the thermal efficiency slightly. More the blend of gas fuel, 
lower the thermal efficiency. 
 

 
Figure 4. Thermal efficiency of the engine with hydrogen addition 

 

248



 
 
 
 
 
 

 
Figure 5. Thermal efficiency of the engine with natural gas addition 

 

 
Figure 6. Thermal efficiency of the engine withdomestic natural gas addition 

 

 
Figure 7. Thermal efficiency of the engine with biogas addition 

 

4.2. Emission analysis  
The unit of engine emission measurement is volume concentration(% or ppm). We convert the 
volumetric measurement to mass of the pollutant emitted per unit output work. If the displacement of 
the engine, engine speed, and the volume concentration of the pollutant are known, the pollutant 
emitted per unit output work can be calculated as the following equation. 
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In Equ. (5), the constant 1183.9 is the density of air at NTP, the constant 28.97 is the average 
molecular weight of air. Because the volume percentage is same as mole percentage for ideal gas, the 
volume percentage of the measured pollutant is its mole percentage. The concentration of the pollutant 
can be multiplied by the flow rate of exhaust gas to calculate the mole flow rate of each pollutant. 
Take NOx for the example. The measured value is NOx(ppm). The way to transfer NOx(ppm) to mole 
flow rate is shown in Equ. (6). 
 

( )NO m am xx
m m NO ppm u� �

 (6) 
 
The way to transfer measured value to mass flow rate was shown in Equ. (7). 
 

2451.98 ( ) 46( / )NO a xx
m m NO ppm g mole u u u� �

 (7) 
 
The mass flow rate divided by the measured power output(hp) is the amount of emission per unit 
output work(g/bhp-hr). 
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�

�
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The NOx emission result with hydrogen addition is shown at Figure 8. The NOx emission factor 
decreased with hydrogen addition. It is 5.9 g/bhp-hr with pure diesel fuel at low load. Adding 
hydrogen would reduce NOx by 20%.  However, the reduction of NOx is not noticed at high load. 
 
 

 
Figure 8. NOx emission with hydrogen addition 

 
The NOx emission factor with natural gas addition is shown at Figure 9. NOx decreasing is good at 
low load as well as high load. There is 19% decrease of NOx at low load, 10% at high load. 
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Figure 9. NOx emission with natural gas addition 

 
The NOx emission factor with domestic natural gas addition is shown at Figure 10. The decrease of 
NOx is even more than natural gas. There is 24% decrease at low load, and 12% at high load. The 
domestic natural gas contains CO2. CO2 cannot be burned and have high specific heat, so it has the 
effect like EGR to decrease the formation of NOx during combustion. 
 

 
Figure 10. NOx emission with domestic natural gas addition 

 
The NOx emission factor with bio gas addition is shown at Figure 11. The biogas has the best effect 
on NOx reduction compared to the other gas fuel addition. There is 30% decrease at low load, and 
22% at high load. There is higher CO2 blend in biogas than domestic natural gas.  
 

 
Figure 11. NOx emission with biogas addition 

 
The opacity of the exhaust gas with hydrogen addition is shown at Figure 12. The opacity of the 
exhaust gas decreased with hydrogen addition. It is 0.75m-1 opacity with pure diesel fuel at high load, 
and 36% of opacity decrease can be reached. The effect of decreasing opacity by hydrogen  addition is 
better at high load on the engine than low load.  
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Figure 12. Opacity of exhaust gas with Hydrogen addition 

 
The opacity of the exhaust gas with natural gas addition is shown at Figure 13. The reduction of 
opacity with natural gas addition is even better than hydrogen addition. The more natural gas addition, 
the lower the opacity would be. There is 75% decrease of opacity at low load. At high load, the 
reduction of opacity is 48%. 
 

 
Figure 13. Opacity of exhaust gas with natural gas addition 

 
The opacity of the exhaust gas with domestic natural gas addition is shown at Figure 14. The  
reduction of opacity is also good, but not as good as natural gas. There is 42% reduction of opacity at 
low load, and 44% reduction at high load. 
 

 
Figure 14. Opacity of exhaust gas with domestic natural gas addition 
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The opacity of the exhaust gas with biogas addition is shown at Figure 15. The reduction of opacity is 
better than domestic natural gas but lower than natural gas. There is 66% reduction of opacity at low 
load, and 47% reduction at high load. 

 
Figure 15. Opacity of exhaust gas with biogas addition 

 
Opacity measurement is just a qualitative way for the emission of particle matter. The actual PM 
amount cannot be evaluated by opacity measurement, but the concentration of particular pollutant is 
higher when the opacity is higher. The data of the opacity in this research showed that the gas fuel can 
decrease the concentration of the particular pollutant well. 
 

4.3. Combustion analysis 
The injection timing is 14°CA before TDC, controlled by the automatic timing device. The Figure 16 
shows the combustion was delayed to 7° CA after TDC and revealed the period from injection to start 
of the combustion is about 21° CA. 
Different fuel conditions have different features of combustion. The difference of the combustion 
between different fuel condition can be observed by measuring real time cylinder pressure. Figure 16 
shows the cylinder pressure with different gas fuel addition with 10% at high load. Hydrogen addition 
can speed up the combustion. Natural gas and bios gas delayed the combustion. 
 

 
Figure 16. Cylinder pressure with different gas fuel addition at high loading test 

 
 
The heat release rate can be calculated by the following equation. 

T
TJTJ

J d
d
dpV

d
dVpQhr ¸̧

¹

·
¨̈
©

§
�

�
�

 
1

1
1   (12) 

where 
hrQ  is the heat release rate(J/deg) 

P is pressure(Pa) 
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V  is the volume of the cylinder(m3) 
/p vc cJ  , Cp is the constant pressure specific heat, and Cv is the constant volume specific heat. 

 
The heat release rate with different gas fuel addition with 10% at high load is shown in Figure 17. The 
first combustion peak went faster with hydrogen addition than other fuel condition. The first 
combustion peak is higher with natural gas addition than biogas addition. The cylinder pressure of 
combustion is higher with natural gas addition than biogas addition. These feature of combustion can 
be the reason of the thermal efficiency of natural gas addition be higher than pure diesel test. 
 

 
Figure 17. The heat release rate with different gas fuel addition at high loading test 

5. Conclusion 
(1). The results of experiment showed that the thermal efficiency decreased with hydrogen addition. 
The thermal efficiency also decreased with natural gas and biogas addition, but not that much as 
hydrogen addition. 
(2). The effect of NOx reduction is better with hydrogen addition at low load than high load. The 
effect of NOx reduction is much better with natural gas and biogas. The blend of CO2 affects the NOx 
formation a lot. Higher the blend of CO2, better the effect. It’s caused by the EGR effect of CO2 during 
combustion. 
(3). The reduction of opacity of the exhaust gas is good with all kind of gas fuel addition. The gas fuel 
can decrease the particle matter formed from the combustion. 
(4). The result of cylinder pressure and the heat release rate show that hydrogen addition can speed up 
the combustion. Although methane and biogas can delay the combustion, it can increase the heat 
release rate and the peak of combustion pressure to increase the thermal efficiency. 
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Abstract. The optimum design of contra-rotating propellers (CRPs) is needed to achieve the 
good improvement on ship propulsion efficiency. In this study, the lifting line theory and 
calculus of variation method are used to find an optimum CRPs blade profile under given 
condition. In real situation, the size of slipstream behind propeller decreases in order to 
conserve the mass flow rate as the velocity increases. This affects the induced velocities on 
propeller especially in CRPs where the interaction between two propellers is highly concerned. 
Therefore, the effect of slipstream contraction is included in this study. Equations obtained 
from calculus of variation method are solved numerically by using MATLAB. The optimum 
blade profile resulted from calculation is drawn and simulated in CFD program (ANSYS 
Fluent) to validate the obtained results. 

1.  Introduction 
The design procedure of CRPs was developed from single propeller design. The analytic method for 
studying the propeller began with actuator disk theory, then blade element theory, lifting line, and 
lifting surface theory were developed consequently. Lerbs[1] studied the single propeller by using the 
lifting line theory and used the Betz condition and normal condition to find the optimum propeller’s 
design. Lerbs[2] also applied the design method of single propeller for CRPs design by neglecting 
mutual-induced velocity that caused by the interaction between two propellers. He then used 
correction factors to correct the result later. Gunsteren[3] also used the lifting line theory to design the 
CRPs but assumed that the average value of mutual-induced velocities distributing along the blade is 
equal to the average mutual-induced velocity that determined from the momentum theory. Caster and 
LeFone[4] made the computer program for designing CRPs based on lifting line theory while mutual-
induced velocity in program was obtained from Kerwin’s field point program which is based on lifting 
surface theory. Corney[5] studied the method to find the optimum design for various types of ship 
propulsion including CRPs by applying the calculus of variation method with the lifting line theory. 
Laskos[6] studied optimum CRPs design by using the lifting line theory and calculus of variation 
method from Corney’s study. In Laskos’ study, the aft propeller’s diameter was set to equal to the fore 
propeller’s diameter and assumed that there was no slipstream contraction in the flow occurred behind 
each propeller. In this study, a further investigation for optimum CRPs from Laskos’s study is done by 
including slipstream contraction effect which affects not only self and mutual-induced velocities but 
also the loads on propeller’s blade itself. To simplify the calculation, the viscous effect is neglected. In 
order to recover the rotational loss in slipstream behind the fore propeller, the aft propeller’s diameter 
is varied to correspond to the size of slipstream contraction during calculation. The slipstream 
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contraction model used in this study is obtained from Hoshino’s study[7] which used LVD to measure 
the slipstream radius of single propeller in open water test. Results from calculation which are the 
circulation distributions of two propellers are then used to design the actual propeller’ blade profiles 
by following Abbot and Doenhoff’s study[8]. Obtained CRPs are drawn and simulated by using CFD 
program; Ansys FLUENT to verify calculation results. 

 

2.  Background theory 
2.1 Lifting line theory 
Each blade of propeller is replaced by straight line called lifting line in order to determine the 
propeller’s performance. Along this lifting line, there are circulations distributing on it called bound 
vortex (*) which represent loads that occur on each blade sections. The variation of bound vortex 
circulation causes the free trailing vortex (*f) shed in downstream. Its direction must align with the 
direction of flow velocity at the point that it leaves the lifting line. The shape of free trailing vortex 
line is like helix line and extends to infinity as shown in figure 1. The angle between free trailing 
vortex line and plane that perpendicular to rotational axis is called the pitch angle (E0)    

According to Biot-Savart law, the bound and free trailing vortices cause induced velocity at any 
point in the flow field. The induced velocity at each point on lifting line with the corresponding bound 
vortex is used to determine thrust and torque on that lifting line by using Kutta-Joukowski’s theorem. 

In order to apply the numerical method, the lifting line of each propeller is divided equally into 
finite elements as shown in figure 1. Each element consists of one control point in the middle and one 
vortex points at each of two ends. Circulation of bound vortex is placed at each control point, while 
the point for free trailing vortex shed in downstream is placed at the vortex point.  

For contra-rotating propeller, induced velocities are separated into two parts, self-induced velocity 
and mutually-induced velocity in which one is induced by propeller itself and the other is by the other 
propeller in the CRPs set respectively. Following Kutta-Joukowski’s theorem and neglecting the 
viscous force, thrust and torque on each propeller are found in equation(1) and (2).   

T=UZ [Va+ua,sሺiሻ+ua,m(i)] * (i)'r
n

i=1

 (1) 

Q=UZ [Zr(i)+ut,sሺiሻ+ut,m(i)] * (i)r(i)'r
n

i=1

 (2) 

The self-induced velocity of propeller is determined by using Biot-Savart law as shown in 
equation(3) to (5). For free trailing vortex which has constant radius and constant pitch angle, the 
integral equation(4) can be solved by Wrench method[9] where equation is derived in algebraic form. 
Since the two propellers are moving relatively, the mutually-induced velocity varies with time, the 
mutually-induced velocity in calculation is the average value and can be found from Hough 
method[10]. 

uሬറሺ�iሻ=
1

4
*f(j)�u'ሬሬറ(i,j)

m

j=1

 (3) 

u'ሬሬറሺi,jሻ=න
 dlሬሬሬറ (j)×Sሬറ(i,j)

หSሬറ(i,j)ห
3

0
 (4) 

*f(j)=-
*(j+1)-*(j)

'r
 (5) 
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Figure1. Lifting line theory applied on propeller’s blade. 

2.2 Hub effect 
Neglecting the hub effect causes the circulation at the blade root is to be zero but in reality there is 
load occurred on the blade root which means that the circulation does not vanish. This is caused by the 
present of hub. Kerwin and Leopold[11] proposed circulation distributing inside hub and also free 
vortex shed in downstream like blade’s lifting line. The circulation is located at the image radius 
which is related to the radius of vortex point on lifting line as shown in equation(6). The pitch angle of 
hub free vortex line is found by equation(7). The circulation at image radius is equal to the circulation 
at correspond radius on lifting line but in opposite direction as shown in figure 2. The induced velocity 
caused by hub circulation is also found by Hough method[10]. 

rimage(i) = 
rh
2

rv(i)
 (6) 

tan Eimage(i) = 
rv(i)

rimage(i)
tan E0(i) (7) 

 

 

 

 

 
 

Figure 2. Vortex circulation inside the hub.  
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2.3 Slipstream contraction 
Since flow that passes the propeller has cross section area decreased due to the increase in velocity, 
then the cross section is at first decreasing and becomes constant at a certain point downstream. The 
decrease of flow’s cross section area or slipstream contraction results in the direction of free trailing 
vortex and also the induced velocity. 

Owning to slipstream contraction, the free trailing vortex can be divided into two parts; transition 
and ultimate zone. The zone that cross section area starts decreasing in the beginning is called 
transition zone, and the zone that cross section area becomes constant is called ultimate zone. 
Hoshino[7] did propeller’s open water test at different advance ratios and used the LVD to measure 
the radius of free trailing vortex. The measured vortex radius was summarized and represented by 
equations. The Hoshino’s equations are applied to find free trailing vortex’s radius with the 
assumption that free trailing vortex had been shed from the lifting line and the pitch angle of free 
trailing vortex line is constant. The free trailing vortex’s radius is found from equation(8) to (14) 
where parameters in those equations can be explained by figure 3. 

rtሺnǡ�ሻ=rሺnሻ-[rሺn)-rwሺnሻሿ�fr([) (8) 

frሺ[ሻ=ඥ[+1.013[-1.920[2+1.228[3-0.321[4 (9) 

[=
z

2.0R
 (10) 

rwt=ሾ0.887-0.125ሺ1- J pΤ ሻሿR (11) 

rwh=0.1R (12) 

J=
Va

ZR
 (13) 

p=ʹ �ͲǤ��tan (E) (14) 

 
Figure 3. Slipstream contraction and  

parameters for calculating free trailing vortex’s radius. 
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The self and mutually-induced velocity due to free trailing vortex in the ultimate zone can be found 
by Wrench and Hough’s method respectively, whereas induced velocity due to free trailing vortex in 
transition zone cannot be found by these methods because its radius is not constant. However for 
transition zone occurred in finite distance, the induced velocity can be determined by applying the 
numerical method expressed in Biot-Savart law. 

2.4 Calculus of variation method 
According to Biot-Savart law and Jourovski’s theorem, thrust and torque that developed by contra-
rotating propellers depend on bound vortex circulation that distributed on both propellers. Finding 
appropriate circulation distribution definitely leads to a good result. 

Coney[5] showed the way to find optimum circulation of various types of ship propulsion by using 
the calculus of variation method. For contra-rotating propellers, the optimum circulations under 
minimum power condition at required thrust (Treq) can be found by setting proper auxiliary function as 
shown in equation(15) and by solving set of equations that obtained from differentiating auxiliary 
function with respect to unknown circulations and Lagrange multipliers as shown in equation (16) to 
(19). 

H=(Z1Q1+Z2Q2)+OT൫T1+T2-Treq൯+OQ(Q2-qQ1) (15) 

H
*1(i)

=0  for i=1,2,…n1 (16) 

H
*2(j)

=0  for j=1,2,…n2 (17) 

H
OT

=0 (18) 

H
OQ

=0 (19) 

 

3.  Calculation procedure 
To find the optimum circulation for contra-rotating propellers, relevant equations are programmed by 
using MATLAB program. The program is written under assumption that the free trailing vortex is 
shed from the lifting line and has constant pitch along the axial direction. The viscous force and hub 
drag are neglected and the incoming flow is uniform and in axial direction only. Since equations in 
calculus of variation method are non-linear, The Newton-Raphson iteration is applied to find optimum 
circulations by first assuming initial circulations and induced velocities as design parameters in the 
program. The radius of aft propeller is set to equal to radius of free trailing vortex tip at the distance 
where the aft propeller is located. The radius of aft propeller is varied due to induced velocity in each 
iteration as well as the shape of free trailing vortex lines. The iteration is continue until the circulation 
values are converge. The calculation procedure is shown in figure 4.  
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Figure 4. Flow Diagram showing the calculation procedure. 

Substitute new values of 
u1aሺi1ሻ,u1t(i1)ǡ 
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obtained from calculus of variation method and 
solve them by using Newton-Raphson iteration.   
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' (i2,j2) for induced velocities due 
to vortex in transition zone. 

Find self and mutually-induced velocities by using 
Biot-Savart law, Wrench method and Hough method. 

260



 
 
 
 
 
 

4.  CFD analysis 
4.1Drawing  propellers 
Propeller with airfoil cross section can provide a better thrust on it. This thrust depends on type of 
airfoil, chord length, flow velocity and the angle between flow velocity and chord line which is called 
angle of attack as shown in figure 5. 
 

 

 

 

  

Figure 5. The alignment of cross section airfoil.  

To draw the propeller’s shape from circulations, type of airfoil and chord length have to be chosen 
first, then  lift coefficient and angle of attack of each blade sections can be determined. The lift 
coefficient of any blade sections is found by substituting the circulation and the specified chord length 
at that blade section in equation(20). The lift coefficient is used to indicate the angle of attack by using 
the study of Abbott and Doenhoff[8] which shows the relation between the angle of attack and lift 
coefficient for various types of airfoil.  

CL(i)=
2*ሺ�ሻ

cሺiሻ.V* (20) 

Chord distribution is developed according to the distribution in the study of Oossanen[12]  for each 
propeller with its developed area ratio at 0.5.  The NACA2412 airfoil profile is chosen for blade cross 
section profile. The blade of propeller developed has no rake and skew angle to avoid the complication 
in applying correction factors for angle of attack. 

 4.2 CFD simulation   
FLUENT Ansys program is chosen to simulate contra-rotating propellers that resulted from 
calculation. These propellers are simulated under same conditions in calculation procedure. The 
simulation uses sliding mesh method to determine results in each time step and k-Z model. The k-Z 
model gives good predicted results when compared with open water test results as shown in many 
studies such as Rhee and Joshi[13] and Kawamura[14]. The simulated model is shown in figure 6. The 
flow domain enclosing CRPs is modeled as cylinder shape with its radius and length equal to 1.3 and 
3.5 times the fore propeller’s radius respectively. Due to complex geometry of propeller, the 
unstructured mesh and refinement near blade and hub surfaces are applied. The flow is divided into 
two parts; one enclosed the fore propeller and the other covered both the aft propeller and the rest of 
flow domain. The interface surface of these two parts is in the middle between these two propellers 
where propellers and their hub start rotating in opposite direction. By this method, propellers can 
rotate relatively and move into a new position at each time step. Computational results at different 
relative positions in each time step can be obtained. The time step is chosen to give ten different 
relative positions between fore and aft propeller in each revolution.     

EͲ 
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T
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Figure 6. The domain of simulated CRPs. 

5.  Calculation and CFD results 
The calculation is calculated at design parameters as shown in table 1. 

Table 1. the input design parameters 
parameter value 
Treq 3399.4236 [N] 
Va 2.05778 [m/s] 
R1 1 [m] 
Z1=Z2 6.4647 [rad/s] 
d 0.45 [m] 
Z1=Z2 4 
n1=n2 10 

From calculation, the optimum circulation distributions for each propeller are shown in figure 7.   

 
Figure 7. Optimum circulation distribution. 

In the figure 7, results for circulation distribution obtained from CFD are then compared with those 
obtained from calculation without slipstream contraction effect condition. The difference between 
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cases that with and without slipstream contraction is the circulation on fore propeller. For fore 
propeller under slipstream contraction, strengths of circulation near the blade root tend to increase, 
while those at the blade tip tend to decrease when compare with circulations resulted from without 
slipstream contraction. This is resulted from slipstream contraction which pushes free trailing vortex 
lines to move inside the blade root and intensifies the strength of circulation at that area. While the 
difference in aft propeller is much smaller.  

Thrust and torque obtained from calculation under with and without slipstream condition are shown 
in table 2. Both thrust and torque obtained are nearly the same because required thrust and torque 
ratios between fore and aft propeller are considered as constrained design parameters. 

Table 2. Thrust and torque from calculation under with and without slipstream contraction. 

 with slipstream contraction  w/o slipstream contraction 

 Fore propeller Aft propeller  Fore propeller Aft propeller 

Thrust [N] 1902 1497.2  1899.5 1498.1 

Torque [N.m] 699.56 559.64  697.13 557.70 

The optimum circulation distribution that obtained from calculation under slipstream contraction 
condition is used to determine the section lift coefficient and to draw the propellers’ blade profile. The 
drawn CRPs are simulated by FLUENT program as mentioned in section 4.2. The CRPs are calculated 
and simulated at condition mentioned in table 1 with two different rotational speeds, 6.4647 and 
5.3873 rad/s which correspond to advance ratio 1 and 1.2 respectively. The viscous force is then 
included into thrust and torque obtained from calculation as shown in table 3 and 4 in order to 
compare with results obtained from FLUENT. This viscous force on each blade section is determined 
from the study of Abbott and  Doenhoff[8].  

From table 3and 4, it shows that results obtained from calculation and FLUENT are different in 
term of value but are in the same order on fore and aft propeller. Consider as a single unit of CRPs, the 
total thrust and torque obtained from both calculation and FLUENT are also nearly same values as 
shown in table 5.  

Table 3. Average thrust on fore and aft propeller. 

Advance 
ratio 

 Thrust on fore propeller [N] Thrust on aft propeller [N] 

  Cal. Fluent %'  Cal. Fluent %' 

1   1,851.12 1,815.45 -1.93  1,456.18 1,541.07 3.22 

1.2   1,817.89 1,677.97 -7.70  1,498.28 1,457.78 -2.70 

 

Table 4. Average torque on fore and aft propeller. 

Advance 
ratio 

 Torque on fore propeller [N.m] Torque on aft propeller [N.m] 

  Cal. Fluent %'  Cal. Fluent %' 

1   749.79 773.93 5.83  595.43 636.22 6.85 

1.2   877.42 838.03 -4.49  700.88 694.40 -0.94 
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Table 5. Total thrust, total torque and efficiency of CRPs as a single unit. 

Advance 
ratio 

  Thrust [N]  Torque [N.m] 

  Cal. Fluent %' Cal. Fluent %' 

1  3,307.30 3,356.53 1.49 1,345.22 1,410.15 4.83 

1.2  3,316.18 3,135.75 -5.44 1,511.39 1,532.43 -2.91 

 

6.  Conclusion 
Optimum circulation distribution of CRPs is determined by using lifting line theory and calculus of 
variation method. The lifting line and circulation distributing on it represent propeller’s blade and the 
load occurring along the blade section. Equations are solved numerically by dividing the lifting line 
into finite elements with finite circulation strength. Induced velocities on each propeller are caused by 
its free trailing vortex in slipstream and the bound and free trailing vortex of the other propeller. Both 
vortex circulation strength and its direction affect the induced velocity and loads on propeller’s blade, 
thus slipstream contraction is applied to lifting line theory to define the direction of free trailing vortex 
line. By using calculus of variation method, optimum circulation distribution that resulted in required 
thrust and minimum power usage on CRPs is found. The calculation results show that optimum 
circulation distribution under slipstream contraction tends to increase in area around blade root and 
decrease in area around blade tip when compared with results that neglect slipstream contraction.  

The optimum circulation distribution under slipstream contraction condition is then used to 
determine the propeller’s blade profile. This optimum blade profile is drawn and simulated in CFD 
program (Ansys FLUENT) to validate the calculation results. Results obtained from FLUNT show that 
thrust and torque on fore propeller as well as thrust on aft propeller are close to calculation results. 
This shows that calculation procedure, which based on lifting line theory and calculus of variation 
method along with the slipstream contraction condition, can provide a good approximate optimum 
design for CRPs. However this study has to be studied further at different condition such as at 
different advance ratio and required thrust in order to investigate a range of use or limitation of the 
design procedure.  
 
nomenclature 
c chord length of blade cross section 
CL Lift coefficient on blade cross section 
d Distance between fore and aft propeller 
D Propeller diameter 
H Auxiliary function 
J Advance ratio 
dl Infinitesimal of vortex element 
n Number of lifting line’s element 
p pitch 
q torque ratio of aft propeller’s torque to fore propeller torque 
Q Torque 
R Propeller radius 
rc Radius at control point 
rh  Hub radius 
rimage  Image radius inside the hub 
rt Radius of free trailing vortex in transition zone 
rv Radius at vortex point 
rwh Radius of hub free trailing vortex in ultimate zone 
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rwt Radius of tip free trailing vortex in ultimate zone 
'r Length of lifting line’s element 
S Distance from control point to vortex 
T Thrust 
Treq Required thrust 
u Induced velocity 
u' Induced velocity coefficient 
Va Axial velocity of incoming flow 
�ȗ  Resultant velocity on blade cross section 
Z Blade number 
D Angle of attack 
E0 Pitch angle of free trailing vortex line 
U Flow density 
* Bound vortex circulation 
Z Rotational velocity 
OT thrust Lagrange multiplier  
OQ torque Lagrange multiplier   

Subscript 
1 The fore propellers 
2 The aft propellers 
r Radial direction 
t Tangential direction 
a Axial direction 
s Self-induced value 
m Mutually-induced value 
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Abstract. The advancement of wind energy as an alternative source of hydrocarbons depends 
heavily on research activities in simulation technique and experimentation. The wake behind 
wind turbines affects the power output and efficiency of a wind farm. Being able to simulate the 
wake dynamics of a wind turbine efficiently may result in optimum spacing, longer wind turbine 
life, and quicker payback on the wind farm investment.  

1.  Introduction 
Wind power has been shown to be one of the most viable sources of renewable energy. The technology 
is mainly due to recent technological advances that have lowered the price of wind energy to a level that 
is competitive with more conventional means of producing energy.  The blades of a wind turbine are an 
important component of the machine and thus have been the subject of much research. Most commercial 
blade designs incorporate a straight edge span-wise profile with airfoil cross-sections of various sizes 
and orientations. The configuration of these parameters usually follows guild lines resulting from well-
established theory. If these blades are designed correctly, they can be very efficient. To increase this 
efficiency, some manufacturers have experimented with different profile geometries. One common 
alteration that has been seen is a swept edge profile, such as that found in the Skystream 3.7 turbine[1]. 
The advantages and disadvantages associated with this shape are not well documented due to the 
complex nature of airflow around a rotating blade and the numerical investigation that is required. 

Traditionally, analytical methods employing the blade element momentum (BEM) theory have been 
used to analyze wind turbine blade performance [2]. The BEM method treats a given cross-section of a 
turbine blade as an independent airfoil. Based on the rotation rate, oncoming wind speed and spanwise 
position of the cross-section, an appropriate chord length and angle of twist can be specified. Once 
several cross-section configurations are defined, the overall performance of the blade can be estimated 
by indexing previously determined 2D lift, drag, and moment data. These methods are efficient and 
reasonably accurate for an initial design, but since each cross-section is considered independent and the 
data used to determine its performance in 2D, involved 3D flow effects are not directly taken into 
account [3]. For this reason, many researchers have to look to computational fluid dynamics to 
supplement their design process. 

Bak et al. [4] explored the possibility of extracting force data from CFD simulations to enhance 
existing 2-D airfoil data. This data could then be used with the blade element momentum theory or 
actuator blade approach to determine wind turbine performance analytically. The turbine used in the 
simulations of this study is the NTK500/41 with LM19.1 blades [5]. The computational domain 
consisted of a third of the flow volume of the entire rotor taking advantage of the symmetry at every 
120○ intervals. With this approach, only a single blade needs to be simulated.  
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2.  Experimental Setup 
The wind tunnel in the Wind Energy Laboratory at the University of Wisconsin-Milwaukee (UWM) 
was used for the experimental study.  A photograph of the wind tunnel is shown in Figure 1.  Welsh [6] 
provides a detailed description of the wind tunnel facility and the design considerations, but a general 
synopsis is provided here. The wind tunnel at UWM is an open-circuit, suction type tunnel that uses an 
axial fan to draw air through the test section.   The inlet settling chamber section was designed with a 
7.62 cm long honeycomb and 1 cm hexagonal shaped cells to reduce the large-scale turbulence and to 
eliminate mean lateral and vertical velocity components.  A series of screens with reduced mesh sizes 
was incorporated to reduce further the turbulence and lessen the variation in the average longitudinal 
velocity.   

The room is temperature controlled which reduces the change in temperature during testing. 
Temperature changes with the wind turbine operating continuously for up to 10 hours were less than 0.5 
C.  The inlet to the contraction section is a bit over 9.3 square meters and transitions to the 1.4 rectangular 
meter tests section in ~4 m distance.  The 6.2 contraction ratio is on the low-end of the recommended 
range, but given the low wind tunnel speed, it was deemed acceptable.  The test section is ~120 cm × 
120 cm × 243 cm long and has clear polycarbonate walls to provide a smooth surface. The wind tunnel 
boundary layer was not measured for this experimentation, but it was estimated to be less than 15 cm in 
2.4 m so that the boundary layer does not extend into the turbine wake. The diffuser section was designed 
with a 2.25 expansion ratio and a 2.5o expansion angle.  The diffuser section transitions from a square 
cross-section at the exit of the test section to an octagonal shape at the entrance to the 1.83 m fan 
diameter.  A rubber coupling was installed between the diffuser and the fan to reduce vibration and 
prevent measurement errors. The six-bladed fan is attached to a 34 hp motor which is controlled by a 
variable frequency motor speed drive mounted to the side of the fan enclosure.  The motor frequency 
and resulting wind speed were established during this experimentation. 
 

 
Figure 1. Wind Tunnel Test Facility. 
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3.  Results 
The calibration procedure for the surface interpolation technique was identical to the polynomial surface 
fit method, and the same datasets were used for all comparisons. Since the griddata.m function uses the 
exact calibration points in the interpolation, an error analysis at those points resulted in zero error.  To 
evaluate and compare methods, 15 of the 45 velocity values were selected overall yaw angles to establish 
the calibration surfaces, and 15 intermediate velocity values were used to compute the normalized 
standard deviation, H1.  Figure 2 shows the points used for building the calibration grid, and also the 
points (different velocity settings) used to evaluate H1. 

 

Figure 2. Points used to develop calibration surfaces and locations used for error evaluation. 
 

Table 1 shows the computed normalized standard deviation, H1��for the different calibration methods 
at all yaw angles along with the computation time for converting the voltages to velocities.  The values 
of H1 are plotted for each procedure in      Figure 3 to provide a visual comparison.    
 

Table 1. Comparison of normalized standard deviation, yaw angle error, and 
                computation time for different calibration methods. 

Yaw Angle
[deg]

HN
tcomp

[msec]
HN

tcomp

[msec]
HN

tcomp

[msec]

-40 0.169 5.05 0.243 0.75 0.234 51.1
-30 0.105 5.11 0.125 0.73 0.134 49.9
-20 0.048 4.84 0.044 0.93 0.060 52.4
-10 0.010 4.93 0.004 0.91 0.016 54.4
0 0.006 4.99 0.009 0.91 0.008 49.8

10 0.010 5.22 0.004 0.87 0.015 48.0
20 0.089 4.95 0.076 0.90 0.060 51.2
30 0.156 4.98 0.149 0.87 0.114 51.6
40 0.210 5.00 0.213 0.91 0.234 55.3

Average 0.089 5.01 0.096 0.86 0.097 51.52

Effective Angle 
Polynomial Surface 

Fit
Surface 

Interpolation

 

1.6
1.8

2
2.2

2.4
2.6

1.6
1.8

2
2.2

2.4
2.6

0

5

10

15

20

25

 

E1 (volts)E2 (volts)
 

U
ca

l  (
m

/s
)

Calibration Points
Error Evaluation

269



 
 
 
 
 
 

From Figure 3, it is clear that the accuracy of the velocity measurement is dependent on the yaw 
angle regardless of which method is used.  More importantly, the biharmonic interpolation method is 
shown to be as accurate as either of the more traditional effective angle or polynomial surface fit 
methods.   
 

 
     Figure 3. Comparison of normalized standard deviation for different hotwire 
                      calibration methods. 

 
Converting voltages to velocity can be time-consuming, especially for large file sizes and copious 

data files.  The Matlab tic and toc commands were used to estimate the time for converting the voltages 
to velocity and computing H1. The computation was performed on a 64-bit Windows Operating System 
with an Intel i7-3635QM processor and 16 GB of RAM.  All coefficients determined the computation 
time and grid calibration values were loaded.   The results show that the computation time using the 
griddata.m function was substantially longer than either the polynomial surface fit or capable angle 
method while the polynomial surface fit method is an order of magnitude faster than the effective angle 
method.  The main advantage of using the surface interpolation technique was its simplicity to 
implement; it was one command line of programming.   The polynomial surface fit technology was 
mathematically rigorous and required a bit more programming ingenuity; however, the efficiency of the 
script made it computationally faster. 

Another advantage of using the polynomial surface fit or surface interpolation method comes in 
reducing the uncertainty due to the hot wire probe angle when taking measurements in the wind tunnel.  
Before wind tunnel measurements, the 54H10 calibrator was placed in the wind tunnel with the axis of 
the nozzle aligned with the axis of the wind tunnel and the nozzle perpendicular to the probe support as 
shown in Figure 4.   
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Figure 4. In-situ calibration of hot wire anemometer. 

 
In almost every instance before starting wind tunnel experiments, plotting the in-situ calibration 

with the full calibration data indicated a slight misalignment of the probe, as shown in Figure 5. The 
probe angle was then adjusted such that the in-situ calibration matched the full calibration. 

 

Figure 5. In-situ calibration correction for probe angle 
 
 Moving downstream and further and into the far-wake region (x/Db > 1), the experimental data 
shows a trend toward an axisymmetric Gaussian profile. 
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Figure 6. Measured blade speed with hot-wire probes positioned at the hub height. 

Figure 6 shows the closer the traverse arm is to the turbine, the higher the rotational speed. The 
highest rotational speeds occurred when the traverse arm was even or ahead of the turbine.  The position 
of the traverse arm in the lateral direction also affected the blade speed, but the effect was not 
documented. The rotational speed increase is caused by more airflow to the turbine as it is re-directed 
around the traverse arm and the area between the turbine and the traverse is reduced; this effect was also 
seen in measurements with multiple turbines.  

Figure 7 shows the profile at locations up to the end of the near-wake region (x/Db <1). The RSM 
turbulence model appears to overpredict the deficit from the rotor and the tower for all methods in this 
region; however, the shape of the RBM profile is a better match to the experimental measurements.   
 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 7. Comparison of velocity deficit to experimental data at several vertical measurement planes 
using different CFD modeling methods: (a) S12 (b) S13 (c) S14 (d) S15, U∞=6.60 m/s, traverse arm 
positioned at x/Db~8. 
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4.  Conclusions 
A hot-wire calibration comparison showed that using a surface interpolation technique to linearize the 
hot-wire voltage to velocity may be more accurate than sufficient angle or polynomial surface fit 
methods.  The method was computationally more expensive when considering large files are a large 
number of records. The velocity deficit measurements showed excellent repeatability considering size 
planes upstream of the first turbine and between the first and second turbine.  The hot-wire 
measurements showed the dissipation of turbulence intensity and erosion of the velocity deficit were 
consistent with theory and prior research.   The experimental results highlighted the influence of traverse 
and future experiments in the wind tunnel will need to consider how the hot-wire probe is supported and 
crossed during measurements.  Factors that may have influenced the experimental results include the 
position and orientation of the turbine blades and the surface quality of the wind turbine blades.    
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Abstract. Battery packs become the key component in electric vehicles (EVs). The main costs 
of which are battery cells and assembling processes. The battery cell is indeed priced from 
battery manufacturers while the assembling cost is dependent on battery pack designs. Battery 
pack designers need overall cost as cheap as possible, but it still re uires high performance and 
more safety. Material selection and assembly method as well as component design are very 
important to determine the cost-effectiveness of battery modules and battery packs. Therefore, 
this work presents Decision Matrix, which can aid in the decision-making process of component 
materials and assembly methods for a battery module design and a battery pack design. The aim 
of this study is to take the advantage of incorporating Architecture Analysis method into decision 
matrix methods by capturing best practices for conducting design architecture analysis in full 
account of key design components critical to ensure efficient and effective development of the 
designs. The methodology also considers the impacts of choice-alternatives along multiple 
dimensions. Various alternatives for materials and assembly techni ues of battery pack are 
evaluated, and some sample costs are presented. Due to many components in the battery pack, 
only seven components which are positive busbar and Z busbar are represented in this paper for 
using decision matrix methods.  
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Abstract. ater cannon used by Explosive rdnance Disposal (E D) were designed to propel 
a burst of water et moving at high speed to target and disrupt an improvised explosive device 
(IED). The cannon could be mounted on a remotely controlled robot, so it is highly desirable 
for the cannon to be recoilless in order not to damage the robot after firing. In the previous 
work, a nonconventional design of the water cannon was conceived. The recoil was greatly 
reduced by backward sprays of water through a ring of slotted holes around the muzzle.  This 
minimizes the need to manufacture new parts by utilizing all off-the-shelf components except 
the tailor-made muzzle. The design was then investigated numerically by a series of 
Computational luid Dynamics (C D) simulations. In this work, high speed camera was 
employed in firing experiments to capture the motion of the water et and the backward sprays. 
It was found that the experimental data agreed well with the simulation results in term of 
averaged exit velocities. 
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Abstract. The effects of related parameters on thermal comfort condition for a person sitting 
near a glass window are investigated. The mean radiant temperature and PPD (predicted 
percentage of dissatisfied) are chosen to be the parameters for describing the human thermal 
comfort. The effects of the transmitted direct solar radiation, transmitted diffuse solar radiation, 
glass surface temperature and distance of a person from the glass window on the mean radiant 
temperature and PPD are studied. It is found that the intensity of the transmitted solar radiation 
and the value of glass surface temperature all have effect on the human thermal comfort. The 
mean radiant temperature and PPD are decreased when the distance of a seated person from the 
glass window is increased for the case of having transmitted diffuse solar radiation and having 
high glass surface temperature. The mean radiant temperature and PPD are increased when the 
distance of a person from the glass window is increased for the case of having transmitted 
direct solar radiation. 

1.  Introduction 
Glass windows nowadays become a common type of building envelope for a commercial building 
especially for a high-rise building. Glass windows have a certain benefit in term of providing a visual 
connection for the tenants to the exterior. They also allow the natural light to admit into the interior 
space to reduce the use of the artificial light. But for building located in the tropical zone, the glass 
windows could also accept plenty of incident solar radiation into the interior space causing an 
unpleasant thermal condition for the tenants to live in. A large air conditioning system is usually 
required to get rid of the high solar cooling load. But in order to keep the thermal condition of the 
room pleasant for the tenants to live in, one also has to maintain the mean radiant temperature (the 
uniform temperature of an imaginary black enclosure which would result in the same heat loss by 
radiation from the person as the actual enclosure (ISO7730 [1]) of the space in the acceptable value 
rather than considering only the space inside temperature. To describe the thermal comfort condition, 
Fanger [2] has developed the thermal comfort indices as the predicted mean vote (PMV) and the 
predicted percentage of dissatisfied (PPD). A considerable number of researches have been conducted 
on thermal performance of glass windows emphasized on the heat transmission and thermal comfort: 
Rizzo et al. [3], Athienitis and Haghighat [4]; Gan [5]; Chaiyapinunt et al. [6]; La Gennusa et al. [7]; 
La Gennusa et al. [8]; Singh et al. [9]; Chaiyapinunt and Khamporn [10]; Dong et al. [11]; Hwang and 
Shu [12] and Khamporn and Chaiyapinunt [13]. It was found that the thermal comfort of a person 
sitting near a glass window is dependent on the mean radiant temperature, the amount of solar 
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radiation incident on the person and the glass surface temperature along with the other 5 parameters 
(air temperature, wind speed inside the room, vapor partial pressure, clothing surface temperature and 
metabolic rate).   

Khamporn and Chaiyapinunt [13] have compared the predicted results from the developed 
mathematical model with the measured results from the experiment for verification purpose. It was 
found that the agreement of the predicted results and the measured data is good. The experiment was 
performed by setting the measurement transducers (simulate the person sitting near glass window) at 
the distance of 200 mm from the inside surface of the glass window. The thermal comfort condition 
analyzed from Khamporn and Chaiyapinunt [13] is based on the 200 mm distance from the glass 
window. The reason for chosen the distance was due to the small size of glass window (0.9x1.1 m) 
used in the experiment. It would be difficult to measure the proper value of the transmitted solar 
radiation if the sensor was moved away further into the room. The distance (200mm) was not so 
realistic for the people to sit near the glass window. Therefore, in this study, the effect of the related 
parameters (especially the distance of a seated person from the glass window) on the thermal comfort 
condition of a person sitting near the glass window are investigated. 

 

2.  Thermal comfort indices and related parameters 
In this study, the indices that are chosen to describe the human thermal comfort condition are the 
predicted mean vote (PMV) and the predicted percentage of dissatisfied (PPD). The expression for 
PMV and PPD can be written according to ISO 7730 [1] and Fanger [2] as 
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where       M    =   metabolic rate per unit body, (W/m2). 
aP     =   vapor partial pressure, (Pa). 
clf    =   clothing area factor. 

mrtT   =   mean radiant temperature, (qC ). 

aT     =   air temperature, (qC ). 

clT     =   clothing surface temperature, (qC ). 
ch      =   convective heat transfer coefficient, (W/(m2-K)). 

K       =   mechanical efficiency. 
The clothing surface temperature can be evaluated by an iteration process from the following 

expressions 
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where  arv  = relative air velocity (the air velocity relative to the occupant, including body movements), 
(m/s). 

 clI   = clothing insulation, ((m2-K)/W). 
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It is found that the mean radiant temperature of an enclosure is one of the important parameters in 

evaluating the value of the PMV. The mean radiant temperature of the enclosure can also be divided 
into the mean radiant temperature that is accounted only for the effect of the glass surface temperature 
and the mean radiant temperature that accounted for the effect of surface temperature and solar 
radiation [6]. The expression for both kinds of the mean radiant temperature can be written as  

4 4 4 0.25
1 1 2 2[( 273) ( 273) .......... ( 273) ] 273tmrt s p s p sn p nT t F t F t F� � � � � � � � � � � � �    (6) 
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    (7) 

where    tmrtT   =   mean radiant temperature due to surface temperature, (qC ). 
             smrtT   =   mean radiant temperature due to surface temperature and solar radiation, (qC ). 
              sjt     =   surface temperature of the enclosure wall number j, (qC ). 

             p iF �   =   angle factor between the person and surface i  ( 1
n

p i
i

F �  ¦ ). 

             p winF � =  angle factor between the person and the glass window surface.    
             pf      =   projected area factor. 
 pa      =   absorptance of the outer surface of the person (standard value = 0.6). 

pH      =   emittance of the outer surface of the person (standard value = 0.97). 
 V       =   Stefan Boltzmann constant, (W/(m2-K4)). 

trdirI    =   transmitted direct solar radiation striking on the person, (W/m2). 
 trdiffI   =   transmitted diffuse solar radiation striking on the person, (W/m2). 
 
 The expression for the mean radiant temperature due to surface temperature and solar radiation in 
equation (7) (in the part of solar radiation effect) has been adopted from the relation given by La 
Gennusa et al.[7]. 
 In this study, we will emphasis on the thermal comfort condition for a person sitting turning 
sideway to the glass window. From equations (6) and (7), the mean radiant temperature is also 
dependent on the angle factor between the person and surfaces and the projected area factor besides 
the magnitude of the transmitted solar radiation. Rizzo et al. [3] have developed the algorithms for the 
calculation of mean projected area factors of seated person as a function of the azimuth angle, D , for 
selected values of the altitude angle, E  (see figure 1 for angle definitions) as the following relation: 

  
� � � �

4

0
, i

p i
i

f AD E E D
 

 �¦                                                                                                      (8) 

  � �
3

0

j
i ij

j
A AE E

 

 �¦                                                                                                                  (9) 

 
 

278



 
 
 
 
 
 

 
 
 

Figure 1.  Definition of related angles for calculating the mean project area factor for a seated person. 
 

 Table 1 shows the coefficients of the polynomial algorithms ( ijA ) used in equation (9) for the 
case of seated persons. 

Table 1. Coefficients of the polynomial algorithms ( ijA ) for the case of seated person. 
j i 

 0 1 2 3 4 
Coefficients for seated person ijA  

0 12.884 10�� u  32.225 10�� u  59.292 10�� u  79.027 10�� u  92.517 10�� u  
1 32.225 10�� u  57.653 10�� u  64.021 10�� u  84.632 10�� u  101.380 10�� u
2 55.472 10�� u  77.286 10�� u  86.215 10�� u  107.690 10�� u  122.341 10�� u  
3 71.802 10�� u  91.457 10�� u  103.152 10�� u  124.015 10�� u  141.231 10�� u  

 
 Cannistraro et al. [14] have developed the algorithms for the calculation of the angle factors 
between human body and rectangular surfaces in parallelepiped environments as the following: 
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 Figure 2 shows the definition of the related parameters used for calculating the angle factor in 
equation (10). Table 2 shows the value of the parameters to be used in equation (10) – (12). 
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Figure 2.  Definition of the related parameters used for calculating the angle factor in equation (10). 

 

Table 2.  Parameters to be used in equations (11) - (13) for the case of seated persons. [14] 

Case maxF  A B C D E 

Window 
Case 3 

0.131 1.41607  0.09957 0.76196 0.07182 0.05578 

Window 
Case 4 

0.104 1.15253 0.13945 0.73371 0.09442 0.03688 

 
3. Effect of related parameters on the thermal condition 
To investigate the effects of related parameters on thermal comfort condition for a person sitting near a 
glass window, the room of size 4x8 m and height of 3 m with a glass window of 3x4 m as shown in 
figure 3 is used for this study. A person is assigned to sit turning sideway to the glass window. The 
position of a seated person is 0.6 m above the floor and lies in the middle of the room width. The glass 
window is divided into 4 subareas related to the occupant position (according to the work developed 
by Cannistraro et al. [14]). The sun is assumed in the position that the transmitted solar radiation 
always incident on the seated person with angle E  as shown in figure 3. The distance of the seated 
person from the glass window, y0, will be varied. The metabolic rate of the person is chosen to be 1.2 
Met (M = 70 W/m2)) corresponding to normal work when sitting in an office. The clothing insulation (

clI ) is chosen to be 0.0775 (m2-K)/W (0.5clo). The mechanical efficiency of the person is set to be 0. 
The inside air temperature is kept around 25 ºC. The surface temperatures of the room except the glass 
window are assumed to be the same as the inside air temperature. Figure 4 shows the variation of the 
angle factor of a seated person and projected area factor between the seated person and the glass 
window surface with the distance from the glass window (from 0.5 m to 8 m). The value of angle 
factor is decreasing when the position of the seated person moved further away from the glass 
window. The value of the projected area factor is increasing when the position of the person moved 
further away from the glass window. The reason that the projected area factor is increasing is due to 
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J

280



 
 
 
 
 
 

the assumption that the sun is always in the position that the transmitted solar radiation incident on the 
seated person with angle E  as shown in figure 3. Therefore when the position of the seated person is 
moved further back in the room the angle E  is decreasing causes the projected area of the seated 
person is increasing. 

 
Figure 3.  The room with glass window and related parameters used in the study. 
 

 
 
Figure 4.  The variation of the angle factor and projected area factor with the distance of the seated 
person from the glass window. 
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3.1 Effect of related parameters on the mean radiant temperature 
The effect of the related parameters (glass surface temperature, diffuse solar radiation and direct solar 
radiation) on the mean radiant temperature in the various positions along the room length is 
investigated. Figure 5 shows the variation of the mean radiant temperature along the distance from the 
glass window for the case of no transmitted solar radiation with different glass surface temperature. It 
can be seen that the glass surface temperature has direct effect on the mean radiant temperature. The 
value of the mean radiant temperature is always lower than the glass surface temperature. The mean 
radiant temperature is decreasing when the position of the seated person is moved further to the back 
of the room as shown in figure 5.  

 
Figure 5.  The variation of the mean radiant temperature with the distance of the seated person from 
the glass window for different value of glass surface temperature.  
 
 The effect of the transmitted diffuse solar radiation (no transmitted direct solar radiation) on the 
mean radiant temperature with different glass surface temperature is shown in figures 6 – 9. Figure 6 
shows the variations of the mean radiant temperature along the distance of the room when the glass 
surface temperature is fixed at 25 °C and the transmitted diffuse solar radiation is varied from 0 to 500 
W/m2. The mean radiant temperature is directly dependent on the magnitude of the incident diffuse 
solar radiation. The value of the mean radiant temperature is decreasing with the distance of the seated 
person from the glass window. The decreasing pattern is in the exponential form. Figures 7 – 9 shows 
the variations of the mean radiant temperature along the distance of the room when the glass surface 
temperature is fixed at 30°C, 40°C, 50°C and the transmitted diffuse solar radiation is varied from 0 to 
500 W/m2. One can see clearly that the effect on the mean radiant temperature is the combination of 
the effect of the glass surface temperature and the effect of the transmitted diffuse solar radiation. The 
higher the glass surface temperature and the transmitted diffuse solar radiation, the higher the mean 
radiant temperature. The effect on the distance of the seated person on the mean radiant temperature 
for the case of the varying the glass surface temperature and the transmitted diffuse solar radiation is 
found to be dominant. The further away of the seated person from the glass window, the smaller value 
of the mean radiant temperature will the person feel. 
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Figure 6.  The variation of the mean radiant temperature with the distance of the seated person from 
the glass window for different value of the diffuse solar radiation when the glass surface temperature 
is fixed at 25°C.   

 
Figure 7.  The variation of the mean radiant temperature with the distance of the seated person from 
the glass window for different value of the diffuse solar radiation when the glass surface temperature 
is fixed at 30°C. 
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Figure 8.  The variation of the mean radiant temperature with the distance of the seated person from 
the glass window for different value of the diffuse solar radiation when the glass surface temperature 
is fixed at 40°C.    

 
Figure 9.  The variation of the mean radiant temperature with the distance of the seated person from 
the glass window for different value of the diffuse solar radiation when the glass surface temperature 
is fixed at 50°C. 
 
 The effect of the transmitted direct solar radiation (no transmitted diffuse solar radiation) on the 
mean radiant temperature with different glass surface temperature is shown in figures 10 – 13. Figure 
10 shows the variations of the mean radiant temperature along the distance of the room when the glass 
surface temperature is fixed at 25 °C and the transmitted direct solar radiation is varied from 0 to 500 
W/m2. The mean radiant temperature is directly dependent on the magnitude of the transmitted direct 
solar radiation incident on a person. The value of the mean radiant temperature is slowly increasing 
with the distance of the seated person from the glass window. The increasing of the mean radiant 
temperature is almost diminished when the distance of the seated person from the glass window 
exceeded 4 m. Figures 11 – 13 shows the variations of the mean radiant temperature along the distance 
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of the room when the glass surface temperature is fixed at 30°C, 40°C, 50°C and the transmitted direct 
solar radiation is varied from 0 to 500 W/m2. One can see clearly that the effect on the mean radiant 
temperature is the combination of the effect of the glass surface temperature and the effect of the 
transmitted direct solar radiation. The mean radiant temperature is directly dependent on the glass 
surface temperature and transmitted direct solar radiation. It is interesting to find that, with the 
assumption that the transmitted direct solar radiation is always incident on the seated person, the 
further away of the seated person from the glass window, the higher value of the mean radiant 
temperature will the person feel.  

 
Figure 10.  The variation of the mean radiant temperature with the distance of the seated person from 
the glass window for different value of the direct solar radiation when the glass surface temperature is 
fixed at 25°C.    

 
 
Figure 11.  The variation of the mean radiant temperature with the distance of the seated person from 
the glass window for different value of the direct solar radiation when the glass surface temperature is 
fixed at 30°C. 
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Figure 12.  The variation of the mean radiant temperature with the distance of the seated person from 
the glass window for different value of the direct solar radiation when the glass surface temperature is 
fixed at 40°C.     

 
Figure 13.  The variation of the mean radiant temperature with the distance of the seated person from 
the glass window for different value of the direct solar radiation when the glass surface temperature is 
fixed at 50°C.     
 
3.2 Effect of related parameters on the predicted percentage of dissatisfied 
With the effect of the related parameters (glass surface temperature, diffuse solar radiation and direct 
solar radiation) on the mean radiant temperature in the various positions along the room length as 
shown in figures 5 – 13, the effect of the related parameters on the predicted percentage of dissatisfied 
(PPD) is then investigated. Figure 14 shows the variation of the PPD of the seated person along the 
distance from the glass window for different values of the glass surface temperature. The pattern of the 
variation of the PPD with the distance of the seated person from the glass window is similar to the 
pattern of the variation of the mean radiant temperature with the distance of the seated person from the 
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glass window. The value of PPD is about 40% for the case of glass surface temperature of 50°C at the 
distance of 0.5 m from the glass window. The value of PPD is decreasing rapidly with the distance 
from the glass window. The value of PPD is rapidly reduced to around 12% when the distance from 
the glass window is 1.5 m. The PPD for the case of glass surface temperature 25°C and 30°C are 
around 5% which indicates the pleasant thermal condition for people to live in. 

 
Figure 14.  The variation of the predicted percentage of dissatisfied with the distance of the seated 
person from the glass window for different value of glass surface temperature.     
 
 Figures 15 - 18 show the variation of the PPD of the seated person along the distance from the 
glass window for different value of the diffuse solar radiation when the glass surface temperature is 
varied from 25°C - 50°C. The pattern of the variation of the PPD with the distance of the seated 
person from the glass window is similar to the pattern of the variation of the mean radiant temperature 
with the distance of the seated person from the glass window. The value of PPD reaches more than 
90% for the seated person at 0.5 m from the glass window for the case of diffuse solar radiation is 500 
W/m2 with different values of glass surface temperature. The effect of discomfort (PPD) is reduced 
when a person sit further away from the glass window. The higher the value of the diffuse solar 
radiation and glass surface temperature, the higher discomfort condition the seated person will feel. 
The effect of discomfort condition is decreasing as the distance of the seated person from the glass 
window is increasing. 
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Figure 15.  The variation of the predicted percentage of dissatisfied with the distance of the seated 
person from the glass window for different value of the diffuse solar radiation when the glass surface 
temperature is fixed at 25°C. 

 
Figure 16.  The variation of the predicted percentage of dissatisfied with the distance of the seated 
person from the glass window for different value of the diffuse solar radiation when the glass surface 
temperature is fixed at 30°C.     
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Figure 17.  The variation of the predicted percentage of dissatisfied with the distance of the seated 
person from the glass window for different value of the diffuse solar radiation when the glass surface 
temperature is fixed at 40°C.     

 
Figure 18.  The variation of the predicted percentage of dissatisfied with the distance of the seated 
person from the glass window for different value of the diffuse solar radiation when the glass surface 
temperature is fixed at 50°C. 
 
 Figures 19 - 22 show the variation of the PPD of the seated person along the distance from the 
glass window for different value of the direct solar radiation when the glass surface temperature is 
varied from 25°C - 50°C. The PPD is directly dependent on the magnitude of the transmitted direct 
solar radiation incident on a person. The value of the PPD is increasing with the distance of the seated 
person from the glass window. The increasing of the PPD is almost diminished when the distance of 
the seated person from the glass window exceeded 4 m. Figures 20 – 22 shows the variations of the 
PPD along the distance of the room when the glass surface temperature is fixed at 30°C. 40°C, 50°C 
and the transmitted direct solar radiation is varied from 0 to 500 W/m2. One can see clearly that the 
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effect on the PPD is the combination of the effect of the glass surface temperature and the effect of the 
transmitted direct solar radiation. The PPD is directly dependent on the glass surface temperature and 
the transmitted direct solar radiation.  

 
Figure 19.  The variation of the predicted percentage of dissatisfied with the distance of the seated 
person from the glass window for different value of the direct solar radiation when the glass surface 
temperature is fixed at 25°C. 

 
Figure 20.  The variation of the predicted percentage of dissatisfied with the distance of the seated 
person from the glass window for different value of the direct solar radiation when the glass surface 
temperature is fixed at 30°C. 
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Figure 21.  The variation of the predicted percentage of dissatisfied with the distance of the seated 
person from the glass window for different value of the direct solar radiation when the glass surface 
temperature is fixed at 40°C. 

 
Figure 22.  The variation of the predicted percentage of dissatisfied with the distance of the seated 
person from the glass window for different value of the direct solar radiation when the glass surface 
temperature is fixed at 50°C. 
 
4.  Conclusion 
The effects of related parameters on thermal comfort condition for a person sitting near a glass 
window are investigated. The effects of the transmitted direct solar radiation, transmitted diffuse solar 
radiation, glass surface temperature and distance of a person from the glass window on the mean 
radian temperature and PPD are studied. It is found that the intensity of the transmitted solar radiation 
and the value of the glass surface temperature all have effect on the human thermal comfort condition. 
The effect of the distance of the seated person from the glass window on the thermal condition for the 
seated person can be classified into two cases. For the first case, the thermal discomfort is decreased 
when the distance of the seated person from the glass window is increased for the case of having 
transmitted diffuse solar radiation and having high glass surface temperature. For the second case, the 
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thermal discomfort is increased when the distance of the seated person from the glass window is 
increased for the case of having transmitted direct solar radiation. 
 In this study, the effect of the transmitted direct solar radiation and transmitted diffuse solar 
radiation on the thermal condition is separately analysed. The case of having only transmitted diffuse 
solar radiation could be the case of glass window facing north and facing west in the morning. In 
actual condition, the glass window will usually receive the incident solar radiation in both 
components; direct solar radiation and diffuse solar radiation. The type of the glass window (optical 
properties) will dictate the magnitude of the transmitted solar radiation and the glass surface 
temperature. Therefore, understanding the effect of each related parameter on thermal comfort 
condition could help the architects and engineers to choose the proper glass window as the building 
envelope in respect of the heat transmission and thermal comfort. It also helps the architects to design 
the layout for people in the room regarding the position of seated person to achieve an acceptable level 
of thermal comfort. 
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Abstract. Annular flow is one type of gas-liquid two-phase separated flow where gas flows in 
the center as core and liquid film flows along pipe wall. Annular flow type of two-phase flow 
has been applied for many industrial applications. Annular flow has a high efficiency of heat 
transfer.  The most important characteristic that affects the heat transfer abilities is the liquid film 
thickness. This research studies and develops empirical model of liquid film thickness in vertical 
annular two-phase flow in pipe. The experimental data obtained from four different experiments 
in literature that measure liquid film thickness in vertical round pipe were compared with the 
newly developed model of liquid film thickness as well as other seven models in literature. The 
comparison shows that the results from the proposed model agree with the experimental data in 
literature better than other models.                                                                                                      

1.  Introduction 
In general, annular flow is described as a fast gas core flowing in the center surrounding by a slow liquid 
film along pipe wall. The high velocity gas core causes high interfacial shear stress at the gas liquid 
interface which induces instability at the interface and thereby droplet entrainment into gas core flow. 
Sometimes, it also induces a wavy interfacial structure. Liquid droplet entrained in the core are 
undergone the continuous processes of droplet entrainment out of liquid film and droplet deposition into 
the liquid film. At steady state condition, the rate of deposition and entrainment are equal, leading to an 
equilibrium entrainment fraction of droplets in the gas core. 

Two-phase annular flow is commonly found in many industrial applications, such as water-cooled 
nuclear reactors, evaporators, boilers, heat exchangers, refrigeration system and petrochemical plants. 
Annular flow is the most important regime for heat transfer applications such as Boiling Water Reactors 
(BWR), because annular flow has a high efficiency of heat transfer which is due to the thin liquid film 
thickness flowing and transferring heat from surface. Sometimes, liquid film thickness may dries out 
causing overheat of fuel rods and consequently catastrophically damage the core. As a result, it is 
necessary to understand the characteristic of the liquid film thickness in order to maintain appropriate 
size of liquid film thickness for high heat transfer rate and prevent the dry out phenomenon.  

Many researchers have been conducted experiments on liquid film thickness measurement of annular 
flow in vertical circular tube. Bousman and McQuillen [1] observed annular two-phase gas-liquid flows 
in tube with inner diameter of 12.5 mm under Microgravity. To evaluate the effects of liquid viscosity 
and surface tension to liquid film thickness, the experiment was performed using three types of liquid 
including water, 50-50 wt% water-glycerin and water-Zonyl FSP. The superficial liquid velocity is 
ranging from 0.07 to 0.5 m/s, while superficial gas velocity is ranging from 4 to 26.1 m/s. The results 
show that film thickness decreases with decreasing superficial liquid velocity and increasing superficial 
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gas velocity. Liquid film thickness of water-glycerin and water-Zonyl FSP are 20-30% and 40-50% 
greater than in the air-water. Fukano and Furukawa [2] investigated the effects of liquid viscosity on 
liquid film thickness and interfacial shear stress in vertical tube with inner diameter of 26 mm in annular 
flow. The experimental condition are superficial liquid velocity ranging from 0.04 to 0.1 m/s, superficial 
gas velocity ranging from 9.7 to 49.9 m/s under ambient pressure and temperature. The dynamic 
viscosity was varied from 60.85 10�u to 6 28.6 10 m /s�u  by mixing water and glycerol. Four 
concentrations of water-glycerol solution were tested including pure water (W09) 45 wt% glycerol 
solution (G3), 53 wt% glycerol solution (G5) and 53 wt% glycerol solution (G9), were tested.. The 
experimental results show that liquid film thickness decreases with increasing dynamic viscosity. 
Ashwood et al. [3] measured gas-water annular two-phase flow in quartz and copper tube with inner 
diameter of 23.4 mm. Condition of experiment are superficial liquid velocity from 0.04 to 0.34 m/s, 
superficial gas velocity from 35 to 85 m/s, ambient pressure and temperature. Total Internal Reflection 
(TIR) and Planer Laser Induced Fluorescence (PLIF) measurement techniques were used to directly 
measure liquid film thickness. The results from both techniques showed that liquid film thickness 
increases when increasing superficial liquid velocity and decreasing superficial gas velocity. Schubring 
et al.[4] explained more detail regarding method of PLIF technique. The results also show similar 
conclusion as the results experimented by Ashwood et al. [3]. 

Relying on observation on the experimental data, many correlations for predicting liquid film 
thickness have been developed based on different assumptions. Example of correlations of 
dimensionless film thickness are summarized in Table 1. Henstock and Hanratty [5] proposed that liquid 
film thickness is a function of interfacial friction factor ratio and derived for the interfacial friction factor 
equation. Later Tatterson et al. [6] modified the interfacial friction factor equation by including a 
function of Reynolds number of the liquid flowing in the wall layer. Hori et al. [7] considered that 
Reynolds number of liquid and gas, Froude number of gas and liquid, and liquid viscosity are the 
important parameters for modeling liquid film thickness. Fukano and Furukawa [2] proposed that liquid 
film thickness is based on gas Froude, liquid Reynolds number and quality. MacGillivray [8] proposed 
that liquid film thickness is mainly a function of just liquid Reynolds number and quality. Berna et al. 
[9] reviewed the existed correlations and proposed the new correlation in a form similar to correlation 
developed by Hori et al. [7], which are a function of Reynolds numbers and Froude numbers of both 
phases. Ju et al.[10] considered effects of gas and liquid velocity, gas density, and liquid viscosity 
separately and proposed a tanh function of Weber number, the modified gas Weber number and non-
dimensional viscosity number. Unlike other correlations which are referenced with tube diameter, this 
correlation is based on maximum film thickness, which is defined from flow regime transition criteria 
proposed by Ishii and Grolmes [11]. 

Although the empirical correlations are easy to apply since they are usually presented in closed form, 
it is commonly known that it is almost entirely unreliable when applying to operating cases outside the 
range of experimental data that used for developing the correlation. It can be implied that the validity of 
the correlation would be improved if the correlation is developed based on large and wide range of pool 
of experimental data. The objective of this paper is to construct database experimental data from 
literature as a means to develop new correlation that has wide operating range. 
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2.  Database of experimental data of liquid film thickness measurement in vertical annular gas-
liquid two-phase flow 

Database of experimental data were collected from literature that provided sufficient data for repeat 
the experiment. The data must at least includes types of liquid and gas, diameter of tube, and flow rate 
of liquid and gas. Information regarding flow rate of both phases may be provided as either superficial 
fluid velocities of both phases or total flow rate and equivalent quality. In this study, the experimental 
data were collected from Bousman and McQuillen [1], Fukano and Furukawa [2], Ashwood et al. [3], 
and Schubring et al. [4] as summarized in Table 2. In total, the number of point of experimental data is 
265 data points. It should be noted that Ashwood et al. [3] and Schubring et al. [4] are from the same  

  

Table 1. Summary of correlations for liquid film thickness of annular flow. 
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Table 2. Range of experimental data of liquid film thickness measurement in vertical annular 
gas-liquid two-phase flow. 

Author Fluids D (mm) lj   
(m/s) 

gj   
(m/s) 

Data point 

Bousman and 
McQuillen [1] Air-water 12.7 0.07-0.5 4-26.1 26 

Fukano and 
Furukawa [2] 

Air-W09 
Air-G3 
Air-G5 
Air-G9 

26 
26 
26 
26 

0.04-0.1 
0.04-0.1 
0.04-0.1 
0.04-0.1 

9.7-49.9 
9.7-49.9 
9.7-49.9 
9.7-49.9 

17 
18 
18 
18 

Ashwood et al. [3] Air-water 23.4 0.063-0.338 32.57-77.95 46 
Schubring et al. 

[4] Air-water 23.4 0.04-0.34 0.35-0.85 122 

 
research groups. Apart of that, the experimental data were collected from three independent research 
groups. 

 

3.  Comparison of existing liquid film thickness models. 
The comparison were performed by using the correlations presented in Table 1 to calculate for 

predicted film thickness and comparing the predicted results with the experimental data from the 
constructed database. The mean relative absolute error (MRAE), defined as: 

  model,i exp,i

exp,i

1 100%,
N

i

MRAE
N

G G
G
�

 u¦  (10) 

is used as criterion to compare the accuracy of the correlations. The comparison results are shown in 
Figure 1 and summarized in Table 3. Based on the results, the correlations developed by Fukano and 
Furukawa [2] and Ju et al. [10] relatively successfully capture the trend of the data in newly constructed 
database with MRAE of around 20%. It should be noted that the correlation developed by Fukano and 
Furukawa [2] is best fit with their experimental data with MRAE of 8.1% because it was developed with 
that set of data. 
 

Table 3. Comparison of mean relative error (MRAE) of correlation with database. 
Model Mean relative absolute error (MRAE) 

Bousman’s 
data 

Fukano and 
Furukawa’s data 

Schubring’s 
data 

 

Ashwood’s 
data 

Overall 

Henstock and 
Hanratty [5] 44.8% 22.5% 68.7% 52.8% 51.2% 

Tatterson et al. [6] 38.5% 25.5% 139.2% 111.5% 94% 
Hori et al. [7] 103.7% 121.6% 272.3% 238.3% 209.5% 
Fukano and 

Furukawa [2] 32.2% 8.1% 22.9% 18.8% 19.1% 

MacGillivray [8] 25.7% 86.8% 23.8% 23.1% 40.7% 
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Figure 1. Comparison of calculated and measured liquid film thickness where  represents data from 
Bousman and McQuillen [1],  represents data from Fukano and Furukawa [2],  represents data from 
Ashwood et al. [3] and  represents data from Schubring et al. [4] for correlations developed by (a) 
Henstock and Hanratty [5], (b) Tatterson et al. [6], (c) Hori et al. [7], (d) Fukano and Furukawa [2], (e) 
MacGillivray [8], (f) Berna et al. [9] and (g) Ju et al. [10]. 
  

(a) 

 

Henstock and 
Hanratty’s model 
 

MRAE=51.2% 
-

 

 (b) 

Tatterson et al.’s model 
 

MRAE=94% 
-  

 

 

(c) 
Hori et al.’s model 
 

MRAE=209.5% 
-   

 

 (d) 

Fukano and 
Furukawa’s model 
 

MRAE=19.1% 
-  

 

 (e) MacGillivray’s model 
 

MRAE=40.7% 
-  

 

 (f) 

Berna et al.’s model 
 

MRAE=59.3% 
-  

(g)  

Ju et al.’s model 
 

MRAE=23.4% 
- 20%r  
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Table 3 Comparison of mean relative error (MRAE) of model. 
Model Mean absolute percentage error (MAE) 

Bousman’s 
data 

Fukano and 
Furukawa’s data 

Schubring’s 
data 

 

Ashwood’s 
data 

Overall 

Henstock and 
Hanratty [5] 44.8% 22.5% 68.7% 52.8% 51.2% 

Tatterson et al. [6] 38.5% 25.5% 139.2% 111.5% 94% 
Hori et al. [7] 103.7% 121.6% 272.3% 238.3% 209.5% 
Fukano and 

Furukawa [2] 32.2% 8.1% 22.9% 18.8% 19.1% 

MacGillivray [8] 25.7% 86.8% 23.8% 23.1% 40.7% 
Berna et al. [9] 33.5% 58.4% 65.1% 60% 59.3% 

Ju et al. [10] 27.8% 19.9% 26.2% 18.8% 23.4% 
New 14.4% 15.1% 15.2% 11.5% 14.5% 

 

4.  New correlation development 
As previously mentioned that the correlation developed by Ju et al. [10] shows relatively good 

agreement with the newly constructed database, the newly developed correlation was developed with 
the correlation developed by Ju et al. [10] as a basis. For simplicity for application, the newly developed 
correlation was developed in term of common dimensionless film thickness which is the film thickness 
normalized by tube diameter instead of maximum film thickness as proposed by Ju et al. [10]. The 
functional form of the new correlation for dimensionless film thickness is expressed as: 

 31 2'
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  (11) 

Three dimensionless parameters, same as chosen by Ju et al. [10], are used to represent the effects of 
velocities of both phases, liquid viscosity, surface tension, and difference in fluid density to film 
thickness. It should be noted that the effects of viscosity is isolated and dedicated only in non-
dimensional viscosity number, firstly proposed by Ishii and Grolmes [11] and defined as: 
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The modified gas Weber number, which was firstly proposed by Sawant [12] and defined as: 
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was introduced to include the effect of difference in fluid density. 
Based on the newly constructed database, the newly developed correlation is expressed as: 

  0.2186 '' 0.5926 0.22510.0725tanh(34.11We We N ).f gD P
G �  (14) 

As shown in Table 3, the results from the newly developed correlation show good agreement with 
experimental data from four different experiments with total MRAE of 14.5%. Figure 2 shows the 
comparison between experimental data from each experiment and the correlation proposed by Ju et al. 
[10] as well as the newly developed correlation. The predictive results from the newly developed 
correlation out performs the correlation developed by Ju et al. [10] for all shown experiment sets. 

It is important to note that although both correlations share the similar functional form, the 
correlations were developed based on different sets of data. The newly developed correlation was 
developed based on experimental data from database that collected from four different experiment sets, 
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Figure 2. Comparison of the correlation proposed by Ju et al. [10] and the newly developed correlation 

with each set of experimental data summarized in Table 2. 

  

(a) 

 

Ju’s model 
 

Bousman’s data 
-  

New model 
 

Bousman’s data 
-  

 

(b)  

(c) 

 

Henstock’s model 
 

MRAE=51.2% 
-  

Ju’s model 
 

Fukano’s data 
-  

(d) 

 

New model 
 

Fukano’s data 
-  

(e) 

 

Henstock’s model 
 

MRAE=51.2% 
-  

Ju’s model 
 

Ashwood’s data 
-  

(f)  

Henstock’s model 
 

MRAE=51.2% 
-  

New model 
 

Ashwood’s data 
-  

 

(g

 

Henstock’s model 
 

MRAE=51.2% 
-  

Ju’s model 
 

Schubring’s data 
-  

 

(h) 

 

Henstock’s model 
 

MRAE=51.2% 
-  

New model 
 

Schubring’s data 
-  
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while Ju et al. [10] used experimental data from three different data sets which one of them was closed 
experimental data that conducted by their own group. It can be implied that in addition to better accuracy 
as MRAE decreases by nearly 10%, the validity ranges and reliability of the newly developed correlation 
should also be better than the original correlation. 

4. Conclusion 
The database of experimental data of liquid film thickness measurement was constructed. The 265 data 
points were obtained from four literatures which are from three independent research groups. With wide 
operating ranges of data, the newly developed correlation for liquid film thickness was developed by 
improving the correlation developed by Ju et al. [10]. The newly developed correlation agrees well with 
experimental data in database with mean relative absolute error of 14.5%. 
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Abstract. A turbulent spot is a small turbulent patch and surrounded by laminar flow. In this 
paper, its behavior after merging longitudinally with the neighbours is investigated using 
thermochromic liquid crystals during the local Reynolds number between 61,000 and 130,000. 
Each turbulent spot is generated artificially via a 1 mm diameter hole with an interval of 1 s 
apart. From the flow visualization technique using the liquid crystals and the image processing 
method, the thermal characteristics of turbulent spot was obtained as the contours of Nusselt 
number and the turbulent spot effectiveness. The average Nusselt number and effectiveness 
inside the spot footprint are time-dependently reported. The results of heat transfer 
enhancement of the single spot and two spots are compared and discussed. These obtained 
results will be important information in order to develop the process of heat transfer 
augmentation over the flat plate flow.  

1.  Introduction 

Nowadays, heat transfer techniques are commonly used in various engineering areas such as air-
conditioning equipment, evaporators, process industries, thermal power plants, refrigeration systems, 
etc. in order to decrease cost by increase the system efficiency. Three different techniques of heat 
transfer enhancement, including passive, active and compound techniques are then used gain the 
thermal efficiency, leading to the higher overall efficiency. The passive technique doesn’t need any 
external power input, e.g. rough surfaces, extended surfaces, displaced enhancement devices, swirl 
flow devices and additives for liquids or gases. On the other hand, the active technique involves some 
external power input for the enhancement of heat transfer such as mechanical aids, surface vibration, 
fluid vibration, injection, jet impingement, etc. Meanwhile, the compound technique involves complex 
design and hence has limited applications. Nevertheless, it has been found that a turbulent spot, which 
can be artificially initiated on the flat plate under the laminar boundary layer has a potential to 
augment the heat transfer. With a small input power for the spot generation, the turbulent spot can gain 
the heat transfer rate up to 15 % during Rex = 60,000 – 130,000 [1]. Furthermore, this heat rate is still 
increasing when the turbulent spot propagates further downstream.    

Thus, this research investigates the thermal behavior of the heating flat plate underneath the 
turbulent spots, artificially initiated by 2 pulsating water jets with the duration of 1 s apart. The jets are 
injected in upward direction, perpendicular to the mainstream flow to disturb the laminar boundary 
layer and cause the inline (tandem) merging process of the spots. In this paper, the flow visualization 
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technique using thermochromic liquid crystals (TLCs) are well explained and used to measure the 
unsteady surface temperature. With the aid of image processing technique and energy balance, the 
time-dependent Nusselt number and turbulent spot effectiveness are determined. Also, the thermal 
characteristics between the tandem merging spots and the single turbulent spot are compared and 
discussed. 

2.  Literature review 

2.1.  Single turbulent spot and merging turbulent spots 
Following the chaotic level, the fluid flow can be classified using Reynolds number (Re) as laminar, 
transition, and turbulent flows. When the Re is more than the critical Reynolds number, the flow is 
considered as turbulent flow, otherwise it is laminar. The turbulent spot is important phenomena under 
boundary layer transition and found as a small turbulent patch, surrounding by laminar flow. Emmons 
[2] who first discovered the turbulent spot and suggested that the distribution of intermittency factor in 
the transition region could be described as a function of the parameters such as growth rate, 
convection velocity and spot production rate. His model treated the turbulent region in a transitional 
boundary layer as the simple superposition of independently developed turbulent spots. Afterwards, 
Elder [3] and Sokolov et al. [4] verified that two partially merging turbulent spots occupied almost the 
same turbulent area as the simple superposition of their outlines. From Emmons’s assumption, 
showing that no interaction between spot, Shubauer and Klebanoff [5] investigated the spot behavior 
experimentally using hotwire anemometer and they also described the spot features such as leading 
edge, trailing edge, becalmed region, etc. as figure 1. The shape of turbulent spot exhibited an 
arrowhead-like structure. The velocity of leading edge and trailing edge are 88 % and 50 % of 
freestream velocity, respectively. In 1976, Wygnanski [6] postulated that a spot grows in the 
streamwise direction by the continual addition of hairpin vortices at the spot trailing edge. With the 
advection and merging processes of the turbulent spots, these isolated hairpin forests develop into the 
downstream turbulent region [7]. Hence, the increase of heat transfer rate, occurring in the transition 
region is mainly caused by the turbulent spots. Particularly, the highest surface heat transfer occurs at 
the trailing or calmed region of a turbulent spot, regardless of maturity [1]. 

 
Figure 1. Schematic drawing of a turbulent spot. 

Makita and Nishizawa [8] studied a merging process of a pair of turbulent spots using the multi-
hotwire system. They discovered that when two turbulent spots merge with each other, interaction 
between the longitudinal wing tip vortices gives birth to a strong upwash in the merged region. This 
strong upwash induces an inflectional velocity profile and then enhances spanwise vortices at the top 
of the merged spot. Krishnan and Sandham [9] used Direct Numerical Simulation (DNS) to verify 
mechanism of inline merging and discovered that calmed region behind the tail of the downstream 
spot is found to suppress the growth of the upstream spot. The upstream spot is ultimately engulfed by 
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the downstream spot and by a longitudinal merging effect may be responsible, rather than a decay in 
the perturbation energy [10].  

 

2.2.  Thermochromic liquid crystal 
In 1888, Reinitzer [11] carried out the experiment on the cholesteryl benzoate and first discovered the 
birefringence properties of liquid crystals. Thermochromic liquid crystals - TLCs have been widely 
used by researchers in heat transfer and fluid flow communities as a thermal imaging tool to show 
surface and spatial temperature distributions. They are essentially characterized by a helical molecular 
structure, stretching as a function of temperature. When illuminated with white light, the liquid 
crystals selectively reflect monochromatic light with a wavelength that equals to the pitch of the 
helical structure. When their temperature is increasing, the wavelength of the reflecting light changes 
from red to blue through the visible spectrum. Calibration process is first necessary to define the 
color–temperature relationship of the liquid crystals in order to apply them for the quantitative 
temperature measurements. Abdullah et al. [12] provided useful information to novice and 
intermediate users for the calibration process of the liquid crystals, particularly for surface 
thermography. Furthermore, Wiberg and Lior [13] reported that the important error, affecting the 
precision of liquid crystals includes hysteresis, aging, surrounding illumination disturbance, viewing 
angle, amount of light into the camera, and coating thickness. 

3.  Experimental Method 

3.1.  Experimental setup 
This experiment was conducted in a rectangular water flow channel which had a 0.15 m width, a 0.2 m 
height and a 1 m long as shown in figure 2. It was made from acrylic of 1 cm thick in order to obtain a 
good view and provide the resistance for the heat loss. The bleeding channel was installed at the inlet 
of test plate to bleed the water out and refresh a new boundary layer on the test surface made by an 
aluminum plate. This surface was covered by a black polyvinyl chloride (PVC) sheet of 0.12 mm 
thick. The thermochromic liquid crystals (TLCs) were coated on the PVC sheet to measure the 
temperature distribution of the test plate. They are over coated by a layer of vanish in order to prevent 
the direct contact between the TLCs and water flow, which can deteriorate the birefringence properties 
of liquid crystals. In this study, the active range of TLCs is from 26 ˚C to 30 ˚C so the experiment was 
conducted during this temperature range. Three type-K thin leaf thermocouples, having an uncertainty 
of 0.75 % are well glued on top of the test plate at the streamwise position of 0.364, 0.469 and 0.626 m 
from the plate leading edge. The temperature, measured by these thermocouples was directly send the 
data logger and correlated with the color of the liquid crystals. 
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Figure 2. Schematic diagram of the test section in the water tunnel. 

In order to perform an isothermal surface, six commercially plate heaters with the different size 
were installed under the aluminum plate. They were also controlled by using a proportional integral 
derivative controllers (PID) and dimmers. Hence, the constant temperature surface condition can be 
obtained at 24 qC through the experiment. In the meantime, the mainstream flow at 0.17 m/s was 
supplied by a 2.5 HP centrifugal pump. This velocity corresponds to the local Reynolds number of the 
test region during 61,000 – 130,000. The turbulent spot was created by injecting the water through a 1 
mm diameter hole in perpendicular direction of the main stream flow to disturb the boundary layer at 
0.3 m from the plate leading edge. At this position, the boundary layer profile and thickness was 
measured using a hot film sensor as depicted in figure 3. The results show that the yielded data agree 
well the Blasius profile and the laminar boundary layer thickness is G0 = 0.006 m, referring to the 
boundary layer displacement thickness, G* of 0.002 m. The turbulence intensity of the freestream flow 
is 1.12 %. 

 
Figure 3. Measured boundary layer profile at the location of spot generator, where U is the measured 
velocity (m/s); U0 is the free stream velocity (m/s); y is the height of measuring position (m); δ0 is the 

laminar boundary layer thickness (m). 

The injector is directly connected with the pressure system as shown in figure 4. The water in this 
system was fed from the water tank and its pressure was controlled by a diaphragm tank, mounted 
with the air pump to keep the pressure at 3 bars through the test. Afterwards, each trigger was done 
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manually with help of the programmable logic controller (PLC) system via a solenoid valve. Thus, the 
injection was kept at the period and velocity of 0.1 s and 13 m/s, respectively.  

 
 

Figure 4. Pressure system of the spot generator. 

Two fluorescent bulbs having diameter of 2.5 cm was installed beside the test section to illuminate 
the white light on the coating TLCs. Their light intensity was strengthen by a glossy reflector, 
mounted with each bulb. A video camera was installed at 1.5 m above test surface to record the color 
change of liquid crystals with the frame rate of 25 fps. 

3.2.  Mathematical analysis 
Before use, the color of thermochromic liquid crystals must be correlated via a calibration process 
with method following Chaiworapuek and Kittichaikarn [14]. In the experiment, the video camera 
firstly collected the images in RGB system, comprising Red, Green, and Blue signals. For the 
convenience of the calculation, this system was changed to HSI system or Hue, Intensity, and 
Saturation signals. The relation between Hue and RGB system is given by Russ [15] as:  

                                            H = cos-1(Z)          if G t R                      (1) 
                                          H = 2S - cos-1(Z)                      if G � R                      (2) 

                            Z= (2B-G-R)/(2*[(B-G)2+(B-R)/(G-R)]1/2)                                                  (3) 

where H = Hue signal value  
R = Red signal value  
G = Green signal value  
B = Blue signal value. 

The relation between Hue and surface temperature in calibration process must be obtained at the 
same condition as the turbulent spot test. Each color of liquid crystals at a thermocouple is recorded 
through the temperature from 25.8 qC to 28.2 qC with an increment of 0.2 qC. The relation between 
color of liquid crystals and surface temperature was fit by 3rd order polynomial equation as shown in 
figure 5. This equation has the R2 of 0.9803 and is given as: 

                         T = 91.11H3 - 111.25H2 + 48.887H + 18.424                                                (4) 
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Figure 5. Calibrated relation between hue and temperature. 

The local Reynolds number on the flat plate can be determined as: 

                                                                       Rex = ρU0x / μ                                        (5) 

where   ρ   = density of water (kg/m3)  
U0 = freestream velocity (m/s)  
x   = streamwise distance from the plate leading edge (m)  
μ   = dynamic viscosity of water (kg/m s). 

Following Kays et al. [16] the local Nusselt numbers for laminar flow and heat transfer coefficient 
can be determined as: 

                                                    Nux = [0.332Rex
1/2 Pr1/3] / [1 – (ξ / x)3/4]1/3                                          (6) 

where Pr  = Prandtl number 
ξ    = unheated starting length (m). 

The obtained heat flux is explained from Newton’s law of cooling, so can be determined as: 

                                                                     qx = hx(Ts – T0)                                           (7) 

and Nusselt numbers determined as 

                                                                       Nux = hxx / k                                          (8) 

where qx = heat flux (W/m2) 
hx = local heat transfer coefficient (W/m2 ˚C) 
Ts = surface temperature (˚C)  
T0 = freestream temperature (˚C)  
k  = thermal conductivity (W/m ˚C). 

The local Nusselt number on the heating surface without the turbulent spot obtained in this study 
was validated with those from the correlation of Kays et al. [16] as depicted in figure 6. The 
comparison shows that they are consistent during the local Reynolds number between 61,000 and 
130,000. This confirm the reliability of the experimental set up of the current study. 
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Figure 6. Comparison of the local Nusselt number from the experiment and the results calculated by 

correlation of Kays et al. [16]. 

The dimensionless of time W is used to define the floating time after the spot initiation. It can be 
determined as: 

                                                                      W = t / (G* / U0)                        (9) 

where t    = time (s) 
 G* = boundary layer displacement thickness at the water injection (m). 

In the present experiment, the second turbulent spot was generated after the first spot 1 second, 
corresponding to the 'W of 84.16.  

4. Results and Discussions 

In this study, the images of the test region were recorded in RGB format. They were changed to Hue 
signal and the surface temperature via Equation 1 – 3 and Equation 4, respectively. Fig. 7 presents the 
contour of Nu / Nu0 of single spot and merging spots at W between 30.34 and 202.28 where Nu and Nu0 
is the local Nusselt number of the heating surface under the condition with and without turbulent spot, 
respectively. The magnitude is between 0.8 – 1.6, presented in the below color bar. The x axis refers 
the Rex during 61,000 – 130,000 while the dimensionless spanwise distance, equaling Y = y / G* are 
between -50 and 50. In the figure, three blue vertical strips are the location of the thin leaf 
thermocouples. At each W, the upper and the lower windows depict the Nu / Nu0 of the single turbulent 
spot and merging turbulent spots, respectively. The figure shows that the turbulent spots are initiated 
by the water injection and have the streaky structure as those yielded by Rakpakdee and 
Chaiworapuek [17]. They enhance the heat transfer of the heating surface and the maximum Nusselt 
number appears at the center of the spot. This are increasing when it convects further downstream.  
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Figure 7. The contour of Nu / Nu0 of single spot and merging spots at W = 30.34, 84.28, 168.57, and 

202.28. 

At W = 202.28, the maximum magnitude of Nu occurs at the core of the structure. It is 40 % 
increase above those under the laminar boundary layer. When the single spot is compared with the 
lower window, they behave similarly at W = 30.34 because the second spot haven’t been initiated yet. 
At W = 84.28, the second pulse has been already injected to create the second turbulent spot since W = 
84.16. This creation results in the higher Nu / Nu0 at the upstream region comparing with the single 
spot at W = 168.57. At this point, the maximum magnitude is approximately 40 % above the laminar 
state. It is up to 60 % when the spots fully unites at W = 202.28. The average Nu / Nu0 inside the 
turbulent spot bound is plotted against the W as shown in figure 8. The results of single spot are in 
agreement with those yielded from Chaiworapuek and Kittichaikarn [14]. The first maximum of 1.2 is 
from the effect of the water injection while the second increase appears after W of 120 due to its 
maturity. Meanwhile, the characteristic of Nusselt number ratio is consistent with the result of single 
spot. After the second pulse is injected at W = 84.16, the magnitude of Nu / Nu0 increases again and it is 
relatively higher than those obtained from single turbulent spot. At W > 210, the average Nu / Nu0 
through the spot structure is more than 40 % above the laminar level.  

 
Figure 8. The comparison of Nu / Nu0 between single spot and merging spots. 
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The contours of the turbulent spot effectiveness, Qef = qs / qns are presented at W = 30.34, 84.28, 
168.57, and 202.28 as depicted in figure 9. The qs and qns are the heat flux in the spot bound under the 
condition with and without turbulent spot, respectively. Its magnitude of 1 – 1.25 can be evaluated 
from the below color bar. Typically, the heat transfer area in Qef contours can represent the spot 
structure [14]. The characteristic of the Qef is similar as the ration of Nusselt number. However, 
percent increase above the laminar level is different with the Nu / Nu0 distribution. The maximum Qef 
of the merging spot is more than 1.25 and also more than the value achieved from a single spot. 
Moreover, the size of merging spots is apparently bigger than the single spot, especially in streamwise 
direction. 

 
Figure 9. The contour of Qef of single spot and merging spots at W = 30.34, 84.28, 168.57, and 202.28. 

Figure 10 illustrates the characteristic of the average Qef, determined inside the spot bound during W 
= 0 – 210. For both cases, the maximum Qef at the early state is about 1.11. After the Qef of single spot 
reaches the minimum value after the first peak, the magnitude increases again by the effect of the spot 
maturity. Also, the comparison of Qef of single spot and merging spots against W clearly shows that the 
merging spots provide more Qef than those yielded from single spot since W = 84.28. However, the 
similar tendency between them can be seen.  

 
Figure 10. The comparison of Qef between single spot and merging spots 
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In order to study the thermal behavior of the spots after merging process, the consideration must be 
taken place separately as leading and following spots. The intersecting and non-intersecting regions 
are presented as depicted in figure 11. The first window in the figure shows the turbulent spot, 
propagating downstream from left to right at W1. When the second spot appears at W2 and combines with 
the first turbulent spot at W3, the zone 1, 2 and 3 are defined as the non-intersecting region of the 
leading and following spot and the intersecting region. Thus, these zones will be later used to describe 
the region inside the merging spots.  
 

 
Figure 11. Inline merging process. 

Figure 12 shows the average Nu / Nu0 within zone 1 and 2 of both single spot and merging spots. In 
zone 1, the Nusselt number ratio increases with the dimensionless time. The average Nu / Nu0, yielded 
from the single spot and merging spots increase approximately from 1.1 to 1.3 and 1.2 to 1.4, 
respectively within the timeframe of this research. Thus, it is about 9 % above the value obtained from 
a single spot at W = 120 while 12 % are found at W = 205. The difference of this heat transfer capability 
is found to gain with the time. This can be interpreted that the combination process of the turbulent 
spots under the boundary layer transition can directly boost the heat transfer, finally reaching the level 
of turbulent flow. However, the average Nu / Nu0 in zone 2 from both single spot and merging spots 
characterize similarly and their values are close to 1.  

 
Figure 12. The comparison of average Nu / Nu0 in zone 1 and 2 between single spot and merging 

spots. 
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As shown in figure 13, the average Nu / Nu0 over intersecting region or zone 3 of merging spots 
decrease from 1.4 to 1.3 or around 9.7 % during W = 120 - 140. After that, the average Nu / Nu0 seems 
to be in steady state at about 1.25 because the upstream spot has been trapped and united with the 
downstream spot. However, this average Nu / Nu0 is higher than those obtained from a single spot of 
13.1 % - 30.5 % in this timeframe. The maximum occurs at W = 120 and it decreases when the spots 
convect downstream.  

 
Figure 13. The comparison of average Nu / Nu0 in zone 3 between single spot and merging spots.  

The average spot effectiveness in non-intersecting zones or zone 1 and 2 of single spot and 
merging spots are compared as shown in figure 14. It is found that all effectiveness are higher than one 
and have an increasing tendency. As the characteristic of the Nusselt ration, the effectiveness of 
merging spots is also higher than the value from single spot. The difference is up to 5.5 % and 7.3 % 
for zone 1 and 3, respectively. This tendency also occurs in the intersecting region or zone 3 as shown 
in figure 15. The average Qef of merging spots is about 1.14 – 1.19 while the effectiveness from single 
spot is between 1.07 and 1.11 Therefore, these obtained results apparently show that the merging 
process can boost the increase of the heat transfer on the heating surface above the level of single 
turbulent spot.  

 
Figure 14. The comparison of average Qef in zone 1 and 2 between single spot and merging spots  
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Figure 15. The comparison of average Qef in zone 3 between single spot and merging spots  

5. Conclusion 

Using thermochromic liquid crystals, this study presents the behavior of heat transfer enhancement via 
the inline merging turbulent spots induced by the small pulsating jet in perpendicular direction of the 
mainstream. The experiment was carried out over the isothermal surface of 28 °C during the local 
Reynolds number between 61,000 and 130,000 when the temperature of the mainstream is 24 °C. The 
results show that the Nu / Nu0 and Qef of tandem merging spots are more than those yielded from 
single spot. Moreover, the Nu / Nu0 over the non-intersecting zone of leading and following spots as 
well as the intersecting zone reveal that the heat transfer capability increases by the merging process 
on the region of the leading turbulent spot. Meanwhile, those over the non-intersecting zone of 
following spot are similar with the level of single spot. However, the increasing tendency of Qef can be 
observed over entire region of the merging turbulent spots. Therefore, these apparently show that the 
merging mechanism of the spot can directly gain the heat transfer of the heating surface above the 
level of single turbulent spot. 
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Abstract. In the present study, as well as our previous study (Hirata et al., 2010), we research 
the jet from an asymmetrical two-dimensional nozzle, whose asymmetry is introduced by the 
effect of the lip length of the nozzle. Especially, we focus our attention to the influence of the 
lip length upon such a flow at a lower Reynolds number within much wider parameter’s range 
than previous study. Experiments are conducted at a Reynolds number of 1,000. The aspect 
ratio of the nozzle exit is fixed to 300. And, the lip length is 0, 2.0h, 3.3h, 4.0h, 5.0h, 6.0h, 8.0h 
and 10h, where h denotes the height of the nozzle exit. As a result, we have shown turbulence-
intensity profiles in addition to mean-velocity profiles at various downstream sections, in order 
to reveal fundamental characteristics of the jet. And, we have confirmed the effectivity of lip’s 
control upon jet’s deflection on the basis of both time-mean velocity and jet’s turbulence even 
at a low Reynolds number. 

1.  Introduction 
Mixing/diffusion enhancement is one of the key technologies in various environmental aspects, and 
has become needed in chemical reactors, heat exchangers, burners/combustors, air conditioners and so 
on. Jets are known to be useful for such mixing/diffusion enhancements (see Hirata et al. (2009) [1] 
and Funaki et al. (2009) [2]).  

Most of past studies concern a circular jet, namely, the jet from a nozzle with a circular cross 
section. On the other hand, we have been recently focusing our interest upon non-circular jets, to 
achieve more efficient mixing/diffusion enhancements. Among such non-circular jets, a plane jet has 
fundamental and practical importance, as it is applicable for various fields such as (1) drying/cooling 
of plastic films and fabrics, (2) cleaning/draining/drying of manufacturing products, (3) flow controls 
inside burners and at furnace entrances and (4) efficient and smart air conditioning devices such as air 
curtains and air screens.  

Now, we concentrate our notice upon turbulent and free plane jets at high Reynolds numbers Re’s, 
considering practical importance in many industrial fields. Thus far, there have been several 
researches concerning the turbulent and free plane jet (for example, see Förthmann (1936) [3], 
Goertler (1942) [4], Zijnen (1958) [5], Quinn (1992) [6], Mi et al. (2005) [6] and Deo (2005) [8]). 
However, most of them are about the jet emitted from a symmetrical nozzle, and there have been only 
a few researches concerning the jet emitted from an asymmetrical nozzle, such as Horne et al. (1981) 
[9], Husain & Hassain (1983) [10], Kiwata et al. (2009) [11] and Hirata et al. (2010) [12]. Our 
knowledge about such asymmetrical plane jets has not been enough yet, in spite of their potentials to 
various applications like (1) increase/decrease of the flow entrainment or the streamwise growth of 
flow rate, (2) promotion/suppression of the decay of flow velocity, (3) control of the jet’s direction, (4) 
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realisation of oscillatory or pulsative jets, and (5) generation of the asymmetrical flow fields 
concerning time-mean velocity, turbulence and so on.  

In the present study, as well as our previous study (Hirata et al. (2010)) [12] at a Reynolds number 
of 6,000, we research the turbulent and free-plane jet from an asymmetrical two-dimensional nozzle, 
whose asymmetry is introduced by the effect of the lip length of the nozzle. —Among various control 
methods to asymmetrise a plane jet, such as (1) asymmetrical nozzle geometry, (2) insertion of a 
downstream object or a nozzle-surface object and (3) addition of secondary jets, the lip-length control 
has advantages of both (1) simple geometry with less control parameters and (2) easier change of 
control-parameter values.— Especially, we focus our attention to the influence of the lip length upon 
flow-turbulence characteristics in addition to time-mean-flow ones at a lower Reynolds number within 
much wider parameter’s range than the previous study. Experiments are conducted at a Reynolds 
number of 1,000. The aspect ratio of the nozzle exit is fixed to 300. And, the lip length l varies in a 
wide range of 0 – 10.0h, where h denotes the height of the nozzle exit. Using a hot-wire anemometer, 
we measure mean-velocity and turbulence-intensity profiles at various downstream sections, in order 
to reveal fundamental characteristics of the jet in both the near and far downstreams. 

2.  Experimental Method 
Figure 1 show the present model, namely, a plane jet issued into an open-space and stationary fluid 
from an asymmetrical two-dimensional nozzle with a different dimension l between both the ends of 
the upper and lower halves of a nozzle, which is hereinafter called as a “lip length.” 

In the present study, the upper half of the nozzle is longer than the lower half by 0 – 10h, where h 
(= 1.5×10-3m) represents the height of the nozzle exit, which is used as a characteristic length scale. 
Hereinafter, the upper and lower sides of the nozzle are referred to as “lip side LS” and “no-lip side 
NLS,” respectively. 

Figure 1 also shows the present coordinate system, together with important physical parameters. 
The coordinate’s origin O is at the nozzle exit on the mid-plane and on the span-centre plane. Strictly 
speaking, “the nozzle exit” is at the end of the lower half of the nozzle. The coordinate system is a 
Cartesian and right-handed one with a streamwise component x, a cross-streamwise (span-wise) 
component y and another cross-streamwise (transverse) component z. The governing equations for this 
match are incompressible 3D Navier – Stokes equations, as the Mach number Ma is less than 0.03 at 
Re = 1,000 and less than 0.2 at Re = 6,000. 

We define the magnitude value u of flow velocity as |v|. Both umean and urms are functions of x and z 
alone, where subsrscripts “mean” and “rms” denote time-mean and root-mean-square, respectively. 
The half width 2b on the transverse velocity profile is defined as the width at whose boundaries umean = 
(umean)max/2, where a subscript “max” denotes the maximum value of u at each x. 

As a geometric control parameter of the concerning jet, we consider a reduced lip length l/h. And, 
as a kinetic control parameter, we consider the Reynolds number Re. Its definition is as follows, ܴ݁ ؠ
ܷ�୫ୣୟ୬݄Ȁߥ where a characteristic velocity scale ܷ�୫ୣୟ୬ denotes the time-mean velocity at the nozzle 
exit on the mid-plane and on the span-centre plane.  

We define an aspect ratio AR of the nozzle exit by w/h, where w is the width of the nozzle exit. The 
nozzle has such a large aspect ratio AR (ؠ w/h) as 300. 

Table 1 summarises the values of main experimental parameters in dimensional and non-
dimensional forms. The time-mean averaging is carried out over more than 20 sec, to ensure enough 
accuracy and reproducibility.  

In the present experimental apparatus, working fluid is air. Air is driven by a blower. And, through 
an enough-long straight pipe with a constant cross-section area of 1.8m in length and 56mm in inner 
diameter, air is issued out of an asymmetrical two-dimensional nozzle into stationary open space with 
a fully-developed velocity profile. Using a hot-wire anemometer with an I-type probe whose 
temperature effect is compensated by a cold-wire probe, we measure u at many locations downward 
the nozzle exit. The insertion angle of the I-type probe is determined so as to minimise the disturbance 
by the probe. 
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3.  Results and Discussion 

3.1.  Mean-Velocity Profiles 
In this and following sections 3.2 – 3.4, we consider streamwise distributions of such a quantity as 
umean, standing on the measurements by a hot-wire anemometer at various values of x/h and z/h on the 
span-centre plane. 

Figure 2 shows a typical example of transverse profiles of umean. Specifically speaking, this figure 
is for l/h = 5.0 at several values of x/h. At the nozzle exit (at x/h = 0), a clear potential core of the jet 
exists at z/h = -0.5 – 0.5. However, there is not any data at z/h = 0.5 – 2.7 in the profile at x/h = 0, due 
to the existence of the lip. Supplementarily speaking, very slow flow exists in a wide range of |z/h| > 
2. Of course, we have confirmed that umean asymptotes to zero at z/h = ± . The slower flow is 
considered to be related with the entrainment of ambient fluid into the jet. As x/h increases from zero, 
the profile becomes gradual, that is, its peak becomes low and its foot becomes wide. As well as the 
profile at x/h = 0, the profiles at x/h  0 accompany the slower flow related with the entrainment. In 
addition, we can see that the profile centre tends to shift to the positive z/h direction with increasing 
x/h. This will be discussed in Fig. 5. 

3.2.  Streamwise Decay of Maximum Mean-Velocity 
Figure 3 shows the streamwise distributions of the maximum mean-velocity (umean)max for various 
values of l/h, in order to observe the streamwise variation of the jet. This figure also shows the theory 
by Tollmien (1945) [9] for two-dimensional free jet and the experiments by Mi et al. (2005) [6] for 
symmetrical nozzles and the experiments by Kiwata et al. (2009) [8] for asymmetrical nozzles.  

The present streamwise distributions are almost similar with the Tollmien’s theory, and then with 
those at Re = 6,000 [12]. To be district, all the results at each x/h are slightly less than the Tollmien’s 
theory, being independent of the values of l/h. This is considered to be an influence of Re, if we 
remind the good agreement between experiments and the theory at Re = 6,000 [12]. 

Next, we consider (umean)max in the near downstream. According to Rajaratnam (1976), [9] the 
potential core of a two-dimensional jet exists at x/h  6. All the present results are consistent with this, 
being independent of the values of l/h. Because, (umean)max/U0 mean is approximately equal to unity at x/h 

 10. 
Finally, in figure 4, we show the streamwise distributions of (umean)max with the abscissa of x/De 

instead of x/h. We should note that both the abscissa and the ordinate have logarithmic scales.. 
According to Mi et al. (2005) [6], we see (1) the potential core zone, (2) quasi-plane-jet zone, (3) 

the transition zone and (4) quasi-axisymmetric-jet zone in sequence, as x/De increases. And, the larger 
AR is, the smaller the value of x/De where the quasi-plane-jet zone appears. Besides, the larger AR is, 
the wider the range of x/De for the quasi-plane-jet zone is. In the quasi-plane-jet zone and the quasi-
axisymmetric-jet zone, (umean)max/U0 mean is in proportion to x-1/2 and x-1, respectively. 
All the present data at x/De 1 ذ collapse on a common straight line which is in proportion to x-1/2. This 
suggests good two-dimensionality of the jet. In addition, we can confirm a consistency with Mi et al.; 
namely, the present value of (umean)max/U0 mean is always smaller than Mi et al. at each x/De. This is 
reasonable, if we remind such a high AR as 300, which is larger than Mi et al., being independent of 
the values of l/h. Complementarily speaking, it seems difficult to compare the above results with 
Kiwata et al. (2009), due to their different velocity profile caused by much different nozzle geometry 
with a far-upstream contraction. 
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Figure 1. Model and coordinate system. 
 

Table 1. Experimental parameters. 
  
h  (m) 1.5×10-3 
l  (m) 0.0, 3.0×10-3, 5.0×10-3, 6.0×10-3, 7.5×10-3, 

9.0×10-3, 12×10-3 and 15×10-3 
w  (m) 450×10-3 
U0  (m) 10 
l/h 0, 2.0, 3.3, 4.0, 5.0, 6.0, 8.0 and 10 
AR (= w/h) 300 
Re 1,000 
Sidewalls No 

 
 

 
  

 
Figure 2. Mean-velocity profiles in the z direction at midspan (y/h = 

0) for l/h = 5.0 and Re = 1,000. 
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Figure 3. Streamwise distributions of the maximum mean-velocity at 
midspan (y/h = 0) for l/h = 0 – 10, Re = 1,000. 
 

All the present data at x/De = 0.4 – 1 collapse on another common straight line which is in 
proportions to x-0.8. This is also considered to be another influence of Re, if we remind that all the data 
for Re = 6,000 is in proportions to x-1/2 even at x/De = 0.3 – 1 [12]. 

3.3.  Streamwise Variation of Jet’s Bias on Mean-Velocity 
Figure 5 shows the streamwise distributions of a jet’s bias (zu mean)max on mean-velocity, namely, a 
local mean-velocity-profile centre, for several values of l/h. We define (zu mean)max as the value of z 
where the transverse mean-velocity profile attains the maximum (umean)max at each x, as shown in 
figure 2. Error bars in figure 5 show the boundaries of the region where umean  0.95 U0 mean. This 
region could be approximately regarded as the potential core.  

At first, when we consider the far downstream at x/h  10, we can clearly confirm the streamwise 
growth of the jet bias suggested in figure 2. Concretely speaking, the jet bias for l/h = 0 is slightly 
negative and is almost in proportion to x/h. Namely, the jet direction is not horizontal, but somewhat 
downward. This is considered to be related with the incompleteness of the symmetry in nozzle’s 
geometry, even for l/h = 0. In addition, the jet axis is almost linear. 

As well, the jet biases for l/h = 2.0 and 3.3 show the above two features such as (1) the downward 
deflection and (2) the spatial linearity of the jet axis. However, from a quantitative viewpoint, we can 
find an effect of l/h upon the jet bias, if we compare the results for l/h = 0. Namely, by the l/h effect, 
the large l/h becomes, the more downward the jet deflection is. 

In contrast with the jet biases for l/h = 0, 2.0 and 3.3, the jet biases for l/h = 4.0 and 5.0 indicate 
such a different feature as the jet deflection is upward.  

Again, the jet biases for l/h = 6.0 and 8.0 shown the same two features for l/h = 0 as (1) the 
downward deflection and (2) the spatial linearity of the jet axis. From a quantitative view point, we 
can find an effect of l/h upon the jet bias. Namely, the jet’s biases for l/h = 6.0 and 8.0 almost coincide 
with that for l/h = 0. However, from a quantitative viewpoint, we can find a l/h effect upon the jet’s 
bias. Namely, the jet’s bias for l/h = 10 almost coincide with those for l/h = 2.0 and 3.3. 

As well, the jet’s bias for l/h = 10 shows the same two features for l/h =0. Next, we consider the 
near downstream at x/h < 10, where figure 5 is not appropriate owing to condensed results at x/h < 10. 
To conclude, we can again confirm that the present results coincide with Rajaratnam (1976) [9], as the 
potential core of a two-dimensional jet exists at x/h  10 for all the tested l/h.  

Incidentally speaking, concerning the shape of the potential core, it seems difficult to find out any 
clear l/h effects. Especially for l/h = 0, the upper and lower outer boundaries of the potential core are 
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fairly symmetrical concerning the horizontal axis (zu mean)max/h = 0. This suggests such a fact that the 
nozzle axis is accurately installed parallel to the horizontal axis, while the jet bias exists in the 
downstream even for l/h = 0. 

3.4.  Streamwise Growths of Half Width on Mean-Velocity and of Flow Rate 
Figure 6 shows the streamwise distributions of the half width 2bu mean on mean-velocity profile at 
midspan (y/h = 0) for several values of l/h. Both the axes are normalised by h. For reference, the figure 
also shows the theory by Rajaratnam (1976) [9] such as 

2bu mean = 0.20x.     (1) 

At x/h د  10, 2bu mean/h is almost unity, being independent of l/h. This is consistent with the 
existence of the potential core. At x/h 2 ,10 ذbu mean/h increases linearly with increasing x/h. Moreover, 
we can see that all the results almost collapse on the theory by Rajaratnam for a two-dimensional free 
jet, being independent of l/h. To be strict, all the results are slightly larger than the Rajaratnam’s  

Figure 4. Streamwise distributions with logarithmic scales of the 
maximum mean-velocity at midspan (y/h = 0), for AR = 300, l/h = 0 – 10 
and Re = 1,000. The abscissa is normalised by an equivalent diameter De. 
 

Figure 5. Streamwise distributions of jet’s bias (zu mean)max of mean-velocity 
profile at midspan (y/h = 0) for l/h = 0 – 10 and Re = 1,000. 
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theory, as well as those for Re = 6,000 [12].  
 
Figure 7 shows the streamwise distribution of the local time-mean (volumetic) flow rate Q per unit 

span at midspan (y/h = 0) for l/h = 0 – 10. The ordinate is normalised by Q0, which denotes the flow 
rate from the nozzle exit. For reference, the figure also shows the theory by Albertson et al. (1950) [9] 
for a two-dimensional free jet such as 

 
h
x

Q
q 244.0 ,                                                (2) 

and experiments by Kiwata et al. (2008) [8]  for asymmetrical nozzles. 
For all l/h’s, Q/Q 0 monotonically tends to increase with increasing x/h. All the results for every 

l/h’s are always smaller than Albertson et al, being independent of x/h. This suggests that the flow 
entrainment can be suppressed not by the lip but by the influence of Re, if we remind the results at 
high Re where Q/Q 0 always larger than Albertson et al [12]. 

To summarise the above, we can see a distinctive influence of l/h only concerning (1) the jet bias, 
but cannot see it concerning (2) the maximum mean-velocity, (3) the half width and (4) the time-mean 
local flow rate. In comparison with high Re [12], we can see four influences of Re concerning (1), (2) 
and (4) , expect for (3).It seems difficult to directly explaine the influence of Re concerning (1), 
although the two influences of Re concerning (2) and (4) seems consistent. 

3.5.  Turbulence-Intensity profiles 
In this and following sections 3.6 – 3.8, we consider streamwise distributions of such a quantity as 
urms, standing on the measurements by a hot-wire anemometer at various values of x/h and z/h on the 
span-centre plane. 
Figure 8 shows a typical example of transverse profiles of urms. Specifically speaking, this figure is for 
l/h = 3.3 at several values of x/h. At the nozzle exit (at x/h = 0), a sharp peak exists at z/h = -0.5, which 
corresponds to a shear layer on the potential-core boundary. At x/h = 3.3, another sharp peak exists at 
z/h = 0.5, where the peak value of urms/(umean)max is larger than that at z/h = -0.5. As x/h increases from 
3.3, both the two peak values of urms/(umean)max and both the width between the peaks and the of foot of 
urms/(umean)max  increase.  

In addition, we can confirm both (1) the profile asymmetry and (2) the profile-centre bias. The 
former is represented by the difference between the two peak values of urms/(umean)max, and is quenched 
at such a large x/h as 100. Till the quench, the superiority in the value of urms/(umean)max usually 
switches between the two peaks (to be discussed in figure 9). The latter intensifies with increasing x/h, 
as well as the profile of umean/U0 mean. The above features are commonly seen for other values of l/h. 

3.6.  Streamwise Growth/Decay of Maximum Turbulence-Intensity 
Figure 9 shows the streamwise distributions of the maximum turbulence-intensity (urms)max on lip and 
no-lip sides for l/h = 5.0, in order to observe the streamwise variation of the jet.  

At x/h 10 ذ, we can see the unique streamwisely-decaying manners of the maximum turbulence-
intensity (urms)max, as well as the maximum mean-velosity (umean)max in Subsection 3.2. To be conclude, 
this is independent of both l/h and Re. 

To be specific, as mentioned in Subsetion 3.2, all the streamwise decays of the maximum value 
(umean)max in the transverse mean-velocity profiles are close to the theory by Tollmien (quoted from 
Rajaratnam (1976)) at x/h = 10.0 – 100, being independent of l/h and Re. On the other hand, the 
maximum value (urms)max in the transverse turbulence-intensity profile grows in the streamwise 
direction at x/h 10 د, and decays in the streamwise direction at x/h 10 ذ, for all the cases. Thus, 
(urms)max always attains a peak value at x/h  10. As well as (umean)max, all the streamwise decays of  
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Figure 6. Streamwise distributions of the half width 2bu mean of mean-
velocity profile at midspan (y/h = 0) for l/h = 0 – 10 and Re = 1,000. 
 

 
Figure 7. Streamwise distributions of time-mean local flow rate Q at 
midspan (y/h = 0) for l/h = 0 – 10, Re = 1,000. 
 

 
Figure 8. Turbulence-intensity profiles in the z direction at midspan (y/h 

=0) for l/h = 5.0 and Re = 1,000. 
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(urms)max are identical with one another, being independent of l/h and Re. The influence of l/h upon the 
peak value of (urms)max is not negligible but complicated. And, the influence of Re upon the peak value 
is rather monotonical; namely, the peak value tends to decrease with increasing Re. The peak value on 
the no-lip side tends to appear at smaller x/h than that on the lip side. 

3.7.  Streamwise Variation of Jet’s Bias on Turbulence-Intensity 
Figure 10 shows the streamwise distributions of a jet’s bias (zu mean)max on turbulence-intensity on the 
lip side, namely, a local turbulence-intensity-profile centre, for several values of l/h. We define (zu 

rms)max as the value of z where the transverse turbulence-intensity profile attains the maximum (urms)max 

on the lip or no-lip side at each x, as shown in figure 8.  
At first, when we consider the far downstream at x/h  10, we can clearly confirm the streamwise 

growth of the jet bias suggested in figure 8. Concretely speaking, the jet bias for l/h = 0 is slightly 
positive and is almost in proportion to x/h. 

As well, the jet biases for l/h = 2.0 and 3.3 show the above two features such as (1) the upward 
deflection and (2) the spatial linearity of the jet axis. However, from a quantitative viewpoint, we can 
find an effect of l/h upon the jet bias, if we compare the results for l/h = 0. Namely, by the l/h effect, 
the large l/h becomes, the less upward the jet deflection is. 

In contrast with the jet biases for l/h = 0, 2.0 and 3.3, the jet’s biases for l/h = 4.0 and 5.0 indicate 
the above two features. However, from a quantitative viewpoint, we can find an effect of l/h upon the 
jet bias, if we compare the results for l/h = 0. Namely, by the l/h effect, the large l/h becomes, the 
much more upward the jet deflection is. 

Again, the jet biases for l/h = 6.0 and 8.0 shown the above two features for l/h = 0. From a 
quantitative viewpoint, we can find an effect of l/h upon the jet bias. Namely, the jet’s biases for l/h = 
6.0 and 8.0 almost coincide with that for l/h = 0. 

As well, the jet’s bias for l/h = 10 shows the above two features for l/h =0. However, from a 
quantitative viewpoint, we can find a l/h effect upon the jet’s bias. Namely, the jet’s bias for l/h = 10 
almost coincide with those for l/h = 2.0 and 3.3.. 

3.8.  Streamwise Growths of Half Width on Turbulence-Intensity and of Turbulence-Energy Integral 
Figure 11 shows the streamwise distributions of the half width 2bu rms of turbulence-intensity profile at 
midspan (y/h = 0) for several values of l/h. Both the axes are normalised by h. For reference, the figure 
also shows the theory by Rajaratnam (1976) [9] such as Eq. (1). 

We can see that a linearly increasing manner of the half width 2bu rms. More specifically, at x/h د 
10, 2bu rms/h is almost unity, being independent of l/h. This is consistent with the existence of the 
potential core. At x/h 2 ,10 ذbu rms/h increases linearly with increasing x/h. Moreover, we can see that 
all the results almost collapse on an emotional formula, being independent of l/h. The formular is 
given by  

2bu rms = 7/4(0.20x).     (3)  

All the results are always larger than the Rajaratnam’s theory, as well as those for Re = 6,000. 
Figure 12 shows the streamwise distributions of a cross-streamwise integral Isq(u rms) of turbulence 

energy at midspan (y/h=0) for l/h = 0 – 10. Turbulence-energy integral Isq(u rms) tends to be independent 
of l/h in such a far downstream as x/h 10 ذ. In the far downstream, Isq(u rms) bacames small with 
decreasing Re. In such a near downstream as x/h 10 د,  Isq(u rms) rapidly increases from zero, and 
approaches to a constant value of about 100. To be exact, there exist the fluctuation of Isq(u rms) in the 
downsream at x/h 100 – 10 د, for l/h = 5.0 – 8.0.  
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Figure 9. Streamwise distributions of the maximum turbulence-
intensity at midspan (y/h = 0) for l/h = 5.0 and Re = 1,000. 

 

Figure 10. Streamwise distributions of jet-turbulence-peak bias (zu rms)max at midspan 
(y/h = 0) on lip side for l/h = 0 – 10 and Re = 1,000, on lip side (z/h > 0). 
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Figure 11. Streamwise distributions of the half width 2bu rms of turbulence-intensity 
profile at midspan (y/h = 0) for l/h = 0 – 10 and Re = 1,000. 

Figure 12. Streamwise distributions of a cross-streamwise integral Isq(u rms) of turbulence 
energy at midspan (y/h=0) for l/h = 0 – 10 and Re = 1,000. 
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4. Summary 
We have achieved such a sufficiently-two-dimensional jet as the quasi-plane jet by Mi et al. (2005), at 
x/h < 100 for the reduced lip length l/h = 0 – 10.0 and Re =1,000. Refering to Hirata et al. (2010) 
where experiments are conducted at l/h = 0 – 5.0 and Re = 6,000, we have obtained the following 
conslusions.  

The main features about such four quantities concerning mean-velocity profile as (umean)max, (zu 

mean)max, 2bu mean and Q at Re = 1,000 are similar with those at Re = 6,000. However to be strict, we can 
observe small influences of Re upon three of all the four quantities, namely, (umean)max, (zu mean)max and 
Q. On the other hand, we can approximately ignore the Re influence upon 2bu mean. The two small Re 
influences upon (umean)max and Q are consistent, because of the enhanced viscus effect with decreasing 
Re. On the other hand, it seems difficult to coherently explain the Re influence upon (zu mean)max at the 
present stage. Such four quantities concerning turbulence-intensity profile as (urms)max, (zu rms)max, 2bu rms 
and Isq(u rms) well correspond with mean-velocity profile. 

Specifically speaking, at x/h 10 ذ, the jet is regarded to fully develop being independent of both 
l/h and Re, on the basis of (1) the similar profiles of mean-velocity and turbulence-intensity, (2) the 
unque streamwisely-decaying manners of the maximum mean-velocity (umean)max and the maximum 
turbulence-intensity (urms)max, (3) linearly-increasing manners of jet’s bases (zu mean)max and (zu rms)max in 
the streamwise direction, (4) linearly-increasing manners of half widths 2bu mean and 2bu rms, (5) flow 
rate Q and turbulence-energy integral Isq(u rms). At x/h 10 ذ, the influences of l/h is remarkable only 
upon jet’s biases like (zu mean)max and (zu rms)max, and not upon the maximum values, like (umean)max and 
(urms)max, jet’s widths like 2bu mean and 2bu rms. Flow rate Q is independent of l/h in both near (at x/h = 0 
– 10.0) and far downstreams (at x/h = 10.0 – 100), but depends upon Re; namely, Q for Re = 1,000 is 
smaller at each x/h than those for Re = 6,000 which almost coincide with Albertson et al. (1950). 
Turbulence-energy integral Isq(u rms) tends to be independent of l/h in such a far downstream as x/h ذ 
10.  

According to Hirata et al. (2010), an asymmetrical two-dimentional nozzle has potential for smart 
jet’s control especially for jet’s deflection at high Re. the present study has revealed that this potential 
is effective even at low Re with slight modifications. 
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Abstract. A novel tubular heat exchanger incorporated with punched delta-winglet vortex 
generators (called perforated delta-winglet vortex generator, P-D VG) is proposed for 
improving its thermal performance and energy saving. The P-D VG elements are punched out 
from a straight tape having its width nearly e ual to the tube diameter before insertion. The main 
aim at employing the P-D VG insert is to produce counter-rotating vortices along the tube to 
promote turbulence intensity inside as well as to transport the cold fluid at the central core to the 
near-wall regions. The experiment was performed to study thermal behaviors in a uniform heat-
fluxed tube inserted with P-D VGs. The P-D VGs with the attack angle of 45  were mounted 
periodically with three different blockage ratios (BR  0.1, 0.2 and 0.3) and two pitch ratios (PR 

 2 and 3). Air as the test fluid was varied to obtain turbulent airflow for Reynolds number (Re) 
in a range of 4,150-25,500. The experimental results show that the P-D VG provides a 
considerable increase in the rate of heat transfer around 3.1-4.01 times whereas friction factor 
increases around 11.44- 34.23 times higher than the plain tube. To assess the real benefits of P-
D VGs, thermal performance factor (TE ) is examined and in the range of 1.39-1.48 where its 
maximum is at BR  0.1 and PR  2. 

The 8th TSME International Conference on Mechanical Engineering 
  12-15 December 2017 

Bangkok, Thailand 
 
     
TS 0011   
The full paper is published in IOP Conference Series: Material Science and 
Engineering by IOP Publishing (https://conferenceseries.iop.org). 
 
 

326



 
 
 
 
 
 

The evaluation of labral repair affect hip joint by finite 
element analysis 

Chanatkarn Angsutanasombat1, Nadhaporn Saengpetch2, Kitti Aroonjarattham3, 
Chompunut Somtua1 and Panya Aroonjarattham1,* 
1 Department of Mechanical Engineering, Faculty of Engineering,  
Mahidol University, Nakornpathom, Thailand 
2 Department of Orthopaedics, Faculty of Ramathibodi Hospital, Mahidol University, 
Bangkok, Thailand 
3 Department of Orthopaedics, Faculty of Medicine, Burapha University,  
Chonburi Thailand 

 
* Corresponding Author: panya.aro@mahidol.ac.th 

Abstract. Acetabular labrum was a connective tissue around hip joint, which connected pelvis 
to femur. The laceration on labrum can be evoked by accident or excessive using of hip joint and 
can be repaired by surgical technic as suture. This study was constructed the three-dimensional 
bone model from CT data and the connective tissue as cartilage and acetabular labrum from 
SolidWorks software. Labrum was divided to intact and repair conditions. The repair condition 
was tightened the labral ring and reduced their thickness. The compressive force was act on the 
hip model. Contact force on cartilage in hip socket was analyzed and validated with the hip 
simulator machine. The result was shown the mean contact force on cartilage from simulation 
differ from simulator machine 25.88% under intact labrum and 19.40% under repair labrum. 
Reducing of labrum thickness did not affect the mean contact force on cartilage in hip socket. 

1.  Introduction 
Hip was a ball and socket joint, which linked pelvis and femur. Many types of connective tissue 
composed in hip joint as bone cartilage labrum. Acetabular labrum was a ring of fibrocartilage around 
hip joint to seal the synovial fluid, which was lubricated the joint as show in Figure 1. Labrum had a 
significant for receive the contact stress in hip joint [1] and transfer the loads from pelvis to femur. 
Laceration on labrum can be evoked by accident or excessive using of hip joint that may effect to the 
hip stability. Smith et al., (2011) had reported the radial tears decreased the strain on labrum against the 
intact condition [2]. Arthroscopy and suture anchor were useful for narrow space as hip joint surgery [3, 
4]. Labrum may be re-established their function by repair of torn condition by suture [5]. During the 
surgery process, torn labrum had removed and the suture was tightened labral ring that change in the 
labral shape as show in Figure 2 [6]. Changed the labral shape affect the hip function and stability. 
Labrum with acetabular dysplasia had to carry the larger load than the normal [7]. Philippon et al., 
(2014) had measured intra-articular fluid pressure of hip joint. Labral repair provided 102% mean fluid 
pressure relative to intact labrum [8]. Nepple et al., (2014) had reported the resistance of hip fluid seal 
to distraction. Eighty four percentages of intact labrum distraction force was used to distract the labral 
repair condition [9]. This study aims to evaluate the labral repair affect hip joint by finite element 
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analysis. Labrum was divided to intact and repair conditions. The repair condition was tightened the 
labral ring and reduced their thickness. 

 

(a) 

(b) 

(c) 

Figure 1. Cross section of hip joint. 
Figure 2. Characteristic of acetabular 

labrum: (a) Torn labrum, (b) Tear 
removal and (c) Labral repair. 

2.  Methods 
Three-dimensional bone model was scanned by computerized tomography scanner (CT scanner) and 
reconstructed by ITK-SNAP program. Hip models were consisted of pelvis and femur as show in Figure 
3. Main Text Body All connective tissue as labrum, acetabular cartilage and femoral cartilage were 
created from SolidWorks software based on anatomical position and shape. Three-dimensional hip bone 
model was completed with connective tissue as shown in Figure 4. 

 
 

Figure 3. Three-dimensional bone 
model. Figure 4. The connective tissue on bone model. 
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Two conditions of labrum were used in this study including intact labrum and labral repair as shown in 
Figure 5. The repair condition was tightened the labral ring and reduced their thickness.  

(a) (b) 
Figure 5. Two conditions of labrum: (a) Intact labrum and (b) Thickness decrease of labrum repair. 

The four-node tetrahedral elements were used to generate the mesh model by MSC software. The hip 
model had total of 108,271 nodes and 443,333 elements for intact model and 109,131 nodes and 445,775 
elements for labral repair model. All materials involved in the model were assumed homogeneous, 
isotropic and linear elastic as shown in Table 1.  

Table 1. Material properties of bone and hip joint component [10-12]. 
Material Elastic modulus (MPa) Poisson’s ratio 

Cortical bone 17,000 0.29 
Cancellous bone 600 0.2 
Cartilage 11.63 0.45 
Labrum tissue 33 0.478 

 
Boundary condition was defined according to the experiment testing, was tested by hip simulator 
machine under condition as follow:  

x Pelvis was compressed with axial load 350 N at the middle position.  
x Pelvis was fixed rotation. Load only had influence on axial deformation.  
x End of distal femur was fixed as shown in Figure 6 [13].  
x  Stress distribution on cartilage was observed and strain distribution on bone and labrum was 

remarked. 

Acetabulum Acetabulum 

Labral Repair Intact labrum 
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Figure 6. The position of forces on bone model:  
(a) Compressive axial load 350 N (b) Rotational fix on pelvis and (c) Distal femoral fix. 

3. Results 

The results were shown the equivalent of total strain distribution on connective tissue under intact 
labrum and labral repair conditions. The maximum and mean equivalent of total strain was shown in 
Table 2 and Figures 7 - 9 were shown the strain distribution on actabular cartilage, femoral cartilage and 
acetabular labrum respectively. 

Table 2. The maximum and mean equivalent of total strain on hip bone’s connective tissue. 

Model 
Equivalent of total strain (microstrains) 

Intact labrum Labral repair 
Max Mean Max Mean 

Acetabular cartilage 97,371 8,988 97,760 9,368 
Femoral cartilage 82,590 5,512 81,919 5,506 
Acetabular labrum 27,371 2,476 23,413 3,001 

 
Figure 7. The strain distribution on actabular cartilage with intact labrum (left)  

and labral repair (right). 

z 

(a) 

(c) 

(b)

x 
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Figure 8. The strain distribution on femoral cartilage with intact labrum (left)  

and labral repair (right). 
 

 
Figure 9. The strain distribution on acetabular labrum with intact labrum (left)  

and labral repair (right). 

The maximum equivalent of total strain on pelvis and femur was 1,946 and 228 microstrains under intact 
labrum and labral repair condition, did not exceed 25,000 microstrains that made the bone fracture [14, 
15]. The higher strain distribution under labral repair than the intact condition did not affect another part 
of hip joint but the concentrate strain can cause the labrum tear. Circumspection activities need for the 
patient after surgery. 
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4. Experimental Testing 

In this study, the hip bone model was validated with the experiment results. Hip simulator machine was 
used for the experimental testing. Cadaveric hip part including pelvis and femur was compressed under 
vertical force 350 N as shown in Figure 10. One of the experimental results was a contact force between 
acetabular cartilage surface and femoral cartilage. After the load was applied, contact force between two 
surfaces was measured by Tekscan I-ScanTM model 4000 sensor as shown in Figure. 11. 
 

 

Figure 10. Hip simulator machine. 

(a) (b) 

Figure 11. The shape and position of force sensor: (a) Tekscan I-ScanTM model 4000 and  
(b) Hip contact force measurement. 

 In experimental testing, the contact force of hip joint was recorded in two conditions of labrum. The 
first was intact labrum as shown in Figure 12 and the other was labral repair, which some of labrum as 
torn labrum was removed and the labrum was sutured to repair the tear as shown in Figure 13. The 
cadaveric model was pressed under vertical 350 N same as the simulation model that given the contact 
force under intact labrum and condition labral repair condition was 279.48±27.53 and 294.84±40.81 N 
respectively. In the same way, the experimental sensor also measured contact area between two surfaces 
of cartilage, intact labrum provided 641 mm2 of contact area and labral repair provided 648 mm2.   
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Figure 12. Cadaveric hip with intact labrum. Figure 13. Suture repair of labrum tear.

5. Discussion 

The simulation model showed the contact normal force between acetabular cartilage surface and femoral 
cartilage was 351.81 N and 352.05 N under intact labrum and labral repair respectively. The results were 
shown the mean contact force on cartilage from simulation as show in Figure 14 differ from hip 
simulator machine 25.88% under intact labrum and 19.40% under repair labrum. Also most of 
experimental cadaveric had a same trends that mean the contact force in labral repair condition similar 
to intact labrum.  
 

 
Figure 14. Experimental testing and simulation result. 

 In this simplify hip bone model, all biomaterial was considered in homogeneous, isotropic and linear 
elastic. Discrepancy in biomaterial finite element analysis was unavoidable. Biomaterial as bone and 
connective tissue were composite material which were complex and sensitive material. Li et al., (2007) 
reported about material properties of cartilaginous tissue. Different tissue preservation including fresh, 
frozen and vitrified provided different material properties of the same type of tissue [16]. Smith et al., 
(2009) estimated material properties of labrum tissue. Two testing including compressive testing and 
tensile testing provided different material properties [17]. The labrum was cut to eight parts in 
circumference. Each parts of labrum also given unlike material properties. Several published researches 
used bony finite element modeling from computerized tomography (CT) scan data, reliability was 
proved by validation [18-20]. Computerized tomography (CT) scan provided only bony structure. Loads 
can be transferred not only by bone but also by muscles, ligament or even by prosthesis components 
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[21]. In this simulation, hip bone had to carry all load without sharing to muscles and ligament that made 
hip contact force from the simulation higher than the experiment, which some of muscle and ligament 
covered the hip joint. Biomedical experiment may spend high cost and has limitations. Finite element 
analysis was useful for prediction and showed visible stress-strain distribution on the bone. Suture of 
labral repair was a choice in treatment. Suitable treatments were depend on many factor as size and 
graveness of labral tear, patient’s age, clinical characteristics of patient’s hip and hip dysplasia.  
 This study on labral repair can be used as guidance for surgeons to decide which treatment is the 
most suitable for patients. The limitation of this study was that a pelvis only was compressed by constant 
load to observe effect from labral repair; but in daily life, hip joints function in multiple forms of 
activities including sitting, walking and stair-climbing. All activity can affect labral repair and may 
change resultant. In further studies more condition of activity and material properties would be 
considered. 

6. Conclusion 

Finite element analysis was used to evaluate the labral repair effect. The result was shown the labral 
repaired increased mean equivalent of total strain in labrum tissue but the reducing of labrum thickness 
did not affect the mean contact force on cartilage and did not effect on bone in overall. The simulation 
had agreeable result with the experimental testing.  
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Abstract. According to the statistics provided by the Ministry of Health, abor and elfare the 
death of one in 3.5 apanese people is attributed to tumor highlighting the need for active research 
on malignant tumors. Early detection can be cited as a countermeasure against malignant tumors, 
but it is often difficult to observe the growth process, and thorough understanding of the 
phenomena will aid in more efficient detection of such tumors. A malnourished benign tumor 
may create new blood vessels from existing ones and proliferate abnormally by absorbing 
nutrients from these newly created blood vessels to become malignant. Different factors 
influence the shape of tumors and shape is an important factor in evaluating their malignancy. 
Because interstitial cells greatly influence tumor growth, investigating the influence of stromal 
cells on tumor growth will help in developing a better understanding of the phenomenon. 
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Abstract. Varus knee is a knee joint deviate from mechanical axis to the lateral side. High tibial 
osteotomy (HTO) was a popular technique to treat the varus knee and reduce the strain 
distribution by shifting the mechanical axis to the medial side. From our previous study, the varus 
knee correct by close wedge HTO had strain distribution lower than the varus knee but higher than 
the varus knee inserted total knee prosthesis under walking and stair-climbing conditions. This 
study aims to evaluate the strain distribution on the varus knee correct by close wedge HTO 
supplement DFO. The results were shown the maximum equivalent of total strain on varus knee 
correct by close wedge high tibial osteotomy supplement distal femoral osteotomy decreased from 
varus knee. The surgeon can correct the varus knee by close wedge HTO supplement DFO to 
preserve the ligaments, tendons and meniscus at knee joint and to reduce the maximum equivalent 
of total strain on the patient’s lower extremity.  

 
1. Introduction 

Mechanical axis was an imaginary line to show the deform  ation on lower extremity. The condition of 
alignment started at center of femoral head, passed thru knee joint and ended at center of ankle in normal 
case as shown in Figure 1. 

The varus knee was a mal-alignment of mechanical axis, bending out to lateral side and had high 
pressure on medial side. In some case, the deformity of lower extremity was occurred on femoral bone as 
shown in Figure 2. 

There are many methods for treat and correct the varus knee such as Total Knee Arthroplasty (TKA), 
High Tibial Osteotomy (HTO) and Distal Femoral Osteotomy (DFO). This study aims to evaluate the 
strain distribution on lower extremity corrected by close wedge high tibial osteotomy supplement distal 
femoral osteotomy and compare the result with varus knee corrected by total knee arthroplasty [3]. 
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Figure 1 The relationship between mechanical axis and anatomical axis of normal lower extremity [1]. 

 
  
 

 
Figure 2 Extra-articular varus angulation of the femur [2]. 

 
 

2. Materials and methods 

2.1 Three-dimensional model 
2.1.1 Varus knee model. Three-dimensional model of varus knee was scanned by computerized 
tomography (CT) scanner and was reconstructed by ITK-SNAP program. The completed model was 
shown in Figure 3. 
 
2.1.2 The distal femoral plate, tibial condylar plate and screw fixation. The distal femoral and tibial 
condylar plate were used to fix the cut distal femur and proximal tibia respectively, was corrected the 
varus knee by close wedge high tibial osteotomy technique. Two plates were scanned by CT scanner and 
all screw fixations were created by SolidWorks CAD software with actual size as shown in Figure 4 
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Figure 3 Three-dimensional model of varus knee. 

 
 

                                 
(a)                                                               (b) 

Figure 4 Three-dimensional model of: (a) Distal femoral plate, (b) Tibial condylar plate. 
 

2.1.3 Ligament and meniscus models. Four major ligaments were connected between distal femur and 
proximal tibia as anterior cruciate ligament (ACL), posterior cruciate ligament (PCL), medial collateral 
ligament (MCL) and lateral collateral ligament (LCL). The meniscus was created based on the actual 
anatomy shape between distal femur and proximal tibia and four ligaments were created using a curve 
from distal femur to proximal tibia as shown in Figure 5. 
 

 
Figure 5 Three-dimensional models of four major ligaments and meniscus. 

 
 
2.2 Virtual Simulation 
This study was used virtual simulation method to cut proximal tibia to correct the varus knee by 
mechanical axis and to cut distal femur to remove angle of deformity on femoral bone. Tibial condylar 
plate was used to fix the cutting proximal tibia bone same as the distal femoral plate to fix the distal 
femoral bone. The bone model with two inserted plate was shown in Figure 6. 
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Figure 6 The bone model inserted distal femoral plate and tibial condylar plate. 

 
2.3 Materials Properties 
All models in this study, were consisted of cortical bone, cancellous bone, ligaments, meniscus, screw 
fixation, tibial condylar plate and distal femoral plate were assumed homogeneous, isotropic and linear 
elastic properties [4-6]. The elastic modulus and poisson’s ratio of all materials were shown in Table. 1. 

 

Table. 1 The materials properties of models [7]. 
Materials Elastic Moldus (MPa) Poisson’s Ratio 

Cortical Bone 14,000 0.30 
Cancellous Bone 600 0.20 
ACL, PCL, LCL 345 0.40 
MCL 332.2 0.40 
Meniscus 12 0.45 
Stainless 200,000 0.30 

 

2.4 Boundary Condition 
The positions of muscular forces for daily activities were operated on the proximal femur as shown in 
Figure 7. The force magnitude was separated in x-, y- and z-axis under walking and stair-climbing 
conditions were shown in Tables 2 and 3, respectively. 
 

 
Figure 7 Position of muscular force on proximal femoral. 
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Table 2 The muscular force act on proximal femur under walking condition [8]. 
Position Force Fx(N) Fy(N) Fz(N) 

1 Fix displacement 0 0 0 
2 Body weight 0 0 -836 
3 Hip contact -54 -32 -229.2 
4 Intersegmental resultant -8.1 -12.8 -78.2 
5 Abductor 58 4.3 86.5 
6 Ilio-tibial tract, proximal 0 0 0 
7 Ilio-tibial tract, distal 0 0 0 
8 Tensor fascia latae, proximal 7.2 11.6 13.2 
9 Tensor fascia latae, distal -0.5 -0.7 -19 
10 Vastus lateralis -0.9 18.5 -92.9 
11 Vastus medialis 0 0 0 

 
 
Table 3 The muscular force act on proximal femur under stair-climbing condition [8]. 

Position Force Fx(N) Fy(N) Fz(N) 
1 Fix displacement 0 0 0 
2 Body weight 0 0 -847 
3 Hip contact -59.3 -60.6 -236.3 
4 Intersegmental resultant -13 -28 -70.1 
5 Abductor 70.1 28.8 84.9 
6 Ilio-tibial tract, proximal 10.5 3 12.8 
7 Ilio-tibial tract, distal -0.5 -0.8 -16.8 
8 Tensor fascia latae, proximal 3.1 4.9 2.9 
9 Tensor fascia latae, distal -0.2 -0.3 -6.5 

10 Vastus lateralis -2.2 22.4 -135.1 
11 Vastus medialis -8.8 39.6 -267.1 

 

2.5 Finite element model 
The finite element model was generated by MSC software package with four-node tetrahedral element as 
shown in Figure 8, was used to build up mesh model to reduce calculating time. The bone-implant model 
had total 165,605 nodes and 139,739 elements. 
 

 
Figure 8 Mesh model of lower extremity. 
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3. Result and Discussions 

The results were shown the equivalent of total strain distribution on the bone models. The varus knee and 
varus knee corrected by close wedge high tibial osteotomy (HTO) supplement with distal femoral 
osteotomy (DFO) were simulated to compare the strain distribution with normal knee and varus knee 
corrected by total knee arthroplasty (TKA) from the literature [3]. The maximum equivalent of total strain 
on four models was shown in Table.  4. 
 

       Table 4 The maximum equivalent of total strain on four models (µ ). 
Model The maximum equivalent of total strain (µ ) 

Walking Stair-climbing 
Normal Knee 1,671.19 1,690.76 
Varus Knee 6,916.55 8,478.03 
Total Knee Arthroplasty 3695.66 3739.67 
HTO Supplement DFO 5,272.14 5,392.76 

 
The maximum equivalent of total strain on the varus knee had the highest value because the body 

weight did not pass thru knee joint as mal-alignment of mechanical axis. The varus knee corrected by 
total knee arthroplasty was changed the mechanical axis to the natural position that helps to reduce the 
maximum equivalent of total strain on the bone. 

The maximum equivalent of total strain for close wedge HTO supplement DFO under walking 
condition were 5,272.14 µ  on femur and 3,407.03 µ  on tibia and under stair-climbing condition were 
5,392.76 µ  on femur and 4,322.51 µ  on tibia. The maximum values of HTO supplement DFO model 
were reduce from the varus knee model under both conditions because the mechanical axis was changed 
to natural position same as the varus knee corrected by TKA model. The strain distribution on femur and 
tibia for HTO supplement DFO models was shown in Figures 9 and 10, respectively. 
 

 
                                                       (a)                    (b) 

Figure 9 The strain distribution on femur under: (a) walking and (b) stair-climbing. 
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                                                        (a)                      (b) 

Figure 10 The strain distribution on tibia under: (a) walking and (b) stair-climbing. 
 

The varus knee corrected by close wedge HTO supplement DFO can reduce the maximum equivalent 
of total strain from varus knee but varus knee corrected by TKA had maximum equivalent of total strain 
near normal knee than close wedge HTO supplement DFO model. Varied degree of close wedge must be 
used to adjust the axis of femoral and tibia bone to reduce the maximum equivalent of total strain. 
 
4. Conclusion 

The strain distribution on varus knee corrected by close wedge HTO supplement DFO reduced from the 
varus model. The body weight was passed thru the adjusted mechanical axis. The strain distribution was 
distributed regularly at medial and lateral side on femoral bone and anterior and posterior side on tibia 
bone. The surgeon can correct the varus knee by close wedge HTO supplement DFO to preserve the 
ligaments, tendons and meniscus at knee joint and to reduce the maximum equivalent of total strain on the 
patient’s lower extremity. 
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Abstract. In our previous study, a cone-shaped rotating disk had been designed and proposed for 
generating shear force on the cell in a cell culture plate. This study aims to improve the design of 
the rotating disk that could provide a better uniformity of shear stress distribution. The top of the 
cone was designed to be trimmed off to obtain a flat head area. The effect of tilt angle (θ) was 
numerically studied using computational fluid dynamics (C D) techni ue in ANS S- luent 
software. The results revealed that for 500 rpm, the new designed rotating disk with a height of 
cone-shaped top to the plate bottom h  1 mm and θ  25  provided the best uniformity of 0.820 
which was better than that of the previously designed. 
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Abstract. This study was investigated to obtain methane combustion flames diluted by carbon 
dioxide on non-premixed burner.  The methane combustion characteristics were analyzed on 
axisymmetric jet (AJ) non-premixed burner. The investigated parameters consist of fuel velocity 
(Uf), air velocity (Ua), CH4 concentration (% by volume)  and firing rate (F.R.).   The results 
showed that longer flame length and lower temperature were obtained when fuel velocity 
increased between 0.4-1.6 m/s. At the same fuel velocity, carbon dioxide was diluted in methane 
combustion from 30-70% by volume, flame length was decreased by much lower yellow tip 
flames and slightly higher blue flames due to well mixed between air and fuel. In addition, all 
blue flames could be found at CH4 concentration less than 50% by volume and extinction limit 
was occurred at Uf =1.6 m/s and methane concentration less than 30%. However, this study also 
found that air velocity had slightly effects on flame length and flame temperature. It concluded 
that less than 70%  of carbon dioxide dilution could be applicable to improve diffusion flame 
from methane combustion on AJ non-premixed burner. 

  
 

1.  Introduction 
 
Nowadays, there are many types of burner used in the industrial part with premixed and non-premixed 
combustion. Even though, premixed burner was applied widely due to well-mixed combustion however 

it was known about risk from flashback flames [1]. In the past, flashback flame phenomena obtained 
from premixed combustion was studied with equivalence ratio more than unity with the variation of 
mass flow rates [2].  In order to operate gaseous combustion on burner with safety, the combustion 
flames on basic non-premixed burners, Axisymmetric Jet (AJ) burner, Wolfhard Parker (WP) burner 
and tubular burner, were investigated [3]. Hydrogen (H2) diffusion flame diluted by inert gas, was also 
studied to obtain change of flame structure on AJ burner, WP burner and tubular burner as the basic of 
non-premixed burner [4].  In the past, fossil fuel applied for general combustion in heat process of 
industrial parts, emitted greenhouse gases such as carbon dioxide (CO2) and oxide of nitrogen (NOx) 
to environment and affected climate change. In this present, low carbon fuel such as natural gas, biogas 
was instead of fossil fuel to reduce emission [5]-[6]. As low emission and renewable fuel, the policy of 
biogas usage increased from 193 kW to 3600 kW was supported by Ministry of Energy, Thailand 
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during 2008-2013 [7]. The main compositions of biogas are methane (CH4) and carbon dioxide (CO2), 
which compositions of biogas are different because of gas production. The previous study showed the 
unstable premixed flames of synthetic biogas investigated with different compositions [8]. In order to 
operate burner with safety, non-premixed methane and hydrogen combustion was studied and longer 
flame length of methane combustion with increase of fuel velocity was obtained [9]-[10].  Moreover, 
mapping and structure flames were resulted from inverse diffusion flames of methane [11]. Thus, it is 
necessary to investigate CH4 diluted with CO2 combustion flames as the main compositions of biogas 
on AJ non-premixed burner to operate combustion devices for biogas with safety. Following variation 
of methane concentration, fuel velocity and air velocity, flame characteristics of methane diluted with 
CO2 could be applicable to obtain smart operation range of non-premixed burner. 

2.  Nomenclature 
 
Uf Fuel-inert velocity (m/s) 
Ua Air velocity (m/s) 
ρ Density (kg/m3) 
cp Specific heat (J/kg•K) 
k Thermal conductivity (W/m•K) 
F.R. Firing rate (kW) 
L Flame length (mm) 
A Area (m2) 
ṁ Mass flow rate (kg/s) 
Qa Volume flow rate (m3/s) 
T Flame temperature (qC) 
LHV low heating value (kJ/kg) 
 

3.  Experimental setup 
 

 
 

Fig.1 Experimental setup. 
 
Figure 1 shows the experimental setup to study characteristic of methane combustion flames diluted by 
CO2. Following the experimental setup, CH4 diluted with CO2 fed to mixing chamber and AJ non-
premixed burner which air was supplied separately as co-flow method. To study equivalence ratio 
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variations, air, CH4 and CO2 flows were measured by digital mass flow controllers. Table 1 and Table 
2 show that CH4 concentration was varied between 30%-100% with CO2 dilution with variation of fuel 
velocity and air velocity. Moreover, variation of equivalence ratio, fuel and air velocity were also 
experimented. In order to obtain uniform flow fuel, muffler and 100 micron of mesh were installed in 
AJ non-premixed burner which  was designed for 7.5 mm of nozzle fuel exit diameter with 75 mm of 
nozzle air exit diameter. When fuel and air flowed into burner then they ignited to observe combustion 
flame characteristics. Photographs of flame characteristics were taken by digital camera. However, 
forward looking infrared (FLIR) camera was used for in this study for investigate local temperature of 
diffusion flame by infrared radiation. In addition, thermocouple was installed to measure flame 
temperature and recorded by data logger (HIOKI LR8431-20 Memory HI Logger). 
 

Table 1. Variation of CH4 and CO2 at Ua=cm/s     for Uf=0.4, 1.0 and 1.6 m/s. 
 

CH4 

[%] 
CO2 

[%] 
Uf 

[m/s] 
100 0 0.4 1.0 1.6 
70 30 0.4 1.0 1.6 
50 50 0.4 1.0 1.6 
30 70 0.4 1.0 1.6 

 
Table 2. Variation of CH4 and CO2 at Uf=0.6 m/s for Ua=4, 5 and 6 cm/s. 

 
CH4 

[%] 
CO2 

[%] 
Ua 

[m/s] 
100 0 0.4 1.0 1.6 
70 30 0.4 1.0 1.6 
50 50 0.4 1.0 1.6 
30 70 0.4 1.0 1.6 

 

4.  Methodology 
4.1 Flame structure  
For diffusion flame, fuel needs to diffuse to oxidizer then the reaction time is longer than premixed 
flame. Normally, heat released from premixed flame is greater than from diffusion flame. It was noted 
that yellow and blue flames were known as luminous and premixed zone, respectively [12]. 
 
4.2 Gas properties 
As the gas properties of CH4 and CO2 at 25qC, density (ρ), heat capacity (cp), thermal conductivity (k) 
and lower heating value (LHV) are shown in Table 3. 
 

Table 3. CH4 and CO2 properties at 25qC. 
 

Gas properties CH4 CO2 

ρ [kg/m3] 421 685 
cp [J/kg•K] 2260 6200 
k [W/m•K] 0.035 0.078 

LHV [kJ/kg] 50000 0 
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4.3 Fuel velocity 

In this study, fuel velocity was varied to observe flame characteristics. Fuel velocity was calculated by 
ratio between volume air flow rate and nozzle fuel exit area as followed by Eq. (1) 

Uf = Qf /A         (1) 
 

4.4 Air velocity 

In order to obtain combustion flames on AJ non-premixed burner which was designed for 75 mm of 
nozzle air exit diameter, thus it is necessary to find variation of air velocity. Air velocity in this 
experiment can be varying by volume flow rate as shown in Eq. (2). 

Ua = Qa/A         (2) 
 
4.5 Firing rate 
 
Firing rate is applied to express the rate of power and it is the product of low heating value and mass 
flow rate as shown in Eq. (3) 
 

F.R. = ṁf �u LHV        (3) 
 
4.6 Methane concentration 
 
Methane concentration is the ratio between volume flow rate of methane and total flow rate as shown 
in Eq. (4) 
 

 [CH4] = QCH4u100% / (QCH4+QCO2)       (4) 
 

5.  Result and discussions 

5.1.  Flame structure 
Figure 2 shows flame structure with variation of CH4 and CO2 at Ua =cm/s for Uf =0.4, 1.0 and 1.6 m/s. 
When CH4 concentration was lower, the yellow flame shown in luminous zone was minimized due to 
dilution of CO2. For CH4 concentration less than 50%, higher blue flames in premixed zone was 
observed when fuel velocity was higher. It was caused by decrease of fuel instead of CO2 and air could 
be entrained to fuel [12]. However, the extinction flame was observed at 30% of CH4 concentration 
and Uf=1.6 m/s. Moreover, flame structure with variation of CH4 and CO2 at Uf =0.6 m/s for Ua=4, 5 
and 6 cm/s were illustrated in Fig.3. Figure 4 shows the relation between CH4 concentration and Uf at 
Ua=4 cm/s. At Uf=0.6 m/s, yellow flame was found for fuel velocity between 0.4-1.6 m/s and pure 
blue flame was found at less than 30% of CH4 concentration between fuel velocity 0.4-1.0 m/s.  
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Fig.2 Flame structure with variation of CH4 and CO2 at Ua = 0.4 cm/s for Uf = 0.4, 1.0 and 1.6 m/s. 

 

 
 

Fig.3 Flame structure with variation of CH4 and CO2 at Uf = 0.6 m/s for Ua = 4, 5 and 6 cm. 
 

 
Fig.4 Relation between CH4 concentration and Uf at Ua = 4 cm/s. 
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Fig.5 Relation between firing rate and fuel velocity at Ua = 4 cm/s. 

 
 

5.2.  Combustion diagram 
 
The relation between firing rate and fuel velocity at Ua=4 cm/s is shown in Fig.5. Firing rate was 
higher when fuel velocity increased for CH4 concentration incapable less than 30%.The diffusion 
flame of methane diluted by CO2 could be operated on this AJ non-premixed burner more than 2 kW 
at Uf=1.6 m/s.  
 
 
5.3 Flame length 

 
Flame length could be longer by increasing of fuel velocity as shown in Fig.6 and 7. For CH4 
concentration was less than 70%, carbon dioxide affected on flame length and yellow flame was 
decreased obviously. However, flame length was slightly wider by variation of air velocity.  

 

 
Fig.6 Flame length at Ua = 4 cm/s by varying Uf and %CH4. 
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Fig.7 Flame length Uf = 0.6 cm/s with variation of Ua and CH4 concentration. 
 

5.4 Flame Temperature 
 

Flame temperature of diffusion flame photos taken by FLIR camera was shown in Fig.8. As this 
result, temperature around cone of flame is highest because reaction area is around nozzle exit. 
However, higher flame temperature was obtained with lower fuel velocity and CH4 concentration as 
illustrated in Fig.9.  
 
 
 

 
 
 
 
 
 

 
Fig.8 Comparison between flames taken by digital camera and FLIR camera 

 
 

 
 

Fig.9 Relation between flame temperature and CH4 concentration with variation of Uf. 
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6.  Conclusions 
 
This study was experimented with variation of fuel velocity, air velocity, CH4 concentration and 

firing rate. As the results, wider flame length and lower temperature were obtain when fuel velocity 
increased between    0.4-1.6 m/s At the same fuel velocity, carbon dioxide was diluted in methane 
combustion from 30-70% by volume, flame length was decreased by much lower yellow flames and 
slightly higher blue flames due to well mixed between air and fuel flow rate. In addition, all blue 
flames could be found at less than 50% of methane concentration by volume and extinction limit was 
occurred at Uf = 1.6 m/s and CH4 concentration less than 30%. It concluded that less than 70% of 
carbon dioxide dilution could be applicable to improve diffusion flame from methane combustion on 
AJ non-premixed burner. 
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Abstract. This study is the comparison of flat flame speed of biomass fuels in the fixed-bed 
combustion, the biomass fuels included bagasse, rice husk and saw dust were adopted in the 
experiments. In experiment, the fuel mass of 1 kg was fed into the reactor with varied the inlet 
air velocity fed into the reactor was adjusted as 0.053, 0.063, 0.074, 0.084, 0.095, and 0.106 
m/s. The temperature and remaining fuel mass left in the reactor were measured. The results 
shown that the flat flame speed of all fuel combustion has been increased with increasing an 
inlet air velocity. In addition, the comparison results of each biomass type were found that 
bagasse combustion with inlet air velocity of 0.053 m/s yields the highest flat flame speed at 
0.735 mm/s. 
 

1. Introduction 
Thailand is one of the world is most important agro-industrial countries. And there is one important by-
product besides agricultural produce the leftover agricultural waste. The remaining agricultural residues 
are rice husk, rice straw, sugarcane leaves, bagasse, sawdust, wood chips, palm fiber, coconut shell, 
corn cob, etc. The biomass energy is another source of alternative energy suitable for Thailand. And 
has a large amount of agricultural waste that can be converted into energy [1-4]. Its energy is converted 
to heat, power or chemical feedstock mainly by thermo-chemical conversion. 
 Combustion is a widely used technology for energy conversion of biomass. Most biomass consumed 
at present time is burned in fixed or moving beds. A fixed bed has an analogy with the moving bed 
since time elapsed in a fixed bed can be transformed into the location on the grate in the moving bed 
corresponding to the fuel residence time. Thus, the combustion characteristics and process rate in the 
fixed bed can be applied to the moving bed. 
 Combustion of solid fuel in a fixed bed involves complicated heat and mass transfer along with 
various chemical reactions. Conductive, convective and radiative heat transfer takes place. The 
composition changes including drying, pyrolysis and char combustion of the solid fuel and the reactions 
of volatile gases with air. Once the fuel is ignited by external heat source above the bed, the ignition 
front propagates into the bed. The heat generated by gaseous reactions and char oxidation at the ignition 
front transfers downwards to dry and heat up the fresh particles below. Since the heterogeneous char 
oxidation is relatively slow and oxygen is consumed first by the volatile gases from the particles, 
carbonized particles remain above the ignition front. Therefore, the drying, pyrolysis, char oxidation 
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and ash zones appear sequentially from the bottom to the top of the bed during the ignition propagation, 
although these processes occur simultaneously for large fuel particles. Once the ignition front reaches 
the bed bottom, only the oxidation of the remaining char takes place, see figure 1. 

 
Figure 1. Propagation of the conversion an ignition fronts in the packed fixed-bed [5]. 

 
 One process rate is often used to quantify the progress of combustion in fixed beds. The ignition 
front speed, which is referred as flame front or reaction front velocity, is based on the temperature 
history within the bed. The fuel properties and process conditions affect the combustion characteristics, 
altering the heat generation, heat transfer and reaction rates in a complicated manner [6]. The air flow 
rate is the key process parameter that determines the amount of oxygen available and convective heat 
transfer. The process rates are classified into three successive regimes depending on the air flow rate: 
Oxygen-limited, reaction limited and extinction by convection regimes. When the air flow rate is small, 
the propagation of ignition front is controlled by the amount of oxygen and the process rates are linearly 
proportional to the air flow rate. In reaction-limited regime, the process rates are limited by the reaction 
rate of the fuel. As the air supply increase further, the convective cooling of particles around the ignition 
front slows down the process and finally causes extinction of the flame. From the mentioned reasons, 
this is a study on comparison of flame speed in combustion the biomass fuels in a fixed-bed. Biomass 
fuels include bagasse, rice husk and sawdust. It is a fuel for combustion. It is a fuel for combustion. The 
air velocity was adjusted as various levels, respectively. After this the experiments which are carried 
out are described and the results from these experiments are presented and discussed. The results of the 
experiments are evaluated in the light of the theoretical background and Semenov’s analysis is applied 
to predict the flame speed from combustion for biomass. Finally conclusions are draw.  
 
2. Methodology and materials 
 
2.1 Ignition temperature 
Semenov’s analysis of thermal explosion [7] is used as a theoretical background on ignition of packed 
beds. In Semenov’s analysis, the radial temperature gradients are assumed to be flat. When a small part 
of the biomass layer is considered the horizontal gradient can be assumed to be flat in that area. Note 
that, the system transfers heat to the surroundings through the reactor wall of which the thermal 
resistance is much lower than the one of the fuel bed. To be able to properly use Semenov’s analysis, 
the outer temperature of the particles should not differ too much from the interior temperature, the 
moment of ignition the temperature inside the particles can be regarded uniform. The base of this 
analysis is formed by an energy balance of the fuel bed, this balance consists of two parts: 

x The heat gained by the reactions; 
x The convective heat transfers between the primary air flow and the fuel bed. 

 The heat gained by the reactions can be either delivered by exothermic pyrolysis or oxidation of the 
fuel. These two energy streams are plotted as a function of the fuel bed temperature, the heat gained by 
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the reactions (Qreact). It is assumed that the reaction rate is determined by kinetics and the convective 
heat transport from the fuel bed to the air stream (Qconv). At the critical point the heat produced by 
pyrolysis and the heat lost by convective have the same value and the same gradient. This can be 
expressed as (with convreact qqq cc�cc cc' ��� ) 

°̄

°
®


 cc'

 
cc'

0

0

q
dT

qd

�

�
      (1) 

From this system the ignition temperature can be found. 
 
2.2 Flame Speed  
The flame speed is the measured rate of expansion of the flame front in a combustion reaction. Whereas 
flame speed is generally used for a fuel, a related term is ignition front velocity, which is the same 
relationship measured for an ignition front is a distance and time spent on the combustion. The distance 
is derived from reference to the ignition temperature. Flame speed is typically measured in m/s, cm/s, 
mm/s etc. Figure 2 shows the evolution of temperature in some of the thermocouple in the combustor. 
The time spent by the ignition front to reach a specific pre-determined temperature between two 
adjacent thermocouples will allow for the calculation of the ignition front velocity. Theoretically, any 
temperature could be used as a reference. In this study the ignition point for fuel was studied. bagasse, 
rice husk and sawdust, 218°C, 220°C and 270°C respectively. As shown in figure 2, shapes of the 
temperature log measured from rice husk combustion by the thermocouples are qualitative similar, 
meaning that the ignition front has reached as steady state. The detailed zoom of this figure also shows 
the ignition points which can be appreciated in the slope of curves, highlighting the different stages of 
combustion.   
 

 
 

Figure 2. Bed temperature profiles of saw dust at 0.106 m/sec of air velocity. Zoom in on the curve of 
thermocouple three to appreciate the ignition points in the start of combustion phase. 

 
 
 
 
 
 
 

 

T1T3 T2T4 
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3. Experimental facilities and condition 
 
3.1 Fixed bed experimental reactor 
Figure 3 shows a schematic diagram of the experimental reactor. The reactor is a vertical cylindrical 
steel vessel combustion chamber which is able to withstand temperatures up to 1500 K placed on a 
weighing scale. The height of the chamber is 1.5 m with an inner diameter of 200 mm. It consists of an 
interior tube surrounded by a thick layer of insulating material and external casing. The grate is located 
at the bottom of the chamber and consists of a perforated plate made from stainless steel, with 
approximated 700 holes of 2 mm diameter, representing 7% open area. Ten thermocouple (types K 
chromel-alumel) were placed at the center line of the reactor to monitor the temperature inside the bed 
at different height levels, (T1-T3) equidistant: 50 mm each of measuring distance were used to monitor 
the temperature in bed and six thermocouples (T4-T9) were used in to monitor the temperature of the 
flue gases, the last thermocouple (T10) was specifically located at the end of reactor. All the 
measurements were connected to a computer for ease of temperature recording (Yokogawa, MX-100) 
and data processing. 
 

 
Figure 3. Schematic diagram of a fixed bed combustor and set measurement system 

 
3.2 Fuels and experimental procedures  
Whole biomass samples were prepared by cutting to less than 2 cm in a cutting mill until it passed the 
surrounding mesh or sieve with corresponding hole size. The proximate and ultimate analysis of the 
fuels is listed in table 1.   
 
Table1. Proximate and ultimate analysis of fuels 

Proximate analysis (wt%, as received) 
Type Moisture (wt%) Volatile (wt%) Fixed carbon (wt%) Ash (wt%) HHV (MJ/kg) 

Bagasse 9.90 74.60 15.70 2.30 17.71 
Rice husk 10.94 56.57 14.44 18.05 14.94 
Sawdust 6.81 78.32 14.51 0.36 16.65 

Ultimate analysis (wt%, as dry ash free) 
Type Carbon (C) Hydrogen (H) Oxygen (O) Nitrogen (N) Sulphur (S) 

Bagasse 45.70 6.00 47.90 0.30 0.015 
Rice husk 34.58 4.23 31.69 0.46 0.05 
Sawdust 46.99 6.37 46.64 0.24 0.01 
* www.efe.or.th 
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          (a)                     (b)                            (c)  

Figure 4. Fuel samples that were used in this study. (a) Bagasse , (b) Rice husk , (c) Sawdust 

 After the installation of the experimental equipment are ready, the combustion chamber was filled 
from the top with 1 kg of fuels sample. To obtain a more uniform packed bed, the bed was stirred a 
couple of times during the filling procedure with small brush and set the weight of the biomass and 
measure height of the bed. Then we will perform the following steps. 

3.2.1 Set air flow rate feeding into the reactor by 0.053, 0.063, 0.074, 0.084, 0.095 and 0.106 
m/s.  

3.2.2 Collects the data of temperature and weight loss of the fuel bed while burning. 
3.2.3 When the experiments finished, the reactor was allowed to cool down and was them 

emptied. 
3.2.4 Repeat the experiment from the beginning by varied the air flow rate. 
The experimental conditions used for different tests is presented in table 2. 

 
          Table2. Specification of experimental conditions 

Biomassa Air velocity (m/s) Bed height (m) Bulk density (kg/m3) 

Bagasse 

0.053 
0.063 
0.074  
0.084 
0.095 
0.106 

0.50 64 

Rice husk 

0.053 
0.063 
0.074  
0.084 
0.095 
0.106 

0.24 132 

Sawdust 

0.053 
0.063 
0.074  
0.084 
0.095 
0.106 

0.20 160 

a All tests based on 1 kg of fuel  
 
 
4. Results and discussion  
 
4.1 Combustion characteristics of biomass samples 
The packed bed combustion of biomass is characterized by a series of successive temperature rises from 
room temperature to over 900-1,000°C within a few minutes as the ignition front pass through. Figure 
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5a shows the measured temperature at various location along the axis within the reactor of bagasse case. 
After the over-bed burner was switch on, the temperature at the position just above the bed top (T4-T6) 
rose quickly form room level to 820°C in just 60 s, then at a modest rate, reached a stable level of 800°C 
at t = 120 s. The flame front reached the first measuring point inside the bed (probe T3) at t = 150 s and 
saw a much sharper increase in local temperature which reached a peak value of 915°C from room 
temperature in 300 s. It was followed by a quick drop in local temperature by 600 - 800°C at t = 400 s, 
stabilizing afterwards between 550 and 750°C for a significant length of time until rising to another 
peak value of 800°C when the combustion approached its last stage (t = 600 s).   
 The flame front arrived at the two in bed measuring points successively (probe T1-T2) at average 
time interval of 40 s. The whole combustion process was complete at t =720 s when the temperature at 
all the position dropped below 600°C. The feature is the rise in the bed temperature at t = 600 s at all 
the measuring points when the combustion has proceeded for a significant time period, this can be 
regarded as the second combustion stage where both moisture and volatile matter inside the bed soldis 
have been completely driven out and only char burning takes place thereafter, which is enhanced by 
full acces to the oxygen supply and casuse an increased temperature at the bed surface. 

 

  
 

a)       b) 

Figure 5. Bed temperature vs. reaction time of a burning bagasse at different bed heights: 
a) air supply velocity 0.053 m/s, b) air supply velocity 0.106 m/s 

 

  
 

a)        b) 

Figure 6. Bed temperature vs. reaction time of a burning rice husk at different bed heights:  
a) air supply velocity 0.053 m/s, b) air supply velocity 0.106 m/s 
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   a)       b) 

Figure 7. Bed temperature vs. reaction time of a burning sawdust at different bed heights: 
a) air supply velocity 0.053 m/s, b) air supply velocity 0.106 m/s 

 
4.2 Flat flame speed 
Table 3 lists the key results of the combustion characteristics for the test cases. The ignition temperature, 
burning time and flame speed based on the varies of air flow velocity during the whole combustion 
period.  
 
       Table 3. Flat flame speed, ignition temperature from the combustion of biomass at  
                      different air velocity. 

Biomass Air velocity    
(m/s) 

Ignition 
temperature (°C) 

Burning time  
(sec) 

flame speed 
(mm/s) 

 

 
 

Bagasse 

0.053 202.4 136 0.735 
0.063 209.1 138 0.724 
0.074 215.6 140 0.714 
0.084 223.4 142 0.704 
0.095 226.9 148 0.675 
0.106 230.2 156 0.641 

 

 
 

Rice husk 

0.053 201.8 194 0.515 
0.063 225.4 204 0.490 
0.074 251.3 220 0.454 
0.084 281.9 236 0.423 
0.095 318.9 250 0.400 
0.106 342.0 268 0.373 

 

 
 

Saw dust 

0.053 167.3 154 0.649 
0.063 188.3 160 0.625 
0.074 212.2 172 0.581 
0.084 238.0 178 0.561 
0.095 253.8 192 0.520 
0.106 261.7 196 0.510 

 
 For the bagasse combustion, when the air supply velocity increased from 0.053 to 0.106 m/s, the 
ignition temperature has increase from 202.4°C to 230.2°C and the burning has extended from 136 s to 
156 s but the flat flame speed decrease from 0.735 mm/s to 0.641 mm/s.     
 For the rice husk and saw dust combustion, when the air supply velocity increased, the ignition 
temperature has increase from 201.8°C to 342.0°C and 167.3°C to 261.7°C, the burning has extended 
from 194 s to 268 s and 154 s to 196 s, but the flat flame speed decrease from 0.515 mm/s to 0.373 
mm/s and from 0.649 mm/s to 0.510 mm/s, for the rice husk and saw dust test cases, respectively.     
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Figure 8. Flat flame speed vs. primary air flow velocity. 

 Figure 8 shows the effect of air flow velocity on the flat flame speed. Bagasse samples have the 
highest values compares to rice husk and saw dust. The decrease in the flat flame speed is linearly 
proportion to the greater of air supply all in the test cases, which suggests that all the cases are in the 
reaction-limited regime.  
 
5. Conclusions  
This a study of a research is to study on comparison of flat flame speed in combustion the biomass fuels 
in a fixed-bed. The experiments were conducted to compare the velocity of flat flame speed. The using 
of biomass (bagasse, rice husk and saw dust) experiments at 1 kg.  And giving of air supply velocity at 
0.053, 0.063, 0.074, 0.084, 0.095 and 0.106 m/s respectively. In a combustion of the bagasse fuel has 
an air velocity at 0.053 m/s, giving it a maximum flat flame speed of 0.735 mm/s. 
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Abstract. Direct numerical simulation is employed to investigate the effect of background 
rotation on the evolution of homogeneous isotropic turbulence. The frame of reference rotates 
only in one direction with a rotation numbers varied from 0 to 4, representing both slow and 
fast rotations. In a stationary frame of reference, the turbulence structures are isotropic and its 
energy spectrum exhibits a famous 5/3N �  in the inertial subrange. The background rotation alters 
the isotropic behaviour of the turbulence structures, leading to the formation of columnar 
vortices. The slope of the energy spectrum strongly depends on the rotation number and ranges 
between -5/3 and -3.78. 
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Abstract. State of charge (SOC) is described as the percentage of the amount of energy available 
in a battery to the maximum battery energy. It is one of battery parameters that play an important 
role in providing remaining driving range in electric vehicles with a long term benefit of 
preventing battery performance deterioration and accelerated ageing. Consequently, models with 
various approaches have been developed for SOC estimation. However, SOC estimation is very 
difficult to implement due to complex characteristics of a battery functioning by electrochemical 
reactions. Accurate SOC estimation requires detailed physical knowledge so that capacitive 
effects of a battery can be captured. To overcome those parametric uncertainties, a data-driven 
approach such as an artificial neural network is one strategy used. Therefore, it is the objective 
of this work to propose a technique that delivers a reliable SOC estimation. The back-propagation 
neural network was employed with the help of wavelet transformation. Battery current, battery 
voltage, temperature, and SOC at the previous time steps were considered as inputs to the 
network. Cylindrical Lithium-Ion batteries with a capacity of 2.6 Ah were used to obtain the 
experimental data. The results showed that the proposed method was numerically efficient and 
the obtained SOC estimation was consistent with the associated battery experiments. 

1.  Introduction 
As the issue of global warming attracts public awareness, electric vehicles (EVs) gain much interest as 
clean-power transportation. Battery is one of the main source that EVs have to rely on. In electric 
vehicles, different battery chemistries—lead acid, lithium ion, nickel cadmium, nickel metal hydride—
are used. Among those, lithium ion batteries are mostly prominent due to their high energy density and 
long cycle life [1]. Lithium ion batteries are applied in various type of EVs such as Hybrid Electric 
Vehicle, Plug-in Hybrid Electric Vehicle, and Battery Electric Vehicle.  

For mobile applications, Lithium-ion battery has been used in portable electronic devices, e.g. cell 
phones, laptops, etc. for many years. Battery status, which is an important parameter providing available 
energy for user, should be more accurate and reliable in electric vehicles than in portable devices. 
Consequently, improving reliable estimation of remaining battery capacity has been the focus of battery 
and EV manufacturers. 

The remaining usable energy can be defined from state of charge (SOC) which is one of battery 
parameters. SOC is described as the percentage of the amount of energy available in a battery to the 
nominal battery capacity. It can be implied to a remaining driving range and a warning to recharge 
battery. Many approaches have been proposed for SOC models. This ranges from the direct methods [2-
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4] to the indirect methods [5-8]. Coulomb counting is an example of a direct method that directly 
measures the battery current in order to calculate SOC by integrating the measured values through time 
[4]. Even though this method is online and simple, errors are accumulated over time from the integration. 
As a result, less accurate SOC estimation is obtained. Moreover, employing the Coulomb counting 
requires the high speed current sensor because fluctuated current signal is produced in EVs. This makes 
the method more expensive and less practical. Other estimation techniques are also proposed through 
an understanding of a relationship between SOC and some physical battery properties such as the 
terminal voltage, open circuit voltage (OCV), and impedance [2,3].  However, using these battery 
parameters in an SOC estimation comes with consequences. The method cooperating with OCV is not 
practical to estimate SOC during operation in EVs as OCV needs to be measured offline. Even though 
the terminal voltage can be measured online and is widely applied to relate with SOC in portable devices 
and EVs, SOC accuracy depends on applied model as the battery is a nonlinear time-variant dynamic 
system. 

To obtain more robust SOC estimation subjected to parametric uncertainties, an indirect approach, 
such as fuzzy logic [8], neural network [1,9-11], Kalman filters [6,7,12], are presented in order to 
simulate a nonlinear SOC behaviour. These methods are adaptive systems for SOC estimation developed 
from artificial intelligence. They require no knowledge of physical battery properties and show good 
estimation. Among these indirect methods, artificial neural network (ANN), which is a data-driven 
approach, shows less computational time [12] and offered better SOC estimation [7,9]. Although ANN 
shows much superiority, it also comes with problems such as under- and over-fitting causing poor 
performance in actual applications. The occurrence of noise presented in the SOC estimation obtained 
from NN is another issue as shown in the study of [2,8]. Consequently, the hybrid methods, whose 
objective is to benefit from the advantages of various methods, are introduced to help in yielding a better 
ANN model. Kalman filters, such as extended Kalman filter (EKF) [6,12], unscented Kalman filter 
(UKF) [7] , adaptive extended Kalman filter (AEKF), and wavelet transform [5] are taken into account 
with NNs to avoid noises created in the NN estimation. It has been shown in many literatures that 
superior SOC estimating results are obtained from the hybrid methods [5,8].  Further literature surveys 
on the categories and mathematical methods of SOC estimation can be found from [2]. 

In this work, the objective is to propose a technique that delivers a reliable SOC estimation by using 
the back-propagation neural network and the wavelet transformation and to visualise this technique 
limitations. The used techniques is detailed in Section 2. The proposed SOC estimation method and 
detailed experiments are presented in Section 3. The obtained experimental data are compared with the 
estimated SOC which is shown in Section 4. Discussion is elaborated in Section 5. The last section 
draws conclusions of this work. 

2.  Methodology 

2.1.  Back-propagation neural network 
Artificial neural network (ANN) is a mathematical tool which is capable of representing arbitrarily 
complex non-linear processes. It is inspired by the way the human brain processes information. ANN 
consists of three main parts; input layer, hidden layer and output layer. Each layer consists of nodes, 
analogous to neurons in the brain. The nodes or artificial neurons communicate with others in the next 
layer by multiplying each of the inputs by a weight. Then the multiplications are combined and passed 
to an activation function as shown in Figure 1. Typically, the network can have one or more hidden 
layers in which Figure 1 illustrates a neural network with one hidden layer used in this work.   
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Figure 1. Graphical sketch of a neural network with one hidden layer. 
 
 A back-propagation neural network is one of algorithms defining how weights are adjusted in order 
to achieve the desired outputs of the network. It is the most popular type in artificial neural networks 
due to their good ability of nonlinear mapping [10,11]. The weights of a back-propagation network are 
determined from the difference between the targeted and actual output values of all output and hidden 
neurons. This is done by a backward propagation of errors during the training phase in order to minimise 
the output error. 

2.2.  Discrete wavelet transformation 
Discrete wavelet transformation (DWT) is a mathematical tool that can decompose a time-domain signal 
into different frequency groups. It can provide the localisation property in both the time and frequency 
domain [5]. The output of DWT on a given set of discrete signal provides the corresponding 
approximation coefficients and detail coefficients of the input signal. By applying a signal with the low-
pass filter and the high-pass filter, the approximation and the detail information are obtained, 
respectively. Typically, the length of each scaling coefficients is generally decreased by half. 

In this work, À-trous wavelet transform is employed. It is a non-decimated wavelet transformation 
which decomposes signal into coefficient series with the same length as the input signal. As presented 
in Figure 2, given a time signal x(k), the À-trous wavelet transform gives the approximation, Aj(k), and 
detail coefficients, Dj(k), at resolution level j at position k as: 
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This is done by passing the signal x(k) through a series of low pass filters h analysed at each resolution 
level j at position k. Finally, the signal can be reconstructed using the mathematical expression as 
follows:  

1
( ) ( ) ( )

n

n j
j

x k A k D k
 

 �¦ ,                                                        (3) 

where n is a number of resolution levels.  
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Figure 2. Wavelet transformation filtering process with resolution level equals to 2. 

3.  Estimation of Lithium Ion Battery SOC 

3.1.  The proposed technique 
In this work, the combining SOC model of the back-propagation NN and wavelet decomposition is 
proposed. Figure 3 describes the underlying idea of our technique which comprises 3 main steps; wavelet 
decomposition, NN training, and wavelet recombination. Prior to the network learning, wavelet 
decomposition is applied on each battery input data. Two sets of wavelet coefficients, for which one 
pattern represents detail information of each data and the other acts as a smoothing filter, are extracted 
for the ANN. The number of resolution levels chosen in this work is 2 and the choice of the mother 
wavelet is the Daubechies 2 wavelet (Figure 2).  

 
Figure 3. Wavelet-based ANN. 

 
Next, the decompositions are fed to the neural networks in order to predict the SOC data at the current 

time. As can be seen in Figure 3, three networks are trained for each set of wavelet coefficients. In the 
learning process, a conjugate gradient back-propagation neural network is used. The Fletcher-Reeves 
update is utilised to perform weight adjustment, due to its fast and efficient computation.  

Finally, the obtained wavelet SOC estimation at different resolution levels obtained from the neural 
network are combined to reconstruct the original SOC data. This can be done by performing the 
calculation in equation (3). 
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3.2   Experimental data for the neural network 
It is a known practice that accuracy of an artificial neural network model is dependent on an input 
variable selection. Battery factors influencing on the battery SOC are therefore determined as inputs to 
ANN models. Commonly, the battery terminal voltage, and discharge current are considered [6,8-11]. 
As environmental conditions and ambient temperature also affect battery SOC, many researchers 
proposed a model incorporating temperature as an additional input in order to improve accuracy [7,11].  
 In addition, training data are also crucial in establishing an NN model. In order to obtain accurate 
NN model for SOC estimation, all possible real-life loading conditions should be considered in the 
training process. However, this is very difficult as the real-life loading conditions of EVs are complex 
and uncertain. This is due to road conditions, speeds used, and driving styles. Even though training data 
collected during the field test of EVs can improve the NN performance, at this stage we scope ourselves 
for data obtained in a laboratory.  
 In this work, cylindrical lithium-ion batteries with a capacity of 2.6 Ah were used in order to obtain 
the training and testing data for the neural network. Different 5 charge and discharge currents (C/5, C/4, 
C/3, C/2, and 1C) and two thermal environments (25°C and 45°C) for battery testing were considered 
in order to construct the NN. The past values of battery voltage, current, temperature, and SOC were 
considered as input factors to the neural network since they are related to the battery SOC at the current 
time step. For each charge/discharge cycle, the battery’s terminal voltage, SOC, and current were 
measured. All test cycles for each battery data are illustrated in Figures 4 – 5. 
 

 

Figure 4. Battery profiles for NN training and testing, which were measured at 25°C. 
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Figure 5. Battery profiles for NN training and testing, which were measured at 45°C 
 
 The validation of the NN models should be different from the training and testing data. In this study, 
pulse discharge tests which represent the Economic Commission for Europe (ECE) standard driving 
cycle were used as a validation of the trained ANNs. The battery profile are shown in Figures 6-7. It 
was our purpose to employ these battery data to test the robustness and generalization of the obtained 
ANNs. 

3.3 Design of the neural network architecture 
For the SOC estimation using ANN in this work, the input vector X = (S, I, V, T) composed of four 
input battery parameters representing SOC, current, voltage, and temperature at the previous time steps. 
The output Y(X) of the network was designed to be the SOC estimation at the current time step. 
 In general, the accuracy of the NN result can be improved from increasing number of nodes used in 
the hidden layer. As a result, the network can be more complex and the computational time can be more 
expensive. Therefore, numbers of nodes were experimentally varied for both the input and hidden layers. 
The battery data from the battery cells collecting in laboratory, shown in Figures 4-5, were used to train 
and design the NNs. No differentiation between current classifications; charging and discharging, was 
considered in the training process. And the resting stage was not included in the SOC estimation study. 
However, to avoid over-training of an NN, the second cycle of each testing current (C rate) was selected 
for the network training and testing.  
 To evaluate the performance of the obtained SOC model, the collected experimental SOC was 
compared against the estimated SOC. The network performance was evaluated by the Root mean 
squared error (RMSE) and the coefficient of determination (R2). 
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Figure 6. Pulse test for NN model validation, which was measured at 25°C. 

4. Results 
The constant charging and discharging battery profiles illustrated in Figures 4-5 were employed to 
establish NN models for SOC estimation. The total dataset of approximately 25,000 was divided into 
two sets for the network training and testing. The training set was used to train the network whereas the 
testing set was used to test the network during the model development and also to continuously correct 
it by adjusting the weights of network links. Detailed descriptions of how battery data are divided for 
the training and testing set are elaborated in Table 1.  
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Figure 7. Pulse test for NN model validation, which was measured at 45°C. 

 
   
Table 1. Model description used in establishing an NN for SOC estimation. 

  
Model 

                                             Detailed description 
              Training  set                                                         Testing set 

1 75% of all data obtained from both 
temperature              

25% of all data obtained from both 
temperature 

2 All data obtained from both temperature 
and charge/discharge by the 1C,C/2, and 
C/3 rates            

All data obtained from both temperature 
and charge/discharge by the C/4, and C/5 
rates 

3 All data obtained from both temperature     
and charge/discharge by the 1C,C/3, and 
C/4       rates                                                    

All data obtained from both temperature 
and charge/discharge by the C/2, and C/5 
rates 

4 All data obtained from 25°C and 
charge/discharge by the 1C,C/2,C/3, C/4, 
and C/5 rates and data from 45°C               
charge/discharge by the C/5 rate                    

All data obtained from 45°C and 
charge/discharge by the 1C,C/2,C/3, and 
C/4 rates                                                          

5 All data obtained from 25°C and                
charge/discharge by the 1C,C/2,C/3,             
C/4, and C/5 rates                                           

All data obtained from 45°C and 
charge/discharge by the 1C,C/2,C/3, C/4, 
and C/5 rates                                                  
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4.1. Training and testing results 
After performing experiments on the ANN architecture, the designed NNs used for each SOC model 
were obtained as shown in Table 2. Detailed estimation performance about SOC during the training and 
testing schemes, obtained from comparison between the measured and estimated values at charging and 
discharging with constant currents, are presented in Table 2 for each NN model. The RMS errors for all 
model are within 3% except for Model 5 which gives error of 20%. Figure 8 shows SOC estimations 
obtained from NN models during the network testing. The results exhibit great consistency between the 
estimation and the actual SOC for most models. However, Model 5 gave relatively poor performance. 
The error was mainly presented when SOC approached a fully-charged state. It can be seen in Figure 8e 
that this behaviour could not be accurately captured. 
 

a) b)   

c)  d)  

e)  

Figure 8. SOC estimations obtained from different NN models during the network testing: a) Model 1, 
b) Model 2, c) Model 3, d) Model 4, e) Model 5. 
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Table 2. SOC estimation performances compared among different NN models during the network 
training and testing. 

 

NN Model 
     Training set                   Testing set  

Architecture RMSE R2             RMSE             R2 
1 4-3-1 0.0036 0.9998 0.0063 0.9998 

2 4-16-1 0.0041 0.9998 0.0011 0.9996
3 
4 
5 

4-15-1 
4-19-1 
8-14-1 

0.0042 
0.0052 
0.0049 

0.9998 
0.9998 
0.9997 

0.0044 
0.0328 
0.2017 

0.9997 
0.9897 
0.5929

 

4.2. Validation results 
In this section, the validation data set, which is not presented to the network during the network training, 
was used to validate the established NN models described in Section 4.1. The pulse discharging test 
profile (Figures 6-7) were considered in order to determine the robustness and generalisation of the 
obtained NN models. Figures 9 and 10 show the comparison between the estimated and the actual SOC 
measured at 25°C and 45°C, respectively. It can be seen that the estimated SOC for the pulse test 
obtained from Model 1-5 are consistent with the associated actual SOC. Its estimation error of each NN 
model is shown in Table 3.  The average error is less than 2% for Model 1-4. Errors are presented in the 
middle of the discharging cycle as illustrated in Figures 9-10. Only Model 5 provides errors more than 
2% for both temperature. However, the estimated SOC at 45°C obtained from Model 5 provides 
relatively higher RMS error of 20%. It can be seen in Figure 10e that pulse discharging behaviour at the 
battery fully charged state cannot be simulated. 
 

Table 3. SOC estimation performances compared among different NN models. 
 

NN Model 
    25°C                           45°C  

RMSE R2             RMSE             R2 
1 0.0071 0.9994 0.0063 0.9995 

2 0.0112 0.9988 0.0039 0.9998 
3 
4 
5 

0.0118 
0.0165 
0.0226 

0.9985 
0.9972 
0.9948 

0.0037 
0.0128 
0.2017 

0.9998 
0.9984 
0.5929 
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a) b)   

c)  d)  

e)  

Figure 9. SOC comparison for the pulse test, measured at 25°C, obtained from: a) Model 1, b) Model 
2, c) Model 3, d) Model 4, e) Model 5. 
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b)   

c)  d)  

e)  

Figure 10. SOC comparison for the pulse test, measured at 45°C, obtained from: a) Model 1, b) Model 
2, c) Model 3, d) Model 4, e) Model 5. 

5. Discussion 
In this work, the NNs for SOC estimation were first designed from the network training and testing 
processes by employing battery data consisting of a variety of current steps with different amplitudes 
and lengths. As the used data is a simplification from the real-life loading conditions of battery, the 
established models obtained from the network training and testing were validated further with more 
realistic conditions. Validation results showed that the neural network based on wavelet decomposition 
was preferable for lithium-ion battery SOC estimation as the obtained SOC estimation and the 
experiments were consistent. Furthermore, Validation results demonstrated that the established models 
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simulated the battery SOC behaviour with great accuracy and robustness. Accuracy of SOC estimation 
gave satisfactory with a RMS error less than 2% for Model 1 to 4, as can be seen in Table 3. Moreover, 
Figures 9-10 shows that there was no presence of noise in the SOC estimation for both temperatures. 
Unlike our SOC estimation, using solely ANN methods gave noise, which is commonly appeared in 
ANN estimation, and lower accuracy as presented in [8] and [12]. This signified the pre-processing step 
as an important step in the construction of ANN model for SOC estimation. The wavelet transform was 
able to extract the chaotic components from the original data for the trained neural network. 
 Nevertheless, it can be seen in Figures 8e and 10e that SOC behaviour could not be accurately 
simulated. This makes estimation error for Model 5 relatively large with RMS error more than 20% for 
45°C. This was a result of not including the 45°C data in the training process and the proposed NN 
models were constructed through a normalisation of the data into the range [0,1]. This suggested that 
possible extreme battery conditions should be exposed to the network training. Unexpected extreme 
events like 45°C battery environment, in which the network did not experience, caused error and wrong 
estimation as shown in Figure 10e. Unlike Model 1-4, in which the trained network experienced possible 
scenarios of the testing and validating sets, the obtained SOC was accurately estimated as seen in Figures 
10a-10d. Hence, exposing all possible real-life loading conditions is crucial for data-driven approach 
like ANNs in order to obtain an accurate and robust model. 
 For future work, the merits of this method will be testified further by different temperature and field 
collected data in order to ensure the reliability of the purposed method. Other types of batteries can also 
be considered to investigate its adaptability. 

6. Conclusion 
In this work, the combining technique of ANN and wavelet decomposition was proposed for SOC 
estimation. The technique was tested on cylindrical lithium ion battery SOC data obtained from the 
experiments. In theory, it has been known that battery SOC is influenced by many factors. However, in 
this work, the experimental results showed that introducing four important factors such as the battery 
voltage, temperature, current and SOC at the previous time steps was sufficient for SOC estimation at 
the current time. Our training and testing results showed good agreement between the obtained SOC 
estimation from the wavelet-based ANN technique and the associated battery experiments. Likewise, 
no occurrence of unrealistic spikes in the output was noticed. This signifies the important role of wavelet 
transformation in the data pre-processing step of our technique. Furthermore, validation results showed 
that the established models simulated pulse discharging battery profile with great accuracy and 
robustness. 

Acknowledgement 
This research is supported by the Thailand Automotive Institute under Ministry of Industry, Thailand 
and the National Metal and Materials Technology Center (MTEC), the National Science and Technology 
Development Agency (NSTDA) under Ministry of Science, Thailand. 

References 
[1]   Jayasinghe J A K S and Nadishan K K K D 2014 Int. J. Sci. Res. Publications 4(12) pp 1 – 5 
[2] Chang W Y 2013 Hindawi Publishing Corporation ISRN Applied Mathematics 2013 pp 1 – 7 
[3] Chaoui H and Mandalapu S 2017 Batteries 3(12) pp 1 – 13 
[4] Ng K S, Moo C S, Chen Y P, and Hsieh Y C 2009 Int. J. Appl. Energy 86(9) pp 1506 – 1511 
[5]  Zhang Z L, Cheng X, Lu Z Y, and Gu D J 2017 IEEE Trans. Power Electron 32(10) pp 7626 – 7634 
[6]  Charkhgard M and Farrokhi M 2010 IEEE Tran. Ind. Electron 57(12) pp 4178 – 4187 
[7]  He W, Williard N, Chen C, and Pecht M 2014 Int. J. elec. power. enersys 62 pp 783 – 791 
[8]  Xu L, Wang J, and Chen Q 2012 Energy Convers. Manag. 53 pp 33 – 39 
[9]  Tong S, Lacap J H, and Park J W 2016 Energy Storage 7 pp 236 – 243 
[10] Shen Y 2010 Energy Convers. Manag. 51 pp 1093 – 1098 
[11] Shen W X, Chan C C, Lo E W C, and Chau K T 2002 Energy Convers. Manag. 43 pp 817 – 826 
[12] Hussein A A 2014 Int. J. Modern Nonlinear Theory and Application 3 pp 199 – 209 

375



 
 
 
 
 
 

Prediction and validation of underwater shock wave pressure 
generated by explosion and electrical discharge method 

Paramet Suttiprapa, Wirapan Seehanam, and Kulachate Pianthong* 

  Department of Mechanical Engineering, Faculty of Engineering, Ubon Ratchathani  
                          University (UBU), 85 Sathonlamark Road, Warin Chamrap, Ubon Ratchathani 34190,  
                          Thailand  
   

* Corresponding Author: k.pianthong@gmail.com 

Abstract. Recently, the underwater shock wave (USW) is widely applied in many fields such 
as medical, biological, food, and industrial applications. The USW can be generated either by 
an underwater explosion or by the high voltage electrical discharge (HVED). However, in 
practices, the HVED is more practical and appropriate to apply in such fields, because it is 
repeatable and easier to control. This study aims to investigate characteristics and peak 
pressure of the USW generated by both methods by CFD simulations. Peak pressures 
generated by both methods are predicted and validated through explosive theory, experimental 
and CFD results. Due to the discharge phenomena is very difficult to simulate and its electro-
hydraulic behavior is like the underwater explosion, therefore researchers like to study the 
USW by simulating the underwater explosion rather than underwater HVED. Therefore, the 
equivalent mass of TNT (Wt) obtained from the same peak pressure of electrical breakdown 
and explosive detonation is estimated and then becomes the input parameters for the CFD 
study. The HVED is generated by electrical discharge through electrodes gap being anode into 
cathode. Conditions of investigation in the CFD simulation are the electrical breakdown energy 
(Eb) ranged of 2.5-30kJ. The peak pressure at various distances from center of explosion point 
which are 345, 445, and 555 mm, respectively are predicted. It is found that peak pressure 
predicted by the CFD are in the range of 32-81 bar, 25-62.5 bar, and 20-49.9 bar, respectively. 
The error of peak pressure predicted by the CFD simulation compared to that from the theory 
of explosive detonation range is about 5-11%. Moreover, the results from the CFD simulation 
is also close to experimental result. Therefore, it is confirmed that the proposed method is 
reliable and effective to use to study of the USW. This method will be useful for further 
investigation or facility design. 

1.  Introduction 
Nowadays, the underwater shock wave (USW) is widely used in many fields such as medical, 

biological, food, and industrial applications. Hosseini et al. (2011) studied the micro USW for medical 
application which generated by the shock wave generator. The peak pressure measured by the PVDF 
needle hydrophone and phenomena of USW was visualized by the time resolved high-speed 
shadowgraph visualization. In this study, it was concluded that the USW is suitable for precise 
medical procedures [1]. Alvarez et al. (2004) investigated the effect of the USW on inactivation of 
Escherichia coli O157:H7, Salmonella Typhimurium, and Listeria monocytogenes. It was found that 
an influence of the USW effected on E. coli O157:H7, S. Typhimurium, and L. monocytogenes [2].  
Boussetta et al. (2009) researched the improvement of polyphenols extraction grape pomace using 
USW. The result found that the total polyphenols treated by the USW increase compared to the control 
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experiment [3]. Maroušek (2014) proposed the novel technique to enhance the disintegration effect of 
the USW on oilseed. It was found that this technique may be increased the oil yield of extraction 
because the cell wall was broken by the USW [4]. Boussetta et al. (2012) investigated the USW 
assisted the polyphenols extraction from grape pomace. It found that the USW are effectives for the 
polyphenols extraction from grape pomace [8]. Shimojima et al. (2012) studied effect of the USW on 
rice-powder manufacturing. It was found that the USW crushed the rice into rice-powder differently 
[9]. Shafiur Rahman, G. M. and Itoh, S. (2011) studied effect of the USW on the natural fibers. The 
result showed  that the treatment of the USW produced micro crack on the fiber surface [5]. Maroušek 
et al. (2013) investigated the underwater shock waves pressure to enhance oil extraction from Jatropha 
Curcas L. seeds. It found that the USW created rupture on cell wall which is visualized by the 
scanning electron microscope (SEM) [6]. Maroušek (2013) studied use of continuous pressure 
shockwaves apparatus in rapeseed oil processing. The result showed that the use of the USW 
combination with the mechanical expeller increased oil yields [7]. The USW is more practical and 
appropriate to apply in such fields, because it is repeatable and easier to control in practices. However, 
the study of the generation and phenomena of the USW by the HVED or an underwater explosion 
rather complicated because it used a high quality device such as high speed video [18-19] which is 
expensive device. Therefore, the CFD simulation is another option to study the phenomena of the 
USW. However, Nishimura et al. (2010) investigated numerical analysis of the behavior of shock 
wave in spheroid vessel. It found that discharge phenomenon is difficult to simulate [10] while the 
electro-hydraulic or the underwater electrical discharge behavior is like the underwater explosion [11]. 
Therefore, the underwater explosion is preferred in the simulation rather than the underwater HVED 
and then they are made equivalent. This can be done by transferring the electrical breakdown energy 
(Eb) into the mass of TNT which is still lacked of a study so far. This is called “the equivalent mass of 
TNT (Wt)” which is used to fill into the CFD simulation to investigate characteristics and peak 
pressures of the USW. 

This paper aims to investigate characteristics and peak pressure of the USW generated by both 
methods by the CFD simulation. Peak pressures generated by both methods are predicted and 
validated by explosive theory [13], experimental [12] and CFD results. 

2.  Materials and Methods 

2.1 Peak pressure estimation for underwater HVED 
 The peak pressure (P0) of the underwater HVED which is generated by electrical breakdown 
discharges through electrodes gap from anode into cathode. After breakdown between gap of both 
electrodes, the wave is produced this wave is called “shock wave”. The peak pressure of the HVED 
can be estimated by Equation (1) [12]: 

0.35
0

9000
bP E

d
              (1) 

where P0 is the peak pressure in Bar, d is the distance of pressure sensor from the center of the 
discharge or the electrode in millimeters (mm), Eb = 0.5CVb

2 is the electrical breakdown energy in kilo 
Jules (kJ) and C is the capacitor capacity in Farad (F), Vb is the breakdown voltage in Volt (V). 

2.2 Peak pressure estimation for underwater explosion 
 An explosive detonation is rapidly occurred in water by an explosion of chemical reaction in a 
substance which releases a hot gas with a pressure shock up to 5 GPa and a temperature about 3000 oC 
and transmits to the surrounding water and propagating from the explosive point. In the underwater 
explosion of trinitrotoluene (TNT), the peak pressure (Pm) is estimated by “Cole’s Equation” as shown 
in Equation (2) [13]: 
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where Pm is the peak pressure in megaPascal (MPa), k1 and α1 are the constant which depends on 
explosive charge type. For TNT, the shock parameters are as follows: k1 =52.16MPa and α1 =1.13, R 
is the distance of pressure sensor from the center of the explosive point in meters (m), W is the weight 
of the explosive charge in kilograms (kg). 

2.3 The equivalent mass of TNT (Wt) 
 In the CFD simulation, the mass of TNT is used as an input parameter for explosion in the 
simulation. Therefore, the Eb should be converted into mass of the TNT which is called “the 
equivalent mass of TNT (Wt)” as input  in CFD simulation. Due to the Equation (1) and Equation (2) 
are both for the peak pressure estimation, thus both equations are  equal. Therefore, we can derive the 
Wt in a function of the Eb and the distance of pressure sensor from the explosive point (R) and the 
center of the discharge (d) as follow: 

     

2.65491.13
0.92921990.652t b

RW E
d

§ ·
 ¨ ¸

© ¹
            (3) 

This equation can be used to estimate the Wt for fill in the CFD simulation to predict a peak pressure 
of the USW. 

2.4 Equation of state for water in the CFD simulation 
 Mie-Gruneisen equation of state for water is used to determine the state of water [15-16]. The 
pressure of water in compressive state is following in Equation (4): 
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       (4) 

and the pressure of water in expansion state is in the following  Equation (5): 

     
2

0 0 0( )p C a eU P J P � �                          (5) 
where µ denotes the condense ratio, 01, /P K K U U �  , K  denotes the density ratio of water, U
denotes the density of water and 0U  denotes the initial density of water equal 998kg/m3 . Water is in a 
compressed state if 0P ! , and in a expansion state if 0P � . 0C denotes the sound-speed; 0J denotes 
Gruneisen coefficient; and a represents a volume correction factor; 1 2 3, ,S S S are experimental fitting 
coefficient; e represents the specific energy. The values of the constants for the equation state of water 
can determine from the CFD simulation [14]. In this simulation, for water, 0 0 1 2 3, , , , , ,C a S S S eJ are 1640 
m/s, 0, 0, 1.921, 0, 0, and 357.1 J/kg, respectively.  

2.5 Equation of state for explosive detonation in the CFD simulation 
 For the explosive detonation, the CFD simulation is using model standard Jones, Wilkins, and Lee 
(JWL) Equation of state to determine the pressure of detonation [15-17]. It can be written in the 
Equation (6): 
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where 1 2, , , ,  A B R R and Z are constants related to the state of the explosives; K  denotes the ratio of the 
density of explosion gas to that of initial explosives, 0/K U U , U  denotes the density of explosive and 

0U  denotes the initial density of explosive equal 1630kg/m3; e denotes specific internal energy equal 
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4.29x106J/kg. The values of the constants for the equation state of TNT can determine from the CFD 
simulation [14]. In this simulation, for TNT explosive charge, are 3.7377e11Pa, 3.747e9Pa, 4.15, 0.9, 
and 0.35, respectively. 

2.6 CFD simulation set up 
 In this paper, the model is 2D-axisymmetric  and with the wedge shape as shown in Figure 1. The 
angle of the wedge is defined by the CFD simulation. Only wedge inner radius and outer radius needs 
to be defined. A domain of the wedge is shown in figure 1 which inner radius and outer radius are 0.1 
and 800 mm, respectively. An influence of reflection on the wall at the pressure distance from the 
center of the explosion of 345, 445, and 555 mm is neglected by the wedge that is 800 mm long.  
 

          
Figure 1 The model set up of the wedge shape 

 The charge size of TNT depends upon equation (3) which the Eb range is various from 2.5-30 kJ. 
The mesh of the wedge model which is used in this paper is quadrilateral [15] element and defined by 
the CFD simulation. The mesh dependence is performed by varying the mesh size from 0.0078125 to 
1mm by increment as follows: 0.0078125, 0.015625, 0.03125, 0.0625, 0.125, 0.25, 0.5, and 1mm, 
respectively. 

The charge size of TNT which is in radius for fill in the CFD simulation can determine from 
Equation (3) in the Wt. After obtaining the Wt, the charge size of TNT can be determined from 
Equation (7): 

tW VU          (7) 
where U is the density of TNT equal 1630kg/m3, V is the volume of the charge size of TNT = 

3(4 / 3) RS . In the CFD simulation, the charge size of TNT which is the detonation point is located at 
the coordinate (0, 0) is shown in Figure 2. The gauge which is used to measure peak pressure is 
located at 345mm from the center of explosive point is also shown in Figure 2. 
 

        
Figure 2 Location of the charge size and gauge point 

 
 

Detonation point at 0,0

Gauge or pressure sensor at 345mm

800mm

0.1mm 
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3.  Results and Discussions 

3.1 Mesh size dependence 
 The Figure 3 shows the peak pressure of the CFD simulation results of the Eb =2.5 kJ and  
the mesh size dependence are also compared with Equation (2). It was found that the result of the 
refined mesh at 0.0078125 mm is the closest one with the Equation (2) with an error of 10.79 % as 
shown in Table 1. From Figure 3, if the mesh size is smaller, the peak pressure becomes closer to 
Cole’s Equation (2). Therefore, in this study, the 0.0078125 mm is used, because the limitation of the 
computing power and the time, while the error is acceptable at around 10%. However, the smaller 
mesh size to verify the mesh independence and the saturation of the CFD results should be performed 
in the near future. 

Table 1 Error comparison between mesh size and Cole’s Equation of the Eb =2.5kJ at 345mm from 
the center of explosion 

Mesh size (mm) Peak pressure (MPa) Error (%) CFD Cole's Equation (2)
0.0078125 3.249 3.642 10.79 
0.015625 3.084 3.642 15.32 
0.03125 2.883 3.642 20.84 
0.0625 2.616 3.642 28.17 
0.125 2.309 3.642 36.60 
0.25 2.005 3.642 44.95 
0.5 1.778 3.642 51.18 
1.0 1.361 3.642 62.63 

            

         
Figure 3 The mesh size dependence at the Eb =2.5kJ 

 The figure 4 (a)-(d) shows the peak pressure propagation on times of the USW that predicted 
by the CFD simulation of the Eb =2.5kJ. The peak pressure of the refined mesh size at 0.0078125mm 
located at the distance of pressure gauge at 345mm is 3.249MPa.
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   (a)     (b) 

          
   (c)     (d) 
Figure 4 Peak pressure propagation on times of the refined mesh size 0.0078125mm of the Eb =2.5kJ 

at 345mm (a) 0.00ms, (b) 0.1ms, (c) 0.207ms, and (d) 0.25ms 

3.2 The peak pressure prediction and validation 
 The peak pressure of the explosive theory [13], experimental [12] and the CFD simulation results 
are shown in Figure 5-7 which is measured at the location from the center of explosive point and 
various the Eb are 345, 445, 555mm, and 2.5-30kJ, respectively. 
 The Figure 5 shows the peak pressure that  predicted by the CFD simulation which is also close to 
the explosive theory, and experimental. The peak pressure range of 32-81 Bar at 345mm. From Figure 
5 the trend of equation  0.37322.856y x is similar to  the trend of the  experimental [12] where y is the 
peak pressure and x is the Eb. 

Peak pressure at 0.0ms 

Peak pressure at 0.207ms 
located 345mm  

Peak pressure at 0.10ms 

Peak pressure at 0.25ms 
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Figure 5 Peak pressure at 345mm from explosion point 

  

 Figure 6 Peak pressure at 445mm from explosion point 
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 In addition, the peak pressure predicted by the CFD simulation shown in Figure 6 is also close to 
the explosive theory [13], and experimental [12]. The peak pressures are ranged from 25-62.5 Bar at 
distance of 445 mm. From the Figure 6 the trend of equation 0.370217.801y x is also close to the trend 
of the experimental [12]. 

 Moreover, In Figure 7 shown the peak pressure predicted by the CFD simulation which is also 
close to the explosive theory [13], and experimental [12]. The peak pressures are ranged from 20-49.9 
Bar at distance of 555mm. From the Figure 7 the trend of equation 0.36314.535y x is similar to the 
trend  of the experimental [12].  

     
 

Figure 7 Peak pressure at 555mm from explosion point 

3.3 The error of the CFD simulation peak pressure prediction comparison Cole’s Equation 
 The error of peak pressure predicted by the CFD simulation at various  Eb at different distance of 
pressure sensor from the center of the explosive point are 345, 445, and 555mm, respectively, 
compared with the theory of explosion are range 5.53-10.79%, 5.96-9.98%, and 6.49-9.66% shown in 
the Figure 8. This result found that far away from the center of explosion point, the peak pressure is 
close and decrease to Cole’s Equation or explosive theory [13] results as follows 10.79, 9.98, and 
9.66%, respectively, which is agreement with other research [8, 12, 15]. Moreover, the Eb increases 
but the error  decreases shows in Figure 8. Because the distance of pressure sensor (d, R) is a function 
of the Eb and peak pressure shown in Equation (1) and Equation (2), then the farthest distance gives 
the smallest.  
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  Figure 8 The error of CFD simulation at various the Eb compared Cole’s Equation 

4. Concluding Remarks  
 In this paper, the Wt  in Equation (3) can be obtained by equivalent with the Eb and is  used as the 
input parameter in the CFD simulation. The underwater peak pressure at various distances from the 
centre of the explosive detonation point which is 345, 445, and 555mm, respectively, when the Eb 
range 2.5-30kJ is predicted. It is found that the peak pressure predicted by the CFD simulation are in 
the range of 32-81 Bar, 25-62.5 Bar, and 20-49.9 Bar, at distance of 345, 445, and 555mm,  
respectively. The trends of peak pressure are well agreed with the explosive detonation theory and 
experiments. Errors of the peak pressure predicted by the CFD simulation compared Equation (2) are 
about 5-11%. In addition, the CFD simulation results are also close to previous experimental results. 
Therefore, it is confirmed that the proposed methods is reliable and effective to use to study of the 
USW. This method will be useful for further investigation or facility design. 
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Abstract. Micromanipulator is a mechanical device used for manipulating miniature ob ects in 
the order of micron. It is widely used in In-Vitro ertilization (IV ) in which sperms will be held 
in a micro-needle and penetrate to an oocyte for fertilization. IV  needs to be performed by high 
skill embryologists to control the movement of the needle accurately due to the lack of tactile 
perception of the user. Haptic device is a device that can transmit and simulate position, velocity 
and force in order to enhance interaction between the user and system. However, commercially 
available haptic devices have unnecessary degrees of freedom and limited workspace which are 
inappropriate for IV  process. This paper focuses on development of a haptic device for using 
in IV  process. It will be used as a master arm for the master-slave system for IV  process in 
order to enhance the ability of users to control the micromanipulator. As a result, the 
embryologist is able to carry out the IV  process more effectively with having tactile perception. 
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Abstract. According to the report of the Royal Thai Police between 2006 and 2015, lane 
changing without consciousness is one of the most accident causes. To solve this problem, 
many methods are considered. ane Departure arning System ( D S) is considered to be 
one of the potential solutions. D S is a mechanism designed to warn the driver when the 
vehicle begins to move out of its current lane. D S contains many parts including lane 
boundary detection, driver warning and lane marker tracking. This article focuses on the lane 
boundary detection part. The proposed lane boundary detection detects the lines of the image 
from the input video and selects the lane marker of the road surface from those lines. Standard 
Hough Transform (SHT) and Randomized Hough Transform (RHT) are considered in this 
article. They are used to extract lines of an image. SHT extracts the lines from all of the edge 
pixels. RHT extracts only the lines randomly picked by the point pairs from edge pixels. RHT 
algorithm reduces the time and memory usage when compared with SHT. The increase of the 
threshold value in RHT will increase the voted limit of the line that has a high possibility to be 
the lane marker, but it also consumes the time and memory. By comparison between SHT and 
RHT with the different threshold values, 500 frames of input video from the front car camera 
will be processed. The accuracy and the computational time of RHT are similar to those of 
SHT in the result of the comparison. 
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Abstract. Stroke is a primary cause of death and the leading cause of permanent disability in 
adults. There are many stroke survivors, who live with a variety of levels of disability and 
always need rehabilitation activities on daily basis. Several studies have reported that usage of 
rehabilitation robotic devices shows the better improvement outcomes in upper-limb stroke 
patients than the conventional therapy–nurses or therapists actively help patients with exercise-
based rehabilitation. This research focuses on the development of an autonomous robotic 
trainer designed to guide a stroke patient through an upper-limb rehabilitation task. The robotic 
device was designed and developed to automate the reaching exercise as mentioned. The 
designed robotic system is made up of a four-wheel omni-directional mobile robot, an ATI 
Gamma multi-axis force/tor ue sensor used to measure contact force and a microcontroller 
real-time operating system. Proportional plus Integral control was adapted to control the overall 
performance and stability of the autonomous assistive robot. External force control was 
successfully implemented to establish the behavioral control strategy for the robot force and 
velocity control scheme. In summary, the experimental results indicated satisfactorily stable 
performance of the robot force and velocity control can be considered acceptable. The gain 
tuning for proportional integral (PI) velocity control algorithms was suitably estimated using 
the Ziegler-Nichols method in which the optimized proportional and integral gains are 0.45 and 
0.11, respectively. Additionally, the PI external force control gains were experimentally tuned 
using the trial and error method based on a set of experiments which allow a human participant 
moves the robot along the constrained circular path whilst attempting to minimize the radial 
force. The performance was analyzed based on the root mean s uare error (E_RMS) of the 
radial forces, in which the lower the variation in radial forces, the better the performance of the 
system. The outstanding performance of the tests as specified by the E_RMS of the radial force 
was observed with proportional and integral gains of   0.7 and   0.75, respectively.  
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Abstract. This paper presents the one dimensional small magnetic levitation experiment, as 
fundamental to float an object with the mass is lighter than 100g using basic of electromagnetic 
theory. The object needs to install a neodymium magnet inside. A solenoid coil is made from a 
No.25 copper wire entwine 800 rounds of a 1.5×7 cm2 rod steel. The control algorithm is 
written in Labview with PID control feature. The object’s positions are detected by a Hall 
Effect Sensor, sending a signal to control system by NI PCI-6251. The result shows that it can 
levitate the object weight between 36g and 53 g, corresponding to the voltage between 9V and 
11V at the distance 2±0.2 cm. from the solenoid coil. The range of proportional, integral and 
derivative gains is about 10-100, 100-1000 and 0.05 to 0.15 respectively. Both simulation and 
real tests showed a clear consistency and a good system performance. 

 
 
1. Introduction 

The Electromagnet levitation technique has been popularly used in transport and industrial fields in recent 
decades, such as high-speed levitation trains, frictionless magnetic bearings, and high precision control in 
semiconductor manufacturing. Due to its high efficiency and good environmental orientation, the 
application of this technique is extensively growing. For instance, the attitude of a small-sized satellite 
can be efficiently controlled by using the electromagnetic force generated from the interaction between 
the on- board (controlled) electrical field and the earth magnetic field. The principle of electromagnetic 
levitation can be illustrated by a simple one-dimensional system. By controlling the electric current 
flowing through coils around a solenoid, a conductible object, e.g., an iron or a steel ball, can be possibly 
levitated by the generated magnetic force. However, to develop a reliable and efficient levitation system 
is far from easy with respect to the fact that this kind of system is featured by complexity, nonlinearities, 
natural instability and large electromagnetic uncertainties. This paper will demonstrate the development 
of PID control for a one dimensional magnetic levitation system for floating an object at desired position 
from solenoid coil. The maglev is using a basic of electromagnetic principle for generating 
electromagnetic force which counteracts the gravitation force on object. 
 
2. System Model and Controller Design 

The equation describing the motion of a ferrous object within an electromagnetically generated field is 
nonlinear. The variables of interest are the distance between the object and magnet, x; and current in the 
electromagnet coil, i. The force generated by the electromagnet, 𝑓, is given by 
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𝑓 = − 𝑖2

2
𝑑𝐿
𝑑𝑥      (1) 

where 𝐿 is the total inductance in the system that depend on a position of object. The total inductance is 
given by 

                              𝐿 =  𝐿1  +  𝐿0𝑥0
𝑥

      (2) 

where 𝐿1 is the inductance of coil without object, and 𝐿0 is the additional inductance contributed by 
object. 

 

 

 

 

 

 

 

 

 take (2) into (1), will get 

     𝑓 =   𝐿0𝑥0
2

(𝑖
𝑥

)
2
      (3) 

let 𝐶 =   𝐿0𝑥0
2

 , then the final force equation becomes 

     𝑓 =   𝐶 (𝑖
𝑥

)
2
      (4) 

The actual value of C is determined experimentally. 

To produce a tractable model, linearizing the force equation to get 

   𝑓 = 𝐶 ( 𝐼0
𝑋0

)
2

+  (2𝐶𝐼0
𝑋0

2 ) 𝑖 −  (2𝐶𝐼0
2

𝑋0
3 ) 𝑥     (5) 

where 𝐼0 and 𝑋0 are the equilibrium values for these variable and 𝑖 and 𝑥 are understood to be incremental 
variables. At equilibrium, the magnetic force on the object equals the gravitational force like this 

    𝐶 ( 𝐼0
𝑋0

)
2

=  𝑚𝑔      (6) 

For the electrical equation, assuming that the electromagnet coil is adequately modeled as a series 
resistor-inductor combination. The voltage-current relationship for the coil is 

    𝑣 =  𝑅𝑖 +  𝐿1
𝑑𝑖
𝑑𝑡

     (7) 

Figure 1 Free body diagram 
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Take force equation into Newton’s equation as  

   𝑚�̈�  =  𝑚𝑔 − 𝑓 =  (2𝐶𝐼0
2

𝑋0
3 ) 𝑥 − (2𝐶𝐼0

𝑋0
2 ) 𝑖   (8) 

where 𝑚 is the mass of the object. Choosing the Hall Effect sensor as a simple gain element at the desired 
position 

     𝑣𝑠 =  𝛽𝑥      (9) 

Where 𝑣𝑠 is the sensor output voltage and 𝛽 is relationship between the object position and sensor output 
voltage. 

The mathematical model of this system can be written in a Laplace transform. The overall transfer 
function between the coil input voltage and the sensor output voltage can be expressed as 

𝑉𝑠(𝑠)
𝑉(𝑠)

=  −2𝛽𝐶𝐼0/𝑚𝐿1𝑋0
2

(𝑠+𝑅/𝐿1)(𝑠2−2𝐶𝐼0
2/𝑚𝑋0

3)
     (10) 

Table 1  System parameter 

Parameter Value 

Object mass (m) 36 g 

Resistance (R) 6 Ohm 

Inductance (L1) 26.568 mH 

Equilibrium current (I0) 1.5 A 

Equilibrium position (X0) 0.02 m 

System constant (C) 6.27 x 10−5 Nm2/A2 

Sensor gain (β) 6.75 V/m 
 

Controller Design 

A PID Control is a continuous signal controller that is widely used in the industries. The advantage of 
PID control is it’s easily turning gain by trial and error, and get satisfactory gains. PID controller can be 
separated as ‘P’ is a proportional gain, ’I’ is an Integral gain and ‘D’ is a derivative gain. The figure 2 
shows the schematic diagram of the closed loop PID control. 

     

 

 

 

 

Figure 2 Schematic of PID control 
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PID control law can be represented by (11)  

  𝑦(𝑡) =  𝑘𝑝𝑒(𝑡) +  𝑘𝑖 ∫ 𝑒(𝑡)𝑑𝑡 +  𝑘𝑑
𝑑𝑒(𝑡)

𝑑𝑡
𝑡

0     (11) 

Where 𝑘𝑝 = proportional gain,  𝑘𝑖 = Integral gain, 𝑘𝑑 = derivative gain, and 𝑒(𝑡) = Error  

3. Experiment Results 

The control algorithm is implemented in the National Instruments (NI) LabVIEW environment for 
Windows XP. A Data Acquisition (DAQ) card typed NI PCI-6251is used as the interface between the 
physical hardware and the LabVIEW software. The process of PID tuning can be summarized as follows. 

1. Set up an experimental equipment and devices. 
2. Create a control panel in LabVIEW. 
3. Initializing the PID gain. 
4. Tuning the range of PID gain that can stabilize the system. 
5. Finding the limit of object weight for each supply voltage. 

 

    

 

 

 

 

 

 

 

 

 

 

By using the obtained nonlinear model, an analog PID controller is developed and manually tuned based 
on the Ziegler-Nichols PID tuning method. After tuning the PID gain until the system goes stable. The 
range of PID gain can be summarized as follow 

 

 

 

 

Figure 3 Experimental devices Figure 4  LabVIEW Block diagram  
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               Table 2  Range of PID gain 

Properties Range 
𝑘𝑝 10-100 
𝑘𝑖 ≤1000 
𝑘𝑑 0.05 – 0.15 

 

After knowing the range of controller parameters, one can find a limit of object weight corresponding to 
the supply voltage. 

  Table 3 Weight limit 

Supply voltage(V) Weight (g) 
9 36 

9.5 42 
10 45 

10.5 48 
11 50 

 

From table 3, one can draw conclusion that the levitation weight proportionally varies to the supply 
voltage which limited by the power supply unit.  

The controller is implemented in the LabVIEW program and tested with the physical setup. One test 
result based on the same set of set-points as for simulation. It can be observed that in principle the 
controlled physical system has quite similar performance as the simulation model. However, it is also 
obvious that the controlled physical system has much shorter response time and much larger overshot and 
oscillation compared with the simulated system performance. The reasons for these deviations could be 
explained in the following perspectives: 

• Imprecise sensor measurement. The Hall Effect Sensor is very sensitive to light disturbances. 
• Imprecise sampling rates of DAQ card and PID computation due to the real-time problem of   
  Windows XP operating system. This could cause synchronization problems in data acquisition   
   and control computation. 
• the approximation of system constant. For example, in a strict sense, System constant (C)  
   should be displacement dependent. However, we assume it is always constant due to simplicity. 
 

4. Conclusion 

The modeling and control of a one dimensional magnetic levitation system with a permanent magnet 
object is investigated. The entire system model is derived based on the electromagnetic theory and 
afterward system coefficients are identified through designed experiments. The developed model is 
validated through performance comparison of the closed-loop model and the controlled physical system. 
The PID control is chosen as the control structure at this stage regarding the fact: (1) it is simple and 
require few computation resources; (2) The developed PID controllers only need the position information, 
with no need for the current measurement and speed estimation, the developed controllers are 
implemented in the LabVIEW environment based on a PC running Windows XP. The real-time issues are 
managed by additional programs. Both simulation and real tests showed a clear consistency and a good 
system performance. 
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Abstract. The strong solar radiation, continuous supplies of sunlight and environmental 
friendly factors have made the solar chimney power plant becoming highly feasible to build in 
Malaysia. Solar chimney power plant produces upward buoyancy force through the greenhouse 
effect. Numerical simulation was performed on the model of a solar chimney power plant using 
the ANS S luent software by applying standard k-epsilon turbulence model and discrete 
ordinates (D ) radiation model to solve the relevant e uations. A parametric study was carried 
out to evaluate the performance of solar chimney power plant, which focused on the 
temperature rise in the collector, air velocity at the chimney base, and pressure drop inside the 
chimney were based on the results of temperature, velocity, and static pressure distributions. 
The results demonstrate reliability by comparing a model with the experimental data of 
Manzanares Spanish prototype. Based on the numerical results, power capacity and efficiency 
were analysed theoretically. Results indicate that a stronger solar radiation and larger prototype 
will improve the performance of solar chimney power plant. 
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Abstract. Rising population in suburban area have led to an increasing demand for commuter 
buses. Coupled with a desire to reduce pollution from daily routine of traveling and 
transportation, the electric vehicle has become more interesting as an alternative placement for 
internal combustion engine vehicles. However, in comparison to those conventional vehicles, 
Electric vehicles have an issue of limited driving range. One of main challenges in designing EV 
is to estimate the size and power of energy storage system, i.e. battery pack, for any specific 
application. A reliable information on energy consumption of vehicle of interest is therefore 
necessary for a successful EV implementation in terms of both performance and cost. However, 
energy consumption usually depends on several factors such as traffic conditions, driving cycle, 
velocities, road topology, etc. This paper presents an energy consumption analysis of electric 
campus tram based on university driving cycles in Thailand. First, the driving data of NGV trams 
operating in a campus of university situated in suburban of Bangkok were collected and used as 
a reference. The real driving cycle data i.e. velocity and vehicle global position (latitude, 
longitude, including road slope) were collected through a GPS-based equipment, V Box 
(VB20SL3, Racelogic Ltd). The driving data from a campus tram for different service routes 
were gathered to compute the energy consumption using Matlab/Simulink. The calculated 
energy consumptions were discussed for analyzing the proper EV performance with available 
preliminary specifications and planning in each route. 

1.  Introduction 
Climate change and the conditions for the use of fossil resources are causing countries to change their 
climate and energy policies. The introduction of emissions-free zones in town will speed up the 
expansion of electro mobility. Some challenges of electric vehicle such as limited range and speed, 
sparse of electric charging station, long recharge time, etc. are related to an energy storage system design 
(energy and power), i.e. battery packs, for any specific application. [1] A reliable information on energy 
consumption is therefore necessary for a successful EV implementation in terms of both performance 
and cost. Knowledge of vocational drive cycle is important for improving the electric vehicle 
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performance and design purposes. Driving cycle is the series of points representing the speed of the 
vehicle versus time. It is important for a fleet to match routes to technology to achieve maximum 
benefits. Standard driving cycles such as NEDC, WLTC, NYC, etc. were simulated by ADVISOR 
program in order to compare energy consumption with vehicle configurator models. [2-4] Energy 
consumption, cost-benefit analysis (CBA) and energy management strategy of either school or 
conventional bus were analyzed based on actual collected driving data in the specific area founded that 
the energy consumption was depending on the driving cycle. [2,5] From the driving profile, intelligent 
energy management also needs to know the roadway type, driving style in driving trend, the driving 
situation, and several characteristic parameters of the driving pattern. [6-8] On board vehicle power and 
energy management should be functions of real driving requirements. [9] Understanding actual vehicle 
usage is critical not only in design, but also in deployment because electric vehicle energy consumption 
depends on many external factors such as road topology, traffic, driving style, etc. 

In this study, an energy consumption calculation was investigated based on a campus tram driving 
pattern in Thailand to achieve a suitable performance of electric vehicles in specific vehicle type and 
area. The aim was to collect and analyze the actual driving cycles in different routes data by using Global 
Positioning System (GPS) device. Four different tram routes were selected for a driving data collection 
in this work. The whole driving data in each route was separated to microtrips for randomly selection to 
construct equivalent driving pattern representations. Cycle time errors in each speed range were 
calculated for determining the best fit by having the least sum of error from ten candidates of generated 
driving cycle in each route. Data management, driving data separated to microtrips and driving data 
construction process were computed by Matlab/Simulink. The energy consumption considered in this 
work was the energy consumption on a battery-to-wheel based on basic vehicle dynamic equations. The 
energy consumption and energy efficiency were discussed for the EV performance with available 
preliminary specifications and planning in each route. 
 

2.  Method 

2.1 Data Collection 
In order to estimate energy consumption from a real university driving cycle pattern in Thailand, four 
different routes of tram operating in the same campus area were surveyed. Operating data including 
vehicle speed and time were acquired by the positioning-measurement instrument V Box (VB20SL3, 
Racelogic Ltd.). The details of driving data measurement are shown in Table 1. Driving data were 
collected from trams that were in operation between 7:00 a.m. – 8:00 p.m from Monday to Friday to 
represent a range of weekday service driving pattern. An investigation was conducted during July 12-
26, 2017. The service trams of interest were powered by a gasoline engine with 29 passenger seats. 
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Table 1. Data collection setup details 

Type of vehicle Tram, internal combustion engine (NGV, gasoline) 
Route 4 Routes: 1, 2, 3 and 4 

Total number of 
vehicles in fleet 

16  

Configuration 

 
Number of seats 29 (with standing allowed) 

Measurement 
Equipment 

V Box 
(VB20SL3, Racelogic Ltd.) 

 
Acquired Data Speed, Latitude, Longitude, Time, Brake Trigger 

2.1.1  Operation Routes 
The four different tram routes investigated in this study are displayed in Figure 1. The total number of 
cycle and total driving distance of tram collected for this study were 47 cycle and 190 km, respectively. 
The details of each route are shown in Table 2. 
 

    
a) Route 1 b) Route 2 c) Route 3 d) Route 4 

Figure 1. Tram operation routes 

 

Table 2. The total number of cycle and distance collected in each tram route. 
Tram Route 1 2 3 4 Total 

Number of Cycle 8 12 20 7 47 
Distance (km) 25.34 60.99 78.59 25.08 190 

2.2 Driving Cycle Pattern Development 
Driving cycle is a series of data points representing the speed of vehicle versus time profile and is 
developed for certain road, route, specific area or city. It is widely used in many applications for vehicle 
manufacturers, environmentalists and traffic engineers. In this study, the relation of driving cycle and 
energy consumption was a subject of interest for designing energy storage.  First, the tram characteristics 
data was collected. The surveyed tram routes had many operating parameters e.g. time per cycle, number 
of passengers, and travel distance, etc. Collected data was simulated in order to generate the driving 
cycle pattern. The resulting energy consumption based on these different parameters would be important 
for the suitable design purpose. 
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2.2.1  Campus Tram Driving Pattern Characteristics 
In order to distinguish between each service route, the operating characteristics of each tram route were 
represented by the value of average speed (Vavg), maximum velocity (Vmax), and time per one cycle. The 
operating characteristics from four different service routes are shown in Table 3. Each value was 
obtained by averaging the relevant values from each individual cycle collected for each service route. 
The averaged time per cycle was then used as a main constraint for a driving cycle development for each 
service route as will be explained in following section. 
 

Table 3. The operating characteristics of service tram per cycle for each route. 

Tram Route 1 2 3 4 
Vavg (km/hr) 12.63 13.45 13.46 13.36 
Vmax (km/hr) 35.16 33.08 30.54 28.85 
Time per one cycle (s) 848 1113 1353 874 

2.2.2  Microtrip: data segmentation 
The speed-time data obtained from real-world trams operating in the university were divided into small 
parts of driving data i.e. Microtrips. Microtrip is a small portion of driving data that could be separated 
by periods of idle. The segmentation process was carried out on all collected cycles to form a database 
of microtrips for each service route. These databases were then used in a randomly selection process of 
microtrips to construct a tram driving cycle representative for each route. The process details for the 
driving data separation into microtrips can be described as in Figure 2. Microtrips were categorized 
according to a range their corresponding averaged velocity fell into. Three velocity ranges, equally 
divided from 0 to 30 km/h, were used in this study based on an initial observation during a survey. 
Additionally, the example of microtrips segmentation is illustrated in Figure 3. 

 

Figure 2. Microtrips construction process 

399



 
 
 
 
 
 

 

Figure 3. Example of microtrips segmentation from a speed-time data 

2.2.3  Driving Cycle Pattern Construction 
Each route of service trams surveyed in this study had a certain operating pattern because of the nature 
of their operation i.e. bus stops and certain type of road features which made the trams stopped such as 
t-junction, washboard road, pedestrian crossing, etc. As a result, the influence of the driver behaviour’s 
on collected driving data was minimum. In this study, driving cycle patterns were constructed by using 
an averaged time per cycle for each route reported in Table 3, or an averaged time limit (Tlim), as a main 
criteria such that a total time of the constructed driving cycle must be within 10% difference from that 
of the time limit. Furthermore, the driving cycle pattern was constructed sequentially according to the 
speed ranges as explained in an earlier section. For a construction process in each speed range, the time 
limit was assigned by using a weight factor related to a proportion of number of collected microtrips in 
that speed range to the total number of microtrips in the database. The procedure of driving cycle 
construction is shown graphically in Figure 4. 
 

 

Figure 4. Driving Cycle Construction Procedure Flow Chart 
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2.2.4  Generated Tram Driving Cycle 
As can be seen from the previous section a driving cycle in each service route was formed by a random 
selection of microtrips from all collected driving data. The example of generated tram route driving 
cycle is illustrated in Figure 5. In this study, ten candidates of such driving cycles were generated for 
each route. In order to select the best representative driving cycle, the percentage of the error between 
Tmicrotrip, i.e. microtrip time, and Tlim in each speed ranges were considered. 
 

 

Figure 5. Example of tram generated driving cycle 
 
The generated driving cycle were calculated the errors between Tmicrotrip, Tlim and weight factor were 
considered in the condition. The resulting error from each speed range, i.e. E1, E2 and E3, were the 
function of discrepancy between Tmicrotrip and Tlim including weight factor by number of microtrips for 
each speed range presented in the database. The equation of the errors calculation in each speed ranges 
are given by: 

E1 = 
lim

lim

T
TT microtrip�

× W0-10 × 100 (%)   (1) 

E2 = 
lim

lim

T
TT microtrip�

× W10-20 × 100 (%)   (2) 

E3 = 
lim

lim

T
TT microtrip�

× W20-30 × 100 (%)   (3) 

 
where W0-10, W10-20 and W20-30 are weight factor for each speed range 0 – 10 km/h, 10 – 20 km/h, and 
20-30 km/h, respectively. In other word, the contributions to the total error (E) were due to the 
percentage of number of microtrip in each speed range for each route. Finally, the sum of error including 
weight factor was determined as followed: 
 

E = E1 + E2 + E3 (%)    (4) 
 

3.  Energy Consumption Calculation 
The energy consumption was calculated from the fundamental theory of vehicle dynamics. In this study, 
the electric power was assumed to be equal to the power to produce a tractive force. The energy 
involving air conditioning, auxiliary components, and regenerative brake were ignored. The tractive 
force is described by the following equation: 

clra RRRF ��     (5) 
where F is tractive force (N), aR  is the aerodynamic resistance (N), rR is the rolling resistance (N) and 

clR is grade resistant (N). aR , rR  and clR  were calculated when a tram was traveling at constant 
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velocity, v (m/s2), Cd is coefficient of drag, ρ is air density (kg/m3), A is frontal area of the vehicle (m3), 
fr is rolling resistance constant, g is gravity acceleration (g = 9.81 m/s2), m is a mass of vehicle (kg) and 
θ is the road grade (degree). Finally, the tractive force (F) is found in equation (9) by combining equation 
(6), equation (7), and equation (8). 

2

2
AvCR da

U
 

     (6) 
TcosmgfR rr       (7) 

TsinmgRcl       (8) 

F �� TU cos
2

2 mgfAvC rd Tsinmg   (9) 

To calculate energy consumption, the power for vehicle traveling at velocity (v) was required. Required 
power, denoted P (Watt), can be determined from the relationship between F and v in equation (10). 

P = F . v       (10) 
In this study, the energy consumption was calculated by using geometric parameters of 9-meter EV bus 
prototype and other constants as shown in Table 4. 
 

Table 4. Parameters for energy consumption calculation 

General characteristics of Vehicle (Medium-sized Bus) 
Parameters Value 
Curb weight(kg) 9000 
Vehicle frontal area(m2) 7.5 
Rolling Resistance 0.015 
Drag coefficient 0.7 
Air Density(kg/m3) 1.14 
Gravity Acceleration(m/s2) 9.8 

 
The values from Table 4 were used for calculating power in equation (10). The control variables were 
velocity and roadway grade. The tram driving cycles generated as described in the previous section were 
used as a calculation input for each service route. A vehicle weight was a sum of the curb weight and 
the averaged passenger weight recorded in each service tram route. Matlab Simulink was used to 
calculate the energy consumption by using the workflow as described in Figure 6. 
 

 

Figure 6. Matlab Simulink for Energy Consumption Calculation 
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4.  Results and discussion 

4.1 Driving Cycle Development 
As explained in section 2, after the collected driving data were separated into microtrips (Figure 2-3), 
they were arranged into different speed ranges by the corresponding averaged velocity of each microtrip. 
The driving characteristic of the trams after the microtrip segmentation for service route 1-4 are shown 
in Table 5-8 respectively. The results consisted of average velocity (Vavg), maximum velocity (Vmax), 
standard deviation of velocity (Vsd), average time of each microtrip, and number of microtrips. 

Table 5. Route 1 Driving Characteristics. 

Velocity 
Ranges 

Vavg 
(km/hr) 

Vmax 
(km/hr) Vsd Time 

(s) 
Number of 
Microtrips 

0 d v < 10 1.43 3.21 1.17 8.17 35(39.33%) 
10 d v < 20 15.18 25.87 6.73 112.09 53(59.55%) 
20 d v < 30 21.29 35.16 7.54 193.00 1 (1.12%) 

 

Table 6. Route 2 Driving Characteristics. 

Velocity 
Ranges 

Vavg 
(km/hr) 

Vmax 
(km/hr) Vsd Time 

(s) 
Number of 
Microtrips 

0 d v < 10 2.70 6.75 2.57 11.36 64 (27.71%) 
10 d v < 20 16.86 28.51 7.70 90.94 149 (64.5%) 
20 d v < 30 20.79 33.08 7.86 140.56 18 (7.79%) 

 

Table 7. Route 3 Driving Characteristics. 

Velocity 
Ranges 

Vavg 
(km/hr) 

Vmax 
(km/hr) Vsd Time 

(s) 
Number of 
Microtrips 

0 d  v <10 2.98 6.78 2.65 8.14 44 (16.67%) 
10 d v <20 16.72 29.14 7.67 104.81 212 (80.3%) 
20 d v <30 20.68 30.54 6.58 148.13 8 (3.03%) 

 

Table 8. Route 4 Driving Characteristics. 

Velocity 
Ranges 

Vavg 
(km/hr) 

Vmax 
(km/hr) Vsd Time 

(s) 
Number of 
Microtrips 

0 d v < 10 4.00 8.80 3.40 11.28 72 (57.6%) 
10 d v < 20 15.85 25.99 6.82 98.54 52 (41.6%) 
20 d v < 30 20.24 28.85 7.12 87.00 1 (0.8%) 

 
Furthermore, in each route from Table 5-8, the proportion of number of microtrips presented in each 

speed range was used to calculate the corresponding time constraint (Tlim) which was then used to carry 
out the driving cycle construction process as explained in section 2.2.3. It could be seen that the highest 
number of microtrips were in the 10 – 20 km/h speed range for service route 1-3, while it was in the 0 – 
10 km/h range for route 4. The resulting driving cycles were then constructed as explained in Figure 4. 
Ten candidates of generated driving cycle were chosen by the lowest sum of error which had taken into 
account the weight factor as explained in section 2.2.4. The obtained values of E1, E2, E3 and E from all 
ten candidates of driving cycle representative in each route are summarized in Table 9 – 12. 
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Table 9. Percentage of time error in each speed range of generated driving cycle candidates to the 
averaged cycle time from actual driving data of route 1. 

Ranges Sum of the 
errors 

Route 1 
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) 

0 d  V < 10 E1 0.41 0.29 0.41 0.53 0.53 0.53 0.41 0.65 0.76 0.17 
10 d V < 20 E2 0.35 1.65 0.12 1.77 4.83 4.95 3.42 1.77 2.24 0.71 
20 d  V < 30 E3 1.12 1.12 1.12 1.12 1.12 1.12 1.12 1.12 1.12 1.12 

Total E 1.89 3.07 1.65 3.42 6.49 6.60 4.95 3.54 4.13 2.00 
 

Table 10. Percentage of time error in each speed rage of generated driving cycle candidates to the 
averaged cycle time from actual driving data of route 2. 

Ranges Sum of the 
errors 

Route 2 
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) 

0 d  V < 10 E1 0.75 0.57 0.12 0.39 0.66 0.39 0.48 0.75 0.12 0.48 
10 d V < 20 E2 4.03 0.26 0.53 6.37 6.10 0.53 5.92 1.70 6.64 8.71 
20 d  V < 30 E3 0.29 5.91 6.44 4.29 3.03 0.07 0.33 5.55 0.42 4.47 

Total E 5.08 6.74 7.10 11.05 9.79 0.99 6.74 8.00 7.19 13.66 
 

Table 11. Percentage of time error in each speed range of generated driving cycle candidates to the 
averaged cycle time from actual driving data of route 3. 

Ranges Sum of the 
errors 

Route 3 
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) 

0 d  V < 10 E1 0.26 0.11 0.63 0.48 0.48 0.11 0.63 0.11 0.11 0.11 
10 d V < 20 E2 1.88 7.58 2.55 6.39 3.44 5.58 3.22 1.07 5.06 1.74 
20 d  V < 30 E3 3.03 3.03 3.03 3.03 3.03 3.03 3.03 3.03 3.03 3.03 

Total E 5.17 10.72 6.21 9.90 6.95 8.72 6.87 4.21 8.20 4.88 
 

Table 12. Percentage of time error in each speed range of generated driving cycle candidates to the 
averaged cycle time from actual driving data of route 4. 

Ranges Sum of the 
errors 

Route 4 
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) 

0 d  V < 10 E1 1.76 1.19 2.34 1.31 1.88 2.57 2.11 2.79 2.79 1.08 
10 d V < 20 E2 3.84 1.10 1.21 1.10 1.44 2.13 2.01 0.98 0.41 1.10 
20 d  V < 30 E3 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 

Total E 6.41 3.09 4.35 3.20 4.12 5.49 4.92 4.58 4.00 2.97 
 
The most appropriated representative driving cycles for each service route were the one with the least 

sum of errors. As a result, from Table 9-12, candidate driving cycle number (3), (6), (8), and (10) were 
chosen for service route 1, 2, 3, and 4 respectively.  The details of the resulting error in each speed range 
together with the sum of error for the selected representative driving cycles for each route of tram service 
are summarized in Table 13. Additionally, the chosen representative driving cycles of each tram route 
are displayed in Figure 7. 
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Table 13. The error obtained in each speed range and the sum of error of the chosen representative 
driving cycles of each tram service route. 

Route Candidate 
Number 

Error in Speed Ranges 
The sum of error 

0 d  V < 10 10 d  V < 20 20 d  V < 30 
Route 1 (3) 0.41 0.12 1.12 1.65 
Route 2 (6) 0.39 0.53 0.07 0.99 
Route 3 (8) 0.11 1.07 3.03 4.21 
Route 4 (10) 1.08 1.10 0.80 2.97 

 

 
(a)  

 
(b) 

 

 
(c) 

 
(d) 

Figure 7. The chosen representative driving cycles for surveyed service trams (a) route 1, (b) route 2, 
(c) route 3, and (d) route 4 

 
 
 

Table 14. The driving cycle characteristics of the representative driving cycle in each tram service 
route. 

Tram Route Route 1 Route 2 Route 3 Route 4 
Vavg  (km/hr) 11.49 13.16 15.36 9.86 
Vmax  (km/hr) 29.82 34.21 34.32 29.52 
Time  (min) 13.90 18.37 21.60 14.13 
Distance  (km) 2.661 4.029 5.531 2.322 
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Figure 8 . The corresponding time and distance error for the generated driving cycles 
 
The driving cycle characteristics of the generated tram driving cycles in each route are shown in Table 
14. From these results, the corresponding errors between the actual and generated driving patterns could 
be calculated in term of travel time and distance as shown in Figure 8. It could be seen that, in general, 
the errors in distance were at a higher order than those of time. This was expected due to the fact that 
the travel time was considered in the driving cycle construction process. For the travel time per one 
service round, the sum of error was highest at 4.2% for route 3 which was the one with the most driving 
data collection. On the other hand, the distance error of route 3 was lowest at 1.5%. This showed that 
the number of collected data could significantly affect the error obtained from the construction process. 
This could be because of the total number of microtrips available for a random selection during the 
representative driving cycle construction. 

4.2 Energy Consumption 
The energy consumption was calculated as function of driving speeds obtained from the generated 
representative driving cycles. The values of energy consumption per cycle of the generated driving cycle 
for four different service routes calculated by Matlab Simulink program are shown in Table 15. 

The minimum and maximum numbers of passengers considered in the calculations were six and 
thirty passengers. The minimum passenger was an averaged passenger per cycle as collected whereas 
the maximum number was including standing passengers as a worst-case scenario. It could be seen that 
an increase of roughly 15% in energy consumption was predicted for all routes with an increase in mass 
i.e. passengers. This indicated a significance of number of passenger or gross vehicle weight on the 
energy consumption estimations. 
 

Table 15. The estimated energy consumption and energy efficiency in each tram route per one cycle 

Route Energy consumption (kWh) Energy efficiency (kWh/km) 
6 passengers 30 passengers 6 passengers 30 passengers 

Route1 1.081 1.246 0.406 0.468 
Route2 1.642 1.891 0.408 0.469 
Route3 2.275 2.617 0.411 0.473 
Route4 0.9348 1.078 0.401 0.462 
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Figure 9.  Energy efficiency (kWh/km) per cycle 
 
The impact of driving cycle is presented in Figure 9 where the energy consumption and energy efficiency 
is showed as function from the generated driving speed in operation. The energy efficiency, in kWh/km, 
of all routes was found to be almost equivalent. Therefore, it could be assumed that the energy efficiency 
of 0.473 kWh/km, i.e. the maximum value, could be the representative energy consumption for all 
electric tram designs in this study. 
 

5.  Conclusions 
In this paper, the energy consumption estimations of campus trams were carried out via calculations 
from actual driving data in university including velocity, vehicle position (latitude, longitude), and time. 
The energy consumption was calculated based on the fundamental theory of vehicle dynamics and the 
basic relationships between power and force. Four different tram service routes, operating in the same 
area, were investigated. 

In this study, the main parameter of driving cycle construction for energy consumption calculation 
was operating cycle times. They were used in the driving cycle construction process as means to select 
the suitable candidates through a comparison of their corresponding error. This was likely the reason of 
a relative lower sum of error in the cycle time compared to those of the distance. The analysis indicated 
that the energy consumption was depending on a driving pattern. The estimated maximum error of time 
per cycle and distance was 4.213% and 34.897 % respectively. A weight of passengers was also found 
to affect to the energy consumption. An increase of 13.14% was predicted when the number of 
passengers were changed from six to thirty. 

Between all four tram routes surveyed in this study, the energy efficiency results were not significant 
different because the driving data were collected from the same operating area, with the same vehicle 
type, and similar driving behaviour controlled by presence of bus stops along with other road features. 
Therefore, the energy efficiency of 0.473 kWh/km was estimated as the representative energy 
consumption for all electric tram designs based on this study. Nonetheless, the total amount of energy 
required for the energy storage system in the electrification design of the four tram routes would be 
significantly different because of the variant characteristics of Vavg, Vmax, time per cycle, and operating 
distance between the driving patterns of each route. 
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Performance characteristics of the Savonius turbine 
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Abstract. The paper presents performance investigation of the Savonius turbine both in terms 
of starting and power extraction characteristics. Effects of the number of blade and the overlap 
ratio were investigated experimentally using a wind tunnel at a wind speed of 4.45 m/s. Results 
show that the number of blades and the overlap ratio have a great impact on both performances. 
In terms of starting, the two-bladed rotor was found to be able to produce higher peak tor ue 
than the three-bladed case. However, the three-bladed rotor has a greater starting capability due 
to its more continuous tor ue production. The overlap ratio was found to reduce the amount of 
tor ue and hence their starting performance. ith regard to power extraction characteristic, the 
three-bladed rotor without the overlap ratio was found to exhibits the highest performance. 
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Flow and heat transfer around the flat plate installed in a 
pulsating duct flow with intermittent flow rate fluctuation 

 

Abstract. This study deals with flow behavior and associated heat transfer in a pulsating duct 
flow. In our previous studies, effect of continuous sinusoidal flow rate fluctuation on heat 
transfer and flow behavior around the flat plate installed in a duct was experimentally 
investigated. In these papers the authors concluded that heat transfer enhancement or no impact 
of pulsation effect on heat transfer depends on the increase or constant of time-averaged local 
flow rate around the flat plate induced by flow pulsation. Based on this knowledge obtained in 
the previous studies, heat transfer rate on the flat plate installed in pulsating duct flow can be 
controlled under combination of several parameters. As the next step, focusing on the pulsation 
mode, we examined a pulsating duct flow with intermittent flow rate fluctuation. Flow rate 
change was realized by valve motions inside the flow passage that electronically controlled by 
a servo motor connected with a ball screw actuator. Combined effects of time averaged flow 
rate, pulsating amplitude and pulsating frequency on flow and heat transfer around the flat 
plate in a duct was experimentally investigated. Heat transfer characteristics on the flat plate 
were evaluated based on both the temperature measurement and visualization of thermal 
boundary layer. Within the examined conditions, results showed no impact on heat transfer in 
the case of intermittent flow rate change. In order to make clear what sort of flow behavior 
attributed to such heat transfer characteristics, flow visualization and PIV analysis were carried 
out. Time-averaged velocity around the flat plate was approximately to be the same as steady 
flow even when strong flow instabilities at the inlet of the passage occurred. 

          

1.  Introduction 

1.1. Background 
Researches on pulsating flow have been highlighted on its high performance mass transport 
characteristics in living bodies such as blood flow and respiration [2, 4, 6-8]. Although most of body 
fluid flows in a living body are pulsating flows, they show various kinds of flow patterns. Such 
patterns of body fluids flow had been established during a long history of evolution. Therefore 
pulsating flow seems to be superior to steady flow in term of the controllability of body temperature 
with negligibly small bad influence on each cell. Focusing on the high performance mass transport 
characteristics, a lot of researchers in medical and bioengineering fields are interested in pulsating 
flow. Mechanical engineers also pay an attention to the heat and mass transport mechanisms of 
pulsating flow for further improvements of various kinds of thermal devices and electric/electronic 
equipment by providing pulsating flow as their cooling.  Present life and industrial activities in our 
affluent societies depend on hydrocarbon combustion, and global energy and environmental problems 
such as oil reserve depletion and global warming have been appeared. Although reduction of 
greenhouse gases is required on a global scale, and the utilization of renewable clean energy such as 
solar, wind, biofuel energy is promoted, fossil fuel is expected to be the main energy resources in near 
future due to its huge power density and its supply potential, convenience and economy comparing to 
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any other alternative power resources. Therefore, it is necessary to improve the performance of heat 
engines and thermal devices with their fine temperature control. However, conventional cooling 
technologies of heat engines and thermal devices are generally designed under steady operating 
conditions from the viewpoint of material protection under high temperature operating circumstances, 
and they are mainly passive temperature control by using convective heat transfer with steady flow. 
For further improvement of their performance, active temperature control technique must be required. 
Pulsating flow has higher controllability of flow behaviour comparing to steady flow, therefore, active 
control of temperature field by pulsating flow can be a breakthrough technology. In recent years, by 
providing a pulsating flow, researches on pulsating flow aiming at improving heat transfer 
performance of heat exchangers and heat pipes have been actively carried out. Embaye et al. [1] 
recommended the employment of pulsating flow for the energy saving in the central heating system of 
buildings based on their numerical study with its verification with experimental results already 
reported by other researchers. Persoon et al. [3] investigated the effect of flow pulsation on heat 
transfer of a mini-channel heat sink, and they reported 40% enhancement in maximum heat transfer by 
using a pulsating flow instead of steady flow case. The author Saitoh [5] experimentally investigated 
the flow structure and associated heat transfer on the flat plate installed in a pulsating duct flow. Saitoh 
[5] reported the controllability of heat transfer rate under several pulsation parameter-combinations 
based on their visualization results of both the flow and temperature fields.  
 
1.2. Objectives 
However, flow structure with periodical flow rate change and its effect on heat transfer are still at 
question. Especially few reports exist focusing on the pulsation mode. Almost all of the published 
papers deal with the pulsating flow with periodical continuous sinusoidal flow rate fluctuation. This 
paper focuses on the pulsating flow with intermittent flow rate change based on an idea of higher 
controllability of flow field. The objective of this study, therefore, is to understand the behaviour of a 
pulsating duct flow with intermittent flow rate fluctuation and the associated heat transfer 
characteristics on the flat plate installed in such pulsating duct flow. 

2.  Heat transfer experiment  

2.1. Experimental apparatus and method on heat transfer evaluation 
Figure 1 shows a schematic of the test section. The test section has 100 mm × 100 mm square cross 
section, and a heated flat plate is installed in the middle of its cross section. A stainless steel foil was 
attached on the both sides of the flat plate as heaters. One was used as the heat transfer surface and 
another one was set as guard heater to realize negligible small heat loss across the flat plate. In the 
experiments, direct electrical current was supplied to the heater, heat transfer tests were carried out 
under uniform heat flux condition. Seven K-type thermocouples were attached on the heater along the 
flow passage for temperature measurement. The test section has one pair of Plexiglass windows to 
simultaneously conduct the visualization test of thermal boundary layer formed on the heat transfer 
surface. Thermal boundary layer was visualized by color schlieren method. Visualized thermal 
boundary layer was recorded with a high speed camera (100fps). Figure 2 shows a schematic diagram 
of the experimental setup. Operating fluid was air and it was driven by a sirocco fan and flow rate 
fluctuation (pulsation) was realized by opening/closing control of the valve in front of the test section. 
After passing through the test section, air was passed through the surge tank and was discharged into 
the atmosphere via velocity measurement with hot wire anemometer. The pulsation generator consists 
of a valve head and a ball screw actuator connected with an electronic controlled servomotor. Figure 3 
is a photograph of the valve oscillation actuating system. Intermittent flow rate change was realized 
with valve head motion by the servomotor control. Top dead center of the valve was detected by an 
infrared sensor connected with a LED lump. LED lump was turned off when the infrared beam was 
interrupted by the aluminium plate attached with the valve oscillation mechanism. This aluminium 
plate was set so that the LED lump was turned off when the valve head was placed at its top dead 
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center. Conceptual figure of the valve oscillation is illustrated also in figure 3. The valve position at an 
arbitrary time can be calculated from the valve top dead center position and the recording speed. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. Test section for temp.measurement and schlieren visualization 
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Figure 2. Apparatus for heat transfer experiments 
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2.2. Evaluation method of heat transfer characteristics 
In the experiments, we defined Rem and Ref /Rem as dimensionless time average flow rate and 
amplitude, respectively. Rem and Ref are the Reynolds numbers based on the time average flow 
velocity um and the velocity amplitude uf in the test section. The respective definition formulas are as 
equations (1) and (2): 
 
  𝑅𝑒𝑚 = 𝑢𝑚 ∙ 𝑑𝑒 𝑣⁄  (1) 

 
 𝑅𝑒𝑓 = 𝑢𝑓 ∙ 𝑑𝑒 𝑣⁄  (2) 
 
The velocity amplitude uf is expressed by equation (3). 
 
  𝑢𝑓 = 𝑢𝑚𝑎𝑥 − 𝑢𝑚 = 𝑢𝑚 − 𝑢𝑚𝑖𝑛 = 1

2
(𝑢𝑚𝑎𝑥 − 𝑢𝑚𝑖𝑛) = 𝐴𝑚𝑎𝑥−𝐴𝑚𝑖𝑛

𝐴𝑚𝑎𝑥+𝐴𝑚𝑖𝑛
𝑢𝑚 (3) 

 
 

In equation (3), Amax and Amin represent the cross-sectional areas of the flow passage formed by the 
valve and contraction part in front of the test section, respectively. Dimensionless pulsating amplitude 
was defined as the ratio between uf and um. This corresponds to the ratio of two kinds of Reynolds 
numbers expressed in equations (1) and (2). In order to protect the experimental apparatus, it must be 
ensured that Amin ≠ 0. This means that the valve is not fully closed. Pulsating frequency was set by the 
valve oscillation frequency.  

Heat transfer characteristics was evaluated by local heat transfer coefficient expressed by the 
equation (4) below based on the temperature measurement of the heat transfer surface. Tb represents 
the bulk temperature of air.  
 
 ℎ(𝑋) = �̇�

(𝑇𝑤(𝑋)−𝑇𝑏(𝑋))
  (4) 

 
Local Nusselt number is expressed as equation (5): 

 
 𝑁𝑢(𝑋) = ℎ(𝑋)∙𝑑𝑒

𝜆
  (5) 

 

Figure 3. Valve head oscillation mechanism 
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Table 1 shows the experimental conditions. Experiments were carried out for 30 parameter 
combinations. 
 
 
 
 
 
 
 
 
 
 
 
2.3. Experimental results and discussion on heat transfer characteristics 
Figures 4 (a), (b) and (c) show the local Nusselt number distributions along the heat transfer surface 
under the conditions of Rem = 920, 2000 and 3000, respectively. Nu (X) monotonically decreases in the 
flow direction regardless of Rem condition. In addition, Nu (X) in the cases of pulsating flow coincided 
with those in the case of steady flow. This tendency is clearly seen in each Rem condition. This result 
allows us to conclude that the effect of intermittent flow rate fluctuation on heat transfer is negligibly 
small. Figure 5 is the visualized image of thermal boundary layer formed on the heated flat plate under 
the conditions of Rem = 3000, f = 3 Hz, Ref / Rem = 0.85. The left figure indicates the instantaneous 
visualization result obtained when the valve was placed at its bottom dead center (BDC), on the 
contrary, the right figure shows the case when the valve was placed at its top dead center (TDC). As 
shown in figure 5, regardless of the valve position, thermal boundary layer developed in the flow 
direction. In comparison with these two images (BDC case and TDC case), it can be seen that the 
thickness of the thermal boundary layer in the case of BDC is smaller than that in the TDC case. On 
the movie, it was observed that the thickness of the thermal boundary layer was fluctuated in 
conjunction with the valve oscillation, and maximum and minimum thickness was indicated at TDC 
and BDC in valve position, respectively. These characteristics were confirmed under all the examined 
experimental conditions. Based on the results described above, it is considered that the flow rate 
becomes the maximum at the valve position of BDC and becomes the minimum at the TDC. It can be 
recognized from figures 4 and 5 that although the temporal velocity fluctuation rate in the pulsating 
flow with intermittent flow rate fluctuation is larger than that of the pulsation flow with continuous 
sinusoidal fluctuation mode, time-averaged local flow rate around the flat plate was approximately the 
same with that of steady flow case. As the result of such flow behaviour, it seems to show no impact 
of intermittent flow pulsation on heat transfer around the flat plate. In order to verify the above 
introduced consideration, flow visualization was conducted. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 1. Experimental conditions 
Time averaged flow rate

Re m
Pulsating amplitude

Re f  / Re m
Pulsating frequency

f [Hz]

920 , 2000 , 3000

0.56 , 0.72 , 0.85

0(steady flow) , 1 , 2 , 3
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Figure 4. Effects of pulsating frequency, amplitude and time averaged flow rate on local Nusselt number 

(a) 

(c) 

(b) 

Figure 5. Visualization results of thermal boundary layer at position of the valve head 
BDC TDC Color slit 
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3.  Flow visualization test 

3.1. Experimental apparatus and method for flow visualization 
For quantitative evaluation of pulsating flow field, flow visualization by particle suspension method 
was carried out and PIV analysis was performed. Figure 6 shows a schematic diagram of flow 
visualization experimental apparatus. Water was used as the test fluid. Operating fluid, water, was 
driven by the head difference between the head tank and the overflow tank, and the flow rate was 
adjusted with the main valve. Temporal flow rate fluctuation was added to the fluid in the pulsation 
generator placed in front of the test section. Valve oscillation mechanism was the same as that in the 
heat transfer experiment previously introduced in figure 3. Ion exchange resin (average particle 
diameter φ 20 μm) adjusted in specific gravity was used as a tracer particle and laser light sheet with 
its power of 20 mW and 532 nm in its wavelength was employed as a light source. Two-dimensional 
flow field of the test section was visualized. Software Flownizer 2 D (DETECT Inc.) was used for two 
dimensional PIV analysis. The experimental conditions were the same as the heat transfer experiments 
in table 1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3.2. Experimental results and discussion on flow behaviour 
Figure 7 is the result of PIV analysis under the conditions of Rem=3000 and f =3Hz. Each set of nine 
figures shows the one cycle of flow rate fluctuation. Color contour indicates the scalar value of flow 
direction velocity component. Velocity vector is recognized by the color contour and the same length 
arrows represented on the color contour. Numbers described under each figure ①-⑨ correspond to the 
valve position as shown at the upper part of figure 7. Conceptual image of the valve head speed is also 
drawn at the upper part of figure 7. Analyzed images of ②-④ correspond to the ascending region of 
the valve head, and ⑥ -⑧  correspond to the descending region. Velocity fluctuation was 
approximately coincided with valve head motion. When the valve head rose up velocity was increased, 
on the contrary velocity decreased when the valve head descended. In the case of Rem=3000, time-
averaged velocity calculated from measured flow rate was um = 0.060 m/s. At the timing of ②, ⑤ and 

Flow direction :  

Pipe 

Pump 

Overflow 
Valve head 

Rote flow meters 
Valve head oscillation system with electronic control 

Head tank 

Test section 

Main valve 

Figure 6. Experimental apparatus for flow visualization 
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⑧, velocity was approximately coincided with the time-averaged velocity (um) , and uniform velocity 
distribution was obtained, although slight flow instability 7 existed near sidewall regions. On the other 
hand, strong flow instabilities were found at ⑥ and ⑦ timing where negative acceleration was acted 
on the fluid particle with the valve motion. These characteristics were clearly observed in any other 
examined pulsating amplitude (Ref /Rem) conditions. In the heat transfer experiments where the test 
fluid was air, valve motion (open/closed) corresponded to (increasing/decreasing) of flow rate. 
However, in the flow visualization test, test fluid was water, the valve head seemed to be acted on 
water as a piston. Therefore, reverse flow was obtained at the timing of ⑥ and ⑦ due to negative 
momentum given to fluid particle by the valve descending motion.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 8 shows the effect of pulsating amplitude on local velocity fluctuations for one cycle of the 
pulsating flow under the conditions of Rem = 3000, f = 3 Hz. Color continuous lines of blue, red and 
green correspond to the cases of Ref /Rem = 0.56, 0.72 and 0.85, respectively. Dashed lines represented 
as “valve up” and “valve down” indicate the timing of ④ and ⑥ valve head position as illustrated at the 
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Figure 7. PIV analysis result (𝑅𝑒𝑚 = 3000, 𝑓 = 3Hz  , 𝑅𝑒𝑓 𝑅𝑒𝑚⁄ = 0.85) 
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Figure 8. Effect of pulsating amplitude on velocity fluctuation 
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upper part of figure 7. Time-averaged velocity as drawn black continuous line was calculated from 
experimentally measured value of flow rate and that was approximately as the same as the mean value of 
velocity fluctuation obtained by PIV analysis. Based on this fact the author judged that the PIV analysis 
data was reliable. When the valve head rises up, which corresponds to the time duration “tm1” as 
illustrated in figure 3, working fluid can be accelerated due to momentum supply from the valve head; 
however, at the top dead center of the valve head, velocity seems to decrease drastically due to the stop 
of momentum supply under the valve almost closed situation. Approximately 0 m/s in velocity was 
indicated at the top dead center of the valve head (See ⑤ of figure 8). After reaching the top dead center, 
valve head is maintained its position during “ts1” as illustrated in figure 3. Velocity recovery was seen in 
“ts1” time duration as ④-⑥ of figure 8. Flow seems to be in a steady state during ts1. On the contrary 
when the valve head descends (“tm2” duration), strong drag against fluid flow is generated by the valve 
head negative acceleration, and at the bottom dead center of the valve head velocity seems to increase 
drastically due to the stop of the negative momentum supply under the valve full-open situation. Flow 
seems to be steady state again during “ts2”. As the result of this flow mechanism, frequency of velocity 
fluctuation was yielded almost twice of the valve motion frequency. This characteristic of pulsating flow 
with intermittent flow rate fluctuation is remarkable as completely different from the continuous 
sinusoidal flow rate change case [5]. Although velocity amplitude was slightly different from each Ref 
/Rem value, temporal velocity fluctuation showed the similar tendency regardless of Ref /Rem. 
Therefore, flow seemed to be mainly dominated by time-averaged velocity based Reynolds number 
(Rem) and pulsating frequency (f). Due to the test fluid difference, it cannot be compared with the 
visualized results between temperature field and flow field, heat transfer characteristics as shown in 
figures 4 and 5 were attributed to the flow behaviour indicated in figures 7 and 8. Namely, flow 
pulsation with intermittent flow rate fluctuation showed no impact on heat transfer due to constant 
time-averaged flow rate without strong spatial flow instabilities around the heat transfer surface. 
However, we obtained one idea of heat transfer enhancement by using pulsating flow with the 
following flow rate fluctuation; rapid positive momentum supply to the fluid particle corresponding to 
short “tm1”, and slow negative momentum supply corresponding to long “tm2”. 

4.  Conclusions 

Focusing on the flow behaviour of a pulsating duct flow with intermittent flow rate fluctuation 
realized by using a valve oscillation mechanism and associated heat transfer around the flat plate 
installed in the duct, the authors reached the following conclusions. 

1. For pulsating flow with intermittent flow rate fluctuation, time-averaged local heat transfer 
coefficient (Nusselt number) shows a tendency of monotonous decrease in the flow direction as 
same as the steady flow case, and the effects of pulsation frequency and the amplitude on heat 
transfer is negligibly small. 

2. Velocity fluctuation is basically followed with valve motion when the test fluid is water. In 
addition, pulsating frequency of velocity fluctuation is almost twice of the valve oscillation 
frequency in the cases of 2Hz and 3Hz as experimental pulsating frequency conditions. 

3. There is a possibility of active temperature control of an object by using pulsating flow if a 
combination of parameters such as mechanical structure of pulsation generator, a kind of fluid and 
pulsation mode is appropriately selected. 
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5.  Nomenclature 

A      cross sectional area                       [m2] 

𝒅𝒆     equivalent diameter     [m] 

𝒇      pulsating frequency     [Hz] 

𝒉    heat transfer coefficient             [W/(m2・K)] 

𝒕    time       [s] 

𝒕𝒃      bulk air temperature     [K] 

𝒕𝒘    wall temperature      [K] 

𝑵𝒖    Nusselt number       [-] 

𝑹𝒆𝒇     velocity amplitude based Reynolds number [-] 

𝑹𝒆𝒎    mean velocity based Reynolds number   [-]  

𝑹𝒆𝒇 𝑹𝒆𝒎⁄    dimensionless pulsating amplitude   [-]  

𝒖𝒇     velocity amplitude                       [m/s]  

𝒖𝒎     mean velocity                          [m/s] 

𝛌       thermal conductivity of air     [W/(m・K)] 
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Fundamental study on flow-deflector performance for diffuser 
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Abstract. Diffusers or diverging pipes/ducts are extensively used in many industrial aspects. 

So, diffusers with high efficiency are desired under both spatial and cost’s limitations. In our 

previous studies [Hirata et al., 2006 and 2008], we proposed a flow deflector inside the 

diffuser-part of an automotive catalytic converter, in order to reduce energy loss and to 

improve thermal uniformity. In this study, we experimentally and numerically investigate the 

influence of the downstream substrate upon the effectiveness, using a conical diffuser. As a 

result, it is revealed that the flow deflector is effective for diffusers as well as catalytic 

converters. By computation which agree with experiment, we have shown the flow inside the 

diffuser with the flow deflector.  

1.  Introduction 
Diffusers or diverging pipes/ducts are extensively used in many industrial aspects. So, various studies 

relating to the diffuser’s area ratio, angle, length, existence/non-existence of the outlet pipe and shape of 

cross section have been conducted. (See [1-5] for pressure loss, [6-10] for flow visualisation and [11, 12] 

for pressure-loss reduction by flow-separation control.) In consequence of these studies, it is commonly 

known that the most efficient diffuser is with very-large streamwise length and with the cross section 

which is gradually widen at an expanding angle of 5 to 10 degree. 

However, diffusers with a small streamwise length and a large expanding angle has been often used 

because of spatial and cost’s limitations. An example is the automotive catalytic converter [13-21]. So, 

diffusers with high efficiency are desired under both spatial and cost’s limitations.  

In our previous studies [16, 17, 20, 21], we proposed a flow deflector inside the diffuser-part of an 

automotive catalytic converter, in order to reduce energy loss and to improve thermal uniformity. We may 

expect the effectiveness of the flow deflector not only for catalytic converters but also for general 

diffusers without any catalytic substrates in their downstreams. Then, in this study, we attempt to 

investigate the influence of the downstream substrate upon the effectiveness, using a conical diffuser, 

experimentally and numerically.  

2.  Experiment method 

2.1.  Model: conical diffuser with flow deflector 
Figure 1 shows the schematic diagram of the axial model, that is to say, a catalytic converter equipped 

with a (solid-dome) flow deflector inside the conical diffuser of the catalytic converter. More 

specifically, figure (a) denotes an overview. Figures (b) and (c) denote the detail and the cross-section 

view of a  dome-shape flow deflector with solid structure (a solid-dome flow deflector), respectively. 
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The (solid-dome) flow deflector is designed as the effective cross-section area Ae linearly 
increases from Ao to (Ae)do-end in the flow direction. Furthermore, the cross-section area Ah of the centre 
hole is designed to increase linearly from (Ah)o to (Ah)do-end in the flow direction. So, the diameter of 
the flow-deflector outer boundary is defined by 

      
*

*
*

*

**
****

*

*
*

dx

dA
L

x
ΦLΦLxΦ

L
xΦ e2

di

2
hdi

end-didiend-di
di

do )()1(2)1(  .  (1) 

And, the diameter of the flow-deflector centre hole is defined by 

     *
*

*
** x

x
AΦΦ

d
d))(( h2

ohh  .     (2) 

We should note that all physical quantities with an asterisk ‘*’ as their superscript are normalised 

ones.  Table 1 summarises the experimental parameters of the conical diffuser with the flow 

deflector, together with their tested values in the present study. The values of the experimental 

parameter are obtained as optimised ones in our previous studies [16, 17]. 

 

2.2.  Pressure Loss and Flow Uniformity 
Pressure is normalised by the dynamic pressure at the origin. Then, non-dimensional form of the 
pressure loss P of a diffuser is given by 

     
22

o /Vρ
PΔPΔ *  .     (3) 

 

 
 

(a)  Overview (b)  Details of a dome-shaped flow 
deflector with solid structure (a solid-dome 

flow deflector) 

 
 

(c) Cross-section view of a dome-shaped flow deflector with solid structure (a solid-dome flow 
deflector) 

Figure 1.  Axial model: a conical diffuser with a flow deflector. 
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As an indicator for flow uniformity, we introduce a flow-uniformity factor γ, whose definition is as 
follows.  
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where Fsub is equal to Fout. The composite velocity i represents that at a position ri, and n is the total 

number of data. 

 

2.3.  Experimental apparatus 
As an example, Figure 2 shows the present experimental apparatus for the measurement of the pressure 
loss of the conical diffuser with the flow deflector. Working fluid is air with a constant room 
temperature, which is almost the same everywhere in the experimental apparatus. The air is driven by 
a blower (No. 1) into a flow conditioner (No. 3) which is a long and straight inlet pipe with length Lin 
and diameter Fin (= Fo). The inlet pipe is connected to a diffuser (No. 4), and a long-and-straight outlet 
pipe (No. 5) at its downstream end. Velocity and pressure are simultaneously detected by a hot-wire 
anemometer (No. 6) and two pressure transducers (No. 7), whose signals are store and analysed by a 
PC (No. 8). 
 For the improvement of catalytic-conversion performance, we consider the velocity profile, 
which is the ensemble of spatially-averaged velocities for small channel cells of the monolith substrate 
to be exact. So, we should measure the velocity profile just near the upstream or downstream of the 
substrate. However, because such measurements are accompanied by practical difficulties, we observe 
the velocity profiles at the cross section of 205 mm downstream from the substrate, that is, at x = 295 
mm (x/F1 = 11.4). 
 
2.4.  Computational procedure  
Computation is carried out using open-source software OpenFOAM in version 2.3.0. The overview of 

numerical set-up is summarised in Table 2. The analised model is acane-shaped flow deflector with solid 

structure (a solid-cone flow deflector), which is close to the experimental model (a solid-dome flow 

deflector). The mesh consists of 101000 hexahedral and pentahedral cells. The pentahedral cell are used 

only in the centre region. The computational domain covers the inlet pipe, the diffuser and the outlet pipe 

which does not  include the substrate, as the present computation is not in DSC but only ODC. The k-

turbulence model is used and velocity inlet with pressure outlet is prescribed for boundary conditions. 
 
 

Table 1. Experimental parameters of a conical diffuser with a flow deflector. 
Fm] 2.610-2 
F2m] 8.210-2 
Ldi [m] 4.010-2 
Ldo [m] 3.010-2 

(Fhom] 1.510-2 
(Fhend m] 2.010-2 
(Fdoendm] 5.910-2 

2di [°] 70 
V1 [m/s] 5.51–58.6 

Re 9.910–9.8104 
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3.  Results and discussion 
To begin with the validation of static-pressure measurements, we conduct a preliminary experiment 

concerning the uncertainty using a long straight pipe. Figure 3 shows the streamwise distribution of a 

static pressure, together with the Darcy-Weisbach equation with a Blasius’ pipe-friction coefficient  

 = 0.3164Re-1/4
     (5) 

which is effective in a range of Re = 3.0×10
3
 – 1.0×10

5
 (Weisbach, 1845; Blasius, 1913). The origin of 

the streamwise coordinate x is enough downstreram from the pipe’s inlet to appear a linearly-decaying 

static pressure with a fully-developed radial velocity profile. We can confirm that the present 

measurement coincides with the equation with good reproductivity. 

3.1.  Pressure-loss coefficient by experiment 
Figure 4 shows the pressure-loss coefficient  of the conical diffuser plotted again Re, in such two 
cases as (1) an ordinary-diffuser case ODC without any downstream substrate and (2) a downstream-

substrate case DSC. For reference, the figure also shows by Rend et al. (2013) and by Hirata et al. 
(2008). The former concerns the ODC with small s. And, the latter concerns the catalytic converter 
whose diffuser part has the same dimensions as the present model and whose substrate is shorter than 
the present model. In the later, we assume 0.3 as the pressure-loss coefficient of the contraction part, 
when we specify form P* in Hirata et al. (2008).  

 

 
Figure 2.  Experimental apparatus for pressure measurement of a conical diffuser with a flow 
deflector. (1) Blower, (2) flexible hose, (3) inlet pipe, (4) diffuser, (5) outlet pipe, (6) hot-wire 

anemometer, (7) pressure transducers and (8) PC. 
 

Table 2. Numerical set-up. 
Turbulence model k- 

Pressure-velocity coupling PISO 
Discretization schemes 

Time Euler 
Gradients Gauss linear 

 Laplacian Schemes  Linear, corrected 
Interpolation Linear 

Boundary conditions 
Inlet Velocity inlet with fixed velocity 

Values of k  and  correspond to 5% of 
turbulence intensity 

Outlet Pressure outlet with fixed value of kinematic 
pressure p/ = 0 

(1) (2) (3) (4) (5)

(6)
(7)(8)

423



 

 

 

 

 

 

At first, we consider the DSC. At Re ≳ 410
4
, without any flow deflector is constant to 0.8 

being independent of Re. This well corresponds to Hirata et al. (2008). At Re ≲ 410
4
, without any 

flow deflector increases with decreasing Re, while that by Hirata et al. gradually decreases with 
decreasing Re. On the other hand, at Re ≳ 410

4
, with a flow deflector is constant to 0.6 being 

independent at Re. This well corresponds to Hirata et al., as well. At Re ≲ 410
4
, with a flow deflect 

increases with decreasing Re, while that by Hirata et al. gradually decreases with Re. In summary, we 
can confirm good accuracy because of the agreement between the present result in the DSC and Hirata 
et al. (2003) expect for low Re ≲410

4. And, the flow deflector can achieve more than 20% reduction 
on 

Next, we consider the ODC. At Re ≳ 410
4
, without any flow deflector is constant to 0.8 being 

independent of Re, as well as the DSC and Hirata et al. At Re ≲ 410
4
, without any flow deflector 

gradually decreases with decreasing Re, as well as not the DSC but Hirata et al. On the other hand, at 
Re ≳ 410

4
, with a flow deflector is constant to 0.6 being independent of Re, as well as the DSC and 

Hirata et al. At Re ≲ 410
4
, with a flow deflector gradually decreases with decreasing Re, as well as 

not the DSC but Hirata et al., again. In summary, the flow deflector can achieve more than 20% 
reduction on as well as the DSC and Hirata et al.

 

 
Figure 3.  Streamwise distribution of static pressure p for a straight long pipe (at Re = 2.1×104 and Ref = 0). 
 

 
Figure 4.  Pressure-loss coefficient  of a conical diffuser versus Re, in such two cases as (1) an 

ordinary-diffuser case ODC and (2) a downstream-substrate case DSC. 
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To conclude, we can confirm that the influence of the flow deflector is remarkable; at Re ≳ 410
4, 

the reduction on  is more than 20% even in the ODC, as well as the DSC and Hirata et al. On the 
other hand, at Re ≲ 410

4
, we cannot ignore the influence of Re upon which seems complicated and 

should be solved in future. Above high performance of a flow deflector at such high Re as more than 
410

4
 implies the effective suppression of flow separation by the flow deflector.  

3.2. Flow-uniformity factor by experiment  
In order to confirm the improvement in the velocity profile by a flow deflector, hot-wire measurements 
of the time-mean velocity are summarised in Table 3 as the flow-uniformity factor  in the 
downstream of the conical diffuser (at x/F1 = 11.4). We can see that  achieves approximately 90% in 
all cases regardless of a flow deflector, at both high and low Res. The value represents  at high Re, 
while the value in parentheses represents  at low Re. In summary, flow uniformity is in high level in 
all the cases with/without flow deflector in a somewhat downstream of a diffuser, owing to turbulent 
flow. Such constant high-level uniformity is contrast to the case of a catalytic converter where its 
downstream dimension is restricted.  

3.3.  Computation and Flow visualisation by computation 
Figure 5 shows the comparison between computation and experiment, which are the flow distributions 

with a flow deflector in the ODC at Re = 5.0104
 and x = 296 mm. The computation shows good 

agreement with the experiment, although the computational accuracy should be improved more in 

future including other cases. 

 
Table 3. Flow-uniformity factor of a conical diffuser (at x/F1 = 11.4). 

(1) Ordinary-diffuser case (ODC)  With flow deflector 0.93 at Re = 6.3104 
(0.88 at Re = 1.8104) 

Without flow deflector 0.97 at Re = 7.1104 
(0.95 at Re = 1.6104) 

(2) Downstream-substrate case (DSC) With flow deflector 0.90 at Re = 6.8104 
(0.96 at Re = 1.0104) 

Without flow deflector 0.86 at Re = 6.2104 
(0.95 at Re = 1.1104) 

 

 
Figure 5. Comparison between computation and experiment: flow distribution (with flow deflector in 

ODC, at Re = 5.0104 and x = 296 mm). 
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Figures 6 and 7 show a typical flow field obtained by computation, namely, time-mean 

distributions of velocity vectors (in Figure 6) and static pressure (in Figure 7) with the flow deflector 

in the ODC inside the diffuser on a center plane at Re = 5.0104. It is confirmed that the flow is axi-
symmetric even in the downstream, but might be with turbulent perturbations in actual instantaneous 
flow. Especially in Figure 6, we can see a strong annular streaming without flow separation near the 
walls of the diffuser, in addition to the main streaming (or a jet from the centre hole of the flow 
deflector) at the centre. Such a possibility of computations effectiveness suggests further 
understanding of flow future researches. 

 

 

 

 
 

Figure 6. Velocity vectors by computation (with flow deflector in ODC, at Re = 5.0104). A-A, at x = 

296 mm. 

  

 

 
 

Figure 7. Pressure distribution by computation (with flow deflector in ODC, at Re = 5.0104).  
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4. Conclusion 
Expecting the effectiveness of the flow deflector not only for catalytic converters but also for general 

diffusers without any catalytic substrates in their downstreams, we have experimentally and numerically 

researched the influence of the downstream substrate upon the effectiveness, using a conical diffuser. 

Furthermore, we have conducted computations. As a result, it is revealed that the flow deflector is 

effective for diffusers as well as catalytic converters. By computation which agree with experiment, we 

have shown the flow inside the diffuser with the flow deflector. 
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Abstract. This study analyzes performance of the sherbet type ice making machine using 
seawater with respect to seawater volumetric flow rate, evaporation temperature, cooling water 
inlet and seawater inlet temperature as variables. Cooling water inlet and seawater inlet 
temperature are set considering average temperature of South Korea and the e uator regions. 
Volumetric flow rate of seawater range is 0.75-1.75 PM in this experiment. The results obtained 
from the experiment are as follows. As the seawater volumetric flow rate increases, or seawater 
inlet temperature increases, evaporation capacity tends to increase. At the point of seawater inlet 
temperature of 27oC and volumetric flow rate of 1.0 PM, evaporation capacity is over 2k . n 
the other hand, results of C P change tendency are different from that of evaporation capacity. 
It appears to increase until volumetric flow rate of 1.0 PM, and decrease gradually from 
volumetric flow rate of 1.5 PM. This is due to the increase of compressor work to keep the 
evaporation pressure in accordance with the temperature of heat source. As the evaporation 
temperature decreases from -8 to -15oC, the evaporation capacity increases, but the C P 
decreases. 
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Abstract. Nowadays, composite materials are widely used in many applications ranging from 
aerospace to construction. In addition, natural yarns have become one of the emerging types of 
reinforcements used in composite materials as they are bio-degradable; hence, environmentally 
friendly. Therefore, this paper aims to study the effects of alkaline treatment on hemp yarns and 
characterization of treated hemp yarn reinforced composite. The hemp yarns are immersed in 
NaOH solution 5%wt/vol. at room temperature for 48 and 72 hours, respectively. The results 
show that the surface modification using alkaline treatment helps reduce lignin, wax and other 
contaminants, which potentially improves adhesive strength between the yarn and the polymer 
matrix of the composite. This is because the aforementioned level of concentration and immersed 
time of alkaline treatment helps roughen the yarn surface; hence, the adhesion between the yarn 
and the matrix is better. 

1.  Introduction 
Recently, global warming is one of alarming environmental problems that is of interest by 

scientists and researchers around the world. Therefore, new raw materials, which are environmentally 
friendly are needed. Natural fibers are one of these materials and they are used to be the reinforcement 
for composite materials to replace the synthetic fibers, such as glass or carbon fibers. The plant fibers 
are the main type of natural fibers used for composite materials today as they are cheap, recyclable, easy 
to produce, has low density and low processing energy consumption. 

Plant yarns consist of many relatively short fibers twisted at an angle with respect to yarn axis 
in order to provide axial strength to the yarn. The commercial plant yarn has various types, such as 
cotton, jute, flax and hemp. The cotton yarn is the most popular type in the world, therefore, this type is 
the most widely studied. However, hemp yarn is an emerging European industrial crop, which (European 
Industrial Hemp Association (EIHA) reported that hemp was cultivated on 10,000 to 15,000 ha in 2012 
and approximately 14.4% was used for bio-composites applications, for example, automotive interior 
applications with a share of 96% of all bio-composites [1]. 

In Thailand, hemp yarns are illegal because hemp has similar effects as marijuana, that is one 
of the narcotic plants according to Thailand’s law. Hence, the hemp yarn has been used to only produce 
textile fabrics. In the past, there have been many studies about characteristics of hemp yarn for textile 
applications, but this paper focuses on the characteristics of hemp yarns for composite materials 
potentially used for automotive applications. This paper aims to study hemp yarn in terms of yarn 
structure and mechanical properties. These characteristics can help determine Thailand’s hemp yarn 
whether it is suitable to use for engineering applications. 
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2.  Materials and methods 
The Hemp yarns were separated from plain weave woven hemp fabric. The yarn has a nominal 

linear density of 132.77 tex (g/1000m) measured from the dry weight of 10 m fabric sample. 
The Alkali-treated yarns were extracted from alkali-treated fabrics, which were immersed in 

5% wt./vol. NaOH solution (pH = 14) for 48 and 72 hours, then washed with distilled water until the pH 
reached about 7, then the treated fabrics were dried at ambient temperature for 24 hours. Finally, these 
fabrics were dried in an oven (DHG-9053A) at 60 oC for 2 hours. 

 
 
2.1.  Cross-sectional area 

The cross-sectional area’s specimen was made of hemp yarns and polyester (Figure 1). Hemp 
yarns were laid in polyester, after polyester cured, then polished it by sandpaper until surface of 
specimen is clear. The cross-sectional area of hemp yarns was determined from the specimen with 
Olympus BX51M optical microscope image, then the Image J software was used, using binary and 
analyze particles function, to determine the cross-sectional area of the yarns.  

 
 
 
 
 
 
 
 
 

 
Figure 1. Specimen for the cross-sectional area determination. 

 
 
2.2.  Mechanical properties 

The mechanical properties were measured with a Mecmsin Multitest 2.5-i machine according 
to ASTM D2256 for single-strand hemp yarn specimens in straight configuration, with load cell setting 
of 100 N and cross-head speed of 5 mm/min. The gauge length was 250 mm and the temperature in the 
testing room was controlled at 20 ± 1oC. The sample yarns were attached to the vertical center line of 
cardboard, in which the cardboard protects the hemp yarn from damage caused by the grip of the tensile 
testing machine, with clear adhesive tape as shown in Figure 2. 
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Figure 2. Sample yarns specimen for tensile test. Gauge length was 250 mm. 
 

3.  Results and discussion 
3.1.  Yarn structure 

Figure 3 shows the yarn cross-sectional shape, which comprises of a group of single fiber of 
different sizes and gap between each fiber. Cross-sectional area of the yarn was determined from 
accumulation of cross-sectional areas of all fibers. 
 

 
 

Figure 3. Cross-section of sample hemp yarns (10×, left, and 20×, right, magnification). 
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3.2.  Mechanical properties 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Figure 4. Example of a load-displacement curve for hemp yarn, (a) the complete curve and (b) a 
close-up of the initial non-linear part. 

 
 
The tensile test of the hemp yarn shows that the initial part of the load-displacement curve is 

non-linear, but the curve slowly increases to linear (Figure 4 (b)). The length of the non-linear part is 
highly dispersed among otherwise identical yarn samples, and, as a result, this increases scatteredness 
of the stress-strain curves. The difference is set off by using linear regression to extend the linear part 
of the curves to the axis of displacement, and the point of intercept (𝑙𝑖) was subsequently used in the 
calculation of strain (𝜀): 

𝜀 =  
∆𝑙 − 𝑙𝑖

𝑙0
 

 
where ∆𝑙 is the displacement and 𝑙0 is the gauge length [2].  

 
The calculation of stress (𝜎): 

𝜎 =  
𝐹
𝐴

 
 

where F is tensile force and A is cross-section area of yarn. For each stress-strain curve, the apparent 
stiffness (the slope of the linear part; GPa), the ultimate stress (MPa), and the strain at ultimate stress 
were determined. 
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Figure 5. Load-displacement curve of sample hemp yarns. 

 
 

Figure 5 shows load-displacement curve of sample hemp yarns. Sample 7 can resist the load 
more than sample 5 has. Interestingly, the sample 5 is the yarn that has the highest cross-sectional area 
of all samples but can resist the load less than the sample 7, which has cross-sectional area less than the 
sample 5. Because the sample 7 was compound with the big fibers more than the sample 5 (Figure 3 
shows the two sample yarns were compound from different size of fibers). So, the yarn which has big 
fiber more than, it can resist the load more than another yarn.    

Figure 6 shows the measured stress-strain curves of the untreated hemp yarns. The curves are 
cut off at the point of ultimate stress. The means ± stdvs. of extracted mechanical properties parameters 
(Table 1) show that untreated hemp yarns have apparent stiffness 3.594±2.406 GPa (sample 5 is the 
highest), ultimate stress 164.002±93.830 MPa (sample 8 is the highest), and strain at ultimate stress 
0.036±0.009 (sample 1 is the highest). 
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Figure 6. Stress-Strain curve of untreated hemp yarns 

 
            Table 1. Mechanical properties of the untreated hemp yarns. 
 

Sample No. 
Apparent Stiffness 

(GPa) 
Ultimate stress 

(MPa) 
Strain at ultimate 

stress 
1 1.718 127.704 0.053 
2 0.579 34.078 0.039 
3 2.494 92.628 0.027 
4 2.269 111.419 0.037 
5 7.196 250.467 0.025 
6 5.333 206.108 0.028 
7 4.477 248.236 0.043 
8 7.543 338.228 0.034 
9 2.363 145.493 0.045 

10 1.967 85.655 0.029 
means ± stdvs. 3.594 ± 2.406 164.002 ± 93.830 0.036 ± 0.009 

 
Figure 7 shows the measured stress-strain curves of 48 hr alkali-treated hemp yarns. The curves are 

cut off at the point of ultimate stress. The means ± stdvs. of extracted mechanical properties parameters 
(Table 2) show that untreated hemp yarns have apparent stiffness 3.249±1.151 GPa (sample 1 is the 
highest), ultimate stress 135.880±35.610 MPa (sample 1 is the highest), and strain at ultimate stress 
0.031±0.003 (sample 5 is the highest).  
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Figure 7. Stress-Strain curve of 48 h alkali-treated hemp yarns.  

 
Table 2. Mechanical properties of the alkaline treatment hemp yarns. 

Sample No. 
Time of treatment 

(hours) 
Apparent Stiffness 

(GPa) 
Ultimate stress 

(MPa) 
Strain at ultimate 

stress 
1 48 4.034 182.650 0.032 
2 48 2.870 117.401 0.030 
3 48 2.812 122.640 0.032 
4 48 4.738 161.932 0.027 
5 48 1.790 94.778 0.036 

means. ± stdvs.  3.249 ± 1.151 135.880 ± 35.610 0.031 ± 0.003 
 

 
Figure 8 shows the measured stress-strain curves of 72 h alkali-treated hemp yarns. The curves are 

cut off at the point of ultimate stress. The means ± stdvs. of extracted mechanical properties 
parameters (Table 3) show that untreated hemp yarns have apparent stiffness 1.768±0.513 GPa 
(sample 4 is the highest), ultimate stress 76.166±25.291 MPa (sample 4 is the highest), and strain at 
ultimate stress 0.031±0.003 (sample 4 is the highest). 
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Figure 8. Stress-Strain curve of 72 h alkali-treated hemp yarns. 

 
Table 3. Mechanical properties of the alkaline treatment hemp yarns. 
 

Sample No. 
Time of treatment 

(hours) 
Apparent Stiffness 

(GPa) 
Ultimate stress 

(MPa) 
Strain at ultimate 

stress 
1 72 2.031 77.963 0.028 
2 72 2.113 87.135 0.031 
3 72 1.119 49.013 0.032 
4 72 2.259 111.593 0.036 
5 72 1.319 55.128 0.030 

means. ± stdvs.  1.768 ± 0.513 76.166 ± 25.291 0.031 ± 0.003 
 

The results (Table 1, 2, and 3) show the alkaline treatment does not improve the mechanical 
properties of hemp yarns, it improves the surface of the hemp yarn, that helps reduce lignin, wax, and 
other contaminants, which potentially improves adhesive strength between the yarn and the polymer 
matrix of the composite. The alkaline treatment helps roughen the yarn surface; hence, the adhesion 
between the yarn and the matrix is better.  

 
 
 
 
 
 
 
 

Stress-Strain Curve

Strain

0.00 0.01 0.02 0.03 0.04 0.05 0.06

St
re

ss
 (M

Pa
)

0

20

40

60

80

100

120

Sample 1
Sample 2
Sample 3
Sample 5
Sample 5

437



 
 
 
 
 
 

4.  Conclusion 
The presented detailed characterization of textile hemp yarn shows a number of findings, some 

of which are important in the prediction and interpretation of the properties of hemp yarn reinforce 
composites: 

x The density of the hemp yarn is about 132.77 tex. 
x The tensile properties of hemp yarn, apparent stiffness of the hemp yarns is in the range 0.5 – 

7.5 GPa. This is much below the reported stiffness of single fibres, which is in the range 30 – 
60 GPa[3]. The ultimate stress of the hemp yarns is in the range 30 – 330 MPa, and this is 
little below the range 350 – 300 MPa reported for single hemp fiber [3]. And strain at 
ultimate stress range 0.027 – 0.053. 
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Abstract. The biomass is popularly used as renewable energy. In Thailand rice is the most consume 
agricultural products. Agricultural residues from rice husk can be an energy resource. However, 
alkali and alkali earth materials (AAEMs) in biomass ash are the causes of corrosion and erosion 
problem in the heat exchanger equipment, while the acidity of ash affects the slagging 
agglomeration problem. Reduction of alkali and alkali earth materials can minimize the problem. In 
order to challenge the reduction of alkali and alkali earth materials in biomass ash, hydrothermal 
carbonization process was selected. Thai rice husk was used as sample to compare the result of 
treatment. The rice husk was heated under the condition of different temperature ranged from 180°C 
to 250°C, at operate pressure ranges from 12 bar to 42 bar with residence holding reaction time 1 
hour. The results of proximate analysis show that the percentage by mass of fixed carbon are 
increased 2 times, but volatile matter is decreased by 40% and ash content is decreased by 11% due 
to the increment of temperature. Meanwhile, the X-Ray fluorescence (XRF) analysis results show 
the decreasing of alkali and alkali earth materials are reduced. 
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Abstract. So far, a method of employing ultrasound irradiation for BDF synthesis has been 
suggested. However, since a large quantity of water is need to wash the BDF produced, it is 
very important to develop a new method based on the solid catalysis, by which water-washing 
is not necessary, At current paper, at first, several zeolite were prepared to increase their basic 
characteristics. Then the basic characteristics was characterized by using SEM and X-ray  
diffractometer. Beside, BDF synthesis experiment was carried out by using the selected zeolite 
based on ultrasonic irradiation. It was found that BDF yield ratio was higher when zeolite A5 
was used. 

 
 

1. Introduction 
It is extremely important to promote using alternative fuel such as alcohol or BDF for automobile in 
the era when mankind is facing the crisis of global warming while at the same time crude oil price is 
soaring so high. Recently many literatures[1-6] have being published focusing on the methods of 
synthesizing  biomass fuels and their applications. 
BDF is a kind of energy that is clean and sustainable and can be used to automobiles of diesel engines. 
In EU and USA, with government’s support and promotion, BDF used as B5 or B10 are officially 
recognized and gradually BDF’s application has become wider and wider. However in Japan, only 
100% BDF is permitted to be used on diesel automobiles. Also, since the production cost of BDF is 
higher than that of diesel fuel, reducing BDF’s production cost is an urgent problem. In order to 
collect fundamental data for BDF standard establishment and make wide use of BDF in Japan, it is 
necessary to perform some basic studies on producing and analyzing and using of BDF. 
So far, a method of employing ultrasound irradiation for BDF synthesis has been suggested. However, 
since a large quantity of water is need to wash the BDF produced, it is very important to develop a 
new method based on the solid catalysis, by which water-washing is not necessary, At current paper, 
at first, several zeolite were prepared to increase their basic characteristics. Then the basic 
characteristics was characterized by using SEM and X-ray  diffractometer. Beside, BDF synthesis 
experiment was carried out by using the selected zeolite based on ultrasonic irradiation. It was found 
that BDF yield ratio was higher when zeolite A5 was used. Further, s numerical simulation based on 
Solidworks is carried out for flow-type ultrasonic reactor to investigate the influence of the temperature 
on the velocity distribution. 
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2. BDF synthesis principle 
The zeolite-catalyzed transesterification equation for producing BDF is shown in Figure 1. When 
vegetable oil(triglyceride) is mixed with alcohol(methanol) under the condition of ultrasonic 
irradiation and zeolite after some time, BDF and the by-product of glycerin are yielded. 

 

 
Vegetableoil Alcohol(methanol) BDF Glycerin 
(triglyceride) 

Figure 1. BDF synthesis principle 
 
 

3. BDF synthesis experiment 
 

3.1 Catalyst preparation and evaluation 
The solid catalysts used for BDF synthesis in this paper are 5 kinds of zeolites (A3,A4,A5and F9) 
produced by Wako of Japan. 
Figure 1 shows the size and shape of zeolite A5 and its SEM analysis result. A5 has the round shape 
whose average external diameter of A5 is around 5-7 mm. According to the SEM analysis result, the 
surface area of A5 is very large which could absorb large amount of liquid. 

 

(a) Shape of zeolite A5 (b) SEM analysis result Figure 1. Shape 
of zeolite A5 and its SEM analysis. 

 
Since base strengthen could properly influence the BDF yield ratio, before BDF synthesis, zeolite was 
prepared as follows: 

Step 1: Soak samples A3,A4,5 and F9 with different NaOH concentration(3, 6 and 9 mol) for 24 
hours Step 2: Wash the samples by using methanol and then dry the samples 
Step 3: Sinter the samples by an electric furnace at the temperature of 400 for 2 hours 

 
After zeolites weree prepared, an X-ray diffractometer is used to character their base strength 
characteristics. 
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3.2 BDF synthesis 
During batch type BDF synthesis(Figure 2), firstly, the mixture of the reactants of vegetable oil and 
methanol is prepared inside a glass tube. Secondly, the power of the ultrasonic reactor of which water 
is switched on at frequency of 28 kHz. In order to decease BDF synthesis time, hot water is used too. 
Condition of BDF synthesis is listed in Table.1. The zeolites of A3,A4,A5 and F9 as catalyst were 
used respectively.  
 

Table.1 BDF synthesis condition 
Volume ratio of vegetable oil to methanol 5:1

Methanol purity 99.5%
Zeolite A3,A4,A5 and F9 

Quantity of Zeolite 0.33wt%
 
BDF components are detected by using a GC system. The sample of the BDF product is taken out every 20 min. 
The total BDF yield ratio is calculated based on the GC detection results. 
 

 
Figure 2. BDF synthesis by using batch method 

 
3.2 Numerical simulations 
Though a batch type BDF synthesis is used, according to our analysis, the flow type ultrasonic reactor 
will mostly increase the BDF yield ratio, at current paper, we suggest a flow U-type reactor inside which 
the zeolite is filled. The numerical model was made and analyzed by using Solidwrks. The main 
simulation conditions are listed in Table 2. 

 
Table 2 Simulation conditions 

Diameter 
of U type tuube 

U type pipe 
Internal volume 

Inlet Volume 
Flow 

Reynolds 
number 

Catalyst 
porosity 

Liquids

20 mm 75 ml 5×10-5ｍ3/ｓ 2326 0.7 oil 
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4. Results and discussions 
 

4.1. Catalyst evaluation 
Na+ content change after zeolite preparation is shown in Figure 3 based on SEM analysis. As for 
surface investigation, the Na+ content increased if the high NaOH concentration is used. In case of A4, 
nd F9, the Na+ content are over 20%. In regard of inner investigation, the Na+ content is lower than 
that of the surface because less NaOH is infiltrated in the inner of the zeolite. 

 

 

Figure 3. Na+ content change after zeolite preparation 
. 
Analysis result based on X-ray diffractomete are shown in Figures 4-7 for zeolite A3, A4, A5 and F9. 
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Figure 4. X-ray diffractomete result for A3 
 

Before preparation, the X-ray diffractomete result is different because each zeolite has different 
structure. After preparation, the X-ray diffractomete result changed too because the soaked Na+ 

content changed its structure to some extent., which could properly effect the BDF synthesis 
efficiency 
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Figure 5. X-ray diffractomete result for A4 
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Figure 6. X-ray diffractomete result for A5 
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Figure 7. X-ray diffractomete result for F9 
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4.2. BDF synthesis 
 

(a) Before synthesis (b) After synthesis 

Figure 8. BDF synthesis result 
 
 

BDF synthesis result is shown in Figure 8. It is observed that BDF was obtained by using A4, A5 and 
F9 while less BDF was obtained by using A3. This could be explained that A4, A5 and F9 has the 
strong base strength after preparation. 

 
4.3. Influence of ultrasonic irradiation on zeolite 
Since all the zeolite will be irradiated by ultrasound during BDF synthesis reaction, the influence of 
the ultrasonic irradiation on each zeolite is investigated. The result is shown in Figure 9. 
After ultrasonic irradiation, the shape of A3, A4 and F9 changed to powder while only A5 kept its 
original shape. This is very important because after BDF synthesis, it is easy to separate the solid 
catalyst from the reaction liquid. 

 

4.4. Simulation result 
Influence of reaction temperature on the velocity distribution inside the U-type reactor is shown in 
Figure 10. As the temperature increased, the velocity distribution will increase because the increased 
temperature will lower the oil viscosity, this could properly lead to the higher BDF synthesis efficiency. 

 

5. Conclusion 
 

(1) Zeolite A5 is better for BDF synthesis reaction; 
(2) Increased reaction temperature will properly increase the BDF synthesis efficiency. 
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(a) A3 (b) A4 

 

(c )A5 (d) F9 
 

Figure 9. Influence of ultrasonic irradiation on the shape of zeolite 
 
 

 
a 20℃ ｂ 40℃ c. 60℃ 

 

 

Figure 9. Influence of reaction temperature on the velocity distribution 
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Abstract. In the recent years, the fields of study of anti-aging, health and beauty, cosmetics, 
and hair diseases have attracted significant attention. In particular, human hair is considered to 
be an important aspect with regard to an attractive appearance. To this end, many workers have 
sought to understand the formation mechanism of the hair root. However, observing growth in 
the hair root is difficult, and a detailed mechanism of the process has not yet been elucidated. 
Hair repeats growth, retraction, and pause cycles (hair cycle) in a repetitive process. In the growth 
phase, hair is formed through processes of cell proliferation and differentiation (keratinization). 
During the retraction phase, hair growth stops, and during the resting period, hair fall occurs and 
new hair grows. This hair cycle is believed to affect the elongation rate, thickness, strength, and 
shape of hair. Therefore, in this study, we introduce a particle model as a new method to elucidate 
the unknown process of hair formation, and to model the hair formation process accompanying 
the proliferation and differentiation of the hair root cells in all three dimensions. In addition, to 
the growth period, the retraction and the resting periods are introduced to realize the hair cycle 
using this model. 
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Abstract. Knee supports are used for people who are injured or not injured, but want to 
prevent injury to the knee from sport and exercise activities by supporting nearby knee 
muscles. The purpose of this work was to compare the EMG signals reduction of three cases of 
no knee support (A), the brand-named knee support (B) and the natural rubber (NR) knee 
support (C). The EMG testing was performed using Isokinetic machine and obtaining the EMG 
signal by controlling a leg movement. It was found that the measured EMG signals from A, B 
and C cases were 0.0339, 0.0135 and 0.0156 mV from Vestus medialis oblique muscle and 
0.0376, 0.0232 and 0.0310 mV from Rectus femoris muscle, respectively. Results from EMG 
signals differ very little and the result from C case showed better performance than A case. 
Both knee supports of B and C can reduce EMG signal referred to reducing of muscle activity 
in the same way. Thus, further knee support developing from natural rubber can be conducted 
from this work depending on theoretical biomechanics and anatomy. 

1.  Introduction 
Knee injuries from sports or exercises are common problems. Knee support can be used for reducing 
risk of injury. Everyone can use knee support without assistance from expert [1, 2]. There are many 
reasons causing of knee injuries such as rapid changing of direction or jump landing. Knee injury 
cases were rapidly increased over the past decade [3, 4, 5]. Anterior cruciate ligament (ACL) tearing is 
a common problem. In the USA, there are 100,000 to 250,000 new cases each year [6]. Knee supports 
are external devices which can be normally utilized during the day and during sport tasks [2, 4, 7]. 

There are many types of knee brace that provide different levels of support and be attached to the 
knee in a number of different ways. They also were made of different materials and varied in price. 
Type of knee brace can be classified by levels of support such as basic level, advance level, elite level 
and knee pad. This research aimed to study knee supports of the basic level type only because they can 
snugly fit and provide some compression to the knee which helps supporting the soft tissues (muscles 
and ligaments) [8, 9]. 

Electromyography (EMG) is a diagnostic procedure to assess the health of muscles for evaluating 
and recording the electrical activity produced by muscles. The purpose of this study was to determine 
the effect of knee braces to muscles. There were previous studies solely used surfaced EMG to 
observe different responses from dynamic muscle activities such as running and side-step cutting [10, 
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11]. This study will focus on testing of different types of knee supports on the same activities instead. 
Research has focused on Vestus medialis oblique muscle and Rectus femoris muscle during movement 
and rotation of knees. 

2.  Material and Methods 

2.1.  Material for knee supports and sampling 
There are two types of knee supports in this study: one is a durable neoprene-blend from brand-named 
(figure 1a) and the other is a custom made NR (figure 1b). The design of the custom knee support is 
similar in concept of the commercial one but different materials. The NR has more stiffness than 
neoprene-blend. Standard test method of ASTM D412-98 is used for testing mechanical property of 
knee support with tensile testing machine (Zwick Roell, Germany). The custom knee support has a 
strap that it can be tightly adjusted or loosen for everybody. The samplings or participants comprised 
of healthy adult male volunteers, 23 year old, height 165 cm, weight 60 kg, without experiencing 
ligament tear. 

 
 

 
 

 
Figure 1. Two types of knee brace, a) brand-named knee brace and b) NR knee brace  

2.2.  EMG testing and equipment 
The testing apparatus was developed by the department of electrical engineering, Prince of Songkla 
University (figure 2). The apparatus have 2 components; the isokinetic machine used to control 
velocity and force of leg, and the PSU_Beatlab_1 used to amplifier EMG signal that it made from 
Stainless Steel for noise reduction. The amplifier EMG has 5 signal channels input. The EMG signals 
were sampled at 1000 Hz and a low-pass filtered of 50 Hz. The amplifier received EMG signal from 
electrode of TYCO Healthcare model Kendall/Tyco ARBO and recorded into computer. The use of 
isokinetic machine may improve muscular strength of healthy adults. This machine is a reliable tool 
for isokinetic muscle performance measurement and able to assess muscle strength more objectively.  
 

a. 

b. 

strap 

rubber 

patella stability 
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Figure 2. testing apparatus 
 
Two muscles, Vestusmedialis oblique and Rectus femoris, were used to record signal of EMG 

because they are large muscles and provide good signals than other muscles. The electrodes were 
setup on leg positions as shown in figure 3. Vestusmedialis oblique muscle and Rectus femoris muscle 
were activated when knee joint turned up and down.  

 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. Positions of electrode attachment a) Vastusmedialis oblique and b) Rectus femoris. 

2.3.  Procedure 
Each subject was tested in all three proposed conditions of A, B and C as mentioned earlier.  The 
experiment was conducted in Center of Excellence for Rehabilitation Engineering. The isokinetic was 
set at a speed of 20 degree/minutes with a load of 3 kg. The participant turned leg 3 times for finding 
of noise and turned leg 10 time continuously for recording EMG signal (figure 4). 
 
 
 
 
 
 
 
 
 

 
 

Control 
Force & angular velocity

EMG signal 
Computer 

a Rectus femoris muscle 
Vastusmedialis oblique muscle 

b 
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Figure 4. Experimental setup for obtaining EMG signal a) no knee support and b) custom knee    
                 support from natural rubber 

3.  Results 
There are four data obtained from testing which are EMG signals from two muscle of Vestusmedialis 
oblique and Rectus femoris, force, and angular velocity (figure 5). Force and angular velocity affect 
the value of EMG signal. According to the EMG signal related to force and angular velocity, when 
participants exert a lot of force or move fast, it will be large too. However, EMG signal was analyzed 
at the same force and angular velocity. 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure. 5 Shown data from testing apparatus 
 

 
EMG signals were calculated from average amplitudes subtracted of noises. The result showed that 

EMG signals from wearing of knee braces have less value than without one. This is because knee 
braces can absorb force and support muscles. The EMG signals were presented in table 1. 

 
 
 

a b 
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Rectus femoris

Force

angular velocity
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                             Table 1. Results of EMG signals from each case 

Testing case 
EMG signal (mV) 

Vastusmedialis 
oblique 

Rectus 
femoris 

Case A (no knee support) 0.0339 0.0376 
Case B (Brand-named 
knee support) 0.0135 0.0232 

Case C (custom NR knee 
support) 0.0156 0.0310 

 
The result of EMG signal from case B was less than case C which can be concluded that commercial 
knee support can support muscles better than custom NR support but with a few differences. However, 
wearing knee supports can be reducing EMG signals of both muscles than no knee support in case A. 

4. Conclusions 
This research was conducted to study the effect of different knee braces to EMG signal of muscles. 
The result showed that EMG signal can be reduced when participants wore knee braces. The 
commercial or brand-named knee support performed better than the custom NR knee support. 
However, this was a preliminary research and study and the quantity of the study is too small because 
it was used only in one person. Therefore, the future study should be tested with more volunteers for 
reliability of research and the well-developed NR knee support can be possible but need more research 
work and further development. 
 

Acknowledgement 
This study was supported by Department of Mechanical Engineering and Department of Electrical 
Engineering Faculty of Engineering, Prince of Songkla University. Special thanks to Thongruang W. 
Professor of Department of Mechanical Engineering and Jindapetch N. Professor of Department of 
Electrical Engineering. Thank you to the Department of Mechanical Engineering, Faculty of 
Engineering, Chulalongkorn University for organizing hosted conference. And thanks all people in my 
life. 

References 
[1]   Paluska S A and McKeag D B 2000 American Family Physician 61 pp 411-418 
[2]   Warden S J, Hinman R S, Watson M A, Avin K G, Bialocerkowski A E and Crossley K M 2008 Arthritis 

 Care Research 59 pp 73-83 
[3]   Katie A Ewing, Justin W Fernandez, Rezaul K Begg, Mary P Galea and Peter V S Lee 2016 Journal of 
   Biomechanics 49 pp 3347 – 3354 
[4]   Henrike Greuel, Lee Herrington, Anmin Liu and Richard K Jones 2017 Gait & Posture 57 pp 141–146 
[5]   Jonathan K. Sinclair, Hayley Vincent and Jim D Richards 2017 Physical Therapy in Sport 23 pp 93-98 
[6]   Scillia AJ, Issa K, Boylan MR, McDermott JD, McInerney VK, Patel DV, et al. 2015 Orthopedics 1–7. 
[7]   Maria Thorning, Jonas B Thorlund, Ewa M Roos, Tim V Wrigley and Michelle Hall 2016 J. of Science 
   and Medicine in Sport 19 964–969 
[8]   Knee-pain-explained.com is a trading name of Wilson Health Ltd, registered in England, URL:    
   http://www.knee-pain-explained.com/knee-brace.html accessed on 31/08/2017 
[9]   Rebecca Moyer, Trevor Birmingham, Colin Dombroski, Robert Walsh and J Robert Giffin 2017 Gait & 
   Posture. 54 pp 160–166 
[10]  Branch T P, Hunter R, Donath M 1989. Am. J. Sports Med. 17 pp 35–41 
[11]  Osternig L R, Robertson R N 1993 Am. J. Sports Med. 21 pp 733–737 

453



 
     

 

 
 
 
 
 
 
 
Kinematic analysis and trajectory of a dog-like robot 
 

Amornphun Phunopas1,* and Narisara Suwichien2 

1 Department of Production Engineering, King Mongkut’s University of Technology 
North Bangkok, Faculty of Engineering 1518 Pracharat 1 Road Bangsue, Bangkok 
10800, Thailand 
2 Department of Industrial Technology, Pibulsongkram Rajabhat University,  
Faculty of Industrial Technology 156 Mu 5 Plaichumpol Sub-district, Muang district, 
Phitsanulok 65000, Thailand 
 
*Corresponding Author: amornphun.p@eng.kmutnb.ac.th, Tel. +668 8560 2994, Fax. 
+66 2 587 0029 

Abstract A dog-like robot is a platform that is useful as a social partner. It can help with 
certain simple tasks or even take care of children and elderly people. The first step in 
development is to design the robotic structure and confirm its locomotion. The robot is a 
small-sized pet that will be mimicked by a mechanical system. The robot has four legs. There 
are three joints in each leg. The present work demonstrates the kinematic analysis and 
trajectory of the four legs. It verifies the results in simulation and then implements them in real 
robot hardware, using a digital servo motor for each robotic joint. 
 

1. Introduction 

The dog has been a beloved pet throughout history. The dog-like robot platform is easy to interact with 
for everyone as it is familiar to humans. However, a dog-like robot is harder to build and control than 
a wheeled platform because the former has four legs and many actuators. Advanced research 
was performed by the Boston Dynamics Laboratory [1]. They have developed SpotMini, which has 
four legs with fully autonomous motion control. The size is equal to that of a big dog, but it has a very 
long neck. It can walk and behave like an animal; for example, it plays with people. Moreover, it can 
step over a ladder and stand up when it falls on the floor. However, the idea of a social robot has been 
explored for many years. In 1999, the first autonomous robot AIBO was commercialized by Sony [2]. 
Nevertheless, Sony discontinued the AIBO product in 2006. AIBO had four legs with three degrees of 
freedom per leg and was a behavior programmable dog-like robot. Eniko et al. (2003) experimented to 
compare the social behavior of real dogs and AIBO [3]. AIBO could not realistically represent the 
behavior of a dog, but it showed the future trend that the robot would have indistinguishable animal-
like behavior. 
 The structure of the dog-like robot was designed using only one degree of the freedom of 
the legged-robot mechanism, which mimics the anatomy and anthropometric proportions of a dog. It 
used a low number of actuators [4]. The primary analysis of a multi-legged robot is kinematics and 
trajectory generation. Lopez et al. researched how the hexapod robot performed the movements of 
mammals, insects or reptiles and showed the simulation using OpenGL [5]. For another kind of animal, 
the gait planning is inspired by the biologically correct, multi-legged, crablike robot [6]. 
 To control the multi-legged robot is more complicated than controlling the conventional wheeled 
robot. The multi-legged robot must be stable and balanced under dynamic modeling [7]. Moreover, 
it is known that the legged robot has many links and consumes more energy than the wheeled robot. 

The 8th TSME International Conference on Mechanical Engineering 
  12-15 December 2017 

Bangkok, Thailand 
 
     
BME0006   
 

454



 
     

 

In a study focused on energy consumption analysis, the first approach was a minimization of the norm 
of feet forces, and the second was a minimization of the norm of joint torques [8]. However, it showed 
only a mathematical model without real energy consumption measurement. Agheli and Nestinger 
proposed measuring the force-based stability margin of a multi-legged robot on irregular terrain by 
attaching the force sensor to the foot [9]. Gor et al. used the bond graph technique that can be 
generated from a three-dimensional dynamic model of the legged quadruped robot, which has two 
revolute joints and a prismatic compliant link per one leg. The bond graph can interface with various 
controller models [10-11]. Besides, with a walking legged robot, there are other legged-robot physical 
behaviors, such as a dynamic model of the jumping robot [12], and the automated walking and running 
[13]. The robot needs to have a feedback sensor to control its motion smoothly and provide stability. 
Zhiguo Shi et al. collected the motion parameters with data from the vision system to solve the 
stability problem by using a software-based algorithm to search an optimized motion parameter. It 
calculated new input control parameters for the four-legged robots' motion [14]. 
 The parallel genetic algorithm is used to design the walking gait for the four-legged robot. The 
idea is that a legged-robot should continuously walk autonomously in unexpected 
situations. For example, if the robot gets damaged, i.e., a loss of operation of one or two legs, the robot 
should adopt a new walking gait [15]. The fault-tolerant gait is analyzed on an inclined plane [16]. 
Moreover, the multi-legged robot, which has high performance in locomotion, is developed to localize 
its position using SLAM (Simultaneous Localization and Mapping). Xuehe et al. showed that the 
multi-legged robot could explore unknown indoor environments using the matching feature points in 
2D images with high accuracy [17]. 
 From the overview, there are many techniques to develop the multi-legged robot to have physical 
and social behavior like an animal. This research aims to develop a small-sized dog-like robot 
platform for further research. 
 
2. Dog-like Robot Structure 

The robot mimics a puppy or small-sized dog. The dog-like robot has four legs, and one leg has three 
degrees of freedom, as shown in Figure. 1. The robot is a prototype and used as a testbed. The body 
frames are made from ABS filament from 3D rapid-prototype printing, but the structure is strong 
enough to test the robot walking. 
 
  

 
 
 
 
 
 
 
 
 
 
 
 

 Figure. 1 (Left) The robot configuration has joint and link parameters for kinematic calculation. 
(Right) A robot's leg structure has three revolution joints using a digital servo motor in real 

implementation. 
 
 The robot has a workspace, and the limit angle of actuators for each joint is 300 degrees, as shown 
in Figure. 2. The mechanical frames limit the joint motion differently for each joint position to 
perform such behaviors as sit, sleep, and expand its legs in an X-shape. 

d0 

a2 

T1 T2 

T3 a3 

a1 
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 The dog-like robot has coordinate frames defined by the global coordinate frame for the whole 
body and local coordinate frame for each leg, as shown in Figure. 3. The body is rectangular, 
with width of 130 mm and length of 150 mm. The center of the robot body is at the (0,0,0) position, 
and below the robot body is a minus value in the z-axis. 
 

 
Figure. 2 The motor defined angle has a total of 300 degrees. The origin is at the center 0 degrees; 

turning clockwise is a minus angle and counterclockwise is a plus angle. The invalid angle is 60 
degrees. 

 

 
Figure. 3 The robot default configuration is ready to move to other gestures and actions. It can 

naturally perform dog-like behavior. 
 

 From Figure. 3, the robot has a default configuration that has a joint angle as in Table 1, where FR 
is the Front Right leg, FL is the Front Left leg, RR is the Rear Right leg, and RL is the Rear Left leg. 
θ1 is the shoulder joint, θ2 is the wing joint, and θ3 is the knee joint.   
 

Table. 1 Total of 12 joints’ angle for the default standing configuration. 
 

Joint’s 
angle 

Leg (degree) 
FR FL RR RL 

T1 -45 45 45 -45 
T2 1 1 1 1 
T3 90 -90 -90 90 
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2.1 Kinematics 
The robot has a modular leg that has the same forward kinematic equation for every leg. The robot can 
move and act by controlling three joints. The kinematic is derived through Equation (1-3). 
Even though the equation is the same for each leg, the installed positions are different. The left and 
right side of the robot’s leg are mirrors, and the initial angles are defined by a plus and a minus sign. 
 
 

                (1) 
                                   (2) 

        (3) 
 
where, a1 = 20mm, a2 = 70mm, a3 = 75mm and d0 = 30mm. 
 
 One leg has been defined in the local coordinate frame, and the origin is at the shoulder or the first 
joint. From the kinematic equation, the pace trajectory path planning can be created in various shapes, 
such as a semi-ellipse in Figure 4-5. 
 

 
 
 

Figure. 4 The end-effector of the robot leg is the foot tip of the robot. It was defined by XYZ 
coordinates to control the digital servo motor of the shoulder joint and knee joint. 

 
 

 
 

Figure. 5 The pace trajectory path is designed in a semi-ellipse to facilitate stepping forward 
of the foot tip on the ground. Also, the foot moves forward by a pace height of 10 mm and a pace 

distance of 40 mm. 
 
  
 
 
 
 

x 
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 The pace trajectory can be inverted to control the position of the robots' leg. Figure 6 shows the 
front right leg control angle position after about six seconds. 
 

 
Figure. 6 Front Right Leg moved on a semi-ellipse pace path and the θ1, θ2, and θ3 have changed the 

rotation related to the semi-ellipse pace trajectory. 
 
3. Four-legged walking gait  

The gait can be generated by the kinematic equations. The physical features of the dog-like robot 
are similar to the real dog, which simplifies generating a gait pattern (Figure 7). It uses a shoulder joint 
and knee joints, neglecting the wing joint when the robot walks forward. The wing joint is used when 
turning and spreading its legs. 
 

 
 

Figure. 7 Side view of gait pattern in nine steps while moving forward on a smooth floor 
 
 The robot moves sequentially forward in the X-axis and lifts its legs in the Z-axis of the global 
frame. It orderly starts moving in step 1 with FR. While FR moves, RL starts moving in step 2. 
Through step 5, FR and RL have already moved to the new pace. Next, FL starts moving, and the last 
leg RR start moving. Finally, all legs move to the next position by one pace in step 9. 
 

4. Design and System 

4.1 Design 
The robot uses 12 digital servo motors as the joints and skeleton of the four legs, similar to a puppy. 
All motors control the position simultaneously according to the gait. The robot's frame is made from 
plastic, and the controller is put on its body. The rear legs are shorter than the front legs because the 
feet were designed in different sizes and shapes. Both front legs can take longer paces than the rear 
legs. The whole-body robot structure is shown in Figure 8.   

Step 0 

Step 1 

Step 2 

Step 3 

Step 4 

Step 5 

Step 6 

Step 7 

Step 8 

Step 9 
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Figure 8. The dog robot standing and expanding its four legs to the side of its body 
 
 In fact, each motor has a different static payload, but the robot just uses the same motor model for 
every joint that has the same maximum torque. The robot has a total weight (W), and the appropriate 
useable torque should not be over the maximum torque (τmax). The robot has four legs, and its weight 
can distribute to each leg equally. Figure 9 shows a free-body diagrams of a one-leg torque 
calculation. 
 

 
 

Figure. 9 One-leg robot in the different view. For the torque calculation, the robot stands on a flat 
floor. The leg stretches out at its most extended length. 

 
 The robot is small and lightweight. It has a high-performance motor that is used in the small-size 
humanoid robot. The calculation helps to know the robot weight limitation in Equations 4 to 6. 
 
                                         (4) 
                              (5) 
                                      (6) 
 
 From the equations, the maximum load is at the shoulder joint. The condition is 
τ(θ1 )⋂τ(θ2 )∩τ(θ3 )<τmax. The robot’s maximum weight should not be over 4.36 kgf. All the robot’s 
legs do not share the weight all the time while the robot is walking. The motor will stop working when 
it is overloaded by the dynamic external force. Therefore, the recommended robot weight should not 
be over 2 kgf by more than 50% of the safety factor. 
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4.2 System 
The robot is operated by an OpenCM ARM Cortex-M3 microcontroller that is powered by a 32-bit 
CPU [18]. The microcontroller needs an extension Dynamixel motor driver board through a 485 serial 
bus protocol [19] for the 12 motors paired using a three-wire connector as in Figure 10. The 
Dynamixel refers to each motor using an ID number. The motor model is AX-18A [20], and it has 
maximum torque of 18kgf/cm, stall torque of 1.8 Nm, and a speed of 97 rpm, using operation voltage 
of 9-12 V. 

                                                 
Figure. 10 (Left) The ARM Cortex-M3 is placed on the OpenCM 485 extension board. (Right) The 

digital servo model is Dynamixel AX-18A. 
 

4.3 Software 
The robot’s legs move together concurrently when the robot walks. The robot control hardware and 
software must support the walking behavior. OpenCM IDE [21] is similar to Arduino programming, 
and the MCU has high efficiency. It supports a multitasking programming that is necessary for the 
four-legged robot moving coincidently using FreeRTOS to perform tasks as in Figure 11. The robot 
moves FR, RL, FL, and finally RR in parallel time steps. 
 The robot walks by using the multitasking program in Table 2. The program begins with a 
connection task to the 485 bus protocol for communicating with the Dynamixel motors in line 3. The 
setup function has created 12 tasks to control the motors in lines 4-20. There is nothing run in the loop 
function, but there are 12 synchronous multitasks defined to control 12 motors individually in walking 
step series angles in lines 24-35. However, each motor has to rotate in the trajectory walking pattern. 
 

 
Figure. 11 The pace level is normalized. Four-legged parallel logic control to lift the robot feet up and 

down in walking steps to move the robot forward. 
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        Table. 2 Pseudocode by Arduino Coding 
 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 

void setup() 
{ 
 Set connection to 485 Bus 
 // Front Right Leg 
 Create task_id3 for move T1 // motor id3 
 Create task_id2 for move T2 // motor id2 
 Create task_id1 for move T3 // motor id1 
 // Front Left Leg 
 Create task_id4 for move T1 // motor id4 
 Create task_id5 for move T2 // motor id5 
 Create task_id6 for move T3 // motor id6 
 // Rear Left Leg 
 Create task_id9 for move T1 // motor id9 
 Create task_id8 for move T2 // motor id8 
 Create task_id7 for move T3 // motor id7 
 // Rear Right Leg 
 Create task_id10 for move T1 // motor 
id10 
 Create task_id11 for move T2 // motor 
id11 
 Create task_id12 for move T3 // motor 
id12 
} 
// Multitasking Trajectory Path Profile 
void loop() {} 
void task_id1(){ Set knee angles of FR } 
void task_id2(){ Set wing angles of FR } 
void task_id3(){ Set shoulder angles of 
FR } 
void task_id4(){ Set shoulder angles of FL } 
void task_id5(){ Set wing angles of FL } 
void task_id6(){ Set knee angles of FL } 
void task_id7(){ Set knee angles of RL } 
void task_id8(){ Set wing angles of RL } 
void task_id9(){ Set shoulder angles of 
RL } 
void task_id10(){ Set shoulder angles of 
RR } 
void task_id11(){Set wing angles of RR } 
void task_id12(){Set knee angles of RR } 

 

 
 
5. Experiment 

The robot is tested by forward walking to verify the kinematic equation with a pure walking gait. It 
has a walking gait trajectory without an algorithm to balance the robot when it takes a walk. The robot 
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uses the digital servo motors that already have a positioned control firmware. The environment 
used for testing is a flat floor. 
 

5.1 Result 
The result of the robot walking is seen as image sequences. The graphs are not precisely like the 
planned walking gait because it is modified to keep balancing the robot to walk straight forward in 
Figure 12. The left and right side legs have a different motion because the control values of the 
motor have been compensated. 
 

 

 

 

 

 
 

Figure. 12 The image sequence from 1 to 15 images in five seconds on the walking one pace of each 
leg 

  
 The robot stood walked without expanding its legs to the side. Thus, if the wing joint angle was 
fixed by one degree, then it is not shown in Figure. 13. 
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Figure. 13 The series of θ1 and θ3 angle to control the robot, which concurrently walked forward, 
using four legs as FR, FL, RL, and RR, in five seconds per round. 

 
6. Discussion 

The robot did not move smoothly, and it did not walk in a well-balanced fashion because it 
did not have additional sensors. For example, the IMU sensor is necessary for detecting the center of 
gravity and the body balance, when the robot walks. The robot needs a sensor at its feet to detect 
whether it has already contacted the ground. Moreover, the feet are made of a non-adhesive plastic 
filament, so the robot slips while walking. Therefore, the design of the walking gait pattern does not 
work well. 
 
7. Conclusion 

The dog-like robot can walk forward by relying on the walking gait trajectory from the validated 
kinematic equation. In many patterns, the walking gait and trajectory pace can be designed 
independently for proper stability and balance. The multi-task program can control the four-legged 
walking gait well. However, it is better to use the high performance that is embedded in the computer 
or mini-pc, to develop its intelligent perception of, and response to, the environment. 
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Abstract. The lost of an eye results in psychological impact, decrease self-esteem and low 
quality of life. Fabrication of a custom-made ocular prosthesis is very challenging and requires 
artistic skill to mimic the remaining eye. The prosthesis needs to be precisely fit and matches 
the color of the iris and the sclera. A cosmetically acceptable prosthesis is that reproduces the 
color, form and orientation of the iris and the characteristics of the sclera. The purpose of this 
study was to assess the color printing of both iris and sclera of an artificial eye using UV-
printer machine to process the staining procedure. It can reduce time consumed, adjustable 
shade and provide more stable color mapping on the acrylic resin eye prosthesis.  

1.  Introduction 
The custom-made ocular prosthesis first discovered and fabricated using acrylic resin by the United 
States Naval Dental and Medical Schools. This innovation was published in 1944 [1]. Acrylic resin 
material was replaced the use of glass eye because of easy-to-manage properties, for example 
adjusting the size and the shape, processing method, strength of material during flasking and curing, 
inert to eye fluid and body tissue and also staining method can be done easier compare to glass 
material [2].  

The sequence to fabricate custom-made ocular prosthesis consists of packing whitish acrylic resin, 
sometimes mixed with tooth-shade acrylic resin to get a closer match with the patient’s sclera. Then 
the part of iris is fabricated and fixed in the position. Normally the color of sclera is not completely 
matched due to several reasons such as variety of the natural colors, and depends on the skill of 
ocularist. So, the color of sclera usually has to be stained in details and finally processing of a clear 
acrylic covering. However, the iris part has its own method to fabricate includes painting on disk, 
using the photograph of contra lateral eye. The painting of iris has many techniques [3, 4]. Sometimes 
use direct coloring on circle black disc or paint on iris button and place it onto the position [5-9].  
There are some literatures compared  the advantages and disadvantages between painting technique 
and digital photograph of contra lateral natural iris  and they concluded that the digital photograph has 
advantage of easy procedure, less time, and quite match of true color. But the disadvantages are 
requiring specific software program and more experienced human skills [10-12].   Moreover, painting 
of iris was found to have a color change after a period of time [13, 14]. The study of Artopoulou, et al., 
2006 proposed the technique using digital photograph attach to iris button and process by packing 
ocular prosthesis. The result was quite good appearance [1]. After that, in 2014, Shah et al. presented 
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the ocular prosthesis by a technique using a computer program to adjust brightness and contrast of the 
digital eye image. They selected the most closely match with the natural iris of the patient and bring 
this image to use [15]. Once again in 2015, Buzayan, et al. revealed a case report, they used adjusted 
iris image for processing [11]. In addition, there are several articles presented the use of staining 
technique and also the method to attach the iris image to the sclera part [16-19].  

However, the idea about esthetic is more concerned include the field of ocular prosthesis 
fabrication. The custom-made ocular prostheses were evaluated for the natural appearance. The 
measurement tools or grading scales were developed to determine how real-looking the prosthesis. 
Dave, et al. in year 2016, set the criteria for grading the ocular prosthesis due to the appearance. The 
grading was precise and reliable which separated into 3 sub-topics for evaluation; first: naturally of 
limbus area (the junction between iris and sclera),   second: color matching of sclera (which combine 
staining and vessels) and third: color matching of iris. The total score from 3 sub-topics expressed the 
whole appearance score for the prosthesis [20]. In the present time, computer technology becomes the 
important part of every work field, including fabrication of the ocular prosthesis. This can be proved 
by new release publications (within 1-2 years), for example, Ruiters, et al. used computer combined 
with CT scan to get space of missing eye ball and also can form the shape or prototype of the 
prosthesis more precise than conventional technique using impression materials [21].   Nowadays, the 
concern of esthetic is the big issue and there’s more advanced technology development, so that a lot of 
researchers turn to find out and do the experiments involving the technology to create the beautiful or 
naturally-looking prosthesis. Chinnery, et al., 2017 revealed the new article stated that they used 
advanced technology to improve ocular prosthesis fabrication [22]. Their work was performed with 
iris part by taking digital photograph of the patient’s natural eye, adjusted color, brightness and 
contrast by a graphic program such as Photoshop. They got the picture of iris that was quite naturally 
looking. After that the iris was brought to fix and covered with resin. This technique enhanced the 
precise iris color. Beside the literatures indicated that in the future technology can do more, for 
example, scanning technology which can detect curvature and details the eye socket or 3D CAD 
software which can produce the accurate surface texture. This technology consists of the process of 
rapid prototyping and manufacturing (RP & M) which can create a wax-pattern for any piece of work. 
Nevertheless, there’re some concerning aspects that technology still cannot create, like how to put 
sclera color including vessels to the white part of the eye, also the procedure for the finishing and 
polishing the ocular prosthesis. Therefore, this can be the recommendation for further study to find a 
method of mapping 2D picture of sclera and vessels then bring on acrylic resin of the eye prosthesis 
and make it looks realistic.  

As the main problem in the fabrication of the ocular prosthesis is that the characteristic and color is 
usually not completely matched with the normal remaining eye due to several reasons such as lack of 
technical skill. So, the color of prosthesis usually has to correct again and again by hand-painting 
before delivery to the patient. The time consumed and wasted materials are of significant 
consideration. However, because of more advanced technology nowadays, the printing process from 
hi-tech machines can be the solution. This present experiment tries to find out whether the UV-printer 
can overcome those situations or not. 

  

2.  Conventional technique 
The fabrication of custom-made ocular prosthesis in Thailand normally uses the staining method. The 
sequence to fabricate custom-made ocular prosthesis consists of packing whitish acrylic resin, 
sometimes mixed with tooth-shade acrylic resin to get closer match with the patient’s sclera. Then the 
part of iris is fabricated and fixed in the position. All the characteristic details are painted on scleral 
surface. The stained color and attached vessels are dried, and then the outer surface was covered with 
clear acrylic resin.  
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3.  Materials and method 
Materials  

1. DSLR camera: Nikon D5300 with a macro lens (Tokina AT-X PRO) and ring flash (LED 
macro ring flash FC100, MEIKE) 

2. Computer software: Illustrator CS6 and Adobe Photoshop CS6 (Adobe System Inc.) 
3. UV- printer: Versa UV LEF-300 (UV flatbed printer, Roland) 

 
Method 

1. Preparation of the samples 
Heat-cured clear acrylic resin was packed in a dental stone mould formed by wax-pattern of 

the ocular prosthesis’s shape. Reduction of 2 mm. in thickness from the outer surface was preformed. 
The center of the sample was flattened in accordance to the diameter of the iris in adjusted image. 
Finishing was done by pumice. The stone mould was kept for later packing of clear outer surface 
acrylic resin.  
 

2. Characterization studies 
A high quality digital photograph of the patient’s contra-lateral natural eye was captured using 

a DSLR camera (Nikon 5300) with a macro lens (Tokina AT-X PRO) and a ring flash (LED macro 
ring flash FC100, MEIKE)   Set the aperture to between f22 and f25, the shutter speed to 1/125 
second, the white-balance to between 5000 and 5500, the ISO to 400, and the flash exposure 
compensation to 1/18.[19] The distance between the camera and the patient’s eye was 60 cm in a room 
without direct light to the patient’s eye. The photograph obtained was edited by mirroring the image 
and extending the sclera part by the use of a cloning tool. The diameter of the iris should be 1 mm less 
than that of the natural iris measured earlier to compensate for the magnification caused by the clear 
corneal prominence.[11] Software Illustrator CS6 and Adobe Photoshop CS6 (Adobe System Inc.) 
were used in this case. Different combination of brightness, contrast and hue were adjusted to produce 
an image to match the patient’s eye perfectly at the time of try-in (see figure 1). 

 

 
 

Figure 1. Adjusted image using software program. 
 

The final image printed on a photo-paper using a laser printer (Canon printer image CLASS 
LBP7110Cw) with a color-ink print cartridge (Canon Cartridge 331) (see figure 2). 
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Figure 2. Image printed on photo-paper. 
 

Once verified, the color of iris and sclera matched with the patient’s natural eye and then the 
method of UV-printing was started. The acrylic blank was placed on the base inside UV-printing 
machine.  All the figures were managed properly to fit the image onto the acrylic blank and run the 
printing process.  

Then the printed acrylic was removed from the UV-printer and checked for any defect (see figure 
3). 

 

 
 

Figure 3. Image printed on acrylic sample. 
 

Covered the surface with 3 light coats of water-resistant spray used for artwork and applied 
monopoly syrup on top to achieve seal and prevent dissolve of the printed color.  Packing and curing 
with clear heat-cured acrylic resin was carried out in the conventional manner. Finishing and polishing 
of the prosthesis with care of the shape and contour. The ocular prosthesis was compared again with 
first image of patient’s natural eye. We found that the color was matched with the original shade but 
the texture of surface color was destroyed by the monomer of dental resin.  

So, we have to find out the method to protect the color layer from contacting with monomer until 
the clear acrylic set. 
 

4.  Results 
The procedure of characterization ocular prosthesis using UV-printer can achieve the color matching 
or the appearance of natural eye without significantly difference from the conventional staining 
technique. The process of staining can be shortened by only set the software and place the piece of 
acrylic inside the printing machine. Anyway, the important obstacle was the printed color can be 
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dissolved by the monomer which is the content of acrylic resin used for external surface packing in 
this kind of prosthesis. For further study we should looking for the best procedure to stuff or fix the 
printed color permanently. This can complete the process of fabrication of ocular prosthesis using UV-
printer. 
 

5.  Discussion and Conclusion 
Ocular prosthesis fabrication has several critical steps which result in the success of the treatment. The 
most important aspect affects the esthetic appearance refers to the staining. Characterization of the 
acrylic prosthesis is one of the unique skill performances that spent time and delay the prosthesis 
delivery. Also if the cured prosthesis can be detected the color mismatch, then it will fail the whole 
work.  

Conventional technique is separated into 4 – 5 visits. The first visit begins with making impression 
of patient’s defective eye socket. The impression is sent to lab for fabrication of conformer. The 
second visit patient is asked to try-in the conformer. The doctor then adjusts for passive fit and proper 
eye opening. This conformer is given to the patient to wear for a few weeks. In the third visit while the 
shape of the conformer is corrected and accepted by both the patient and the doctor, then continue with 
step called marking center. This center-marked conformer is sent to lab again for definitive mold that 
used to fabricate the real-looking ocular prosthesis. Finally forth visit patient comes to receive the 
definitive ocular prosthesis. If the prosthesis matches with the natural eye in every detail, the ocular 
prosthesis can be delivered to the patient. Totally, the patient has to spend about 5 weeks. But if 
something mismatches even the size of the iris or the color of iris or sclera, means that the prosthesis 
has to be corrected again by doctor himself or send to lab technician and the patient is postponed for 
next visit for delivery. The delayed overall time may be more than 2 or more months.  

The technique of taking photograph and printing presented in this study can help to reduce human 
skill error no longer than 5 weeks as described above. However, the management to control 
discrepancy from image capturing and adjustment by computer software is necessary to be concerned. 
First the image should gain enough details without artifacts; the software compensation to alter the 
image before printing should compatible with the capability of the UV-printer. Therefore the 
technique recommended in this study is one of the useful alternative treatments of choices. While the 
cost of investment for the technology is quite high, the faster and more valid treatment procedure for a 
large number of patients is in beneficial advantage. One more technique sensitive referred to the un-
clear part of iris that out of focus. The printer cannot auto-change focus for the several directions of 
color painted if the iris part of acrylic resin pattern was not prepared precise straight plane. This 
problem can be solved in the process by try to set the tip of the printer exactly adapted to the outline of 
the iris part before start the printing process. Although changing from conventional technique to the 
new technology processing has to be gradually adapted and modified. Once the software is ready set, 
the UV-printer works properly, there’s an exactly chair-time visit for each patient.  
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Abstract. In recent years, subspace System Identification (SI) algorithms have seen increased 
research, stemming from advanced minimization methods being applied to the Nuclear Norm 
(NN) approach in system identification. These minimization algorithms are based on hard 
computing methodologies. To the authors  knowledge, as of now, there has been no work 
reported that utilizes soft computing algorithms to address the minimization problem within the 
nuclear norm SI framework. A linear, time-invariant, discrete time system is used in this work 
as the basic model for characterizing a dynamical system to be identified. The main ob ective is 
to extract a mathematical model from collected experimental input-output data. Hankel matrices 
are constructed from experimental data, and the extended observability matrix is employed to 
define an estimated output of the system. This estimated output and the actual – measured – 
output are utilized to construct a minimization problem. An embedded rank measure assures 
minimum state realization outcomes. Current NN-SI algorithms employ hard computing 
algorithms for minimization. In this work, we propose a simple Tabu Search (TS) algorithm for 
minimization. TS algorithm based SI is compared with the iterative Alternating Direction 
Method of Multipliers (ADMM) line search optimization based NN-SI. or comparison, several 
different benchmark system identification problems are solved by both approaches. Results show 
improved performance of the proposed SI-TS algorithm compared to the NN-SI ADMM 
algorithm. 
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Abstract. Many physically disabled people who cannot freely move their extremities are 
forced to travel by electric wheelchairs or become bedridden. To assist them, we have 
developed a 7-DOF robot arm called “Udero”, which has a versatile design that allows 
attachment to either wheelchairs or bedsides. Position control use PID control and is 
implemented with both an automatic control mode and a manual control mode. However, with 
manual operation using a joystick, there is a problem that the arm takes time to reach a target. 
Therefore, we propose an operation system with 3-D motion of the hand using an infrared 
camera. Finally, we demonstrated effectiveness by a comparison experiment between the 
joystick and proposed method. 

1.  Introduction 
About 50% of handicapped people in Japan have a physical disability [1]. People with upper limb 
dysfunction such as cervical cord injury (CCI) are often forced to live in a wheelchair, and experience 
difficulties with the actions of everyday life, such as "grabbing objects in front", "opening doors" and 
"moving objects falling on the floor". They therefore, we need help in performing such actions. 
Welfare robot arms that support the lives of people with upper limb dysfunction have been attracting 
serious attention. Users learn to operate the welfare robot arms, which are attached to an electric 
wheelchair or bedside, instead of their own arms, as shown in figure 1. If people with upper limb 
dysfunction can freely manipulate the robot arm, it is possible to perform various daily activities 
without further support, thus improving quality of life. 

Several welfare robot arms are currently in the research and development process [2-4]. For 
example, conventional robotic arms for welfare include the iARM by Exact Dynamics, JACO2 by 
Kinova Robotics and RAPUDA by the National Institute of Advanced Industrial Science and 
Technology. In general, these can be operated using a keypad or a joystick. However, since there are 
many buttons on the keypad, it is difficult to memorize the layout. In addition, it is necessary to switch 
operation modes frequently when using a joystick. For these reasons, daily operations using the robot 
arm can take time and burden the operator [5]. In order to solve these problems, we aim to develop an 
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interface that can operate the robot arm quickly, without switching operation modes and requiring 
many buttons. 

First, we describe the details of the robot arm developed in this research and explain the 
composition of the system. Next, we propose a new robot arm manipulation method. Finally, we 
perform comparative experiments between conventional interfaces and the proposed method to 
demonstrate the effectiveness of this research. 

 
Figure 1. Robot arm attached to electric wheelchair. 

 

2.  The developed robot arm 
Table 1 lists the basic specifications of the seven degree-of-freedom (7-DOF) robot arm “Udero” 
developed in this research. Udero has a compact root part that can be attached to an electric 
wheelchair. In addition, since its structure becomes thinner from the root to the finger like a human 
arm and hand, it is designed to work well in familiar surroundings. 

 
Table 1. Specifications of the robot arm. 

  

DOF 4(Arm) + 3(Wrist) + 1(Hand) 
Max. Reach 885 [mm] 
Max. Total weight 6.0 [kg] 
Max. Payload 1.0 [kg] 
Max. Speed 200 [mm/s] 

 
2.1 Joint structure of robot arm  
The robot arm has a structure in which adjacent joint axes are orthogonal to each other. The seven 
joints of the robot arm are called J1 to J7 in order from the root. Also, we can use orthogonal joints 
from J1 to J3 and J5 to J7 to resemble ball joints J1,2,3 and J5,6,7. If these joints are compared to the human 
arm, J1,2,3, J4 and J5,6,7 are equivalent to the shoulder, elbow and wrist joints, respectively. As shown in 
figure 2, the movable region of each joint has a wider range of motion than the human body in regions 
where physical interference does not occur. The length of each link is designed with reference to the 
length of human hands, forearms and upper limbs [6], and the lengths of J1,2,3, J4, and J5,6,7 from the tip 
of the hand are 190 mm, 470 mm and 750 mm, respectively. The total length is 850 mm. Also, since 
the device must be able to lift a cup onto the table at the hand, the payload amount is 1 kg at the 
maximum reach. 
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Figure 2. Structure of the robot arm. 

 
2.2 Folding structure considering size reduction and design 
In the case where the upper arm link and forearm link of the robot arm are on the same straight line, 
since the elbow joint has a rotation axis orthogonal to the two links, the links tend to interfere with 
each other and the range of motion becomes small. Therefore, an offset is provided between the upper 
arm link and the forearm link so that the elbow joint can be bent 180 degrees. Figure 3 shows the 
developed robot arm. As may be seen in the figure, with the offset, it is not only possible to fold the 
robot arm compactly, but also to pick up items located directly underneath it. 

 

 

 

 

(a) Unfolding state.  (b) Folding state. 

Figure 3. 7-DOF robot arm “Udero”. 
 

2.3 Basic control method 
In order to calculate the angle of each joint we use inverse kinematics from the current hand position 
to the target. PID control is used to control each joint. 

There are two modes of operation method. The first is an automatic control mode that moves based 
on a pre-generated trajectory. The second is a manual control mode operated by input from the 
interface. Since various actions are required to support individuals with upper limb dysfunction, we 
focus on the problems with manual operation in this research. 

3.  Development of gesture based interface system 
To solve the problem of long operation time, we develop an interface that does not require many 
buttons or switching of operation modes. In this research, we focus on people who cannot move their 
fingers, as in CCI with upper limb dysfunction. Therefore, we use an infrared camera for the interface, 
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which does not require fingers movements. It is designed to operate the robot arm according to the 
movement of the operator's hand. For the infrared camera, we used Leap Motion, which can recognize 
the 3-dimensional (3-D) position of the fingertip or hand joint by a maximum of 0.01 mm, in figure 4. 

 

 
Figure 4. Leap Motion used as an infrared camera. 

 
We perform position control of the robot hand using the above interface. As the operation system, a 

threshold ε is taken with respect to the deviation  between the coordinates  of the 
current palm and the initial coordinate  of the palm read by the Leap Motion. When the deviation is 

, the target coordinate of the robot hand is represented as equation (1). 

  (1) 

Here,  is the current coordinate of the robot hand, which changes with displacement ;  is the 
moving speed of the robot hand, which varies between 0.05-0.08 m/s depending on the norm of the 
deviation; and  is the sampling time.  is the direction vector of the normalized deviation and is 
represented as equation (2). 

  (2) 

Also, when the deviation is , the target coordinate of the robot hand is represented as 
equation (3). 

  (3) 

At this time, the position of the wrist of the robot arm does not change. When the robot arm is 
stationary, it is possible to open and close the hand. In order to allow people with CCI to operate the 
robot arm, the motion of the arm must correspond to their possible movements. In this study, we detect 
the angle between the vector perpendicular to the palm and the z-axis of the reference coordinate 
system, read from the infrared camera. As shown in figure 5(b), the inclination angle of the hand 
corresponds to the opening and closing operations of the robot hand. 

 

 

  

 

(a) Position operation.  (b) Opening and closing. 

Figure 5. Image of proposed gesture interface. 
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4. Comparative operation experiment 
4.1 Experimental Outline 
In order to verify the effectiveness of the gesture interface system, we conducted experiments 
comparing the joystick and buttons operation to the Leap Motion operation. The experimental task 
was an operation to transport a cup from point A to point B three times for each interface. Point A was 
located 250 mm forward from the base of the robot arm and 160 mm to the left; point B was 100 mm 
forward of the point A, 300 mm to the right, and 150 mm above. The experimental procedures were as 
follows. 
1. Exercises using Leap Motion 
2. Experiment with Leap Motion 
3. Exercises using joystick and buttons 
4. Experiment with joystick and buttons 
Participants in the experiment were three healthy persons (two male, one female). The experimental 
environment for the interface is shown in figures 6 and 7. As may be seen in figures, subjects 
operated the system from a position where the robot arm could not reach, for safety. 

 

 
Figure 6. Experimental setup of joystick and button. 

 

 
Figure 7. Experimental setup of infrared camera operation. 

 
4.2 Experimental result 
Figures 8 and 9 present the experimental results of the operation using the joystick and button, and the 
Leap Motion. As shown in figure 8, the average times for each subject's operation were 22.6 s, 20.6 s 
and 22.6 s. Subjects were unable to achieve the operation in less than 20 s. On the other hand, in figure 
9, the average time of operation for each subject was 18.3 s, 17.6 s, 14.0 s, all less than 20 s. These 
results confirmed that the operation time was reduced in all subjects by using the proposed operation 
method. In the operation using the joystick and button, it was necessary to switch between the up and 
down operations and the horizontal operation of the hand. However, in the proposed method, since the 
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robot arm is operated by the hand movement of the operator, it is possible to manipulate the robot arm 
three-dimensionally. Therefore, the operator can easily recognize the operation of the robot arm. This 
is considered to be one of the reasons why operation time was shortened. In addition, we compared the 
number of operations required to operate the joystick and button and the infrared camera. Here, the 
number of operations is defined as the number of times it is necessary to switch the movement of the 
robot arm. In the case of the joystick and button, the number of operations corresponds to the number 
of times the hand had to leave the interface. In the case of the operation by the infrared camera, it 
corresponds to the number of times that the deviation between the current coordinates of the palm and 
the initial coordinates becomes smaller than the threshold value. Table 2 shows the number of 
operations using the joystick and buttons, and Table 3 the number of operations using the infrared 
camera. Data in the tables confirm that the number of operations to achieve the goal was reduced in all 
subjects with the proposed method. From this, it can be considered that the operation time was 
shortened, since the number of operations was reduced. From the results of this study, it is considered 
that the proposed manipulation method leads to a reduction in operation time, and suggests adaptation 
to upper limb dysfunction can be expected. 

 

 
Figure 8. Operation time with joystick and button. 

 

 
Figure 9. Operation time with Leap Motion. 
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Table 2. Number of operations with joystick and button. 

 First Second Third Average 
Subject 1 11 14 10 11.7 
Subject 2 11 11 12 11.3 
Subject 3 15 14 12 13.7 

 
Table 3. Number of operations with Leap Motion. 

 First Second Third Average 
Subject 1 9 8 9 8.7 
Subject 2 8 7 8 7.7 
Subject 3 5 5 5 5.0 

 

5. Conclusion 
People with upper limb dysfunction such as CCI need various forms of support in their daily lives. 
Welfare robot arms are one possible from of support that has been attracting attention. However, 
existing interfaces, require frequent switching of operation modes and manipulation of many buttons, 
which takes time to operate. Therefore, it is difficult to smoothly incorporate the robot arm into daily 
life routines. In this research, in order to shorten operation time, we developed an interface that does 
not require operations with multiple buttons or switching operation modes. We proposed a 
manipulation method by 3-D motion of the hand, read by an infrared camera. We then conducted an 
experiment to compare the joystick and button operation with the proposed operation. The 
experiments confirmed a reduction in operation time and in number of operations, and showed the 
effectiveness of this research approach. In future research, we plan to conduct comparative 
experiments with the system on cervical spinal cord injured persons. 
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Abstract. This paper presents an estimation of simplified dynamic model for only surge- and 
yaw- motions of catamaran by using system identification (SI) techni ues to determine 
associated unknown parameters. These methods will enhance the performance of designing 
processes for the motion control system of Unmanned Surface Vehicle (USV). The simulation 
results demonstrate an effective way to solve for damping forces and to determine added masses 
by applying least-s uare and AutoRegressive Exogenous (AR ) methods. Both methods are 
then evaluated according to estimated parametric errors from the vehicle s dynamic model. The 
AR  method, which yields better estimated accuracy, can then be applied to identify unknown 
parameters as well as to help improving a controller design of a real unmanned catamaran. 
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Abstract. Conveyor chain is one kind of chain which has been used worldwide to transport or 
carry an object from one place to anywhere on the production line. In fact, a key factor of 
conveyor chain design is tension on chain link plate which the traditional static design method 
has not precise and accurate enough for production line has complex and large size. Multi-body 
dynamic (MBD) is a new way to analyze system which static analysis method cannot investigate 
any problem. This paper aims to apply commercial code software to find tension on chain link 
plate of conveyor chain by using multi-body dynamics (MBD) simulation method which simple 
model of chain alignment such as vertical, horizontal and incline alignment is fundamental of 
complex alignment that apply in rubber gloves industry. Finally, the results had obtained from 
numerical formula and multi-body dynamics (MBD) simulation have an average error less than 
7, 5 and 7 percent in horizontal, vertical and incline layout, respectively. Percent error disregards 
the oscillation effect from increasing the velocity of the conveyor chain while the mathematical 
formula is not. 
 

1. Introduction 

Thailand is the 1 of 3 largest countries who is the latex exporter (nature rubber) in the world. Rubber 
gloves are the primary product of latex. Thailand is the leader of rubber gloves for a long time [1]. 
However, the self-know-how of the technology of rubber gloves still has nothing. Many rubber gloves 
industrial plant in Thailand still hires Malaysia engineering to design and control the plant. One of all 
design is the chain layout design. 
 For centuries, Chains have been developed and used to drive machine and move materials on 
conveyors and up elevators. In the present day, Chains have many kinds of it that developed to properly 
applications. One type of them that popularly used in the rubber gloves industrial. It is a conveyor chain. 
The conveyor chain is a key role as to transport products through any process in along a distance of 
production line that means all of the production lines will stop immediately if the chain has got any 
problems exist to breakdown. One of all problems have been found from the investigation of reference 
rubber gloves plant are the fracture in conveyor chain and drive shaft. These problems have been caused 
by wear and excessive tension force which occur from the dynamic loads. However, this research focus 
in using commercial code software to investigated tension force instead of using the mathematical 
formulation that is not enough to investigate the effect of dynamic of heavy loads and long conveyor 
chain system [2].  
 One of all challenge for design conveyor chain system is the effect of dynamic behavior during 
motion that cannot predict by using the static theory that draws a particular attention from many 
researchers in this area. 
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 The dynamic of a roller chain drive system was studied which simulation model has roller chain 
drive with two sprockets and two spans by Juntian et al. [3]. It was reported in movement curves such 
as displacement diagrams, velocity curves, accelerating curves and tension curves. The results show the 
effect of dynamic cannot be neglected at high speed.   
 Mulik et al. [4] studied timing chain system of a high speed three cylinders diesel engine by using 
MBD simulation to investigate dynamic behavior instead of the actual engine to save cost and time. The 
dynamic analysis shows the result in terms of parameters such as contact force and normal force between 
different components. 
 In this paper, The MBD simulation is used to compare with mathematical formulas to investigate 
tension force and dynamic behavior. Such as the influence of gap between sprocket and rail, the position 
of rail alignment. 
 
2. Mathematical formulation 

For chain design, the chain tension force equations are derived from the basic principles of Newton's 
equations by using free-body diagram rules. These equations are developed for convenience and 
compact to calculate chain tension force which basic conveyor chain layouts as shown in Fig. 1. They 
are the principle of all designs. The formulas for conveyor chain have two modes which mode one is 
material is carried on the chain, and mode two is material is pushed on a deck [5]. This paper specifies 
on mode one only. The equations are described in equation (1)-(3) as 
 
Horizontal Conveyors 
 

 ܲ ൌ ܥ ெ݂ሺʹǤͳܯ ܹሻ  ܲ (1)
 
Vertical Conveyors 
 

 ܲ ൌ ܯሺܥ ܹሻ  ܲ (2)
 
Inclined Conveyors 
 

 ܲ ൌ ܥ ெ݂ ��� ߙ ሺʹǤͳܯ ܹሻ  ሺܹܥ ሻ (3)ߙ���
 
Where 
 
 ܲ = conveyor chain pull (N.) 
 length of the conveyor (m.) = ܥ 

 weight of the chain, attachments, and carriers (N/m.) = ܯ
 ܹ = weight of the conveyed material (N/m.) 
 ெ݂ = coefficient of friction for the chain 
 ܲ = take-up tension (N.) 
 ܲ = added chain pull from accumulation (N.) 
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Fig. 1. Basic conveyor chain layouts 

  
 All of these equations for chain tension assume in a static condition. The same supports are used for 
the return span as are used for the conveying span in the term ʹǤͳܯܥ ெ݂. If the supports for the return 
span are different than for the conveying span, the term ʹǤͳܯܥ ெ݂ will have to be split into two parts: 
ͳǤͲܯܥ ெ݂ for the conveying span and ͳǤͳܯܥ ெ݂ for the return span. In most of the equations, the term 
ͲǤͳܯܥ ெ݂ is included to account for tail shaft or sprocket friction.  
 
3. Theory of multi-body dynamic systems 

The simplest bodies or element of a multi-body system were solved by Newton equation (free particle) 
and Euler equation (rigid body). Later, a series of formulas were derived for solving dynamic behavior. 
The series of geometry are combined as the multi-body dynamic system which composed of multiple 
bodies is constraints to calculate the motion. The bodies in multi-body dynamic system concern rigid 
bodies to form equation of motion by the Lagrangian equation [6], [7]. The dynamic equation of each 
body of the system is given by: 
  

 ݀
ݐ݀
൬
ܮ߲
ሶݔ߲

൰ െ
ܮ߲
ݔ߲

ൌ Ǣܨ ݇ ൌ ͳǡʹǡ͵ǡ ǥ ǡ ݊ (4)

 
Where 
 
ܮ  ൌ ܶ െ ܷ (5)

 
 Where ݔ is the generalized coordinate of the k-th body, ܨ is the generalized force on the k-th body, 
n is a number of bodies, L is the Lagrangian function, T is kinetic energy, U is potential energy. 
 The constraint equation relates with bodies is given to assemble bodies by: 
 

ǡݔሺܥ  ሻݐ ൌ ͲǢ ݅ ൌ ͳǡʹǡ͵ǡ ǥ ǡ݉ (6)
 
 Where m is the number of constraints. 
 The dynamic equation of system is expressed in the matrix form by: 
 

 ݀
ݐ݀
൬
߲ܶ
ሶݔ߲

൰  ݔܭ ൌ  (7)ܨ

 
 Where K is the rigidity matrix. ܨ is the force vector. 
 The bodies are assembled to a system through constraints. The differential equation of the system 
is generated by the Lagrange multiplier method which was written in matrix form as: 
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ሷݔܯ   ݔܭ  ்ܬ ൌ  (8)ܨ

 
 Where M is the mass matrix. ܬ  is the Jacobian matrix of constraints. This dynamic governing 
equation of the multi-body dynamic system will solve through commercial code. 

 

4. Simulation model of conveyor chain  

A virtual prototype of conveyor chain consists the five main parts: conveyor chain, sprocket, actuator, 
supported rails and frameworks. In simulation, frameworks assume as zero which it is fixed on the 
ground. The conveyor chain, sprocket and supported rails are simplified as a rigid body. Sprocket use 
ISO606 standard. The actuator operates as an electrical motor. The contacts were created in between 
each link of the conveyor chain and supported rails. Which is shown in Fig. 2.  
 

 
Fig. 2. Simulation model of conveyor chain 

 
5. Results and Discussion 

 Important parameters for MBD simulation are summarized in Table. 1 – 4 which separates two part: 
part one in table 1 and table 3 for sprocket which includes numbers of sprocket teeth, sprocket dimension, 
the distance between sprockets and static/dynamic coefficient of the sprocket. Part two in table 2 and 
table 4 for conveyor chain which includes total chain length, chain pitch, number of links, conveyor 
chain dimension, mass of chain and objects and friction coefficient of contact. 
  
           Table 1 Specification of the sprockets 

Parameter Name Parameter Value 
Drive sprocket teeth 20 
Driven sprocket teeth 20 
Sprocket diameter 639 mm. 
Sprocket width 25 mm. 
Distance between sprockets 7000 mm. 
Static friction coefficient of sprocket 
Dynamic friction coefficient of sprocket 

0 (frictionless) 
0 (frictionless) 

 
    Table 2 Specification of the conveyor chain 

Parameter Name Parameter Value 
Total chain length 16000 mm. 
Roller diameter 62 mm. 
Number of links 160 
Chain pitch 100 mm. 
Link width 30 mm. 
Pitch to back 23 mm. 
Mass of chain and objects 50 kg/m. 
Friction coefficient of contact 0.7 
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5.1 Influence of the gap 
In rubber gloves plant, conveyor chain must carry heavy loads through production line on the supported 
rails. The weight of loads has several tons. Therefore, Roller of conveyor chain is necessary part to 
reduce friction between conveyor chain and supported rails which surface contact together.   
 In mathematical formulas which were derived for convenience to calculate, they assume surfaces 
which contact between conveyor chain and supported rails get completely effective of reduced friction 
through the line. However, it is impossible to get effective of reduced friction through the line because 
the gap is appeared between sprocket and supported rails. We knew the gap make the loads increase up 
but do not know how many loads increase up.  
 To study the influence of the gap. Simulation model set up the gap is 0, 200, 500 and 1000 mm., 
respectively between sprocket and supported rails both of span and return span, where the major 
parameters of the conveyor chain system are as shown in table 1 and table 2. The simulation results of 
the influence of the gap are illustrated in the line graph, as shown in Fig. 3. The results indicate tension 
force in conveyor chain link increases up as an increment of the gap between sprocket and supported 
rails. 
 

 
Fig. 3. Influence of the gap at 0.7 friction coefficient of contact and 7 m. of length. 

 
 In this reason, the gap should be optimal to avoid the additional loads to the systems. 
 

5.2 Influence of supported rails alignment 
Supported rails are a part of the system which supports weight from conveyor chain. In general, 
supported rails should have the same alignment with a roller. In case supported rails misalignment with 
a roller. Conveyor chain may have behavior that calls sag. Sag behavior cause loads of conveyor chain 
increase tremendously which mathematical formulas cannot calculate.  
 To study the influence of supported rails alignment. Simulation model set up the alignment of 
supported rails from roller is 0, 10, 50 and 100 mm., respectively with a gap 500 mm. both of span and 
return span, where the major parameters of the conveyor chain system are as shown in table 1 and table 
2. The simulation results of the influence of supported rails alignment are illustrated in the line graph, 
as shown in Fig. 4. The results indicate tension force in conveyor chain link increase up as an increment 
of space between supported rails and roller. 
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Fig. 4. Influence of supported rails alignment at 0.7 friction coefficient of contact and 7 m. of length 

with the gap is 500 mm. 
 

5.3 Influence of speed 
Speed is behavior which has directly affect to dynamic behavior of the system. The system which 
operates at high speed will found problems such as vibration, noise signal and energy consumption. 
 To study the influence of speed. Simulation model set up the angular velocity is 0.1, 0.15, 0.3, 0.6, 
1.2 and 1.5 rad/s. which converts to displacement velocity is 0.032, 0.048, 0.096, 0.192, 0.384 and 0.48 
m/s., respectively, where the major parameters of the conveyor chain system are as shown in table 1 and 
table 2. The simulation results of the influence of speed are illustrated in the line graph, as shown in Fig. 
5. The results indicate tension force is decreased at a very low speed that is 0.032 and 0.048 m/s. 
However, high oscillation was found at high speed that is 0.384 and 0.48 m/s.  
 

 
Fig. 5. Influence of speed at 0.7 friction coefficient of contact and 7 m. of length with the gap is 500 

mm. 
 

5.3 Influence of sprocket size 
Sprocket is a part of the system to transmit force to drive conveyor chain. Size of sprocket depends on 
conveyor chain pitch and amount of sprocket teeth. Sprocket has the effect of inertia force that means 
more diameter of sprocket will take more effect from inertia force. For sprocket, inertia energy is 
accumulated to serve in term of resistance causes loads increase up. Otherwise, mathematical formulas 
neglect the effect of sprocket size. 
 To study the influence of sprocket size as shown in Fig.6. Simulation model compares tension force 
in conveyor chain link between sprockets have 12, 34 teeth and diameter 450, 1084 mm., respectively 
which conveyor chain pitch is 100 mm., the friction coefficient of contact is 0.07, the gap is 400 mm., 
mass per a unit length is 80 kg/m.  and the length of conveyor chain is 10 m. under the angular velocity 
is 0.3 and 0.6 rad/s., respectively. The results indicate tension force in conveyor chain link of the 
sprocket which has 34 teeth are more than sprocket which has 12 teeth about 300 N. However,these 

485



                 
 

tension force have the results up to 2500 N. in while the tension force is calculated from mathematical 
formulas just has only 1153 N. As above-mention. The equation  ʹǤͳܯܥ ெ݂ can separate three part in 
terms superposition: ͳǤͲܯܥ ெ݂  for span, ͳǤͲܯܥ ெ݂  for return span and ͲǤͳܯܥ ெ݂  for tail shaft and 
sprocket friction. They can explain the results in each part as follows: 500 N. for span, 500 N for return 
span and 153 N. for tails shaft and sprocket friction. The results from MBD simulation was considered 
in terms superposition. Span and return span are the same results as mathematical formulas. Remained 
tension force which has approximately 1500 N. was affected by sprocket. 
 

 
Fig. 6. Influence of sprocket size at 0.07 friction coefficient of contact and 10 m. of length with the 

gap is 400 mm. 
  
 Also, to investigate the effect of sprocket size. Two study case was applied to simulation which case 
one for high friction coefficient of contact is 0.6 and the same distance is 10 m. Case two for very low 
friction coefficient of contact is 0.07 and long distance is 50 m. The results indicate the system which 
has a high friction coefficient of contact is taken the effect of sprocket size less than the system which 
has a low friction coefficient of contact. The results of simulation are approximate 9900 N. and 10350 
N. for sprocket which has 12 teeth and 34 teeth, respectively,. Whereas, the results from mathematical 
formulas is 9888 N.,  as shown in Fig.7. 
 

 
Fig. 7. Influence of sprocket size at 0.6 friction coefficient of contact and 10m. of length. 

 
 In relation to a variable of distance, the results of the simulation are approximate 6200 N. and 7200 
N. for sprocket which has 12 teeth and 34 teeth, respectively,. Whereas, the results from mathematical 
formulas is 5768 N. which the results between MBD simulation and mathematical formulas of 50 m. of 
distance are closer than the results of 10 m. of distance. The results indicate the effect of sprocket size 
has a decrement in the system when the system has an increment in the distance. However, this effect 
still affects in the system which has large sprocket size, as shown in Fig.8. 
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Fig. 8. Influence of sprocket size at 0.07 friction coefficient of contact and 50 m. of length with the 

gap is 400 mm. 
 
 One of dynamic behavior was founded in MBD simulation is a sprocket size. The behavior can be 
noticed obviously in systems which have very low friction coefficient. Whereas, this behavior can be 
neglected at low to high friction coefficient.  
  

5.4 Tension force 
In general, mathematical formulas are used in kinematical and static analysis as above-mentioned. 
However, these formulas cannot predict the dynamic behavior of the system, and it is difficult to 
calculate the system which complicates. Draw a comparison between using the commercial code and 
mathematical formulas to solve the solutions under basic conveyor chain layout. 
 
          Table 3 Specification of the sprockets 

Parameter Name Parameter Value 
Drive sprocket teeth 34 
Driven sprocket teeth 34 
Sprocket diameter 1084 mm. 
Sprocket width 25 mm. 
Distance between sprockets 10000 mm. 
Static friction coefficient of sprocket 
Dynamic friction coefficient of sprocket 

0 (frictionless) 
0 (frictionless) 

 
    Table 4 Specification of the conveyor chain 

Parameter Name Parameter Value 
Total chain length 23400 mm. 
Roller diameter 62 mm. 
Number of links 234 
Chain pitch 100 mm. 
Link width 30 mm. 
Pitch to back 23 mm. 
Mass of chain and objects 80 kg/m. 

  
 A basic layout is the principle model that including horizontal, vertical and incline, where the major 
parameters of the conveyor chain system are as shown in table 3 and table 4. Supported rail alignment 
and the gap are optimized to avoid the additional loads to the system. The gap is 400 mm. and supported 
rail alignment is 0 mm both span and return span. The relation of tension force and time of conveyor 
chain loop in the horizontal layout is shown in Fig. 9., when the start-up period is 10 seconds.  
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 In term of motion, HAVSIN( time , 0 , 0 , 10 , 0.3 ) function was applied as an initial condition. The 
angular velocity of the drive sprocket is 0 rad/s. at time is 0 s. Then the speed of angular velocity 
increases gradually until angular velocity is 0.3 rad/s at time is 10 s. This function has a performance 
better than immediately step function or constant as out of speed control, as shown in Fig. 10. 
Comparison of functions of motion during start-up indicates the tension force in the system which out 
of speed control immediately increases up higher than tension force from loads that should be. Whereas, 
the tension force gradually increase up approximate tension force from loads in the system which 
controls increment of speed. 
 

 
Fig. 9. Tension force loop at 0.6 friction coefficient of contact and 10 m. of length with the gap is 400 

mm. 
 

 
Fig. 10. Compared functions of motion between HAVSIN(time, 0, 0, 10, 0.3), STEP(time, 0, 0, 10, 

0.3) and CONSTANT(0.3) as out of speed control. 
  
 Furthermore, tension force can be plotted in the form of tension profile is illustrated in the line graph, 
as shown in Fig. 10 - 12. Tension profile is a relation of tension force vs. displacement which tension 
force is a magnitude of force including X-magnitude, Y-magnitude and XY-magnitude.  
 The tension force raises up through span and reaches a maximum at the point that contacts the first 
tooth of driver sprocket. Tension force immediately decreases down through the driver sprocket and 
reaches a minimum at the point that contacts a final tooth of driver sprocket. However, the tension force 
is not reached to zero. The tension force is accumulated through return span until contact driven sprocket 
then become to span position. 
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Fig. 10. X-magnitude of tension profile vs. displacement 

 

 
Fig. 11. Y-magnitude of tension profile vs. displacement 

 

 
Fig. 12. XY-magnitude of tension profile vs. displacement 

 
 Fig. 13. presents a horizontal layout which varies in roller friction coefficient. Simulation model set 
up the roller friction coefficient is 0.03, 0.07, 0.1, 0.3 and 0.6, respectively. Comparison of tension force 
shown the results obtained an average error less than 7% 
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Fig. 13. Horizontal layout 

 
 Fig. 14. presents a vertical layout which varies in chain length. Simulation model set up the roller 
friction coefficient is 2, 4, 6, 8 and 10m., respectively. Comparison of tension force shown the results 
obtained an average error less than 5% 
 

 
Fig. 14. Vertical layout 

 
 Fig. 15 – 17. presents an incline layout has angle 30, 45, 60 degrees, respectively which varies in 
roller friction coefficient per one angle position. Simulation model set up the roller friction coefficient 
is 0.03, 0.07, 0.1, 0.3 and 0.6, respectively.  Comparison of tension force shown the results obtained an 
average error less than 7% 
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Fig. 15. Incline 30 degrees layout 

 

 
Fig. 16. Incline 45 degrees layout 

 

 
Fig. 17. Incline 60 degrees layout 
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7. Conclusion 

 The conclusion can be drawn from the study on the multi-body dynamic simulation using the 
commercial code as follows: 

 1) The results of tension force in conveyor chain by using multi-body dynamic simulation through 
commercial code were in good agreement in precision and obtained average error less than 7, 5 and 7% 
in horizontal, vertical and incline layout, respectively. The results that compared with mathematical 
formulas neglected the effect of dynamic behavior. Such as the effect of the gap, sprocket size, supported 
rails alignment and speed. 

 2) The general software is used to design conveyor chain system was developed from a general 
mathematic model which mathematical formulas such as American chain association or other chain 
companies in America, Europe or Asian were derived for compact and convenience for calculation. 
They cannot predict the dynamic behavior of a part of the component or the whole part of the system 
such as rubber gloves plants which have a very long production line. 

 3) Alignment of the component in the system has direct influence to dynamic loads and dynamic 
behavior as a study case that shown in this paper. Therefore, the alignment should not be disregarded. 
The good alignment design can reduce loads and protect excessive loads or unexpected loads in the 
system from dynamic effect. 

 4) The multi-body dynamic simulation would be useful and advance to design and calculate the 
complicated layout, strength in flexible-body and the dynamic loads of the conveyor chain system to 
save time and cost for the production line of rubber gloves plant in further work. 
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Abstract. Experimentation and research of solid rocket motors are important sub ects for 
aerospace engineering students. However, many institutes in Thailand rarely include 
experiments on solid rocket motors in research pro ects of aerospace engineering students, 
mainly because of the complexity of mixing the explosive propellants. This paper focuses on 
the design and construction of a solid rocket motor for total impulse in the class I-  that can be 
utilised as a small sounding rocket by researchers in the near future. Initially, the test stands 
intended for measuring the pressure in the combustion chamber and the thrust of the solid 
rocket motor were designed and constructed. The basic design of the propellant configuration 
was evaluated. Several formulas and ratios of solid propellants were compared for achieving 
the maximum thrust. The convenience of manufacturing and casting of the fabricated solid 
rocket motors were a critical consideration. The motor structural analysis such as the 
combustion chamber wall thickness was also discussed. Several types of nozzles were 
compared and evaluated for ensuring the maximum thrust of the solid rocket motors during the 
experiments. The theory of heat transfer analysis in the combustion chamber was discussed and 
compared with the experimental data.  
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Abstract. Attitude control is an important part in satellite on-orbit operation. It greatly affects 
the performance of satellites. Testing of an attitude determination and control subsystem 
(ADCS) is very challenging since it might re uire attitude dynamics and space environment in 
the orbit. This paper develops a low-cost hardware-in-loop (HI ) simulator for testing an 
ADCS of a CubeSat satellite. The simulator consists of a numerical simulation part, a hardware 
part, and a HI  interface hardware unit. The numerical simulation part includes orbital 
dynamics, attitude dynamics and Earth s magnetic field. The hardware part is the real ADCS 
board of the satellite. The simulation part outputs satellite s angular velocity and geomagnetic 
field information to the HI  interface hardware. Then, based on this information, the HI  
interface hardware generates I2C signals mimicking the signals of the on-board rate-gyros and 
magnetometers and conse uently outputs the signals to the ADCS board. The ADCS board 
reads the rate-gyro and magnetometer signals, calculates control signals, and drives the attitude 
actuators which are three magnetic tor uers (MT s). The responses of the MT s sensed by a 
separated magnetometer are feedback to the numerical simulation part completing the HI  
simulation loop. Experimental studies are conducted to demonstrate the feasibility and 
effectiveness of the simulator. 
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Abstract. This paper investigated the spray characteristics of an 800 kPa compress natural gas 
(CNG) injector which was developed in the domestic Korea. The CNG injector with multi-
holes, employed in this experiment, was designed to inject CNG in manifold at high pressure 
of 800 kPa. The spray macroscopic visualization test was carried out via Schlieren 
photography to study fuel-air mixing process. The fundamental spray characteristics, such as 
spray penetration, spray cone angle and spray velocity, were evaluated in the constant volume 
combustion chamber (CVCC) with varying the constant back pressure in CVCC from 0 to 1.8 
bar. For the safety reason, nitrogen (N2) and an acetone tracer were utilized as a surrogate gas 
fuel instead of CNG. The surrogate gas fuel pressures were controlled at 3, 5.5 and 8 bar, 
respectively. Injection durations were set at 5 ms throughout the experiment. The simulating 
events of the low engine speed were arranged at 1,000 rpm. The spray images were recorded 
by using a high-speed camera with a frame rate of 10,000 f/s at 512 x 256 pixels. The spray 
characteristics were analyzed by using the image processing (Matlab). The results showed the 
significant difference that higher injection pressure had more effect on the spray shape than the 
lower injection pressure. When the injection pressure was increased, the longer pray 
penetration occurred. Moreover, the linear relation between speed and time are dependent on 
the injection pressure as well. 

1.  Introduction 
Due to concerning energy crisis and the air pollution and exhaust emission control, natural gas is the 
one of the most important alternative fuel and also consider as the cleanest fossil fuel. The abundance 
of natural gas has become a attracting factor for the wider usage of the fuel in the internal combustion 
engine [1]. Therefore, many engine scientists are interested to research on the natural gas engine. 
However, there are a few studies focusing on the mixture formation of gas jet.  

This paper studied the spray characteristics in CVCC by varying the injection pressure of an 800 
kPa CNG injector developed in the domestic Korea. To understand the spray behaviours, macroscopic 
spray visualization was investigated via Schlieren photography technic [2,3]. The spray penetration 
and cone angle, and speed of spray were analysed for studying the fuel-air mixing process. 
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2.  Methodology 

2.1.  Experimental setup 
The 800 kPa CNG injector as shown in Figure 1 was a solenoid injector. The general specification 
showed in Table 1. The diameter of nozzle exit is 6 mm. and its maximum injection pressure was 8 
bar. It was mounted on the constant volume combustion chamber (CVCC) to evaluate the spray 
characteristics as well as injection mass flow rate with mass flow meter. For the safety reason, 
nitrogen (N2) mixed with acetone tracer was utilized as a surrogate gas instead of CNG [4–7].  

The injection pressure was set at 3, 5.5 and 8 bar. The back pressure in CVCC was varied with 1.0, 
1.4 and 1.8 bar. The injection duration was controlled by supplying electrical on 5 ms. throughout the 
experiment. The spray cone angle and penetration, and speed of spray were assessed by using image 
processing [8,9]. 

2.2.  spray visualization 
The Schlieren photography technic arranging in z-type as shown in Figure 2 was employed in the 
whole experiment. The spray images were recorded by using a high-speed camera, Photron model S3, 
with a frame rate of 10,000 f/s. The resolution was selected at 512 x 256 pixels. All of The spray 
images were saved in a personal computer via Protron FASTCAM Viewer (PFV) software. The spray 
characteristics were analyzed by using the image processing (Matlab). 
 

 

 

 

Figure 1. The 800 kPa CNG 
injector. 

 Figure 2. The spray visualization setup with the 
Schlieren photography technic (Z-type). 

 
Table 1. General data of 800kPa injector. 
  

Description Value 
Model 800 kPa (Prototype) 
Type Solenoid injector 

Number of hole 4 holes 
Tip diameter 6 mm. 

Max. operating pressure 8 bar 
Input voltage 10-14 V. 
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3.  Results and Discussions 
The definitions of spray cone angle and penetration length as shown in Figure 3 were declared as 
following [10]; spray cone angle (T) was measured the angle from the end of nozzle edge and 
following along the edge of spray penetration length and spray penetration length (L) was measured 
the distance from the end of nozzle tip to the end of spray tip where the last pixel is located. Figure 4 
showed mass flow rate of the 800 kPa injector that the higher injection pressure increases, the higher 
mass flow rate increases. The maximum mass flow rate at 8 bar was 36 slpm approximately. The spray 
developed patterns of injection pressure of 8 bar as shown in Figure 5 exhibited that mixing process of 
the gas jet was significantly different when the back pressure was changed. Figure 6 showed the spray 
cone angle with a variation of injection pressure and back pressure. The results showed that the spray 
cone angle was reduced by 24-27q approximately. In addition, the higher injection pressure led to 
convert the spray cone angle to narrow angle.  

 
 

 
Figure 3. The definition of spray cone 
angle and penetration length. 

 Figure 4. The injection mass flow rate with N2 at the 
variation injection pressure. 

 

(a) 

(b) 

(c) 

Figure 5. The spray developed patterns of (a) injection pressure 8 bar and back pressure 1.0 bar, (b) 
Injection pressure 8 bar, back pressure 1.4 bar and Injection pressure 8 bar, back pressure 1.8 bar 
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(a)                                                                             (b) 

 
(c) 

Figure 6. The spray developed patterns of (a) injection pressure 8 bar and back pressure 1.0 bar, (b) 
Injection pressure 8 bar, back pressure 1.4 bar and Injection pressure 8 bar, back pressure 1.8 bar. 
 
Figure 7 illustrated the spray penetration with the variation of injection pressures and back pressure. 

The results showed that the back pressures of 1.4 and 1.8 bar effect the spray penetration length which 
was shorter than the back pressure of 1.0 bar and their penetration length not too much different with 
each other. Moreover, at high injections, it also affected on the injection delay. 

Figure 8 showed the speed of gas jet that at the low back pressure, the speed of gas jet was faster 
than high back pressure due to low ambient density. In addition, the speed of gas jet was sharply 
increased after injection a few millisecond. 

 

     
(a)                                                                             (b) 

 
(c) 

Figure 7. Effect of the injection pressure on the spray penetrations at (a) 3, (b) 5.5, and (c) 8 bar 
with the variations of the back pressure. 
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(a)                                                                             (b) 

 
(c) 

Figure 8. Effect of the injection pressure on the spray speed at (a) 3, (b) 5.5, and (c) 8 bar with the 
variations of the back pressure 

4. Conclusion 
This paper focused on the spray characteristics of the 800kPa CNG injector. The mass flow rate, the 
spray cone angle and penetration length, and the speed of gas jet are investigated. To analysis the 
spray behaviors, Schlieren photography technic and image processing are employed throughout the 
experiment. The results are compared with each other. The important conclusions are summarized as 
follows: 
 

1. The higher injection pressure increases, the higher mass injection flow increases. 
2. The higher injection pressure had more effect on the spray shape than the lower injection 

pressure. When the injection pressure is increased, the longer spray penetration occurs. 
3. The higher back pressure has also effect on the spray form. However, at the back pressure of 1.4 

and 1.8 bar, the spray characteristics are quite similar. 
4. The linear relation between speed gas jet and time are dependent on the injection pressure as 

well. 
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Abstract. Rear end collision is the significant road accident scenario one among others. Such 
accident always occur when driver estimate an improper distance between his vehicle and the 
leading one and, therefore, perform an unsuitable driving. This sort of accident can be prevented 
by introducing an additional active safety system to the vehicle. This system is called a forward 
collision warning (FCW) system. Such system has been developing for a while and some 
difficulties arose in distinct processes. Hence, this research aims to improve a headway distance 
detection, i.e. distance between host and leading vehicle, which is considered as one significant 
process of the whole FCW system, by introducing a laser scanner and a camera. The process of 
the developed FCW can briefly explained by the followings. First, the camera is used to classify 
the headway object if it is vehicle or not, by adopting Haar cascades method in object detection 
process. Then, the laser scanner will determine the headway distance, in case the leading object 
is a vehicle. Eventually, the measured headway distance will be used by a processor for warning 
driver. The system evaluation experiment was conducted to determine the performance of the 
system, including delay, sensitivity, accuracy, linearity and offset, at the velocity below 30 km/h, 
hence, verifying the operational velocity below 30 km/h. The result shows significantly fine 
sensitivity linearity but quite deviate from actual of accuracy at a given speed. 

1.  Introduction 
The report from (WHO) in 2015 estimated a number of road death in Thailand is about 36.2 per 100,000 
of populations [1]. By this report, this figure gets ranking number 2 from the entire world. Furthermore, 
the information collected by the Royal Thai Police which arranging and reveal by the National Statistical 
Office [2] inform that for the nationwide from 2006 to 2015, 43,643 from the entire 633,198 reported 
cases are rear end collision which caused by driving too close to a leading vehicle. This figure is not 
including other cases that can be prevented by introducing some features to driver in order to perform 
better surveillance and more adequate driving. The more in detail about this figure is shown below in 
Figure 1. 
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Figure 1. The Situation of Traffic Accident Cause of the Accident by a Person 
and Environment Causes of the Equipment Used in Driving, Whole Kingdom: 
2006 - 2015 

 
Not only happens in Thailand, the United States of America faces the same problem. According to a 

report from the National Highway Traffic Safety Administration, 1,966,000 from 6,064,000 crashes, of 
which percentage is about 32.4, are rear end collision [3]. These evidences shows that the rear end stands 
one of the majority type of accident happen on earth. Consequently, the solution here is to reduce 
accident, or at least reduce its severity. From above WHO’s report, factors that lead to traffic accident 
can be classify into 3 class, namely human, vehicles and equipment, and environment. Since human 
plays the main role in controlling vehicle. Hence, in order to reduce the collision possibilities, human, 
i.e. drivers, should be aided by machine in order to make a better decision while driving in various 
condition. The method for doing so, one is to adopt the collision warning system. However, a former 
forward collision warning developed by numbers of department still have some disadvantages due to an 
inaccurate measuring process, mostly by optical vision, e.g. stereo vision, single camera. For instance, 
one pervious research adopting a single camera method [4] provides a mean error of -50 millisecond. 
Consequently, for more effective system, the measuring system should be improved. 

From all mention above, this research is therefore aimed to redesign and develop the forward 
collision warning system in measuring part by introducing the laser scanner or LIDAR in order to 
provide a more accuracy measurement method to the system. 

Finally, the evaluation of the system is conducted to investigate some of characteristic figures which 
indicate the performance of the system. 

2.  System Algorithm 
Figure 2 shows the process flow of the developed forward collision system. The algorithm in this system 
begins with an object detection, a process which determines the obstacle in front of the host vehicle if it 
is a vehicle. Next, the laser scanner will then measure a distance, hence velocity, to the leading vehicle 
relative to the host vehicle if the obstacle is confirmed to be a vehicle by the object detection process. 
Eventually, the measured data from the former process will be used to determine the time to collision 
which is a key parameter of warning criteria for the system to warn driver. 
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Figure 2. A forward collision warning system process flow 

 

2.1.  Object Detection 
In object detection process, the machine learning method of classification is introduced, i.e. the Haar-
like features or Haar Feature-based Cascade Classifiers [5].  Along with the adaptive boost or AdaBoost 
boosting process for machine learning, the system may classifies the obstacle and recognize if it is a 
vehicle. 

2.1.1.  Haar Feature-based Cascade Classification. 
Haar-like features or Haar Feature-based Cascade Classifiers are digital image feature adopt in the object 
detection or recognition process. This object detection method is introduced in Rapid Object Detection 
using a Boosted Cascade of Simple Features. The process can briefly explain as follow. 

Initially, the algorithm is trained by processing a numbers of positive and negative sample image, 
i.e. the image with and without the object needs to be detected. In this process, haar features windows 
are used in quite the same manner as a convolutional kernel in other typical image processing methods 
to extract features from sample images. These extracted features will later be used as basis for object 
detection and identification. The sample of haar features kernel are shown in Figure 3. 

 

 
Figure 3. Examples of haar 
features kernel [6] 

2.1.2.  AdaBoost 
AdaBoost or adaptive boost is a boosting process in machine learning, i.e. the process which helps to 
reduce error and improve machine learning algorithm. This process will focus on the area where the 
system is not performing well. A recursive training is the key to this process, samples used in training 
are introduced repeatedly to a different model whereby the misclassified samples from the previous 
training are weighted in order that theses samples are more likely to be used in training for the next 
process. Eventually, when the desired accuracy is achieved, the weighted sum of weak classifiers will 
be processed as a final classifier, in which these weak classifiers gathering together to perform an 
effective classifier. 
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2.2.  Distance Measurement 
In this process, the laser scanner is used as a developed system alternative distance sensor to detect the 
headway distance. This headway distance will later be processed for a relative velocity between host 
and leading vehicle. 

2.3.  Warning Criteria 
After the relative velocity between host and leading vehicle is obtained, then the time to collision can 
be derived. This time to collision is a key parameter for system to active a warning process. A certain 
value of time to collision, i.e. 1 second, is set as criterion of the system. Time to collision is defined by 
the equation (1), where H is headway distance and relV is relative velocity between host and leading 
vehicle. 

 
rel

HTTC
V

  (1) 

3.  Instruments 

3.1.  Camera 
The camera used here is the iDS uEye LE. iDS is an industrial digital camera which is adopted in many 
fields of operation. The advantage of selecting this camera to be used in the project is that the camera 
itself provide a flexible configuration setting which can be set up directly by users. 

The limitation of this camera is that the lens available for this camera has a narrow range of detection. 
This lens provides only about 30 degrees fields of view. Moreover, the sensor of this camera is quite 
small, therefore, the image detected by this camera is likely not widely enough for the image processing. 

However, all the limitation and drawback mentioned about the camera will be strike off because in 
this research, the main target need to be detected is the headway or leading vehicles. Consequently, since 
the task to detect the sort of these object doesn’t need a wide field of view, the problem mentioned above 
can now be omitted. 

 
Figure 4. iDs uEye LE camera  

 

3.2.  Laser Scanner 
The SICK LMS291 is the laser scanner used in this project. This LMS291 communication protocol is 
RS232 in serial communication. The data of radial distance comes in series of package of which size is 
depended the user configuration. This sensor held capability to provide a data maximum speed of 38400 
bits per seconds. This value is equal to roughly 10 times of detection in a second. 
 The range that can be provided by this sensor in a normal condition can be up to 80 meters. 
This figure may be reduced due to inappropriate operation condition. The field of detection for this 
sensor can be set to 100 or 180 degree, depends on the user configuration. 
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Figure 5. SICK LMS291 
Laser Scanner 

4.  Test Experiment 
Test experiment is performed by operating this developed forward collision warning system, i.e. driving 
the test vehicle straight to target vehicle, in a constrained condition, i.e. only single leading vehicle 
available in the experiment, to obtain the time to collision detected by the developed system. Another 
vision system of measurement, which provide more precise measurement of actual time to collision, is 
perform in parallel by recording a reference indicator frame size which will be used to calculate its rate 
change to obtain an actual time to collision. The test experiment takes place in 60 meters straight test 
course, test velocity is constrained to the lower than 30 km/h, the scenario is set as shown in Figure 6. 
 

 
Figure 6. Test experiment scenario 

4.1.  Actual Time to Collision Measurement 
Video recorded from frontal camera of the host vehicle is used in determine the actual time to collision, 
each frame form this video may look like a frame shown in Figure 7. It can be shown that the time to 
collision can be determined from a pixel length of reference indicator by the equation (2). 

 wTTC
w

 
�

 (2) 

Where w and w� are pixel length and its rate change, respectively. 
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Figure 7. Example of video 
frame used in calculation 

 
Figure 8. Example of pixel length data 

In order to refine the measured actual time to collision, the regression analysis is applied to pixel length 
data. The fitting equation is shown in equation (3). Also, from this equation, it can be shown that time 
to collision is expressed as equation (4). 

 2
1 3

c tw c e c �  (3) 

 
2

3

1 2

1
c t

c
TTC

c e c
 �  (4) 

Pixel length data from one of single test run is shown in Figure 8. 

5.  System Evaluation 
Evaluation of system is done after conducting a test experiment. The recorded time to collision from the 
system will be taken to be compared with another set of reference record derived from another method 
which is assume to be an actual time to collision. Numbers of characteristic parameters indicate the 
performance of the system in sense of sensor device, e.g. linearity, sensitivity, accuracy, is then 
determined. 

6.  Results and Discussion 

6.1.  Results 
Figure 9 illustrates the calibration curve of the system, i.e. the plot of the developed system measured 
against the actual time to collision, the linear regression from of this curve is defined by equation (5). 
Another characteristic parameters of this system is shown by Table 1. 

The error distribution, i.e. probability density function (PDF) is also shown in Figure 10. A mean 
and variance of this error distribution are -17.5 millisecond and 0.0914 square second, respectively.  

 
 1.01 0.03sys actualTTC TTC �  (5) 

Where sysTTC  and actualTTC are system measured and actual time to collision respectively. Also note that 
all data points use in determining calibration curve equation (5), shown in Figure 9, are obtained by 
performing multiple test runs. 
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Table 1. System characteristic 
parameters 

Parameter Value Unit 
Sensitivity 1.01 - 
Accuracy 0.90 Seconds
 57.30 %FS 
Linearity 0.30 Seconds
 1.87 %FS 
Offset 0.03 Seconds

 

 
Figure 9. Calibration curve of the system 

 

 
Figure 10. Error distribution of time to collision 

6.2.  Discussion 
After evaluation test experiment is perform, the develop system seem to provide a proper distance 
measurement information for being used in this develop system, under a constrained condition. 
However, from a calibration curve in Figure 9, there appear some points of data which largely deviate 
from the main cluster of points which appear closely to the calibration line which indicate an inaccuracy 
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of the system. Although, the error distribution shows its mean of -17.5 millisecond. This negative value 
imply that even an inaccuracy measurement occur, the error of the system still effects in safety 
characteristic of the system, i.e. the error lead to a lower in measured time to collision than the actual 
one which effects in early warning in warning criteria process. This can be seen by a right-skewed error 
distribution in Figure 10. Finally, most errors occur in very low value about 20 milliseconds, which may 
be considered as a satisfactory characteristic of the system. 

7.  Conclusion 
This alternative method of measuring time to collision by introducing the laser scanner as distance 
measurement tool can provide a fair accuracy. By comparing the mean error occur in this method to that 
stated in a previous research mentioned in the introduction section, it appears that the mean error of this 
propose method is only 0.35 times of that mentioned research. In addition, characteristic of error 
distribution in this method indicate a false-safety behavior of the time to collision detection system. 
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Abstract. In South Korea, most of domestic animals such as pigs and chickens might die due to 
thermal diseases if they are exposed to the high temperature consistently. In order to save them 
from the heat wave, numerous efforts have been carried out: installing a shade net, ad usting time 
of feeding, spraying mist and setting up a circulation fan. However, these methods have not shown 
significant improvements. Thus, this study proposes a hybrid cooling system combining 
evaporative cooler and air-conditioner in order to resolve the conventional problems caused by 
the high temperature in the livestock industry. The problem of cooling systems using evaporative 
cooling pads is that they are not effective for eliminating huge heat load due to their limited 
capacity. And, temperature of the supplied air cannot be low enough compared to conventional 
air-conditioning systems. n the other hand, conventional air-conditioning systems re uire 
relatively expensive installation cost, and high operating cost compared to evaporative cooling 
system. The hybrid cooling system makes up for the lack of cooling capacity of the evaporative 
cooler by employing the conventional air-conditioner. Additionally, temperature of supplied air 
can be lowered enough. In the hybrid cooling system, induced air by a fan is cooled by the 
evaporation of water in the cooling pad, and it is cooled again by an evaporator in the air-
conditioner. Therefore, the more economical operation is possible due to additionally obtained 
cooling capacity from the cooling pads. Ma or results of experimental analysis of hybrid cooling 
system are as follows. The compressor power consumption of the hybrid cooling system is about 
23  lower, and its C P is 17  higher than that of the conventional air-conditioners. Regarding 
the condition of changing ambient temperature, the total power consumption decreased by about 
5  as the ambient temperature changed from 28.7  to 31.7 . Cooling capacity and C P also 
presented about 3  and 1  of minor difference at the same comparison condition. 
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Abstract. The purpose of this research is to study and investigate the hot air flow fixed 
granular bed drying of calcium. The main disadvantage of the fluidized bed drying process is 
the fine dust particle's formation, resulting in the loss of product at the filters. 
Moreover, dangerous explosion can occur by scrubbing between the granules. Cleaning of the 
fluidized bed dryer is another difficult and time consuming. In this work, the effects of velocity 
and temperature of the hot air to the drying rate at the different size of granule are studied to 
determine the optimal condition of the drying process. In this drying process, the moisture on 
the surface and inside the calcium granules are different.  Since the moisture of the top layer of 
the granule calcium is different than that of the bottom layer, the optimal thickness of the layer 
of the granule calcium needs to be determined before operating the drying process After the 
drying process at different condition was performed, the moisture of the granule was measured 
and compared with that of the convention fluidized bed process. It was evident that the 
proposed drying process had higher drying rate and less dust diffusion than that of the 
conventional process. Additionally, this drying process was productive when the thickness of 
the layer of the granule was appropriate. Therefore, the air flow through the dryer was an 
appropriate drying process for granule calcium. 

1.  Introduction 
 
Medicine is important for life and health of human. Thus, pharmaceutical industry must be involves 
with the economics and social in term of quality and safety of the consumption. Rising of the medicine 
production is caused by the improvement of the efficiency of the machines and increase of the 
capacity. One of important processes in the medicine production is the drying process. Many drying 
methods has been studied and developed for pharmaceutical industry as seen literature. In this 
research, calcium is used as material for drying. Calcium is a relevant material which contain in the 
human body. Ninety percent of the calcium in the human body are bone and teeth, while the rest is 
inside the tissue and liquid. The function of the calcium in the body is to control the nerve system of 
muscle and heart by contracting the muscle and stimulating nerve. In blood system, the calcium is 
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important element of the blood coagulation for pregnancy and breastfeeding of women. In the same 
way, calcium is essential in pharmaceuticals industry.  

Normally, pharmaceutical industry uses fluidized-bed technique for drying process and 
decrease a moisture ratio of granule calcium referenced by following researches. Liu et al. [1] In this 
work, moist dibasic calcium phosphate anhydrous was dried using a commercial spray fluidized bed 
dryer/granulator. The experimental have classified size of materials into fines, medium and coarse 
using the sieving approach. The impacts of air flow and air temperature on the drying process were 
also investigated. Finally, the results indicate that if drying is carried out in a slow drying regime, 
where capillary flow is faster than evaporation, drying is dominated by the constant rate stage and the 
impact of particle size on drying is not significant. Several previous works about other drying 
technique related to granule drying processes, have been presented [2-8]. Pramjareun et al. [2] presented 
a drying kinetics of shrimp dried by fluidized bed technique using superheated steam and hot air. 
Using the high air temperatures in this work, the results revealed that the bilateral fluids were able to 
cook shrimp due to high temperature use and had a similar tendency to expedite the moisture reduction 
as drying temperature increased. Sutherland and Ghaly [3] had studied drying paddy by fluidization 
technique under tropical zone climate. Under the hot air temperatures from 40 to 90 Celsius degree the 
moisture of the paddy could be reduced from 24%w.b. decrease to 18%w.b. the quality of the paddy was 
preserved, However, the process needed to perform again to reduce moisture for fully dried paddy at 
14%w.b. Keansup and wongwiset [4] had studied the drying pepper using the fluidized-bed dryer and 
fluidized-bed dryer with microwave oven. The pepper has the starting moisture at 12%d.b. with 5-5.5 
millimeters diameter and air temperature are at 40-90 Celsius degree. From experiment has found that 
fluidized-bed with microwave oven at same amount of drying time has less moisture content. Keansup 
[5] had studied about drying pepper by using the fluidized-bed dryer with microwave and found that 
fluidized-bed dryer heated by the microwave oven yield the better quality of dried pepper than that of 
the conventional fluidized bed dryer. Likewise, many several works about the interesting drying 
techniques for the granule drying has been presented.  Soponronnarit et al. [6] had studied drying paddy 
using spouted bed dryer for two dimensions. In the experiment, they used paddy rice with 19-21% (wet 
basis) and the moisture of the paddy was reduced to 13-14% (wet basis). The experiment was conducted 
at different drying temperatures of 100, 125, and 150, the results showed that the drying rate depends 
on air temperature. Zotarelli et al. [7] presented a convective multi-flash drying process (CMFD) to 
producing dehydrated and crisp fruits. In the drying process, the hot air at 60 °C was used and a 
vacuum pulse was applied, Dehydration by a combination of convective drying and flash evaporation 
could be achieved. The result is similar to that yielded by fluidized bed drying. Fu and Lien [8] had 
studied drying shrimp using a hot air dryer combined with infrared dryer. In their experiment, the 
different condition of air temperature and temperature of infrared heat sources were employed for 
drying process to determine the optimal condition. They found that the had drying time of a high 
temperature of infrared combined with a lower air temperature was less than that of a low temperature 
of infrared combined a high air temperature. 

However, fluidized-bed technique has disadvantages. Loss of product from the following 
aspects such as filtering, traction of material that makes dust also material exploding, and long period 
of cleaning. Due to the disadvantages of the fluidized bed technique, in this research the air flow 
through drying technique was studied and developed for drying of granule calcium. 
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2. Experimental setup 
 
2.1. Experimental method 
Drying experiments were carried out to determine the effect of air temperature (120, 140 and 160  C), 
air velocity (14, 17 and 20 m/s), size of granule calcium (1 mm, 3 mm and 6 mm) and mass of granule 
calcium in cup (50g, 75g, 100 g) on the drying curves. after drying, take dried Calcium to determine the 
 
2.2. Materials preparation 
Calcium (CALTAB) used in this drying is from The Millimed manufactures of pharmaceutical 
(Millimet Co., Ltd) The average moisture content is 25%db. The main ingredient is Starch 1500, which 
is partially pregelatinized corn starch mixed with the calcium powder that has been processed by the 
granule process. Average diameter of Size of granule calcium used in this drying is 1 mm, 3 mm and 6 
mm 
 
2.3. Equipment 
The purpose of this research is to study and investigate the hot air flow fixed granular bed drying of 
calcium. In Figure 1. show the air flow through dryer process diagram. the granule calcium is contained 
in the cup with grate with the mesh size of 24 micron. This cup is located between the heater and the 
blower. Heater use 6 unit of electric heating coils. Each unit is 1800 watts, 3 in parallel, then two series. 
Arrange in a 4 inch of pipe. Air heated by heater around the end of air pipe. Hot air from heater will 
travel through air pipe by suction of 2.2 kW revert blower. The air from ambient flow from the top to 
the bottom through the first filter, and the air is heated before entering to the second filter. Then, the 
hot air passes through to the cup to dry the granule calcium. Next, the air passes to the third filter 
before entering the suction of the blower. Finally, the air is released to the ambient. 
  

 
Figure 1. The air flow through dryer process diagram. 
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       Figure 2. Cup of granule calcium.       Figure 3. Cup of granule calcium was installed 
 

 

 
 

     Figure 4.  The air flow through dryer system. 

2.  Results and discussion 
The drying characteristics of the granule calcium using air flow through technique dryer were studied. 
A total of 31 drying experiment were conducted for this work. The effect of velocity, temperature of 
hot air and size of granule were affect drying process. Typical drying curve for drying expressed as the 
average moisture content vs. drying time, at a specific (hot air velocity (V) for different air temperature 
(T), and drying rate vs average moisture content at a specific hot air velocity for different air 
temperature. 
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Figure 5. Variation of the average moisture content with drying time at a specific hot air velocity for 
different drying air temperature for granule calcium with the diameter of 1 mm. 
 
The effect of drying air velocity on the moisture content is shown in Figure 5 and 6. At a specific air 
temperature, increase of air velocity caused the drying time to decrease. This mean that at the same 
required final moisture content of 1%(dry basis.), the higher air velocity gives a faster drying process. 
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Figure 6. Variation of the average moisture content with drying time at a specific hot air velocity for 
different drying air temperature for granule calcium with the diameter of 3 mm. 
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Figure 7. Variation of the average moisture content with drying time at a specific hot air velocity for 
different drying air temperature for granule calcium has 6 mm diameter. 
 
The effect of drying air temperature on the moisture content is shown in Figure 5 and 6. At a specific 
hot air velocity, increase of air temperature causes the drying time to decrease. This mean that at  
the same required final moisture content of 1%(dry basis.), the higher air temperature gives a faster 
drying process.  Figure 7 and Figure 10, show the different relationship between moisture content and 
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drying time.  The plot of the moisture versus drying time is from in Figure 7 for specific hot air 
velocity under the variation of temperature of drying air. However, the relationship in Figure 10 is 
moisture at the condition of specific air temperature under vary air velocities. Based on the results 
shown in these Figures, the variation of air temperature affects moisture content of granule Calcium 
more than that of air velocity. This can be seen clearer when size of granule is larger. 
 

 
Figure 8. Variation of the average moisture content with drying time at a specific drying air 
temperature for different hot air velocities for granule calcium with the diameter of 1 mm. 
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Figure 9. Variation of the average moisture content with drying time at a specific drying air 
temperature for different hot air velocities for granule calcium with the diameter of 3 mm. 
 
The effect of size of granule calcium on the moisture content is shown in Figure 5, 6 and 7. At a 
specific hot air velocity and a specific of air temperature, an increase size of granule calcium causes 
the drying time to increase. This mean that at the same required final moisture content of 1%(dry basis.), 
the higher size of granule calcium leads to a slower drying process.  
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Figure 10. Variation of the average moisture content with drying time at a specific drying air 
temperature for different hot air velocities for granule calcium with the diameter of 6 mm. 
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Figure 11. Variation of the drying rate with average moisture content at a specific drying air 
temperature for different hot air velocities for granule calcium with the diameter of 1 mm. 
 
 
 
 
 

520



 
 
 
 
 
 

 
Figure 12.  Variation of the drying rate with average moisture content at a specific drying air 
temperature for different hot air velocities for granule calcium with the diameter of 3 mm. 
 
Figure 11 and Figure. 12 show the relationship between the drying rate and the average moisture 
content. In the drying curve, the slope of the higher air temperature line is greater that of a lower one. 
In a similar way, at a specific drying air temperature, an increase of air velocity enables the drying 
time to decrease.  
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Figure 13. Variation of the average moisture content with drying time at a specific air temperature 
(160 C) for different drying hot air velocities for granule calcium with the diameter of 1 mm for the 
different weight of 50g, 75g and 100g. 
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Figure 14. Variation of the average moisture content with drying time at a specific air temperature of 
160 C for different drying hot air velocities for granule calcium with the dimeter of 3 mm for the 
different weight of 50 g, 75 g and 100 g. 
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The effect of mass of granule calcium on the moisture content is shown in Figure 13 and 14. At a 
specific condition of hot air velocity and the air temperature, increase granule calcium mass leads the 
decrease of drying time. This mean that at the same required final moisture content of 1%(dry basis.), 
the higher mass of granule calcium yields the slower drying process.  
 

4. Conclusion 
 
The granule calcium using air flow through dryer technique appears to improve considerable effect on 
drying rate. For the effect of drying air temperature, the drying rate increases when increasing air 
temperature. For the effect of drying air velocity, the drying rate increases when increasing air velocity. 
but the effect from drying air velocity is less than the effect from drying air temperature. When 
considering at the final moisture content of 1% dry basis, the bigger granule calcium size causes to 
increase the drying time of this process. To compare the effect of granule calcium mass at the same 
size, the results show that the drying time increases when granule calcium mass increases in same 
drying area with higher thickness. Drying process is productive when the thickness of the layer of the 
granule is appropriate. It is evident that the proposed drying process has higher drying and less dust 
diffusion than that of the conventional process. Therefore, the air flow through dryer is an appropriate 
drying process for granule calcium. 
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Abstract. The greenhouse effect by carbon dioxide issue would make better recognizing the 
importance of efficient use of energy in terms of high energy conservation measures. 
Accordingly, attention is drawn to the Stirling refrigerator, which is a perfect Freon free 
refrigerator. The Stirling cycle has the highest theoretical cycle efficiency corresponding to the 
value of the Carnot cycle among the proposed thermodynamic cycles. Stirling refrigerators as 
household refrigerators with high efficiency and high cooling capacity have received limited 
studies. The authors have designed and developed a 100 W class Stirling refrigerator for 
household use. This paper presents some thermodynamic characteristics shown by PV analysis 
and experiments on a Stirling refrigerator with a hybrid regenerator made of copper matrixes 
and resin matrixes. Then we performed analysis and evaluation experiments using the 100 W 
capacity prototype refrigerator using the hybrid regenerator, with the aim of applying Stirling 
refrigerators to household use. These results demonstrate that the Stirling refrigerator is one of 
the promising candidates as a new refrigeration system or a new generation system. Moreover, 
this paper proposes the small-size Stirling refrigerator with an active-type regenerator. Then 
the technical points for practical use were arranged. 

1.  Introduction 
In recent years, global environmental destruction represented by global warming has become a major 
issue. The Kyoto Protocol, which was adopted on the basis of international consent to prevent global 
warming, became effective in February 2005. Development of global warming restraint technology 
must be promoted still more by Paris protocol. Therefore, the development of refrigerators and air 
conditioners which use refrigerants that do not add to global warming has been urgently called for. 
Stirling refrigerators use a gas cycle with high theoretical efficiency in which hydrogen, helium or 
nitrogen, which do not contribute to global warming, are used as a working gas; therefore, such 
refrigerators are attracting attention for their effectiveness in the fight against global warming. 

To date, we have designed and experimentally fabricated a prototype Stirling refrigerator for 
household use, and have clarified that its performance is equivalent or superior to vapor-compression 
refrigerators, which are widely and conventionally used, on the basis of performance-evaluation 
experiments and analyses of a refrigerator[1]. To put the Stirling refrigerator into practical use at room 
temperature, a smaller sizing and higher efficiency are essential. For this purpose, the authors have 
repeatedly studied the displacer-type Stirling refrigerator that is driven through cylindrical cams. 
However, using the light-weight, flexible matrix in the regenerator to make it more efficient, it 
reciprocates within the regenerator's housing, so that the problem will occur wherein a volume 
fluctuation in residual gases and change in flow loss within the regenerator adversely affect the 
refrigeration capacity. In this study the authors have thus contrived an active-type regenerator 
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provided with a matrix piston that deforms the matrix according to the reciprocating motion of the 
displacer piston, and have actually designed and manufactured a new experimental model. 
Additionally, we have conducted the same experiments as those for the second prototype refrigerator 
by using a polyurethane foam matrix (hereinafter, referred to as a "urethane matrix") as the material 
for the regenerator. This urethane matrix has never been used as the material for a regenerator, and is 
flexible and restorable if deformed. In addition, to investigate the possibility of the practical 
application of Stirling refrigerators to household use, we have designed and fabricated on an 
experimental basis a 4th Stirling refrigerator which uses a sealed oil-lubrication mechanical section, 
and evaluated its performance. 

In these experiments, the authors have grasped the operating characteristics of these Stirling 
machines. These results demonstrate that the Stirling refrigerator is one of the promising candidates as 
a new refrigeration system or a new generation system. Moreover, this paper proposes the small-size 
Stirling refrigerator with an active-type regenerator. Then the technical points for practical use were 
arranged. 

2.  Brief description of Stirling household refrigerator  
Currently, Stirling refrigerators are practically used as cryo-coolers[2], commercial freezers[3][4][5], 
and small refrigerators for outdoor use; however, in the case of household refrigerator-freezers, no 
practical products have yet been developed, although several prototypes have been reported.  One 
reasons for this is the high quality and high performance of the currently-used vapor-compression 
refrigerators in the temperature range between 253 K and 313 K, which is the operating temperature 
range of household refrigerators; in addition, these conventional refrigerators are superior in terms of 
the ease of production and cost.  Furthermore, in Japan, high efficiency, low cost, high durability and 
high quality required for household refrigerators are further reasons preventing the practical 
application of Stirling refrigerators.  However, in addition to the high efficiency that can be expected 
in Stirling refrigerators, they have many advantages as household refrigerators, as listed in Table 1.  
For example, with Stirling refrigerators, temperature can be easily controlled via the operating 
frequency, and a temperature range, such as between 233 K and 193 K, which is lower than the 
conventional working temperature range of household refrigerator-freezers, can be easily set.  In 
contrast, in the case of vapor-compression refrigerators which use HFC134a (or hydrocarbon) as 
refrigerant, since the inlet pressure of the compressor is lower than the atmospheric pressure in the 
temperature range indicated, a 2-step cooling method is required, which makes the equipment very 
large.  Furthermore, the performance of Stirling refrigerators varies depending on the charged gas in 
addition to the operating frequency; therefore, one model of a Stirling refrigerator can be incorporated 
in refrigerators with different capabilities, which will make it superior in terms of mass production. 

 
Table 1. Advantages
Freon Free 

(Commonly using an inert gas) 
Wide cooling temperature region 

(even at under 233 K) 
High theoretical efficiency 
Simple construction 
Safety 

3.  Prototype Refrigerator  
Table 2 lists the specifications of a prototype Stirling refrigerator connected to a freezer and evaluated.  
Since the prototype unit was designed for evaluation, a ball bearing was used for the mechanical 
section, and sliding parts were basically oil-free. Fig. 1 shows the structure of the prototype unit.  The 

-type prototype unit minimizes the dead volume, and a regenerator is incorporated into the displacer.  
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At the cylinder head and the tip of the displacer where the temperature becomes low, interdigitated 
fins are installed to promote the heat transfer between the cylinder wall and expansion gas. 

The measured COP curves are shown in Fig. 2 in order to evaluate the operating characteristics of 
the prototype refrigerator. When a cooling head temperature were 253 K and 233 K, we obtained 
maximum COP of 1.05 and 0.70 respectively for the testing conditions of a 0.7 MPa mean pressure of 
Helium and a frequency of 11.7 Hz. Mechanical parts and performance of the electrical motor is not 
optimized, and major losses occur in power transmission process accordingly. However, it seems that 
these results demonstrate that the Stirling refrigerator will be a promising candidate for a household 
refrigerator. 
 

Table 2 Specifications
 Cooling capacity 100 W
 Cooler wall temperature 233 K
 Radiator wall temperatur303 K
 Working fluid Helium
 WidthHeightDepth 260320130 (mm)
 BoreStroke 6020 (mm)
 Mean pressure           0.7 MPa (Max.1.0 MPa)
 Piston speed              16.7 Hz (Max.25 Hz)
 Regenerator matrix       Wire mesh (Cu,#100,I50  

 

 
Fig. 1 Schematic view of prototype refrigerator 
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Fig. 2 COP Curves 
 

4.  3rd Prototype Refrigerator  

4.1. Outline of The 3rd Machine  
Figure 3 shows a schematic cross-sectional view of the third prototype refrigerator, and Table 3 shows 
its specifications. The third prototype refrigerator is constructed based on the structure of the second 
prototype refrigerator, and has the feature that it uses two cylindrical cams. It is hence designed to be 
able to separately use the cams for the power piston and displacer one through the matrix piston. The 
matrix piston is driven through its interior cylindrical cam protruding outside. At the same time, the 
exterior cylindrical cam is a grooved one. The power piston and displacer one are driven through the 
latter cam. The phase difference between the matrix piston and the displacer piston can be changed in 
an incremental or excremental angle of 15 degrees.  
 

Table 3 Design Specifications 
Basic form Displacer type ( -type) 
Driving system Cylindrical cam 
Working gas Helium 
Cooling capacity 100 W 
Cold side temperature 233 K 
Warm side temperature 313 K 
Mean pressure 700 kPa 
Rotational rate 16.6 Hz 
Exp. stroke volume 56.5 cm3  
Comp. stroke volume 56.5 cm3  
Total dead volume 97.99cm3 
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Fig. 3 Schematic view of 3rd prototype refrigerator 
 

 
 

Fig. 4 Urethane Matrix 

4.2. Active-type Regenerator  
In the 3rd prototype refrigerator, the volume of operating gases (helium), which is calculated by the 
displacement volume of the power piston that compresses and expands the operating gases, is 56.5 cc. 
On the other hand, the dead space volume is approx. 98.0 cc in total and, out of this, the volume of 
resident gases within the matrix pore space is 71.4 cc. It is believed that the efficiency of compression 
and expansion is improved by moving the resident gases within the pore space which occupies the 
majority of this dead space respectively to the compressing pore space and expanding one. It is the 
purpose of this active-type regenerator to conduct this movement efficiently. The urethane matrix is 
compressed and filled one by one in the upper and lower portions of the matrix piston constructed 
within the displacer piston. In this state, compression and expansion processes are conducted by the 
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matrix piston that can change the phase difference according to the motion of the displacer piston, thus 
changing the volume of resident gases within the matrix pore space. This structure enables an increase 
of the efficiency of the regenerator. 

The urethane matrix which is used as a thermal storage medium for the active-type regenerator is 
shown in Figure 4, and the geometrical dimension of the urethane matrix is shown in Table 4. The 
common multipurpose material is cheap, easy to get, and made of etherate urethane foam (Everlight 
FLG made by Bridgestone Corp.), with this being used as the material. The common urethane material 
was processed by stamping with punch dies. 
 

Table 4 Geometrical Value of Urethane Matrix 
Diameter 51 mm  

Height 52 mm  

Density 20±2 kg/m3  
Number of cell 60 number/25mm  

Weight 2.12 (g) 
 

Table 5 Properties of Copper and Urethane Form 
 Copper Urethane Form 
Thermal conductivity    W/(m K) 400 0.018~0.042
Density                                 kg/m3 8800 12~100
Specific heat                   J/(kg K) 400 1800~2800
Porosity 0.728 0.90~0.98
Weight of matrix                        g 244.3 1.23~10.21
Thermal capacity of matrix    J/K 97.61 2.21~28.59

 
Since the detailed thermal property of the urethane matrix is necessary to identify in the future, 

both the generic physical property of the urethane foam and for comparison, its physical property in 
case of 200 of laminated copper mesh generally used as a matrix for the regenerator are shown in 
Table 5 for reference. 

The urethane matrix has low thermal conductivity and a high porosity, so that low pressure loss can 
be expected. The heating storage capacity of the matrix is apt to be lower than that of copper metal 
because of its lower density, but the capacity can be compensated for by changing the degree of 
compression and filling the urethane matrix. Also, it is flexible and has restoring force even after 
deformation, so it is suited to materials for the active-type regenerator which conducts compression 
and expansion processes by the matrix piston. 

Figure 5and 6 show the experimental results under the respective experimental conditions of a 
Stirling refrigerator with the active-type regenerator equipped. In Figure 5, the impact of the phase 
difference on refrigeration capacity is shown. In Figure 6, the impact of the phase difference on COP 
is shown. According to Figures, the highest performance is seen at a phase difference of 180 degrees, 
and the value of the refrigeration capacity is at its maximum approximately 1.3 times higher than that 
at the phase difference of 0 degrees, and the value of the shown COP is at its maximum approximately 
1.5 times higher than the same. It is believed that the reason for this is as follows: if the phase 
difference of the matrix piston is 180 degrees and when the isothermal compression process of the 
Stirling cycle is performed during the operation of the third prototype refrigerator (the position or 
phase of the displacer piston: 0-90 degrees), the urethane matrix filled in the lower portion of the 
matrix piston is compressed toward the compression space side and thereby largely deformed. As such, 
the gases cannot resultantly pass through the urethane matrix, which will serve as a valve that 
temporarily isolates the compression space from the resident gasses within the pore space of the 
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urethane matrix filled in the upper portion of the matrix piston, with its compression efficiency 
acquired. When the isothermal expansion process of the Stirling cycle is performed during the 
operation of the third prototype refrigerator (the position or phase of the displacer piston: 180-270 
degrees), gases expand efficiently, so it is believed that performance has increased. 
 

 
Fig. 5 Effects of Phase Difference on Indicated Cooling Capacity 

 

 
Fig. 6 Effects of Phase Difference on Indicated COP 

4. 4th Prototype Machine 
The 4th prototype refrigerator is driven with crank mechanism and an AC motor. Design 
specifications and the schematic view of the refrigerator are shown in Table 6 and Figure 7 
respectively. The motor is a standard type AC motor. The input power to the motor can be measured 
by an ammeter. 

The type of matrix in the regenerator is laminated metallic mesh type. The laminated metallic 
mesh consists of #100 copper wire mesh and stainless wire mesh. Then to decrease the dead volume, it 
was integrated to the heat exchanger. The wall of the regenerator is made of phenol resin. The hot part 
of the heat exchanger is water-cooled to keep flowing water at constant temperature. The lubrication 
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oil is ester oil. The lubrication oil at the bottom of the refrigerator is circulated by a positive 
displacement pump fixed to a motor-driven-shaft through the center of the shaft to the bearing and 
connecting rod at constant volume rate. The lubrication oil fed to each part returns to the bottom by 
gravitational drop. In addition, to prevent the lubrication oil from entering the regenerator, an oil guard 
is applied adequately. 

At first, the cooling experiment was conducted on the experimental model. At the starting of this 
experiment, the temperature of the cooling head was 297K. The temperature variation with time is 
shown in Figure 8. The wall temperature of the cooling head falls immediately after the operation 
starts and the cooling speed is accelerated. The trend slows down after 20 minutes and finally after 40 
minutes the temperature 256K is attained. After that, however, the temperature gradually rises. This is 
supposedly caused by a lot of oil entered into the regenerator which decreases operating space and 
results in decrease of cooling capacity, and by the transmitted heat from the motor through the oil. 
This matter is cleared up by intermittent driving for oil return. 

 

 
Fig. 7 Schematic View of 4th Stirling Refrigerator 

 
 

Table 4 Specifications of 4th Stirling Refrigerator 
Cooling capacity 100  W 
Cooler wall temperature 233  K 
Radiator wall temperature 303  K 
Working Fluid Helium 
Width×Height×Depth 430×380×230  mm 
Mean pressure(MAX.) 2.0  MPa 
Operated speed(MAX.) 2000  rpm 
Bore×Stroke 39×18  mm 
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Fig. 8 Cooling Test Results 

5. Conclusion 
We have designed and developed a 100 W class Stirling refrigerator for household use. Then we 
performed analysis and evaluation experiments the 100 W capacity prototype refrigerators, with the 
aim of applying Stirling refrigerators to household use. Moreover, we have contrived an active-type 
regenerator provided with a matrix piston that deforms the matrix according to the reciprocating 
motion of the displacer piston, and have performed experiments after mounting the urethane matrix on 
that. At that time, the availability of a regenerator for a Stirling refrigerator as a new system could be 
verified. These results would promize practical use of the Sterling refrigerator as a new household 
refrigerator. 

References 
[1] T. Otaka et al. , “Study of Performance Characteristics on a Small Size Stirling Refrigerator,”Heat Transfer - 
Asian Research,  Wiley Periodicals, Inc.31,pp.344-361, 2002 
[2] For example, Y. Kazumoto, et al., Technical Report of Mitsubishi Electric 64 2 (1990), 80-83. 
[3] For example, Cryodynamics, Inc. Annu. Rep. (1989).  
[4] H. Sekiya et al.: Proc. 33th Japanese Joint Conference on Air- conditioning and Refrigeration (1999), 5-8. 
[5] Kim S. T. et al.: Proc. 28th IECEC (1993) 2.615-2.620. 
 

250

260

270

280

290

300

0 20 40 60 80

Te
m

pe
ra

tu
re

 [K
]

Time [min]

Mean Pressure : 1.0 MPa
Frequency : 25 Hz

Cooling Head

533



 
 
 
 
 
 

Numerical analysis of rectangular two phase natural 
circulation loop 

S. Venkata Sai Sudheer, K. Kiran Kumar*, and Karthik Balasubramanian 

National Institute of Technology, Warangal, Telangana, India 506004 
 
* Corresponding Author: kkirankumar2000@gmail.com 

Abstract. This paper aims to present the steady state performance of a rectangular two phase 
natural circulation loop using a homogeneous equilibrium model. In the loop, uniform and 
equal heat flux are considered at the heater and cooling sections with water as the working 
fluid. The mass flow rate of the working fluid is influenced by various geometric parameters 
and operating conditions. The mass flow rate is progressively increasing with loop height. 
However, with the increase in heat flux, mass flow rate increases initially to an optimum level 
and then after falls. The optimum geometrical parameters and operating conditions are 
evaluated to get the maximum mass flow rate. 

1.  Introduction 
In the natural circulation loop (NCL) energy is transported from the source to the sink in the absence 
of any mechanical devices such as pump, etc. In the loop, fluid may or may not undergo the phase 
change process, as the fluid in the loop doesn’t go phase change, then we called as single phase NCL 
and if the fluid undergoes phase change then we called as two phase NCL. Earlier single phase NCL is 
used in different engineering applications [1], generally related to cooling applications [2], solar 
heaters [3]. Single phase NCLs are having its own constrained about loop fluid saturation point. If the 
heat capacity in source is increased or geometrical modifications in the loop leads to initiate the phase 
change or flashing in the system. As the circulating fluid undergoes phase change or flashing on one of 
the section and condensation or phase separation take place at some other section situating, the loop is 
filled up by high density single phase fluid and low density two phase mixture. This is causing high 
density differences in the loop and results stronger buoyancy forces generated, which promotes more 
circulation rate and performance of the system. Cohen et al. [4] investigated the best method for gas 
turbine cooling and they preferred thermosyphon is a lucrative option. Irrespective of quantity of the 
coolant, high amount energy could be transferred from the hot end to the cool end of the loop. Hence 
multi-phase NCLs have their application ranging from large scale nuclear field [5] to smaller scale like 
closed loop heat pipes, cooling applications [6] etc. 

The present work aims to study the performance of two phase NCL system under steady state 
conditions. One dimensional approximations and Homogeneous Equilibrium Model are considered 
here. The effect of the geometrical parameters and operating conditions on mass flow rate of the loop 
is investigated. 

2.  Theoretical modeling 
Figure 1. shows the schematic representation of two phase rectangular NCL. The heating and cooling 
sections are placed in the horizontal arms of the loop centrally. To get the favorable buoyancy force, 
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cooling section is placed at a higher elevation than the heater as shown in figure 1. By considering the 
state of the loop fluid, the total loop is subdivided into six zones, starting from the heater and details 
are given in table 1. In the loop, the loop fluid properties are varied by pressure and temperature only. 
The following assumptions are considered here to simplify the theoretical model. 

x Uniform and equal heat flux are considered for heater and cooler 
x Total loop is perfectly insulated i.e. no heat loss to the ambient. 
x Pressure losses not considered at pipe bends and fittings. 
x Fluid is flowing in a counter clockwise direction initiating from the heater.  

 

Table 1. Loop regions 
S.No Regions Zone description 

1 a - b Sub cooled heating region 

2 b - c Vaporization region 

3 c - d Adiabatic two-phase region 

4 d - e Condensation region 

5 e - f sub-cooled cooling region 

6 f - a Adiabatic single phase region 

Figure 1. Schematic diagram of a two phase NCL 

2.1.  Governing equations 
The one dimensional conservation equations under steady state conditions for homogeneous 
equilibrium models are  

2.1.1.  Continuity equation.  

                                                                     ሶ݉ ൌ ɏത��ത                                                                           (1) 

under steady state  

                                                             ௗீ
ௗ௦
ൌ Ͳ                                                                              (2) 

Where G is the mass flux 

2.1.2.  Momentum equation.  
The pressure drop for two phase flows is the sum of frictional, gravitational and acceleration, pressure 
drops and it is given by 

                                                       െቀௗ
ௗ௦
ቁ ൌ � ቀௗ

ௗ௦
ቁ

 �ߠ݊݅ݏҧ݃ߩ�  ଶܩ� ቀௗ௩ത

ௗ௦
ቁ �                                       (3)                          

Where Ʌ is the inclination with the horizontal 
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Table 2. Pressure drop in the two phase NCL 

Region 
Pressure Drop expressions 

Frictional Gravitational Acceleration 

a-b െ
݈௦ݒଶܩܥʹ

ܦ
 0 0 

b-c െ
ሺ݈ݒଶܩܥʹ െ ݈௦ሻ

ܦ
න ଶ
௫


ݔ݀ ҧݒଶሺܩ 0 െ  ሻݒ

c-d െ
ܪሺݒଶܩܥʹ െ ݈  ሻܮ

ܦ
ଶ ሺܮ݃-  ሺͳ െ ሻߙ  ሻ 0 

d-e െ
ሺ݈ݒଶܩܥʹ െ ݈௦ሻ

ܦ
න ଶ
௫


ҧݒଶሺܩ 0 ݔ݀ െ  ሻݒ

e-f െ
݈௦ݒଶܩܥʹ

ܦ
 0 0 

f-a െ
ܪሺݒଶܩܥʹ െ ݈  ሻܮ

ܦ
ܮ݃   0 

 
Integrating the above equation gives total loop momentum equation.   

ׯ                                     ቀௗௗ௦ቁ
ݏ݀  ׯ ቀௗௗ௦ቁ

ݏ݀  ׯ ቀௗௗ௦ቁ
ݏ݀ ൌ Ͳ                                            (4) 

By using the friction factor ܥ the above equation modified to  

ׯ                             
ଶఉீమ

ഥ
ݏ݀ ׯɏത����Ʌ݀ݏ  ଶܩ ׯ ୢ୴ഥ

ୢୱ
ݏ݀ ൌ Ͳ                                               (5) 

Where single phase friction factor ܥis a function of Re and it is determined as  

݂ ൌ
ଵ
ோ
�����   for laminar flow 

݂ ൌ
Ǥଽ
ோబǤమఱ

   for turbulent flow 

Using the ଶ (two-phase friction multiplier), the two-phase pressure gradient is estimated as  

 ቀௗ
ௗ௦
ቁ
ଶ

ൌ ቀௗ
ௗ௦
ቁ


ଶ                                                (6) 

Where asቀௗ
ௗ௦
ቁ
ଶ

, ቀௗ
ௗ௦
ቁ


 are frictional pressure gradient of single phase and two phase. 

The two phase friction multiplier for HEM is given by (collinear) [7] 

ଶ  � ൌ � ͳ  ݔ ௩
௩
൨ ͳ  ݔ

ఓ
ఓ
൨
ିǤଶହ

   (7) 

The pressure drop for different zones is shown in table 2. 
Energy interactions at the heater and cooling sections is estimated as  

 ݈ܳଶଵ ൌ ݈ܳହ ൌ ሺ݄ଶܣܩ െ ݄ଵሻ    (8) 

 ܳሺ݈ଷଵ െ ݈ଶଵሻ ൌ ܳሺ݈ସ െ ݈ହሻ ൌ      (9)݄ݔܣܩ

In the heater and cooler sections, the variation of the quality and temperature is assumed to be 
linear and uniform in nature. 

Hence  
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ൌ �����������������for single phase region                                     (10) 

                                                 ௗ௫
ௗ௦
ൌ ሶ


ൌ �����������    for two phase region                                (11) 

Table 3. Loop configuration and operating parameters 
Parameter Value 
Diameter of the pipe 0.01325 m 
Heating length 0.3 – 0.7 m 
Cooling length 0.3 – 0.7 m 
Height of the loop 1 – 2 m 
Length of the horizontal portion 1 m 
Pressure inside the loop inlet temperature 1 bar 
Inlet temperature 90 C 
Heat flux in/out heating and cooling sections 2 – 20 W/m 

3. Solution procedure 
The operating conditions and loop configuration parameters are presented in table 3. After simplifying 
the total loop momentum equation for HEM it gets into the form of   

 ݂ሺܩǡ ݈ଶଵǡ ݈ହǡ ሻݔ ൌ Ͳ (12) 

The above equation (12) has four parameters and we have three equations only. To start up the 
solution we can fix the heater inlet condition and by using energy interaction equations above equation 
is modified to equation (13). 

 ݂ሺܩሻ ൌ Ͳ (13) 

The above equation (13) is solved iteratively by using bisection method. 

4. Results and discussion 
Figure 2 (a) and 2 (b) shows the variation of temperature and pressure profiles in the loop at pressure 
1atm, loop height 2m, heating length 0.5m and heat flux 10kW/m. The temperature of the fluid 
remains constant in the zones cd & fa i.e. in riser and down comer, because it is assumed that loop is 
well insulated. However, it varies in the heater and cooler sections up to the saturation state of the loop 
fluid and the variation is in a linear manner because of the imposed uniform heat flux condition at 
heater and cooler sections. 
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Figure 1(a). variation of pressure in the loop Figure 2(b). variation of temperature in the loop 
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The pressure variation in the loop is shown in figure 2(b). The total pressure drop is the sum of 
frictional and gravitational pressure. It is observed that there is no gravitational pressure in the heater 
and cooler sections because of the horizontal orientation. There is slight variation in pressure in heater 
and cooler because of the frictional resistance. From figure 2(b) it is observed that the pressure drop in 
riser section is compensated by the pressure gain in down comer and overall the total pressure drop in 
the loop must be zero. 
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Figure 3(a). variation of mass flow rate Figure 3(b). variation of heater exit quality 

Figure 3(a) and 3(b) shows the variation of mass flow rate and heater exit quality at a pressure 
1atm, loop height 2m & heating length 0.5m and at different heat fluxes.  Increment of heat input in 
the loop enhances the mass flow rate as expected. Increase in heat flux increases the void fraction in 
the loop and causes high density differences between the riser and down comer, which creates more 
buoyancy forces in the loop hence flow rate increases. As a further increase in the loop quality, 
frictional forces in the loop also increase. Which opposes the circulation rate in the loop, hence the 
mass flow rate decreases at higher heat fluxes. So it is better to operate loop at optimum mass flow 
rate condition.   

Figure 4 shows the effect of heater length on mass flow rate under low, medium and high heat flux 
conditions. The mass flow rate variation is not similar for all heat fluxes. For lower heat flux mass 
flow rate continuously increases, in moderate heat flux mass flow rate reaches an optimum value, then 
after decreases, and for high heat fluxes it continuously decreases. In general mass flow rate is 
depends on the two phase mixture in the riser. Up to certain limits the increase in quality in the loop 
enhances the mass flow rate. A further increase in the quality by giving high heat flux in the heater 
increases the frictional resistance in the loop.  
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Figure 4. Effect of heating length on mass Figure 5. Effect of loop height on mass flow rate 
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flow rate at pressure 1atm, loop height 2m & 
degree of sub cooling 10 °C. 

at pressure 1atm,  heater length 0.5 m, degree of 
sub cooling 10 °C & heat flux 10kW/m. 

Figure 5 shows the effect of loop height on mass flow rate. As loop height increase mass flow rate 
increases up to a certain length, then after no significant variation in the mass flow rate. As the loop 
height increases gravitational pressure variations in the riser and down comer increases, hence the 
mass flow rate increased. Further increment in loop frictional pressure increases, therefore for a given 
heater length and other parameters kept constant the variation in mass flow rate not significant. 

5. Conclusions 
A program is written to know the steady state performance of a two phase natural circulation loop. 
One dimensional approximation is considered here to simplify the problem. Loop parameters are 
varied to know the effect on NCL performance. Results are obtained by solving the equation (13). The 
major findings from this analysis are 
x In two phase NCLs for a given particular configuration, always there is an optimum mass flow rate 

for a given heat flux range.  
x Improvement of heater exit quality in the loop is not always favourable. There is a limiting quality, 

further increment affects the loop performance. 
x In two phase flows, frictional pressure plays prominent role in the loop. It shows significant effect 

when loop performance is enhanced by using the above parameters. 
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Abstract. Severe plastic deformation processes have been conducted on -titanium alloys at 
room temperature using a multi-directional forging process that reduces the likelihood of 
seizing and galling in the dies, thus, allowing the processing of bulk titanium materials. The 
purpose of this study is to improve the mechanical properties of metastable -titanium alloys 
by applying multi-directional forging and cold rolling. Severe plastic deformations have 
applied to a  single phase structure and a two phase structure in which the granular α phase 
precipitated in the matrix  phase as an initial structure before the deformation. After 
processing, cracks initiate in the coarse grained specimen with a  single phase after 18 cycles 
of multi-directional forging. The cumulative plastic strain  is 7.35 after 17 cycles of multi-
directional forging and the hardness is 335 HV0.2. After the coarse grained specimen with a  
single phase has subjected to six cycles of multi-directional forging and cold rolling with a 
rolling reduction of 87%, the hardness has increased. Moreover, the α-  two phase structure 
with a granular α phase precipitated in the matrix  phase has undergone two cycles of multi-
directional forging and cold rolling with a rolling reduction of 87%, and the hardness has also 
increased. The hardness of the specimen subjected to multi-directional forging before cold 
rolling is larger than the hardness of the specimen subjected to only cold rolling. 

1.  Introduction 
Titanium has excellent characteristics, e.g., high corrosion resistance, biocompatibility, light 

weight, and high strength. Therefore, it is widely used in medical and transportation applications. By 
using a -type titanium alloy, excellent cold workability and high strength after heat treatment can be 
expected. Equal-channel angular pressing and accumulative roll-bonding have attracted attention as 
methods for improving the mechanical properties such as tensile strength and hardness of titanium [1, 
2]. Severe plastic deformation processes have been considered for titanium; however, difficulties arise 
as titanium has a relatively high deformation resistance and elastic recovery, and is susceptible to 
seizing and galling in the dies. For these reasons, severe plastic deformation processes for titanium 
have not been investigated sufficiently compared with other light metals, e.g., aluminum and 
magnesium [3, 4]. 

In this study, severe plastic deformation processes are conducted on -titanium alloys at room 
temperature using a multi-directional forging (hereinafter referred to as "MDF”) process that reduces 
the likelihood of seizing and galling in the dies, thus, allowing the processing of bulk titanium 
materials. The MDF process is performed by changing the loading axes (i.e., x  y  z  x…) from 
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cycle to cycle [5, 6]. By repeating this process, the shape of the specimen is maintained during the 
severe plastic deformation.  

The purpose of this study is to investigate the possibility of improving the mechanical properties of 
high-strength -titanium alloys by applying multi-directional forging and cold rolling (hereinafter 
referred to as "CR”). Severe plastic deformations have applied to a  single phase structure and a two 
phase structure in which the granular α phase precipitated in the matrix  phase as an initial structure 
before the deformation. 

2.  Experiment 

2.1.  Materials and specimens 
Solution-treated plates made from a metastable -type Ti-15V-3Cr-3Sn-3Al alloy (hereinafter 

referred to as "Ti-15-3”) with a 5.0 mm thickness have used as the starting material. The plates have 
cut by a wire-cut electric-discharge machine into rectangular pieces measuring 8.3 mm in the rolling 
direction, 6.6 mm in width, and 5.0 mm in thickness. The wire-cut electric-discharge machining left an 
altered layer on the surface of the specimen; this layer has removed by polishing. This rectangular 
specimen has used as A0 for multi-directional forging. The microstructures of the  single phase 
specimen (A0) and the two phase specimen (B0), which has annealed at 973 K after three cycles of 
multi-directional forging and the precipitated granular α phase, are shown in Figure 1.  

The average grain size, d, of the recrystallized  single phase of specimen A0 is obtained by d = 
1.128 × l (l is the average intercept length) using the American Society for Testing and Materials 
(ASTM) intercept method. Specimen A0 is coarse grained (d = 61.7 m) and the hardness is 285 
HV0.2. As determined by an image-processing measurement, the α grain size and the α phase ratio of 
specimen B0 are 0.66 m and approximately 20%, respectively. The hardness of specimen B0 is 304 
HV0.2. 

A list of specimen codes corresponding to the combinations of processing conditions is shown in 
Table 1. The authors investigated the changes in the mechanical properties of the initial structures after 
severe plastic deformations. Cold rolling has carried out after multi-directional forging to apply further 
strain to the multi-directional forged specimens.  

Two types of specimens have subjected to severe plastic deformation by multi-directional forging 
and cold rolling. The initial structures before severe plastic deformation are indicated as follows by (a) 
E single phase, and (b) D-E two phase with granular D phase precipitated in matrix E phase. 

(a) Specimen A1 is a coarse grained  single phase structure (A0) specimen that underwent six 
cycles of multi-directional forging followed by cold rolling with a rolling reduction of 87%. Specimen 
ACR is specimen A0 that is cold rolled with a rolling reduction of 87% without multi-directional 
forging. Specimen ACR has further annealed at 1023 K for 0.6 ks to obtain a fine grained  single 
phase specimen (AFG) (d = 23.4 m).  

(b) Specimen B0 is an α-  two phase structure that underwent three cycles of multi-directional 
forging followed by annealing at 973 K for 10.8 ks. Look like voids in Figure 1 (b) are granular D 
grains. Specimen B1 is an α-  two phase structure (B0) specimen that underwent two cycles of multi-
directional forging followed by cold rolling with a rolling reduction of 87%. Specimen BCR is 
specimen B0 that is cold rolled with a rolling reduction of 87% without multi-directional forging. 

All five specimens, A1, ACR, AFG, B1, and BCR, have annealed at 723 K for 18 ks and then 
precipitation hardened. The same specimens have annealed at 973 K for 1.8 ks and then a granular α 
phase precipitated in a matrix  phase specimen has fabricated. The effect of the heat treatment 
process on the hardness of each specimen has investigated. Each cold rolled specimen is water-cooled 
after every pass to remove the processing heat. 

2.2.  Evaluation method 
The annealing treatment has carried out in an electric furnace in a nitrogen gas-flow atmosphere. A 

Vickers hardness test has conducted and the microstructure has observed using scanning electron 
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microscope (SEM) for various specimens. For the hardness test, a micro Vickers hardness tester was 
used. The test conditions are a load of 0.2 kgf and a holding time of 15 s. The specimen was cut in the 
direction perpendicular to the compressed direction. Subsequently, it was filled in a resin and the 
surface was mirror-polished. After that, the average of five points near the center of the specimen was 
used as the hardness data. For the SEM observation of the structure, the specimen surface has mirror-
polished and then etched to make it easier to obtain information on the structural state. 

2.3.  Multi-directional forging process 
An outline of the multi-directional forging process is shown in Figure 2. Dies have used to 

maintain the flat plane of the applied load direction. First, a load has applied to plane A perpendicular 
to the 8.3 mm lengthwise direction to compress this side from 8.3 mm to 5.2 mm. Plane B, 
perpendicular to the 6.6 mm width, has restrained by a die to maintain a flat plane; this resulted in a 
width increase from 6.6 mm to 8.1 mm. This represents one cycle of the multi-directional forging 
process. After performing one cycle of the multi-directional forging, the specimen has rotated and a 
load has applied to plane B, which reduced the side from 8.1 mm to 5.2 mm. The load has then 
similarly applied to plane C. The compression has applied three times from three directions such that 
each of the three planes experienced MDF from their respective vertical directions.  

The specimens that underwent multi-directional forging have cold rolled in the lengthwise 
direction to reduce their thickness, resulting in a rolling reduction of 87%. Thin-plate specimens have 
fabricated with severer plastic deformation processes. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. Schematic illustration of 
multi-directional forging process. 

Figure 1. Initial microstructures of specimen 
before severe plastic deformations in Ti-15-3 
alloy. (a) Specimen A0: E single phase, and (b) 
Specimen B0: D-E two phase with granular D 
phase precipitated in matrix E phase. 

Table 1. Processing conditions of the specimens (a) E single phase, and 
(b) α-  two phase with granular D phase precipitated in matrix E phase. 
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3. Results and Discussion 

3.1. Hardness changes in specimens subjected to severe plastic deformation 
The hardness changes with the cumulative plastic strain are shown in Figure 3. The cumulative 

plastic strain is  = 0.43 after one forging cycle. In a coarse grained  single phase specimen, cracks 
have initiated after 18 cycles of multi-directional forging. The crack extends from the top of the 
specimen towards the center. Although the cracks grow, multi-directional forging is possible up to 24 
cycles, which is a very large strain. After 17 cycles of multi-directional forging,  = 7.35 and the 
hardness is 335 HV0.2. After 4-MDF cycles (  = 1.73), the hardness has already reached 328 HV0.2, 
which is almost the maximum hardness. Since the hardness increase is almost saturated, we attempted 
to increase the strain imparted by cold rolling. To equalize the hardness distribution, 6-MDF cycles (  
= 2.60) have performed followed by cold rolling with a rolling reduction up to 87%. The cumulative 
plastic strain, , of specimen A1 is 4.93. As a result, the hardness has increased to 365 HV0.2 (see 
specimen A1 in Figure 3), demonstrating that the hardness could be further increased by cold rolling 
after multi-directional forging.  

The coarse grained  single phase specimen A0 has subjected to 3-MDF cycles. In addition, it has 
annealed at 973 K for 10.8 ks, and the granular α phase precipitated in the matrix  phase. A specimen 
made of this granular α phase is called specimen B0, and the hardness is 304 HV0.2. Cracks in 
specimen B0 initiate at 3-MDF cycles. The hardness at 2-MDF cycles, at which cracks are not 
observed, is 331 HV0.2 and the cumulative plastic strain, , is 0.88. However, cold rolling is possible 
up to a rolling reduction of 87%, even after 2-MDF cycles. As a result, the hardness has increased to 
370 HV0.2 (see specimen B1 in Figure 3). The cumulative plastic strain  of specimen B1 is 3.12. 

The specimens A1 and B1 which were subjected to multi-directional forging before cold rolling 
have increased in hardness by approximately 11% to approximately 370 HV0.2 compared with the 
specimen which have only subjected to multi-directional forging. In an ordinary cold rolled specimen 
(e.g., ACR), the hardness has almost saturated at approximately 345 HV0.2 even when rolling to a 
reduction of 87%, and it could not be further increased. The specimens A1 and B1 subjected to multi-
directional forging before cold rolling have increased in hardness by approximately 7% than the 
specimen ACR subjected only to cold rolling. The cumulative plastic strains of specimens A1 and B1 
are, respectively  = 4.93 and 3.12. The hardness of specimen B1 has increased when the cumulative 
plastic strain is smaller than that of specimen A1, which is cold rolled directly after multi-directional 
forging.  

The hardness distributions of the four specimens with various process conditions are shown in 
Figure 4; (a) specimen A0 with coarse grained  single phase, (b) specimen A0 multi-directionally 
forged to six cycles, (c) specimen B0 with granular α phase precipitated in matrix  phase, and (d) 
specimen B0 multi-directionally forged to two cycles. In all the specimens, the hardness difference is 
only 5 HV0.2 between the average of the five central parts and the average of the four surface parts, 
and the hardness is almost uniform.  

3.2. Hardness change with heat treatments 
Various specimens that have subjected to severe plastic deformation also received heat treatment 

to investigate the change in hardness. The heat-treatment conditions have annealing at 673 K to 973 K 
for 1.8 ks and annealing at 998 K to 1023 K for 0.6 ks. The results are shown in Figure 5. Specimen 
B1 is the hardest at room temperature; when the specimens have heated to 723 K for 1.8 ks, the 
hardness of specimen A1 increased to 513 HV0.2 due to the fine precipitation of the α grains. The 
hardness of specimen B1 heated to 723 K for 1.8 ks is approximately the same as that of specimen 
ACR heated to 723 K for 1.8 ks, which has a smaller strain than specimen A1 because the α phase has 
already precipitated. The hardness of both specimens B1 and ACR heated to 723 K for 1.8 ks is 
approximately 480 HV0.2. No strain was accumulated in the specimen AFG which is a recrystallized 
material, and no increase in hardness was observed at any temperature for the 0.6 to 1.8 ks holding 
times. 
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Next, various specimens that had been subjected to severe plastic deformations have precipitation 
hardened. As the test conditions, the annealing temperature is 723 K and the holding times have 0.6 
ks, 1.8 ks, 5.4 ks, 18 ks, and 54 ks. The results are shown in Figure 6. Specimen A1 annealed for 5.4 
ks increased in hardness to the maximum hardness of 539 HV0.2 due to the fine precipitation of the α 
phase. No increase in hardness has observed even when it has held longer. The AFG hardness did not 
increase after a holding time of 18 ks. 

3.3. Change in microstructures with heat treatments 
The changes in the microstructures of various specimens at various annealing temperatures after 

subjection to severe plastic deformation are shown in Figure 7. Specimen ACR has fabricated by cold 
rolling coarse grained specimen A0 to a rolling reduction of 87%. The grain size of specimen A0 is 
61.7 µm. Specimen A1 has fabricated by cold rolling coarse grained specimen A0 to a rolling 
reduction of 87% after six cycles of multi-directional forging. Specimen B1 has fabricated by cold 
rolling specimen B0 with a granular α phase precipitated in a matrix  phase to a rolling reduction of 
87% after two cycles of multi-directional forging.  

The grain sizes of α and , and the α phase ratio of each specimen are shown in Table 2. The grain 
boundaries of the coarse grained  single phase specimen (d = 61.7 m) has already collapsed. The 
deformed zone extending in the rolling direction becomes the texture of specimen ACR and specimen 
A1 before annealing (Figures 7(a) and (f)). It can be observed that the layer interval of the deformation 
zone is smaller for specimen A1 to which strain is added. In specimen B1, the granular α phase has 
precipitated by annealing at 973 K and the structure has extended in the processing direction (Figure 
7(k)). By annealing each specimen, the α phase can be seen up to 998 K; however, at 1023 K it is 
completely solidified. The -transus temperature of the Ti-15V-3Cr-3Sn-3Al is considered to be 
present between 998 K and 1023 K.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

In the specimen annealed at 1023 K in which the α phase is not observed, the recrystallization of 
the matrix  phase has completed in all the specimens and resulted in an equiaxed grain (Figures 7(e), 
(j), and (o)). In the specimen annealed at 998 K, in which the α grains have slightly observed, 
specimen ACR has partially recrystallized while the recrystallized grains of the matrix  phase have in 

Figure 4. The hardness distributions of 
specimens processed by multi-
directional forging. 

Figure 3. The hardness changes with the 
cumulative plastic strain in specimens 
processed by multi-directional forging before 
cold rolling. 
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the process of recrystallizing. However, specimens A1 and B1, which had a large cumulative plastic 
strain, have almost recrystallized, and the matrix  phase has finely divided. The grain size at that time 
is approximately 6 m (Figures 7(i) and (n)).  

In the specimen annealed at 948 K and 973 K, the α phase has precipitated in the form of granules 
or plates along the deformation zone, and no initiation of recrystallization has observed in ACR 
(Figures 7(b) and (c)). In specimens A1 and B1, α grains are very uniformly dispersed as compared 
with the specimen ACR (Figures 7(g), (h), (l), and (m)). Here, the α grains of A1 are extremely fine 
compared with B1, which already precipitated the α phase before annealing, and the number of α 
grains is large (Figures 7(g) and (h)).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5. The hardness changes with the 
annealing temperatures in specimens 
processed by multi-directional forging before 
cold rolling. 

Figure 7. SEM images of specimens, which are subjected to severe 
plastic deformation processes, annealed at various temperatures. 

Figure 6. The hardness changes with the 
holding times in specimens processed by 
multi-directional forging before cold 
rolling. 
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The α grains of the specimen annealed at 948 K are finer than the α grains of the specimen 
annealed at 973 K, and the number of α grains has increased. It has found that recrystallization at 
lower temperatures than ordinary cold rolling is possible. Moreover, severe plastic deformation 
combined with multi-directional forging and subsequent cold rolling enables a further refinement of 
the crystal grains. In addition, the α grains can be finely dispersed very uniformly at a temperature just 
below recrystallization. 
 
 
 
 
 
 
 
 
 
 
 

4. Conclusions 
The authors carried out severe plastic deformations by multi-directional forging and cold rolling a 

-titanium alloy Ti-15V-3Cr-3Sn-3Al. The changes in hardness and microstructure have investigated, 
leading to the following conclusions. 

(1) In specimen A0 with a coarse grained (d = 61.7 m)  single phase structure, cracking occurred 
after 18 cycles of multi-directional forging. The cumulative plastic strain  is 7.35 after 17 cycles of 
multi-directional forging and the hardness is 335 HV0.2. 

(2) Specimen A1 has fabricated by cold rolling to a rolling reduction of 87% after six cycles of 
multi-directional forging using coarse grained specimen A0. Specimen B0 with a granular α phase 
precipitated in a matrix  phase has subjected to two cycles of multi-directional forging. Subsequently, 
the specimen has subjected to cold rolling with a rolling reduction of 87% to fabricate the specimen 
B1. The cumulative plastic strain, , of specimen A1 and B1 have 4.93 and 3.12, respectively. 
Specimen B1 increased in hardness to 370 HV0.2, although it had a smaller cumulative plastic strain 
than specimen A1. The hardness of the specimen subjected to multi-directional forging before cold 
rolling is larger than the hardness of the specimen subjected to only cold rolling. It has found that 
multi-directional forging before cold rolling is effective for increasing hardness. 

(3) Specimen ACR has fabricated by cold-rolling coarse grained specimen A0 to a rolling 
reduction of 87%. The recrystallization of Al and B1 is almost complete at 998 K annealing where the 
α grains have slightly observed. The recrystallization in the matrix  phase has more advanced than 
specimen ACR as it has cold rolled. The grain size at that time is approximately 6 m. The α grains of 
specimen A1 annealed at 948 K and 973 K have much finer and more numerous than the α grains of 
specimen B1 annealed at the same temperatures. The α-phase grains of the specimen annealed at 948 
K became finer than the α grains of the specimen annealed at 973 K, and the number of α-phase grains 
increased.  

(4) The hardness of specimen A1 annealed at 723 K for 1.8 ks is approximately 510 HV0.2 or 
more compared with other specimens under the same conditions. Moreover, the hardness of specimen 
A1 annealed at 723 K for 5.4 ks increased to approximately 540 HV0.2.  

 

 

 

Table 2. Grain size and D phase ratio of the specimens, which are subjected to 
severe plastic deformation processes, annealed at various temperatures. 
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Abstract. The ob ective of this work is aimed to investigate experimentally the influences of 
density ratio on segregation of cylindrical granular mixtures under vertical vibrations. 
Polytetrafluoroethylene, Polyamide, Polyethylene terephthalate, Balsa woods and Hinoki 
woods were used as the cylindrical particles, with 10 mm in diameter and 60 mm in length. 
The granular sample is composed of 1000 particles with two different materials with each type 
of 500 particles. All particles are periodically filled into the rectangular container with size 300 
x 300 x 60 mm, as the initial condition. Density ratios are 2.73, 3.36, 5.27, and 13.63. The 
experimental operated by vertical shaker for 10 minute to achieve a steady state condition with 
same amplitude at 5 mm. The dimensionless vibration accelerations changed by fre uency for 
5 experimental, experiment the dimensionless vibration accelerations  1, 2, 3, 4, and 5. The 
beginning state and the end state collected data by shooting the image. The segregation is 
considered by average height or the segregation coefficient. The result showed that for the 
density ratios of 2.73 and 3.36 for all dimensionless acceleration values, the segregation does 
not occur. n the other hand, for density ratio more than 5.27, the segregation occur by the 
way that the higher density particles move downward to the bottom of the sample, while the 
lower density particles move up to the top of the container. The segregation occurs when the 
dimensionless acceleration is more than 2 and the segregation is clearer when the 
dimensionless acceleration increases. 
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Abstract The butt welds joints are extensively used in manufacturing of marine structures and 
shipbuilding in general Including hull structures, ship decks, ship piping, offshore structures and 
other heavy machinery. The objective of this study is to evaluate and to compare the mechanical 
properties on weld joint of dissimilar materials between austenitic stainless steel and low carbon 
steel using either between plasma arc welding (PAW) and three popular types of welding process 
(SMAW,GMAW,GTAW). In this study, first step, Welding first pass zero gap on dissimilar 
materials between austenitic stainless steel and low carbon steel was performed under optimum 
welding conditions. Next, Magnetic Particle testing (MT) method used to evaluate complete 
welding joint. The specimen are considered to be either complete joint penetration weld. Next, 
mechanical properties were assessed, including the static tensile strength and hardness distribution 
of a dissimilar material welded joint. The results were compared for different welding process 
PAW,SMAW,GMAW and GTAW welding processes. Finally, out of all the welding processes 
PAW welded first pass zero gap on dissimilar metal welded joint led to superior quality compared 
to three popular types of welding process. 

 

1. Introduction 

the most popular welding process around the world in manufacturing and construction are mentioned 
below with their requirements: [ 1 ] 

Shielded Metal Arc Welding (SMAW) A manual process of stick welding is used by the welder 
in this style. The stick utilizes an electric current to form an arc between the stick and the metals. It’s 
often used in the fabrication of steel structures, and to weld iron and steel [ 1 ]. (Fig. 1) 

Gas Metal Arc Welding(GMAW) Also known as Metal Inert Gas (MIG), this method uses a 
shielding gas along the wire electrode, heating up the two metals that are to be joined. A constant voltage 
and direct-current power source is required for this style of welding. It’s the most common industrial 
welding process [ 1 ]. (Fig. 1) 
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Gas Tungsten Arc Welding(GTAW) Gas Tungsten Arc Welding (aka Tungsten Inert Gas (TIG) 
welding) involves welding thick sections of stainless steel or non-ferrous metals together. It’s an arc-
welding process that uses a tungsten electrode to produce the weld. This process is complex and time-
consuming      [ 1 ]. (Fig. 1) 

Submerged Arc Welding(SAW) This welding method uses a consumable electrode, as well as a 
blanket of fusible flux. The flux blanket protects the weld and arc zone from contamination [ 1 ].   

Flux-Cored Arc Welding(FCAW) This style is similar to MIG welding, however, it uses a flux-
filled wire. Depending on the filler, it may or may not be used with shielding gas [ 1 ]. 

                       

Fig. 2 Welding process (SMAW, GMAW, GTAW) [ 2 ] 

 

In year 1953, Plasma Arc Welding (PAW) was invented and patented in 1953, by Robert M. 
Gage, at the Linde/Union Carbide laboratory in Buffalo NY. About 10 years of development and multiple 
subsequent patents occurred before the devices were brought to market in 1964. (Fig. 2) [ 2 ]  

Therefore, this research has the idea to apply the welding process of plasma to compare with the 
popular welding process. Selected by comparision with three type of welding process (SMAW GMAW 
GTAW)  

 

Fig. 2  Plasma Arc Welding (PAW) [ 2 ] 

 

2. Literature Review 

Plasma arc welding is a non-conventional form of welding which can be applied to almost any 
existing metals . the comparative review of plasma arc welding with respect to other existing forms of 
welding processes, based on existing literature  content below. [3] 

Michalec and Maronek (2012) conducted a comparative study of PAW and laser Beam Welding 
(LBW) of steel sheets after nitro-oxidation. Steel sheets treated by nitro-oxidation in comparison to 
material without surface treatment possess increased mechanical properties and enhanced corrosion 
resistance [4]. The study was conducted to find ways to reduce the high initial costs of LBW and to find 
an adequate counterpart from the arc welding sphere. The visual inspection of the joints welded by PAW 
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revealed a significant presence of undercuts, whereas the macroscopic analysis confirmed the absence of 
porosity in the weld joint. But the tensile tests proved that PAW joints had great mechanical properties [4]. 
The LBW joints had more consistent micro-hardness trend along the measured length, whereas the PAW 
joints exhibited a continuous decrease of the micro-hardness towards the base material. The macroscopic 
analysis proved a three-times-wider HAZ in PAW joints. This was caused by the higher thermal density 
of the laser beam distributed into the narrower surface in comparison to plasma arc welding [4]. 

Bharathi et al (2014) explains that PAW has much better penetration capabilities than TIG 
welding does. Because of which, the process is often used for seam welding components as high as 12 
mm in thickness [5]. TIG welding isn’t capable of welding thicker plates due to the wider arc cone. When 
thin components need penetration a special process called micro-plasma can be used to bring the current 
down as low as 5amps. A major advantage of PAW over TIG welding is the increased life of the tungsten. 
One of the reasons for the longer life is that a pilot arc allows starts to be more constant and reliable and 
also due to the presence of the shielding gas [5]. PAW offers significant advantages over TIG in terms of 
joint preparation and thermal distortion as well [6]. 

Comparative study between plasma arc welding with two processes (LBW&TIG) mentioned above. Other 
welding processes have not been identified in previous research. 
 

3. Materials Preparation 
 

Austenitic stainless steel SUS304 of the dimensions 3mm thick and low carbon steel SS400 are 
chosen and their chemical compositions are given in Table 1.  
 

                
 

Table 1 Chemical composition of Low carbon steel (SS400)  and Austenitic stainless steel (SUS304) 
 
4. Experimental Procedure 
 

(A) Welding two plates of  austenitic stainless steel and low carbon steel of the dimensions 
120×120  (Fig 3) were taken for each welding process. And was used welding current 110 amperes in 
first pass zero gap for PAW welding process (Fig 4) and SMAW, GMAW, GTAW. 
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(Fig. 3) Welding two plates of  SUS304 and SS400 
 

  
 

(Fig. 4) PAW current 110 amperes 
in First Pass Zero Gap 

 
Welding Process : 
 

Plasma Arc Welding arc process (PAW) with throated tungsten electrode of and argon 95% 
helium 5% shielding gas was employed to dissimilar materials weld joint steel plates in square-butt joint 
configuration. PAW parameters of current 110 A, travel speed 0.63 mm/s, first pass and zero gap were 
used.  

 
Shielded metal arc welding process (SMAW) with electrode of AWS A5.4 E308L-15 of 1.0 mm 

diameter was used to dissimilar materials weld joint configuration[8]. SMAW welding parameters of 
current 110A, travel speed 0.63 mm/s, first pass and zero gap were used.  

 
Gas metal arc welding process (GMAW) with electrode of AWS A5.9 ER 308L of 1.0 mm 

diameter and argon-carbon dioxide shielding gas was employed to dissimilar materials weld joint 
configuration[8].  
 
GMAW welding parameters of current 110 A, travel speed 0.63 mm/s, first pass and zero gap were used.  

  
Gas tungsten arc welding process (GTAW)  with throated tungsten electrode of 1.6 mm diameter 

and argon shielding gas was employed to dissimilar materials weld joint configuration [8]. GTAW 
parameters of current 110 A, travel speed 0.63 mm/s, first pass and zero gap were used. 
 

(B) Magnetic particle testing method (MT) used to evaluate complete welding joint of four 
welding process (Fig. 5) using a AC YOKE PARKER Y-6 : lifting capacity 4.5 kg., contrast medium type 
Magnaflux WCp-2 drying time 5 min, Testing Medium Magnetic Ink Magnaflux 7HF. Magnetic particle 
testing to check that the welded joint conforms to all speciments. Next, mechanical properties were 
assessed. 
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(Fig. 5) to evaluate complete welding joint by MT Test 
 

(C) After the completion of welding the welded joint conforms to all speciments by MT Test. a 
no. of specimens were taken from the welded plates for the purpose of tensile testing  and hardness 
testing.  
 
           Universal Tensile Testing Instron 8801 model (Fig. 6) was used to evaluate the tensile properties. 
In each condition, three specimens were tested and the average value was presented and used as tension 
test specimen. Based on ASTM E8M-04,is shown (Fig. 7) 
 

  
 

Fig. 6 Universal Tensile Testing Instron 8801 
 

 

 
 

Fig. 7 Tension test specimen based on  
ASTM E8M-04 [7] 
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 (D) hardness test. Vicker's microhardness tester (Leica DMLM with HMT 10) (Fig. 8) was used for 
measuring the hardness distribution across the welded joint. Each specimen was impressed with loads of 
200 g  for 15 seconds, and Speed 20 g / seconds.  

                The specimen for hardness  examination for 21 times was sectioned to the required size from 
the joint comprising weld metal, HAZ (heat-affected zone), and base metal regions. 

 
 

Fig. 8 microhardness tester  
(Leica DMLM with HMT 10) 

 
 

5.Results 
 

5.1 Tensile property  
 
          Tensile strength in MPa has been recorded for each set of experiment (SUS304,SS400,PAW, 
SMAW, GMAW, GTAW) as shown in Main effect plot in Stress-Strain relationship  Fig.9 - Fig. 14 
 

 
 

Fig. 9 Stress-Strain relationship for SS400 
 
 

 
 

Fig. 10 Stress-Strain relationship for SUS304 
 

554



 

    
 

Fig. 11 Stress-Strain relationship for PAW 
 

 

    
 

Fig. 12 Stress-Strain relationship for SMAW 
 

    
 

Fig. 13 Stress-Strain relationship for GMAW 
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Fig. 14 Stress-Strain relationship for GTAW 
 
             Tensile strength in MPa was used to compare the effect of plasma arc welding process and three 
welding process to the tensile strength values. Difference tensile strength of four welding process in First 
Pass Zero Gap of the welded joint is shown in Fig.15 - Fig. 18 
          The Stress–Strain relationships of four welding process in first pass zero gap of the welded joint the 
welding process specimens are between Plasma Arc Welding (PAW) and Three Welding Process 
(SMAW GMAW GTAW).Difference tensile strength of four welding process  shown by the graph in 
Fig.15-Fig.17 

 
Fig. 15  Comparison of Stress-Strain curves 

of PAW and SMAW 
 

 
Fig. 16  Comparison of Stress-Strain curves 

of PAW and GMAW 
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Fig. 17  Comparison of Stress-Strain curves 

of PAW and GTAW 
 

 
Fig. 18  Comparison of Stress-Strain curves 

of PAW, SMAW, GMAW and GTAW 
 

 
 
5.2 Hardness 
 
                 Hardness tests were performed on the etched specimens (Fig. 19). Hardness testing was carried 
out using a Leica DMLM with HMT 10 Hardness was measured at the center of the fusion zone and 
across the heata ffected zone (HAZ) into the base metal (Fig. 20)  to estimate local mechanical properties. 

 

Fig. 19 Hardness tests specimens 
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Fig. 20  measured at the center of the fusion zone and across the heata ffected zone (HAZ) into the base 
metal 

 

 The results are plotted in the graph below   (Fig. 21 - Fig. 24 ) on the etched welding process and 
compared  Plasma Arc Welding (PAW) and Three Welding Process (SMAW GMAW GTAW) (Fig. 25 - 
Fig. 27) 

 
Fig. 21  Hardness measurement on surface across the weld metal of PAW 

 
Fig. 22  Hardness measurement on surface across the weld metal of SMAW 
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Fig. 23  Hardness measurement on surface across the weld metal of GMAW 

 
Fig. 24  Hardness measurement on surface across the weld metal of GTAW 

 
Fig. 25  Comparison of Hardness measurement on surface across the weld metal of PAW and SMAW 
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Fig. 26  Comparison of Hardness measurement on surface across the weld metal of PAW and GMAW 

 
Fig. 27  Comparison of Hardness measurement on surface across the weld metal of PAW and GTAW 

 
 
6. Conclusion 

During the study, first pass weld with zero gap on Dissimilar Materials between austenitic stainless steel 
(SUS304) and low carbon steel (SS400) were joined using plasma arc welding (PAW) and three popular 
types of welding process(SMAW,GMAW,GTAW). The tensile strength and hardness of butt welded 
joints were investigated. The selection of different welding process used for welding play an important 
role in deciding the properties of the weld. From the study, following conclusions can be drawn. 
 
1. Plasma arc welding is more suitable than three popular types of welding process (SMAW,GMAW, 
GTAW) for dissimilar metal welding of austenitic stainless steel and low carbon steel, PAW welding 
process provides better strength. It may be because of full penetration butt weld weld in dissimilar metal 
welds during PAW welding and three popular types of  welding  which comes out due to partial 
penetration butt weld. 
 
2.The main flaw which occurs in welding dissimilar material by three popular types of welding process 
(SMAW,GMAW,GTAW) is the development of cracks during the tensile test, which needs more effort 
for achieving similar weld has by PAW welding. 
 
3.The dissimilar metal joint of austenitic stainless steel and low carbon steel has the best ductility for only 
PAW. 
 
4.The yield strength of dissimilar joint of austenitic stainless steel and low carbon steel is best for PAW 
welding process and the second is GMAW. 
 
5.The dissimilar metal joint of austenitic stainless steel and low carbon steel has poor ultimate tensile 
stress for PAW due to full penetration . 
 
6.The dissimilar metal joint of austenitic stainless steel and low carbon steel has poor ultimate tensile 
stress for three popular types of welding process (SMAW, GMAW,GTAW) due to partial penetration . 
 
7. Hardness of GMAW joint (440 HV) at fusion zone FS is higher PAW SMAW and GTAW. The lower 
hardnesses at fusion zone of the SMAW joints (420 HV) and PAW joints (304 HV) the GTAW joints 
(410 HV) were recorded. Three Popular Types of Welding Process (SMAW,GMAW,GTAW) is the 
development of cracks during the tensile test, and higher than compared to the HAZ and BM regions. 
This is due to severe plastic deformation and continuous dynamic recrystallization occurred in the fusion 
zone and localized heating and fast cooling rate of the SMAW,GMAW,GTAW process.  
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Abstract. Introduction to novel fabricating concept of 3D Printing (3DP) around mid-1980s has 
led to new manufacturing perspective especially with the features suitable for the next industrial 
revolution aspiration, Industry 4.0. The new era of manufacturing is being adopted by various 
industrial and individual usage, and availability of wide range of machine types has deliberately 
questionable if the mechanical and aesthetical qualities resulting from lower cost printer is 
comparable to professional grade. This study aims to perform surface roughness comparison 
between parts fabricated by industrial and domestic 3D printer, and subsequently to prove the 
hypothesis that the industrial grade printed part has more reliable surface qualities. In this 
research, specimens were fabricated using two different printer technologies and later tested and 
compared for surface roughness at several different points, direction and orientations. The 
experiments showed that surface roughness of ABS parts fabricated by industrial grade printer 
has 74.5% less rough as compared to PLA fabricated by FDM. The results from the testing on 
both specimen shown that industrial printer able to produce at least by 67% higher on surface 
roughness consistency and homogeneity in printed product. 

1.  Introduction 
Additive Manufacturing (AM) as defined by ASTM F42 is the process of joining materials to make 

objects from three-dimensional (3D) model data, usually layer upon layer, as opposed to subtractive 
manufacturing methodologies [1]. Also known as digital fabrication[2], solid parts are generated directly 
from 3D data and therefore no part-specific molds or tools are needed. AM is one of enabling technology 
in the smart manufacturing strategy of Industry 4.0 [3], seems very promising as the technology has 
being adopted by various industries for customized and low volume production.  

Nowadays, parts fabrication using AM has now become trendy and more common in hobby and craft 
settings [4], not necessarily for mass production in the factory. By employing simple AM technology, 
small scale production is available off the production site [5]. Typically, domestic 3D printers (e.g. 
RepRap, Makerbot, Ultimaker, Fab@home) are based on fused deposition modelling (FDM) technology 
as it has simplest working principle, easy to handle and maintain. However, the parts accuracy built by 
domestic printers remains the key issue and one of them is the surface roughness of fabricated parts. 
Surface roughness is the main indicator of production quality [6] and important requirement for some 
application such as implant and bone scaffold to promote cell adhesion and proliferation [7]. Based on 
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applications, other than easy to print the question is how reliable the quality of parts coming out from 
domestic printers especially for parts expected to perform in long run or the surface quality comparable 
to those from industrial machine? Is it true that surface roughness is hundred percent depending on the 
process [8]. The objective of this study is to analyze the surface roughness of printed parts fabricated by 
two different type and level of printer FDM and MJP using PLA and ABS materials respectively. From 
the insights, it is intended to prove the hypothesis that the industrial grade printed part has more reliable 
mechanical properties. 

 
1.1 Fused Deposition Modelling (FDM) 

FDM is one of a fast-growing rapid prototyping (RP) technology and its straightforward working 
principle as shown in figure 1, made it very popular amongst other sophisticated AM technologies. 
Using this process, parts of any geometrical shape is built by deposition of material on a layer by layer 
and line by line [4] based on 3D data. FDM uses semi-solid polymeric materials, normally in 
thermoplastic filament as feedstock, extruded through the nozzle and is made viscous [9] after being 
heated in chamber. Thus, other than layers of material, each layer contains a lot of lines construction 
each layer.  

 

 
 

Figure 1 Working principle of FDM machine 
 

Due to the building methodology, it is common that parts fabricated with FDM technology is 
anisotropic internally [4] and has different properties on the outline and inside [10]. One obvious issue 
in FDM, after one layer, the starting point of material extrusion for next one is random and 
uncontrollable. Commonly used materials for FDM are wide range of ABS [11] for high toughness and 
strength application, polylactic acid (PLA) as stiff and environmental friendly materials, polyamide, 
polycarbonate, polyethylene, polypropylene, nylon for soft application and HDPE for food grade 
compatible parts [8]. 

 
1.2 Multi Jet Printing (MJP) 

 
MJP is an additive manufacturing technology by 3D Systems (Rock Hill, USA), just similar to inkjet 

printing just additionally there are multiple small holes at the print head. The advantages of the MJP 
process included cost effectiveness, shorter build time and office friendliness. Because the print head 
jets such small droplets, MJP allows for details in parts that are extremely small and precise [12][12][12]  

UV curable photopolymer is the material for the technology and during the process, the print head 
shuttles back and forth depositing material through each small jet to build each single layer. After each 
layer is dispensed, the process will be followed by flash of UV light to cure the polymer. After one layer 
completed, the platform (as shown in figure 2) is descended by one-layer thickness and the next layer is 
built upon the previous one. This process cycle will be repeated until the entire part is built.  
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Figure 2 Basic working principle of MJP 

 
Other than the building material for the part, support material is simultaneously deposited during the 

process and post processing is required later on to remove the waxy support material by heating in oven 
or furnace, leaving the finished printed part only. Just like the other 3D printing technology, the 
fabricated parts is anisotropic and based on the orientation during printing process. 

2.  Methodology 
 
2.1 Sample Preparation 
 
Firstly, stereolithography (.stl) files format was prepared using Solidworks 2012 (Dassault Systèmes, 
Paris, France) with custom resolution of 0.08mm for deviation and 5⁰ for angular features. Parts design 
as shown in Figure 3 is based on ASTM 638 Type I with thickness of 6mm and shape of tensile bas as 
the parts later will undergo other testing including tensile strength. 

 
 

Figure 3 Part design 
 
Parts were manufactured using PLA as raw materials with filament diameter of 2.85 mm, and the 

FDM machine used in this work is the Ultimaker 2+ as depicted in Figure 4. Default settings of extrusion 
temperature and speed were used as recommended by the manufacturer and the machine has undergoing 
test run and calibration prior to real printing process. For all of PLA specimens, no post processing is 
being done and testings are on as-built sample. 

 
 
 
 
 
 
 
 

Figure 4 Parts fabricating using Ultimaker 
 
On the other hand, parts with similar design were printed on a Projet HD 3510 printer (3D Systems, 

Rock Hill, SC, USA). The printed components were made from non-porous urethane acrylate oligomers 
(acrylonitrile butadiene styrene, ABS). Similar design of tensile bar shaped parts were fabricated with a 
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photopolymerizable polymer (VisiJet® M3 Crystal) using 3D Systems MJP technologies 
ProJet®3510SD using supplier recommended parameter settings. Post-processing has been done only 
to the sample printed by Projet as the supporting wax will automatically deposited during fabrication, 
by heating 70°C in the oven, just enough to remove the wax materials. 
 
2.2  Surface Roughness Measurement 

 
To measure and analyze surface roughness of the parts, the average roughness (Ra) is considered and 

measured using stationary Mohr Perthometer S2 apparatus as shown in figure 5. A measuring probe 
with radius of 2µm was used to scan a straight track of 5.6 mm in multiple direction at 0.5 mm/s. Taking 
into account anisotropic features inherent of AM fabricated part [13], several roughness readings were 
taken from different locations, parallel and perpendicular to printing direction on the surface of each 
materials. From this, irregularities of roughness during printing if any, will possibly be detected. 

 
 
 
 
 
 
 
 
 

Figure 5 measuring surface roughness of PLA and ABS 
 

Figure 6 depicted measured points for each part and because of different printing principles, both of 
sample were measured differently. Mainly, the measurement was made along the specimen except some 
other reading that purposely done diagonally. 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 6 measured point for PLA and ABS 
 
 

3.  Result and discussion 
 
As shown in Table 1 and Table 2, it can be generally concluded from the average value, Ra that ABS 

part has better surface roughness as compared to PLA. PLA which is based on line by line and random 
direction of material deposition for each layer is expected to exhibit scattered value of surface roughness 
all over the part surface area. It can also be clearly seen the irregularities from random deposition pattern 
in PLA parts, where in one side parallel diagonal lines can be seen while there is crosslinked pattern on 
the other side. This is why the reading was taken on several points on the specimen, to show the 
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appearance of this pattern by roughness data means. On average, the surface roughness of PLA is 1.894 
as can be seen from the calculated value on Table 1. In order to assess the variations, standard deviation 
was used and for PLA is 0.4496. 

 
 

Table 1. Average Surface Roughness Ra for FDM fabricated PLA. 
 

Point Ra 
A 1.384 
B 1.785 
C 2.58 
D 2.412 
E 2.369 
F 2.037 
G 1.213 
H 1.767 
I 1.652 
J 1.741 

Average 1.894 
Standard 
Deviation 0.44955 

 
Figure 7 shown the distribution of the reading based on points where the reading were taken from by 

referring the PLA sample from figure 6. No obvious pattern is identified, the smoothest point is F with 
1.213 and cannot be concluded that the symmetry design will give evenness in roughness and this is 
obviously caused by the processing. 

All the above discussion is based on the reading determined from one direction of stylus movement 
which is along the specimen. Knowing that the print pattern is random and diagonal, it is interesting to 
test roughness along and across the printing lines. From the test, average roughness taken straight 
between the printed lines is 0.465, and transversely across the lines is 30. This value are acceptable as 
they are the lowest and highest reading as compared to the reading made across the diagonal lines.  
 

 
Figure 7 Surface Roughness reading for PLA based on point position. 
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Table 2. Average Surface Roughness Ra for MJP fabricated ABS. 
 

  ABS1 ABS2 
1 0.55 1.628 
2 0.586 1.725 
3 0.313 1.684 

Average 0.483 1.679 
Standard 
Deviation 0.14832 0.04869 

 
 

Due to printing methodology of MJP it is as expected that ABS has better roughness and regularities 
from the fabrication. There are two sample printed with different orientation, x and y direction and 
therefore the deposition of material is along and across the parts respectively. From the reading taken 
along the specimen, it can be seen from Table 2 that ABS and MJP fabricated parts is overall shown 
better roughness with average lowest by 0.483 and 1.679 if measures opposing the printing direction. 
This is consistence with the finding in a study, where the analysis concluded that part build orientation 
has significant effect on surface roughness [6], [13]. 

Other than better overall roughness, ABS specimen as well exhibited way better regularities and 
evenness along the specimen as can be seen from the low value of standard deviation. This consistency 
may be caused by the working principle of MJP here multiple nano-jet deposited the resin through 
one large print head covering the full width of the building platform at each layer make each layer more 
uniform. Other reason of why roughness of printed part using MJP is better, is because the resin is cured 
using UV light where the depth of laser energy penetration is very important in microscale and may 
contribute to smoother surface [14].  

For ABS parts of MJP, testing on surface roughness is only conducted on the 3 random points along 
the specimen as in figure 6 because theoretically, ABS resin are consistently distributed and properly 
cured during the fabrication. Figure 8 shown the reading of both specimen, ABS1 and ABS2. 
 

 
 

 
Figure 8 Surface Roughness reading for two printing orientation of ABS  

 
Whether the surface roughness is high or low, it is important to see from their future respective 

application. For the application need accuracy, the high roughness of the printed surface may limit the 
diversification of the application [15]. There are some applications where highly rough surface is more 
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favorable while the other is to be avoided. However, for durability and fatigue related issue, it was shown 
that cracks initiate from pores inside core of specimen rather than from the surface, therefore surface 
finish alone is insufficient to characterize durability of printed parts. In a research study conducted, it is 
surprising to find that lower surface roughness specimens show significantly higher fatigue strength 
[16]. 

4. Conclusion 
To conclude, two preliminary mechanical properties and surface roughness have been successfully 
characterized on differently printed materials, ABS and FDM. ABS printed using MJP technology by 
3D Systems shown much better surface roughness, averagely 0.483 for parallel and 1.679 for transverse 
direction as compared to PLA printed by FDM technology with average roughness of 1.894. Based on 
application, and some optimization, FDM with PLA is adequate for printing domestic personal DIY 
parts. More testing in the future is required to fully understand how the surface criteria affect the 
mechanical and tribological properties of 3D printed parts 
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Abstract. Meso pillar specimens, 100 m in diameter and 150 m in height, were fabricated 
from an extruded plate of magnesium (Mg) alloy AZ 80 by an electrical discharging machining 
process. Compression tests have been performed using the meso pillars and compressive 
deformation behavior was investigated. The plate had the strong texture as that the c-axes of 
the hexagonal close packed (HCP) crystals were nearly parallel to the thickness direction (ND) 
of the plate. The pillars were taken so that the longitudinal axes were parallel to ND, the 
extruding direction (RD), the width direction (TD) and some directions between RD and TD.  
They are denoted as ND, RD, TD and RD-TD, respectively. The bulk pillars, 6 mm in diameter 
and 9 mm in height, exhibited strong anisotropy: The RD and TD bulk pillars exhibited a 
bending point in stress – strain curves at almost 1 % of strain while this bending point did not 
appear in the ND pillar. However, in the case of the meso pillars, this bending point did not 
appear either in the ND or RD-TD; which indicates that the anisotropy of the meso pillar was 
weaker than that of the bulk pillar. As for the strength, the nominal compressive strengths of 
the meso pillars were lower than those of the bulk pillars.  These results were attributed to the 
relaxation of the deformation constraint conditions in the meso pillar due to the increase of the 
specific surface area ratio to volume and the decrease in the number of the nuclei of 
dislocations and twinning. 

1.  Introduction 
In recent years, there has been an increasing demand for lightweight structural materials from the 
viewpoint of improving fuel economy in industrial fields such as automotive and aerospace industries. 
Magnesium (Mg) has the lowest density in the practical metals and its alloy is superior in specific 
strength, therefore Mg is promising for such applications. Mg alloy has a hexagonal close-packed 
(hcp) crystal structure which has few slip systems, which exhibits strong anisotropy. For this reason, it 
is known that a wrought material of Mg alloy forms texture easily during manufacturing and the bulk 
sample has strong anisotropy in mechanical properties. In order to promote the use of Mg alloys, it is 
necessary to understand the anisotropy of the wrought Mg alloy. In the past, many experimental 
studies have been conducted on the bulk sample of Mg alloy, and much knowledge is obtained about 
the anisotropy. Recently compression tests using single crystal pillar type specimen (micro pillar) 
having dimensions of several to tens of micrometers were also performed [1], and the strength and 
deformation behavior depending on crystal orientation and anisotropy of differences with bulk sample 
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were clarified. However, the transition of the mechanical properties on the scale between the micro 
sized sample and the bulk sample are not clarified. 

In this research, pillar specimens having a mesoscale dimension of about 100 m (meso pillar), 
which is between micrometer scale and millimeter scale, were fabricated from an extruded Mg alloy 
plate. Compression tests were carried out and the effects of size and anisotropy in compressive 
strength and deformation behavior were investigated. 

2.  Test material and Sample 

2.1.  Test material 
The material used in this study was an extruded Mg alloy, AZ80. The material was received as a plate 
with thickness of 11.5 mm. In this paper, the extrusion, the width and the thickness directions are 
denoted as the RD, the TD and the ND directions, respectively. Figure 1 shows the pole figures of the 
(0 0 0 1) plane obtained by an electron backscatter diffraction (EBSD) analysis on the RD-TD and 
TD-ND planes. From these pole figures, a strong basal texture in which the c-axis was parallel to the 
ND direction can be seen while the texture has a scatter. 
 

 

2.2.  Bulk pillar 
The column-shaped specimen, 6 mm in diameter and 9 mm in height, was fabricated from the 
extruded plate, which is hereafter denoted as the bulk pillar. Figure 2 shows a schematic drawing of 
 

 

(a) TD-ND (b) RD-TD 

Figure 1.  Pole figures of (0 0 0 1) at RD-TD and TD-ND plane with AZ80. 

Figure 2.  Schematic drawing of sampling bulk specimen and meso pillar from AZ80. 
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bulk pillar specimen sampling. Meso pillar sampling, described below in section 2.3, is also shown in 
the same figure. Bulk pillars were sampled in three directions. The bulk pillars in which the height 
direction was parallel to the RD, TD and ND directions are denoted as the RD, TD and ND bulk 
pillars, respectively. 

2.3.  Meso pillar 
As shown in figure 3, a thin disk, with a diameter of 10 mm and a thickness of 1.0 mm was sampled 
from the extruded plate and was cut in the thickness direction. And then a meso pillar with a diameter 
of 100 Pm and a height of 150 Pm was fabricated with the height perpendicular to the cut surface. 
Fabrication was carried out by a die-sinking electrical discharge machining using cemented carbide 
electrodes. The SEM image of the meso pillar sample is shown in Fig. 3. Meso pillars were sampled in 
two directions; in which the height direction was parallel to the ND direction and vertical (the height 
direction existed between the RD direction and the TD direction), and are denoted as the ND meso 
pillar and the RD-TD meso pillar, respectively. 
 

 

3.  Experimental methods 

3.1.  Bulk pillar compression test 
The compression test [3] was performed on the bulk pillars. In this test, grooves were fabricated on the 
contacting surfaces of the upper and lower dies to prevent slippage between the bulk pillars and the 
dies. The test condition was at a strain rate of 0.02 / s at room temperature in the laboratory air. In this 
test condition, the compression axis and the c-axis were parallel in the ND bulk pillar. 

3.2.  Meso pillar compression test 
The uniaxial compression test was performed on the meso pillars using a self-made testing machine. 
The compression was made by an actuator equipped with a steel probe having a diameter of 300 Pm 
and a height of 200 Pm. The load was measured by a load cell during the compression tests. The test 
condition was under actuator rate control at 8 Pm / s at room temperature in laboratory air. In this test 
condition, the compression axis and the c-axis were parallel in the ND meso pillar. 

4.  Results 
Figure 4 shows the compressive nominal stress - nominal strain curves of bulk pillars and meso pillars. 
The results of the micro pillar [1] are also shown in the same figure. In the micro pillar compression 
test, compression was performed parallel to the c-axis. The value of the micro pillar in legend 
indicates the diameter of the micro pillar. 
  

Figure 3.  SEM image of meso pillar before compression test. 
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4.1.  Bulk pillar compression test 
In the RD and TD bulk pillars, the stress was linear with the strain up to 110 MPa, and then the stress - 
strain curve bent. On the other hand, the bending point did not appear in the ND bulk pillar. The 
compressive strength was about 400 MPa, and no significant difference was observed in the strength. 

4.2.  Meso pillar compression test 
From figure 4, the compression strengths of the ND and RD-TD meso pillars were 340 MPa and 420 
MPa, respectively, and there was a large difference. The fracture strain was also 0.32 and 0.15 
respectively, and a large difference was also observed. 
 

 

5.  Discussions 

5.1.  Strength difference of bulk pillar 
The bending point in the stress - strain curve was confirmed at 110 MPa in only the RD and the TD 
bulk pillars. This is considered to be caused by angular difference between the c-axis and the 
compression axis. First, when the c-axis and the compression axis are parallel, no shear stress is 
applied at the basal plane ሺͲ�Ͳ�Ͳ�ͳሻ, so no basal slip operates. Also, no tensile stress is applied parallel 
to the c-axis, so tensile twin ሺͳ�Ͳ�ͳത�ʹሻ does not operate. Next, when the c-axis and the compression 
axis are perpendicular, the stress projected area for the basal plane ሺͲ�Ͳ�Ͳ�ͳሻ is 0, so no basal slip 
operates. But tensile shear stress is applied parallel to the c-axis, so the occurrence of tensile twin 
ሺͳ�Ͳ�ͳത�ʹሻ is promoted. From these results, it is considered that tensile twins did not operate in the ND 
bulk pillar but tensile twins operated in the RD and TD bulk pillars. As a result, the bending point 
appeared only in the RD and the TD bulk pillars. 
  

Figure 4.  Nominal stress-strain curves of bulk specimens, meso pillars and micro pillars 
in compression test. 

572



 
 
 
 
 
 

5.2.  Effect of scale on compressive strength 
The results of the micro pillar [1] and the results of this study are compared and discussed. When 
comparing these three compressive strengths; the micro pillar, the meso pillar and the bulk pillar, the 
micro pillar was the highest, the next highest was the bulk pillar, and the meso pillar was the lowest. It 
is considered that the cause of the decrease in strength between the meso pillar and the bulk pillar was 
less constraint of dislocation due to the increase in the ratio of surface area to volume. Therefore, 
stress required for plastic deformation decreased and the strength was lowered. On the other hand, the 
strength of the micro pillar is higher than the others. As a factor of this, reduction of the number of 
dislocation sources due to volume reduction is conceivable. As the dislocation source decreases, the 
strength level could be improved by increasing the stress required for plastic deformation. 

6.  Conclusion 
In this study, compression tests using meso pillars were conducted and the test results were compared 
with those of the bulk pillars and the micro pillars [1]. As for deformation behavior, any meso pillar 
did not exhibit a bending point in the stress - strain curve, while some bulk pillars, the RD pillar and 
the TD pillar, exhibited the bending point. As for strength, the scale effect between the bulk and meso, 
and between the meso and micro, were different. The meso pillar, which was smaller than the bulk 
pillar, exhibited the lower strength than the bulk pillar, while the micro pillar, which was smaller than 
the meso pillar, exhibited the higher strength than the meso pillar and the bulk pillar. 
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Abstract. This experiment aims to enhance the effectiveness of the Universal Power System 
(UPS) continuous testing process of the Electrical and Electronic Institute by applying work 
scheduling and time study methods. Initially, the standard time of testing process has not been 
considered that results of unaccurate testing target and also time wasting has been observed. As 
monitoring and reducing waste time for improving the efficiency of testing process, amazumi 
chart and ob scheduling theory (North est Corner Rule) were applied to develop new work 
process. After the improvements, the overall efficiency of the process possibly increased from 
52.8  to 65.6  or 12.7 . Moreover, the waste time could reduce from 828.3 minutes to 653.6 
minutes or 21  , while testing units per batch could increase from 3 to 4 units. Therefore, the 
number of testing units would increase from 12 units up to 20 units per month that also 
contribute to increase of net income of UPS testing process by 72 .  
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Abstract. It is expected that increasingly active new technologies will be developed due to the 
rapid advancement accompanying technological innovation of artificial intelligence and 
machining technology typified by 3D printers. On the other hand, rapid social change, such as 
replacement of simple labor with machinery, is also expected. For future manufacturing and 
university design education, there is an urgent need for research into contemporary education 
methods. Particularly, engineers who constantly create new concepts are required, who have the 
creativity to make products based on user needs, cooperative skills, and the executive ability to 
form and realize projects and shape ideas. To foster innovation talent, it is necessary to conduct 
learning and project implementation by interdisciplinary teams. However, in engineering 
education in Japan to date, education within individual departments has been the main focus. In 
this research, we propose a mechanism, for fostering technicians who can create and implement 
new concepts, that entails fusing students of undergraduate departments with students of other 
undergraduate projects. Our research goal is to evaluate the idea of design in the investigation of 
the literary fusion project and its activities. In order to verify the influence of divergence and 
convergence of ideas on the project, we quantitatively evaluate the change in ability of 
divergence and convergence of learner’s ideas through design thinking education. In addition, in 
order to verify the pedagogical value of design-based education of teams with diverse 
specializations, we investigate the educational effects and communication problems through a 
project-execution student project. Based on the results of the experiments, Discover problems 
occurring in the team with diverse specializations, we conclude by proposing a method for 
improvement. 

 

1.  Introduction 
In order to avoid technical stagnation, industry is seeking engineers who constantly create new concepts, 
and educators face the challenge of implementing design education to nurture such technicians. At the 
same time, university educators have been actively engaged in learning activities through problem based 
learning (PBL) and university societies, but a certain degree of autonomy and expertise is required for 
these learning methods be effective.[1] There is a problem with guaranteeing uniform learning effect 
for learners with low experience and expertise and being properly managed by a learning team with 
different expertise. 
 In order to achieve this proposition, we focused on technological innovation caused by digital 
production technology and implementation of interdisciplinary education based on design thinking. 
These are expected to be effective for further developing the creativity of technicians and developing 
the ability to create new concepts required of engineers. 
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 Chris Anderson, in his book “MAKERS,” [2] writes that manufacturing using digital production 
technology is the industrial revolution of the 21st century. In the industrial revolution in the latter half 
of the 18th century, when industrial society was born, industrial products were designed and produced 
for the purpose of mass production and mass consumption. In our century’s industrial revolution, on the 
other hand, product manufacturing is expected to become possible in small industries and niche varieties. 
This presents an opportunity to bolster the influence of manufacturing education and design education 
in universities, and  Cathy N. D. [3] said that the majority of elementary school students are entering 
unprecedented occupations. 
 Masaki [4] has analyzed engineering education at the Design Engineering Society and has 
discussed changes to technician education at the Department of Mechanical Engineering from 
Handwritten Drafting to 3DCAD as well as the response to these changes. Considering the influence of 
the technological innovation mentioned above, he showed the necessity to investigate and consider 
engineer education at science and engineering universities in response to major changes in industry and 
education, themselves resulting from evolutions in computer technology that occurred in the 1990s. 
 However, surveys and research on engineering education at the Department of Mechanical 
Engineering have not been conducted sufficiently  Yoshioka [5] surveyed the current state of design 
education at Japanese universities and compared engineering students to economics students and found 
that the engineering students belonging to the laboratory had more opportunities related to 
manufacturing than the economics students. However, before belonging to the laboratory, engineering 
students got the same degree of opportunity as economics students, and there were actually few 
opportunities connected to manufacturing. In the survey on the penetration of the manufacturing industry 
at home, engineering students belonging to the laboratory have a high proportion of engineering students 
in their homes, and relatively few engineering students and economic students who are not belonged. 
From this, it is clear that there is a difference in experience and expertise in manufacturing between 
university engineering students who do full-scale research and those who do not. 
 Abundant research has been conducted on design education using design thinking from the 
viewpoint of cognitive psychology. It is said that configuration self-efficacy [6], goal setting[7], 
elimination of cognitive bias[8], etc. are effective for improving design performance, and it is known 
that these can be improved by the mindset cultivated by design thinking. Design thinking seeks T-shaped 
teams [9] with different skill dimensions, which logically suggests the need for interdisciplinary project. 
As an example of design education based on design thinking, Jeanne Liedtka [8] analyzed how design 
thinking works and how to overcome cognitive bias to make non-designers acquire design thinking to 
create innovative results. 
 Since the effects of such psychological effects were studied almost in the field of cognitive 
psychology, research is not active from the viewpoint of education. For example, the development of 
the ability to overcome the cognitive bias is detailed in Literature on Cognitive Flexibility [10] and 
literature on resistance to change [11], but studies related to the design education field have been little 
attention until now. In other words, although it is theoretically understood that elements of design 
education are effective for design education, designers who are learners do not necessarily behave 
uniformly in cases, so a more fundamental analysis is necessary.  
 Based on the above matters, we aim to research and propose design education for engineers who 
increase learners' creativity, create new concepts. Specifically, we conduct the following research. 
(1) Implement not only the technology of manufacturing and the science and engineering expertise 

education, but also design thinking education with interdisciplinary project, and analyze the learning 
effect. 

(2) We propose a design education program to train engineers with the ability to discover technical skills 
and needs. 

(3) Study a program to learn a method to create a new concept by combining multiple expert knowledge. 
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2.  Design thinking 
Micah J. L [12] proposed that an innovation can be defined as a new concept that satisfies technological 
possibilities (technology), can generate profits (business), and is needed by customers (human values). 
The task of this research is to cultivate engineers who possess both the creativity to create innovation 
and the cooperativeness and execution ability to formulate and bring to fruition a project to shape the 
idea created. 
 In order to achieve this task, we focus on design thinking and interdisciplinary projects. 
 Design thinking is a characteristic way of thinking used by designers that seeks to discover 
essential solutions to a given problem through “divergence,” the process of devising many ideas, and 
“convergence,” the process of choosing the best answer from among them. Design thinking refines the 
chosen idea by repeating divergence and convergence of the idea at each stage, leading to a final 
conclusion. Here we introduce the five-step process [13]: 
 
 (1) Empathize: Observe the user deeply and clarify needs 

 (2) Define: Come up with an actionable problem based on needs 
 (3) Ideate: Generate ideas and mentally “go wide” 
 (4) Prototype: Refine ideas by building and testing iteratively 
 (5) Test: Have users use prototypes and get iterations 

 
 

Figure 1. Design thinking. 
 An interdisciplinary project is one in which experts from various fields collaborate. This paper 
refers specifically to a project in which technicians and non-technical persons collaborate. The 
foundation of ideas is the mindset and knowledge of the people who create them. For this reason, it is 
advantageous for people with different perspectives and knowledge to gather and exchange ideas to 
create new ideas. 
 On the other hand, differences in specialized fields are not limited to expertise; they are also 
great in terms of mindset. It is difficult for people with different expertise to communicate smoothly, 
especially in the Japanese community. As an example, there are few opportunities for university students 
in science and literature to interact, and there are conflicts between technical and sales departments in 
companies. For this reason, it is necessary to observe communication among different professionals and 
discover ways to promote more vigorous exchange. 
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3.  Research method 
In this paper, we investigate the interdisciplinary project and evaluate the idea of design in it. 
 One of the merits of interdisciplinary projects is that teams with diverse membership can expect 
to discover unique ideas. For this reason, it is expected that the implementation of a team in a way that 
creates more ideas will have a positive impact on the project. In order to verify the influence of 
divergence and convergence of ideas on the project, we quantitatively evaluate the change in ability to 
practice divergence and convergence attained through design thinking education. 
 Moreover, one of the challenges of technical education in Japan is the difficulty collaborating 
among people with different fields of specialization. Although it is expected that exchanging different 
perspectives and knowledge will lead to the creation of ideas, differences in sharing and thinking among 
fields may hinder active exchange of opinions.  
 In order to verify the pedagogical value of education based on integrating cooperative persons 
with different fields of specialization, we investigate the educational outcomes and problems with 
communication of students participating in the interdisciplinary project. 
 

4. Interview 
We analyze design education for college students in Japan as an example of an interdisciplinary project. 
In this project, engineering students and design students worked as teams, proposing workshops for 
design education. Team members learned about the fundamental elements of design education in 
advance, and teams conducted activities using design thinking methods. 
 Analyzing the interviews with the team members of the project, we examine the effect of 
divergence and convergence of ideas on the project and the influence of differences in specialized fields 
on team communication. 
 Participants worked on projects to propose design education workshops for beginners using 
3DCAD and 3D printers. We shared the progress of the projects online, holding meetings mainly at 
night. 
 There were differences in the designs of products created in the project. Engineering students’ 
designs tended to emphasize the functions of products. They excelled at grasping the problems that arise 
when actually creating the designed products, realizing the projects proposed by the team in a realistic 
manner. It is interesting to predict the time required to process ideas proposed by design students, 
compare them with the time available for workshops, and adjust the ideas. 
 On the other hand, design students focused on design. They sought attractive ideas to make 
products more interesting to customers.  While engineering students try to make the product have a 
certain level of functionality, it is interesting to propose flexible ideas without sticking to functions in 
order to prioritize design education proposal by 3DCAD. 
 As for the question of whether they are dissatisfied with each other, engineering students tended 
to emphasize the originality and attractiveness of ideas rather than feasibility for design students, and 
evaluated that it was difficult to make discussions that used engineering knowledge with high expertise. 
In order to make full use of the flexibility of the ideas of design students, they showed the need for 
engineering students to lodge coordination on specialized fields. 
 On the other hand, design students stated that the designs of engineering students, who 
prioritized function, were very simple and perceived them as having a passive attitude toward 
communication within the team.  In order to ask for more opinions from engineering students, they 
showed the need for the design students to lead the communication within the team. 
 In connection with this, through an additional interview, we learned that engineering students 
are not good at positively communicating with group with shallow association. Design students 
commented that even engineering students who were active as leaders in university society gave the 
impression of being inactive compared to themselves. 
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Figure 2. Interdisciplinary project. 
 

5.  Suggestions 
What is important is the difference in approaches to projects due to differences in expertise and 
communication problems. It was commonly recognized among engineering and design students that 
combining different approaches had a positive impact on their projects. We deem our radical 
collaboration between engineering students and design students to have succeeded because we were able 
to deal with not only the planning stage, but also the actual implementation problems. 
 Regarding communication problems, engineering students tended to observe a deep relationship 
with people with the same expertise while recognizing the importance of communication with  group 
with shallow association. On the other hand, design students tended to positively communicate with 
others, asking about their opinions and skills, and there were opinions that they consciously strove to 
widely interact. 
 In our interview, we were able to improve these problems through active mutual cooperation. 
We believe it is important to adjust to differences in expertise and communication ability to make a 
project function effectively. In other words, it is necessary to encourage mutual compromise by members 
or facilitators who understand correctly that these problems may occur in project practice. 
 

6.  Conclusion 
In this research, we analyzed issues of engineering students’ and design students’ projects, a previous 
unexplored topic, through interviews and made proposals on how to implement more effective 
interdisciplinary projects in the future. 
 For further research, in addition to analyzing the interviews, we would like to conduct 
quantitative assessment of project activities and outcomes. 
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Abstract. The Indian economy is one of the fastest growing economies in the world and the 
demand for the skilled engineers is increasing. Subse uently the Indian education sector is 
growing to provide the necessary number of skilled engineers. Current Indian engineering 
graduates have broad theoretical background but lack in methodological, soft and practical 
skills. To bridge this gap, the experience lab ideas from the engineering education at Die 

ernfabrik  (learning factory) of the Technische Universit t Braunschweig (TU Braunschweig) 
is transferred to the Birla Institute of Technology and Science in Pilani (BITS Pilani), India. 
This ernfabrik successfully strengthened the methodological, soft and practical skills of the 
TU Braunschweig production-engineering graduates. The target group is discrete 
manufacturing education with focusing on energy and resource efficiency as well as cyber 
physical production systems. As the re uirements of industry and academia in India differs 
from Germany, the transfer of the experience lab to the Indian education system needs special 
attention to realize a successful transfer pro ect. This publication provides a uni ue approach to 
systematically transfer the educational concept in earning actory from a specific university 
environment to a different environment in a newly industrialized country. The help of a 
bilateral university driven practice partnership between the two universities creates a 
lighthouse for the Indian university environment. 
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Abstract. System Dynamics (SD) is one of the sub ects that were use in learning Automatic 
Control Systems in dynamic and control field. Mathematical modelling and solving skills of 
students for engineering systems are expecting outcomes of the course which can be further 
used to efficiently study control systems and mechanical vibration  however, the fundamental 
of the SD includes strong backgrounds in Dynamics and Differential E uations, which are 
appropriate to the students in governmental universities that have strong skills in Mathematics 
and Scientifics.  or private universities, students are weak in the above sub ects since they 
obtained high vocational certificate from Technical College or Polytechnic School, which 
emphasize the learning contents in practice. To enhance their learning for improving their 
backgrounds, this paper applies mind maps based problem based learning to relate the essential 
relations of mathematical and physical e uations. ith the advantages of mind maps, each 
student is assigned to design individual mind maps for self-leaning development after they 
attend the class and learn overall picture of each chapter from the class instructor. our 
problems based mind maps learning are assigned to each student. Each assignment is evaluated 
via mid-term and final examinations, which are issued in terms of learning concepts and 
applications. In the method testing, thirty students are tested and evaluated via student learning 
backgrounds in the past. The result shows that well-design mind maps can improve learning 
performance based on outcome evaluation. Especially, mind maps can reduce time-consuming 
and reviewing for Mathematics and Physics in SD significantly. 
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Abstract. In this paper, 55 students from three universities converged in Singapore for a 17-
day Product Design module. They were given a design assignment that challenges them to 
extract the customer requirements, convert that to product specifications and to prototype the 
design ideas for testing.  9 teams comprising a mix of student from the three universities rose 
to the task. In this paper, some of the results will be described and the key lessons learnt will be 
shared.  

1.  Introduction 
Globalization is common in today’s world. Many products are designed in one country while mass 
manufacturing is done in another country. As a result, designers and engineers from different countries 
need to communicate with each other. In this paper, a multicultural design education is described, 
where the authors tried to mimic this kind of globalization environment for their students, so that they 
can be better prepared for their future engineering careers. 

Three universities – two American Universities and the National University of Singapore (NUS) 
combined and ran an intensive hands-on design module over 17 days in NUS campus, where each 
team must have at least one student from each university so that they can experience multicultural 
environment; experience the different training / culture background of each member. Each team is 
made up of five or six students. The 55 participating students come from over ten different nationality 
such as Taiwan, Mexico, USA, Singapore, Malaysia, India, Vietnam, China among others. As a team, 
they need to collectively design and implement practical solutions to a local design challenge, through 
the design process taught in the class. 

The design process was communicated step by step thru daily lectures, hands-on activities, 
company visit, as well as used as the platform for the design teams to get to know one another enough 
to work together well. Professors from each university take turns to lecture on topics related to design 
and prototyping. The teams were taught to select an area that they would like to tackle, writing a 
problem/solution statement, identify the customer needs, generating ideas, evaluation and selection, 
detail design and testing, whilst prototyping throughout the process, under the close supervision of the 
professors. Each group needs to do a presentation on the last day of their course, followed by a group 
report. Figure 1 below shows the typical day activity of this summer design module. The paper will 
describe some of the interesting results. 
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Typical Activities in Week 1  Typical Activities in Week 2 

Time Activity  Time  Activity 
0900  Lecture on Specific Topic OR Team 

present their findings from their hands-
on activities  

 0900  
Team to get feedback on their ideas / concepts 
/ prototypes from Professors 

1000 Lecture on Specific Topic  1000 Lecture on Specific Topic 
1100 Lecture on Specific Topic  1100 Lecture on Specific Topic 
1300 Hands On activities  to practice topics 

taught 
 1300 

Group's project  activity  / Prototyping Time 
1400 Teams to report their findings  1400 Group's project  activity  / Prototyping Time 
1500 Hands-On activities  to practice topics 

taught 
 1500 

Group's project  activity  / Prototyping Time 
1600 Hands-On activities  to practice topics 

taught 
 1600 

Company Visit  
1700 Hands-On activities  to practice topics 

taught 
 1700 

Company Visit  
  

Figure 1. Programme Schedule for the 17 day module. 

2.  Solution Statement 
All the nine teams were tasked with the design challenge of cleaning of public areas in a sustainable 
way. All the teams went out to make observations after being taught the importance of observation in 
lecture. From one of the team observations, they noted that there is overflowing trash cans in public 
spaces is a common problem, especially in hawker centres. Hence, they decided to tackle the challenge 
of overflowing trash cans as it can lead to people littering or stacking their trash above the trash, 
thereby affecting the cleanliness. Hence, their solution statement is then to eliminate overflowing trash 
in hawker centre trash cans. 

Another team observed the issue arises from burning incense paper and decided to work on the 
design of the bins. The team discovered that there are peak periods throughout the lunar calendar year, 
“such as Qingming Festival and the seventh lunar month” [1]. According to the Singapore Straits 
Times newspaper [2], scientists from Nanyang Technological University (NTU) found out that the 
concentration of pollutant particles, such as PM2.5, increases tremendously during such seasons. This 
is due to the massive amount of incense paper burning during the festival [3]. Fly ash and soot in 
smoke can also dirty and stain public areas. Incense paper burners are ubiquitous in densely populated 
housing estates. Hence, the team’s solution statement was to develop a product that will reduce the 
undesirable and harmful emission products of incense paper combustion in housing estates. 

Yet another team went to a beach to make observations and notice that trash washes up from the 
ocean onto the coastline and beach users may intentionally or carelessly leave their rubbish on the 
sand during their stay. Unless there is someone to go pick up the trash, it will linger to cause a 
potential health hazard to beach users and wildlife while diminishing the overall appearance of the 
beach. Hence, the team solution statement was: Develop an efficient device to aggregate and remove 
the accumulated trash larger than 16mm by 16mm on the dry sand of the beach. 

3.  Customer Needs 
Each team needs to identify their main stakeholders and customers correctly.  

In the case of the team tacking the overflowing bins, they have identified the main stakeholders are 
the general public and the cleaners. They conducted an online survey was conducted with members of 
the public and it was found that two-thirds of respondents have encountered the problem of 
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overflowing trash cans. Some issues voiced were how overflowing trash cans made hawker centres 
feel dirty, and the difficulty faced in disposing of trash in overflowing trash cans. All respondents felt 
that keeping hawker centres clean and litter-free is of great importance, and ease of use of trash cans 
was also generally valued. From their interviews with cleaners, they found that trash is collected more 
than once a day, and at times, trash cans are filled up quickly. The cleaners expressed satisfaction with 
the size and ease of use of existing trash cans due to its simplicity. 

The input from cleaners and survey respondents enabled the students to identify the needs and 
relevant metrics outlined in Table 1. The team found out that their design should first and foremost 
prevent trash overflow and contribute to cleanliness of hawker centres at the same time. It should 
allow for easy removal of trash and reduce the number of times of trash collection for more efficient 
and sustainable cleaning. Their design should minimize odour and appear clean and usable so that the 
general public has a better usage experience. It should also be weatherproof and affordable so as to 
compete with trash cans as a viable alternative. 

 
Table 1. Customer Needs and Evaluation Metrics 

 
 
For the team tackling incense burning, they have identified that their customer are the residents 

who employ the communal burners to burn their incense paper where their needs are expected to 
revolve around the incense paper burning process. Another ‘customer’ is the government, because 
these communal incense burners are under the jurisdiction of the respective Town Councils. Their 
needs are expected to revolve around maintenance and production costs. From the team’s interviews 
and benchmarking competition, they found out that the main customer needs are - cheap, efficient 
burning of incense paper (fast, complete, and uninterrupted experience), multiple users, and lastly, 
reduced spread of soot and ash. 

As for the team tackling the beach cleanliness, they identified two main categories of customers; 
Volunteers / workers and government / cleaning contractors. Each category comes with a specific set 
of needs that they identified when they conceptualizing the design for the product. 

 

4. Products Specifications and Benchmarking 
Using the overflowing bin as an example, Table 2 below outlines the product’s target specifications 
for each of the metrics identified. The acceptable value range sets the minimum performance the 
team’s product should achieve, whereas the ideal value shows the performance level they ideally want 
their product to attain. The numbers in the “Corresponding Needs” column correspond to the 
numbered customer needs in Table 1.  
 To aid in specifications and design, existing trash compactors and bins were rated on metrics 
similar to those presented in Table 2. The benchmarking results are presented in Table 3 below. 
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Table 2. Products Specifications 

 
 

Table 3. Benchmarking of a Competitor Products 

 
 

The team also listed details each of the metrics and the derivation of each of the specifications. 
● Adjusted Total Volume Factor: This metric is the ratio of volume occupied by the trash before 

compaction to that after compaction. From talking to cleaners, the team found that in certain 
places trash is collected three times a day; therefore, to reduce the number of times of trash 
collection, it was necessary to set this factor to at least 1.5.  

● Corrosion Rate: In Singapore, trash bins must be able to withstand rainy weather without 
corroding. The current trash bins in hawker centres are made of plastic and so do not corrode; 
therefore, to avoid creating a new problem, the team aim for negligible corrosion in our 
prototype as well. 

● Flexural Strength: This metric details the strength of the material of the bin. The team 
established 31.7 MPa as the target for their prototype because the current bins, made from 
HDPE plastic, are durable and have this flexural strength.  

● Trash Removal Procedure: This metric counts the number of steps a worker takes to remove 
trash from a certain receptacle (including opening the bin, tying the bag, transferring trash to 
truck, etc.). Based on the current number of steps, which workers expressed satisfaction with, 
the team set the target at 6 steps for our prototype. 

● Aesthetically Pleasing, Cleanliness, and Usability: These data were derived from surveys 
based on a 1-5 scale, 1 being the lowest and 5 the highest.  

● Cost: The current bins used in food centres cost approximately S$140; since the team’s design 
includes a compactor as well, they determined that it was acceptable for the cost to be slightly 
higher 
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5. Prototyping 
Prototyping is one of key skills to learn for design process. Each group were instructed to use 
cardboard (or any inexpensive materials) to create many mocks up for each of their concepts from 
their brain storming, so that they can learn and have a feel of the advantage / limitation of their 
concepts. 

For the incense paper burner, several mocks up were created before the final life-size prototype was 
made of metal oil drums. The original concepts were retained apart from slight tweaks in accordance 
to the workshop’s machining capabilities. One major change was made in the position of the holes on 
the 2 chimney layers (Figure 2), following the test observation of the behaviour of soot deposition. 
The roof of the burner also no longer has an outlet as in the first cardboard prototype. 
 

     
Figure 2. Various stages of prototyping; from mock up (left and center) to final prototype (right) 

 
Testing was carried out based on two performance metrics as outlined in team report. First, time taken 
to complete burning of four stacks of incense paper (recommended number by shop owner). This 
indicates the extent of complete combustion the burner can produce. Second, visual inspection of the 
amount of smoke emitted. The amount of smoke is indicative of the extent of incomplete combustion. 
The less smoke produced throughout the entire process, the less products of incomplete combustion, 
such as soot and ashes, will be released as well. Near the late stages of burning, less smoke being 
produced as the flames start to die down also proves a more effective burner. 

Similarly, for the beach cleaning project, the team also fabricated several mocks up (Figure 3) to 
determine the function of each concept before finalising the final prototype. 
 

   
Figure 3. Various stages of concept mock up (left) to final prototype (right) 
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6. Feedback 
A feedback session was conducted on the last day and figures below show the data obtained. Most of 
the students have excellent opinion of this 17 days intensive module and enjoyed the interactive 
activities throughout the modules.  
 
 

 
 

 

 
Figure 4. Charts obtained from feedback sessions 

 
6.1 Quotes from students 
 
Below are four quotes from different teams during the feedback sessions.  
  
“Our team had its differences in ideas about the way of doing things while building the prototype, 
as well as what to make the prototype out of, but we ended up working those differences into our 
multiple prototypes to create several successful prototypes” 

 
 “For the most part, the team functioned well.  There was some disunity initially in choosing the 
aspect of the decomposed problem that we would try to solve but it was resolved without much 
difficulty. One team member, made tasks slightly more difficult by becoming attached to one 
concept and disagreeing with the amount that the team focused on customer needs, but in general 
the team listened to each other's suggestions and overcame disagreements politely” 

 
“When we met many unforeseen obstacles but we was able to work together without any disputes. 
We were able to convey our ideas across and substantiate it with why it would be the best idea if 
there was an opposing one, always coming to an agreement thereafter”  
 
“During the team function during the building of the prototype, there were a lot of barriers both 
cultural and age/class related. Sometimes the barriers got the best of us and created some 
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complications. But for the most part we were able to break through those barriers and get things 
figured out. But in the end I think we were able to come out with a few prototypes for which 
everybody put effort in throughout the entire process” 

 

7. Conclusion 
From the feedbacks received, the learning experiences were tremendous and the students’ feedbacks 
were highly positive. One of the common benefits given in the feedback was that they have learned to  
appreciate from each other’s thinking due to their different culture / training throughout the design 
process. Students find this intensive and interactive module enjoyable and beneficial. As each team 
have members from at least three different nationalities and from three different Universities, they 
were able to overcome culture difference challenges and learned that their culture difference can be an 
asset towards designing a good product. Through the well-defined design process, lectures and hands-
on activities, as well as the close interaction with the professors to get feedback on their concepts 
throughout the 17 days module, they were able to successfully prototyped their proposed designs with 
reasonable quality.  
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Abstract. This research aims to compare the relationship between two types of engineering 
program feeder models within the technical education systems of Ra amangala University of 
Technology anna (RMUT ), Chiangmai, Thailand. To illustrate, the paper refers to two 
typologies of feeder models, which are the convention and the school in factory (Si ) models. 
The new Si  model is developed through a collaborative educational process between the 
sectors of industry, government and academia, using work-integrated learning. The research 
methodology were use to compared features of the the Si  model with conventional models in 
terms of learning outcome, funding budget for the study, the advantages and disadvantages 
from the point of view of students, professors, the university, government and industrial 
partners. The results of this research indicate that the developed Si  feeder model is the most 
pertinent ones as it meet the re uirements of the university, the government and the industry. 
The Si  feeder model showed the ability to yield positive learning outcomes with low 
expenditures per student for both the family and the university. In parallel, the sharing of 
knowledge between university and industry became increasingly important in the process, 
which resulted in the improvement of industrial skills for professors and an increase in 
industrial based research for the university. The Si  feeder model meets its demand of public 
policy in supporting a skilled workforce for the industry, which could be an effective tool for 
the triple helix educational model of Thailand.  
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Abstract. An infrared gas stove is a low-pressure gas stove type and it has higher thermal 
efficiency than the other domestic cooking stoves. This study considers the computationally 
determine water and air temperature distributions, water and air velocity distributions and 
thermal efficiency of the infrared gas stove. The goal of this work is to investigate the effect of 
various pot diameters i.e. 220 mm, 240 mm and 260 mm on the water and air temperature 
distributions, water and air velocity distributions and thermal efficiency of the infrared gas stove. 
The time-dependent heat transfer e uation involving diffusion and convection coupled with the 
time-dependent fluid dynamic e uation is implemented and is solved by using the finite element 
method ( EM). The computer simulation study is validated with an experimental study, which 
is use standard experiment by PG test for low-pressure gas stove in households (TIS No. 2312-
2549). The findings revealed that the water and air temperature distributions increase with 
greater heating time, which varies with the three different pot diameters (220 mm, 240 mm and 
260 mm). Similarly, the greater heating time, the water and air velocity distributions increase 
that vary by pot diameters (220, 240 and 260 mm). The maximum water temperature in the case 
of pot diameter of 220 mm is higher than the maximum water velocity in the case of pot diameters 
of 240 mm and 260 mm, respectively. However, the maximum air temperature in the case of pot 
diameter of 260 mm is higher than the maximum water velocity in the case of pot diameters of 
240 mm and 220 mm, respectively. The obtained results may provide a basis for improving the 
energy efficiency of infrared gas stoves and other e uipment, including helping to reduce energy 
consumption. 
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Abstract. Natural rubber (NR) is the key raw material used in the manufacture of other 
products such as rubber band, tire and shoes. Recently, the NR is used in natural rubber glove 
(NRG) manufacturing in the industrial and medical fields. This research aims to investigate the 
electromagnetic wave propagation and heat transfer in NRG due to heating with microwave 
energy within the microwave oven at a microwave fre uency of 2.45 GHz. Three-dimensional 
model of NRG and microwave oven are considered in this work. The comparative effects of 
waveguide position on the electric field and temperature profile in NRG when sub ected to 
microwave energy are discussed. The finite element method ( EM) is used to solve the 
transient Maxwell s e uation coupled with the transient heat transfer e uation. The simulation 
results with computer programs are validated with experimental results. The placement of 
waveguides in three cases are left hand side of microwave oven, right hand side of microwave 
oven and left and right hand sides of microwave oven are investigated. The findings revealed 
that the placing the waveguide on the right side of the microwave oven gives the highest 
electric field and temperature profile. The values obtained provide an indication toward 
understanding the study of heat transfer in NRG during microwave heating in the industry. 
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Abstract. Impinging hot gas jets to a flat plate generate very high heat transfer coefficients in 
the impingement zone. The magnitude of heat transfer prediction near the stagnation point is 
important and accurate heat flux distribution are needed. This research studies on heat transfer 
and flow field resulting from a single hot air impinging wall. The simulation is carried out using 
computational fluid dynamics (CFD) commercial code FLUENT. Large Eddy Simulation (LES) 
approach with a subgrid- scale Smagorinsky-Lilly model is present. The classical Werner-
Wengle wall model is used to compute the predicted results of velocity and temperature near 
walls. The Smagorinsky constant in the turbulence model is set to 0.1 and is kept constant 
throughout the investigation. The hot gas jet impingement on the flat plate with a constant surface 
temperature is chosen to validate the predicted heat flux results with experimental data. The jet 
Reynolds number is equal to 20,000 and a fixed jet-to-plate spacing of H/D = 2.0. Nusselt number 
on the impingement surface is calculated. As predicted by the wall model, the instantaneous 
computed Nusselt number agree fairly well with experimental data. The largest values of 
calculated Nusselt number are near the stagnation point and decrease monotonically in the wall 
jet region. Also, the contour plots of instantaneous values of wall heat flux on a flat plate are 
captured by LES simulation.  
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Abstract. A computational model has been performed to analyze a wall heat transfer in a single 
cylinder, direct in ection and four-stroke diesel engine. A direct integration using detailed 
chemistry CHEMKIN is employed in a combustion model and the Reynolds Averaged Navier 
Stokes (RANS) turbulence model is used to simulate the flow in the cylinder. To obtain heat flux 
results, a modified classical variable-density wall heat transfer model is also performed. The 
model is validated using experimental data from a CUMMINs engine operated with a 
conventional diesel combustion. ne operating engine condition is simulated. Comparisons of 
simulated in-cylinder pressure and heat release rates with experimental data shows that the model 
predicts the cylinder pressure and heat release rates reasonably well. The contour plot of 
instantaneous temperature are presented. Also, the contours of predicted heat flux results are 
shown. The magnitude of peak heat fluxes as predicted by the wall heat transfer model is in the 
range of the typical measure values in diesel combustion.   
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Abstract. System identification or modelling is the process of building mathematical models 
of dynamical systems based on the available input and output data from the systems. This 
paper introduces system identification by using AR  (Auto Regressive with e ogeneous input) 
and ARMA  (Auto Regressive Moving Average with e ogeneous input) models. Through the 
identified system model, the predicted output could be compared with the measured one to help 
prevent the motor faults from developing into a catastrophic machine failure and avoid 
unnecessary costs and delays caused by the need to carry out unscheduled repairs. The 
induction motor system is illustrated as an example. Numerical and experimental results are 
shown for the identified induction motor system.  
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Abstract. Automated Storage and Retrieval Systems (AS/RS) have now been widely used in a 
number of industries due to its capability to automatically manage the storage of products in 
effective ways. ne of the key features of AS/RS is that each rack is not assigned for a specific 
product resulting in the benefit of space utilization and logistics related issues. In this research, 
sensor arrays are e uipped at each rack in order to enhance this feature. As a result, various 
products can be identified and mixed in each rack, so that the space utilization efficiency can 
be increased. To prove the concept, a prototype system consisting of a Cartesian robot that 
manages the storage and retrieval of products with 9 variations based on size and color. The 
concept of Cyber-Physical System and self-awareness of the system are also implemented in 
this concept prototype. 

The 8th TSME International Conference on Mechanical Engineering 
  12-15 December 2017 

Bangkok, Thailand 
 
     
DRC0022   
The full paper is published in IOP Conference Series: Material Science and 
Engineering by IOP Publishing (https://conferenceseries.iop.org). 
 
 

596



 
 
 
 
 
 

Guidance system for mobile robots  

Masashi Yokota 1, Tadashi Masuda2,*, and Takashi Nozaki 2 
1 Graduate School of Shizuoka Institute of Science and Technology,  
   2200-2 Toyosawa, Fukuroi,4378555, Japan 
2 Shizuoka Institute of Science and Technology, 2200-2 Toyosawa, 
  Fukuroi,4378555, Japan 
 
*Corresponding Author: masuda@me.sist.ac.jp, 

Abstract. In this research, we developed a flexible, low cost, easy operation guidance system 
for mobile robots. A simple route determination system is realized by using a mouse, and the 
robot was guided by using the image processing of a ceiling camera, and sensor fusion 
information from a gyro sensor and a geomagnetic sensor merged and mounted on a robot. As 
a result, it was confirmed that it could move along the route within an error of ±200 mm. 

1.  Background and purpose 
Researchers are developing a construction robot (Figure 1) working immediately after concrete 
placing, and we would like to realize the guidance system of this robot as soon as possible. It is 
necessary to easily decide the route at the site and it is necessary to travel freely on the concrete 
surface avoiding obstacles. 
Many of the practical guidance methods for an automatic guided vehicle are the methods of using 
guide line and reflective tape installed on the floor.  However, with these methods there is no 
flexibility in changing routes, and it is impossible to install lines, reflective tapes, etc. after concrete 
placing.  
In recent years, researches using vision sensors, distance sensors and the like are active, but due to 
instability and handling complexity, there methods have not spread so much in the practical field. In 
this research, we have developed a guidance system for a mobile robot using a ceiling camera as a 
flexible guiding system of a robot with low cost and ease of handling in mind, and its performance 
were evaluated. 
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2.  Guidance Method 

2.1.  Experimental environment 
Figure 2 shows the entire guidance system of the mobile robot. When a wide-angle camera is attached 
to the ceiling and the image is displayed on the monitor of the operator's personal computer, the entire 
mobile environment such as mobile robots and obstacles is displayed in this image. Two lamps are 
attached to the mobile robot at certain interval, and the position and direction of the robot can be 
detected by image processing this image. Also, this personal computer and mobile robot can exchange 
information wirelessly. 

 

2.2.  Routing method 
The principle diagram of routing is shown in Fig. 3.  
Moving environments such as robots, obstacles, and walls are displayed on the operator's monitor 
screen. In this screen, plan the guidance route of the robot, approximate the movement route with the 
line segment, and click the break points of the line segment in the passing order of points as like P1, 
P2, ...by the mouse. The X, Y coordinates of these points on this screen are saved in the computer. 

 

 
 

Figure 1. Mobile robot working on a concrete surface 

 
Figure 2. Guidance system(Overall view). 
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2.3 Method of sensor fusion 
This robot follows the route based on position and direction information obtained from the ceiling 
camera, but there is a time lag in image processing, and a real time sensor is necessary. As a real-time 
angle sensor, there are a gyro sensor and a geomagnetic sensor. However, the geomagnetic sensor is 
influenced by the disturbance magnetism at the traveling place, and the gyro sensor is not affected by 
the disturbance magnetism, but the influence of the drift can not be avoided. Therefore, it is decided to 
suppress the measurement error of the robot's direction angle by sensor fusion taking advantage of the 
gyro sensor and geomagnetic sensor. In this method, the detection angle of the geomagnetic sensor is 
adopted as a basis, but the detection angle of the gyro sensor is adopted while it is disturbed by the 
disturbance magnetic field. A method of discriminating that the geomagnetic sensor is disturbed by a 
disturbance magnetic field will be described with reference to FIG.4. In FIG. 4, the horizontal axis 
represents the measurement position and the vertical axis represents the detection angle of each sensor. 
The green line shows the detection angle of the gyro sensor drifting, and the red broken line shows the 
detection angle of   magnetism sensor disturbed under the disturbance magnetic field. When the 
difference between the angular change  g of the gyro sensor and the angular change  c of the 
geomagnetic sensor over the sampling time T exceeds the threshold value nc as in the expression (1), 
it is judged that there is a disturbance magnetic field, and use the detection angle of gyro sensor. 
 

| c  g |/ T  nc                                                         (1) 
 

Also, while judging that there is no disturbance magnetic field, use the detection angle of the 
geomagnetic sensor and cancel the drift of the gyro sensor. 

 

 
Figure 3. Principle diagram of Routing 

 
Figure 4. Fusion principle diagram of gyro sensor and geomagnetic sensor 
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2.4 Method of robot guidance 
The guidance method is shown in Fig.5. The angle difference  between the line a connecting the 
current position of the robot and the next passing point P 1 obtained from the ceiling camera and the 
direction b detected from the ramp of the robot is transmitted from the personal computer to the robot. 
The movement of the robot is controlled in real time so that the deviation angle  between the 
direction angle obtained by sensor fusion and the direction of the line a can become zero. Then, when 
the center O of the robot reaches the area D, it is determined that it has reached the arrival point P 1 
and heads toward the next target point P 2. When arriving at all target points, the guidance of the 
mobile robot is ended. 
 

 
3. Guidance system 
3.1 System and specification of robot 
The entire guidance environment is shown in Fig.6. The position, direction of the robot and obstacles 
in the moving environment are displayed on the monitor of the personal computer by the wide angle 
camera installed on the ceiling. On the screen of the personal computer, the operator instructs the route 
of the mobile robot. The mobile robot used in this research is shown in Fig.7. This mobile robot is 
controlled by an independent left and right wheel driving system, and it can move forward and 
backward, rightward, leftward, large curvature, and ultra-pivotal turn (see Table 1).  
 

 
 
The robot mounts a gyro sensor, a geomagnetic sensor, a wireless module, and a microcomputer, and 
two LED lamps for detecting the position and direction of the robot are installed with a ceiling camera 
(see Table 2). 
 

 
Figure 5. Guidance method 

 
Figure 6. Guiding environment  

Figure 7. Mobile robot 
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3.2 Routing system 
We created software to designate the route to guide the mobile robot. As the operation method, while 
watching the image of the wide angle camera on the ceiling, click the mouse at the passing points P1, 
P2, ... of the mobile robot on the monitor. After inputting the route, when the START button is clicked, 
guidance of the mobile robot is started. The purple line in the camera image represents the indicated 
route. Figure 8 shows the display screen of the route designation software. The image on the left 
screen is the image viewed from the ceiling camera, the route, and the movement trajectory of the 
robot are displayed. The right screen shows passing point coordinates inputting with a mouse. A 
routing flowchart is shown in Figure 9. 

 
 
3.3 Sensor fusion 
3.3.1 Gyro sensor and its characteristics 
The characteristics of the gyro sensor are not affected by disturbance magnetism, but drift can not be 
ignored. The detection angle of the gyro sensor is shown in FIG.10. The horizontal axis represents 
time and the vertical axis represents angle. There is a drift of 2500 degrees in 30 minutes. 
 

Table 1. spec. of robot 
Item Full length Width Total height Weight 

Value 0.45[m] 0.45[m] 0.36[m] 8.0[kg] 

     

Table 2. spec. of camera, gyro, geomagnetic sensor 
Kind Camera Gyro sensor Geomagnetic sensor 

Model number BSW200MBK MPU6050 HMC5883L 

Characteristic 

Viewing angle 120[ ] 
Number of pixel  

200 million pixels 
Maximum resolution  

1920×1080 

Measurement range  
  250[ /sec] 

Scale factor  
131[LSB/( /sec)] 

Measurement range  
   8.1Gauss 

Resolution 12bit 

 

 
Figure 8. Routing software 

 
Figure 9. Routing flowchart 
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3.3.2 Geomagnetic sensor and its characteristics 
The geomagnetic sensor detects the direction angle of the robot by utilizing the earth's magnetism. 
Although the geomagnetic sensor is less likely to drift, it is easily affected by the disturbance. By 
running the robot on a straight line in the laboratory, the detection angles of the geomagnetic sensor 
were recorded and shown in FIG.11. The horizontal axis is the measurement position and the vertical 
axis is the detection angle. An error of 20 degrees was detected at the position around 1.5 m between 
6m. In this figure, offset correction to be described later is performed. In general, the geomagnetic 
sensor has individual differences, so it is necessary to perform offset correction. Rotating the robot on 
the spot in a fixed magnetic field, Fig. 12 shows the horizontal X and Y output of the geomagnetic 
sensor. As a result, since the offsets of the geomagnetic sensor on the X axis and the Y axis were -120 
mG and -140 mG, offset correction was performed. 
 

 
 
3.3.3 Sensor fusion  
By utilizing the gyro sensor and the geomagnetic sensor, we compensate for the shortcomings of a 
single sensor and obtain more accurate angle. We decided to use a gyro sensor when the magnetism is 
disturbed, and to use the geomagnetic sensor when not disturbed. Using the equation (1) with the 
threshold nc = 6.0, it was judged whether or not the magnetism was disturbed. The sensor fusion result 
is shown in Fig.13. In the figure, a disturbing magnetic field is intentionally applied to the 
geomagnetic sensor. This drift was compensated because the gyro sensor drift is always about 1 deg / 
sec. However, it still has about 1 degree of drift in 50 seconds. The error of the geomagnetic sensor is 
about ± 10 degrees (cut above ± 5 degrees on the graph). However, from the result of sensor fusion, it 

 
Figure 10. Drift of gyro sensor 

Figure 11. Magnetic effect of geomagnetic Figure 12. Offset correction 
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was confirmed that the detection angle was suppressed to 1 degree or less, and the effect of sensor 
fusion was large. 
 
 

 
 

3. 4 Route guidance system 
FIG. 14 shows a guidance flowchart. When it starts, it first receives the position, direction of the robot 
and the direction of the passing point from the ceiling camera. Then, it moves while controlling to 
match the detection angle obtained from sensor fusion in the direction of the target passing point. 

 

 
 
3.5 Route guidance experiment results 
As shown in Fig. 15, in the laboratory, the mobile robot was guided by instructing routes of 
approximately 1 m east, north 1 m, east 2 m and south 1 m. In the figure, the blue line shows the 
instructing path and the orange line shows the moving locus of the robot. It is roughly moving along 
the route. Although the instructed passing point certainly passes, there are cases in which it travels by 
about ± 200 mm from the route. The main cause of the deviation from this path is instability of the 
robot's own direction control. 

 
Figure 13. Sensor fusion result 

 
Figure 14. Route guidance flowchart 
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4. Conclusion 
Within the image of the ceiling camera, we could easily decide the route using the mouse, and we 
made software to make the robot follow the route and carried out the experiment. As a result, it was 
confirmed that routes can be easily determined and changed. We also confirmed the effect of the 
simple sensor fusion method of the gyro sensor and the compass sensor. As a result of the guidance 
experiment of the robot, it was confirmed that it surely passed through the instructed passing point. 
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Figure 15. Route tracking experiment result 
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Abstract. The robotic kinematics is necessary for describing an end-effector’s position, 
orientation and motion of all the joints, while trajectory planning is important for planning how 
robotic move based on velocity, time, and kinematics. This paper presents a design for the 
kinematics and trajectory planning procedures of the 3 Degree of Freedom (DOF) robotic arm. 
By extracting the parameters from the robotic arm, the kinematics model is built. Simulation is 
performed to verify that the kinematics model matches the real robot using MATLAB. The 
positive results from the simulation have shown that the robotic arm and end effector can reach 
a commanded position of the object within its workspace and desired trajectory planning path. 
Then, the robotic arm has been implemented in real-time environment for the pick and place 
operation.   

1.  Introduction 
The robotic kinematics is important for describing an end-effector’s position, orientation and motion 
of all the joints. The robotic kinematics studies the motion of a robot mechanism without considering 
of forces and torque that cause it [1]. It allows calculating the position and orientation of robot 
manipulator’s end-effector related to the base of the manipulator as a function of the joint variables. 
Kinematics focuses on position, velocity, acceleration, and an accurate kinematics model must be 
established to investigate the motion of a robot manipulator. 

Denavit-Haternberg (DH) convection was often employed in kinematics modeling of the 
robotics [2]. A coordinate frame was attached at each joint and the DH parameter for each link. There 
were four parameters to be obtained that was θi, di, ai, and αi. The link length ai, and link twists αi, 
which describe the relative location of the two attached joint axes in space. Joints are also described by 
two parameters, namely the link offset di, which is the distance from one link to the next along the 
axis of the joint, and the joint angle θi, which is the rotation of one link regarding the next about the 
joint axis [3]. Then, these parameters were applied to construct a DH parameters table. A 
transformation matrix between different frames can be obtained from the table. The forward 
kinematics equation was used to find the coordinates of the x, y, and z positions of the end effector. 
The forward kinematics transformation matrices can be obtained after DH parameter values were 
found. 

Trajectory planning in the other hand relates to the way a robot is moved from one location 
to another in a controlled manner. It requires the use of both kinematics and dynamics of robots. 
Trajectory planning is concerned about when each of the paths must be attained, thus specifying 
timing. Trajectory planning is normally carried out in the joint space of the robot. Planning a trajectory 
in the joint space rather than in the Cartesian space has a major advantage, namely that the control 
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system acts on the manipulator's joints rather than on the end effector [4]. It would be easier to adjust 
the trajectory according to the design requirements if working in the joint space. Trajectory planning 
in the joint space would also allow avoiding the problems arising with kinematic singularities and 
manipulator redundancy. The main disadvantage of planning the trajectory in the joint space is that the 
motion actually performed by the robot end effector is not easily foreseeable, due to the non-linearity 
introduced when transforming the trajectories of the joints into the trajectories of the end effector 
through direct kinematics [5]. 

Simulation of robot systems is becoming very popular. The need for accurate and 
computationally efficient manipulator dynamics has been emphasized in recent years. Simulation can 
be used for layout evaluation, feasibility studies, presentations with animation and off-line 
programming. Building up new robot models and setting up experiments only takes a few hours. A 
simulated robotics setup is less expensive than real robots and it often runs faster than real robots with 
all the parameters are displayed on the screen [6]. A simulation is important for robot programmers 
because it allowing them to test and predict the behavior of a robot, and verify and optimize the path 
planning of the process. This will save time and money. Being able to simulate opens a wide range of 
options, helping to solve many problems. One can investigate, design, visualize and test an object 
before making it a reality [7]. The final design can be verified before one embarks on the costly and 
time-consuming process of building a prototype. Simulation of robots could be achieved using either 
of the following models, the geometrical model, the kinematic model and the dynamic model. The 
modeling and simulation of robot systems by using software will ease the process of designing, 
constructing and inspecting the robots in the real world. SolidWorks and MATLAB/Simulink software 
are often used in the simulation because it allows the robotic to be designed, visualize, check the 
theory [8]. Overall, a 3DOF robotic arm is developed to “pick and place” operation using MATLAB 
tools. 

 

2.  Robot and Kinematics Modelling 
2.1.  Robotic arm description 

The robotic arm has 3 directions of motion (DOF) plus a grip movement (3+1) with 4 servo motors. 
Each RC servomotor represents the joints that enable movement of the robotic arm. The frame is made 
from the lightweight and durable aluminum to reduce overall robot arm weight and further lessen the 
load of the servo motor. Figure 1 shows the location of each servo motors on the robotic arm. 
 

 
 

Figure 1: Location of each RC servo motor on the robotic arm 
 

Robotic arm has three rotational joints and a moving grip. Joint 1 its axis of motion is z0. This joint 
provides a rotational θ1 angular motion around z0 axis in x0y0 plane. Joint 2 its axis is perpendicular 
to Joint 1 axis. It provides a rotational θ2 angular motion around z1 axis in the x1y1 plane. Z2 axes of 
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Joint 3 are parallel to Joint 2 z-axis and provide θ3 angular motions in x2y2 planes. A graphical view 
of all the joints is displayed in Figure 2. 

 
 

Figure 2: Line drawing of the reference frames for the 3DOF robotic arm 

2.2.  Forward kinematics 
 
The Denavit-Hartenberg (D-H) analyze is used for the direct kinematics calculation. D-H parameters 
for the robotic arm are defined for the assigned frames in Table 1. 

 
Table 1: DH parameter 

 

i αi (degree) ai (cm) di (cm) θi (degree) 

1 90 0 2 θ1 

2 0 0 11.5 θ2 

3 0 0 10 θ3 

 
The transformation between each two successive joints can be written by simply substituting the 
parameter from the D-H parameters table into the A matrix. For example, A1 between frames 0 and 1 
(with sin 90 = 1 and cos 90 = 0 for α = 90° and designating C1 as cos θ1) as well as A2 through A3 for 
the other joint is: 

 

𝐴1 = [

𝐶1 0 𝑆1 0
𝑆1 0 −𝐶1 0
0 1 0 𝑑1
0 0 0 1

] (1) 

 

𝐴2 = [

𝐶2 −𝑆2 0 0
𝑆2 𝐶2 0 0
0 0 1 𝑑2
0 0 0 1

] (2) 

 

𝐴3 = [

𝐶3 −𝑆3 0 0
𝑆3 𝐶3 0 0
0 0 1 𝑑3
0 0 0 1

] (3) 
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Calculating the position and orientation of the end effector with given joint angle is called Forward 
Kinematic analysis. Forward Kinematics equations are generated from the transformation matrixes 
shown in (1, 2 and 3) and the forward kinematics solution of the arm is the product of these four 
matrices as 0T3 (with respect to base) shown in the equation (4). 

𝑇3
0 = A1A2A3  

[

𝐶1𝐶2𝐶3 − 𝐶1𝑆2𝑆3 −𝐶1𝐶2𝑆3 − 𝐶1𝐶3𝑆2 𝑆1 𝑑2𝑆1 + 𝑑3𝑆1
𝐶2𝐶3𝑆1 − 𝑆1𝑆2𝑆3 −𝐶2𝑆1𝑆3 − 𝐶3𝑆1𝑆2 −𝐶1 −𝑑2𝐶1 − 𝑑3𝐶1

𝐶2𝑆3 + 𝐶3𝑆2 𝐶2𝐶3 − 𝑆2𝑆3 0 𝑑1
0 0 0 1

] 

 
The first three columns in the matrices represent the orientation of the end effectors, whereas the last 
column represents the position of the end effector. The orientation and position of the end effector can 
be calculated in terms of joint angles. Figure 3 show the relationship between joints variables with 
position and orientation of the end effector. 
 

 
 
Figure 3: Forward kinematics relationships between joint variable and position and orientation of the 

end effector 

2.3.  Trajectory planning 
Trajectory planning relates to the way a robot is moved from one location to another in a controlled 
manner. Trajectory planning approximates the desired path by a class of polynomial functions and 
generates a sequence of time-based control set points for the control of manipulator. In this project, the 
desired joints have to move to a new value of θf at the time tf. The way to do this is to use a polynomial 
to plan a trajectory, such that the initial and final boundary match what already know, namely, that θi 
and θf are known, and that the velocities at the beginning and the end of the motion are zero. These 
four pieces of information will allow solving for the four unknowns or a third-order polynomial in the 
form of: 
                                𝜃(𝑡) = 𝑎0 + 𝑎1𝑡 + 𝑎2𝑡2 + 𝑎3𝑡3  For position (5) 

                                       𝜃̇ (𝑡) = 𝑎𝑖 + 2𝑎2𝑡 + 3𝑎3𝑡2   For velocity (6) 

                                             �̈�(𝑡) = 2𝑎2 + 6𝑎3𝑡           For acceleration           (7) 

Where the initial and final conditions are: 
 

𝜃(𝑡𝑖) = 𝜃𝑖   (8) 

𝜃(𝑡𝑓) = 𝜃𝑓   (9) 

�̇�(𝑡𝑖) = 0    (10) 

�̇�(𝑡𝑓) = 0   (11) 

The trajectory planning for the pick and place operation in this project is shown in Figure 4. The 
robotic arm will move from the initial position to the position 1 in 3 seconds and will continue until it 
returns to its initial position. The round trip time for this operation is 12 seconds. 
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Figure 4: Pick and place operation 

3.  Design and simulation 
 
Simulation is an imitation of the operation of a robot design in real-world. The motion of the robot is 
simulated to perform task and system parameters are calculated such as joint variable, angular 
displacement, angular velocities, angular accelerations, homogenous transformation matrix and other. 
Besides, simulation of robotic arm motion is performed to determine whether the robot design can 
perform the given task perfectly. Peter Corke Robotic Toolbox is used in MATLAB to simulate the 
robotic arm. GUI and trajectory planning programs are created in MATLAB simulation. 
 
3.1.  Robot plotting in MATLAB 
The robotic arm that being simulated is a 3-DOF robot with the end effector of the gripper which has 
the ability to pick and place objects. By plotting the known Denavit-Hartenberg Parameters, the 
variables can be changed and observe without truly interacting with the real model. Graphical User 
Interface (GUI) is created in MATLAB simulation where the individual joint variable can be adjusted 
and the end position of the gripper is displayed in x-y-z coordinates. 

 

3.2.  Trajectory planning in MATLAB 
Trajectory planning of the designed robotic arm in MATLAB simulation required the use of forward 
and inverse kinematics, First, D-H parameters of the designed robotic arm are set. After that, the 
position of the end effector is translated to the desired x-y-z coordinates. Then, the angular 
displacement of each joint variable θ1, θ2 and θ3 are obtained from the inverse kinematics of 
transformation matrix of translation motions. To complete the planned task in MATLAB, there are 
total 18 desired x-y-z coordinates, 18 transformation matrix and 18 set of joint variables θ1, θ2 and θ3. 
For zero initial boundary velocity and acceleration, a number of steps, N equal to 5 is used in 
trajectory generation equation. The trajectory generation is obtained by substituting the starting joint 
variable, final joint variable, and N for each sequence of motion of the robotic arm. Although angular 
displacement, angular velocity, and angular acceleration of joint are obtained, only angular 
displacement is concerned in the simulation of robotic arm motion. Finally, the virtual robotic arm that 
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performing given task is shown by using robot plotting method which already mentions above. 
Looping such as while and for loop is needed to ensure the robot plotting run continuously and thus 
virtual robotic arm motion is created. 

 

4. Results and discussion 
4.1 Simulation results of the Robotic Arm in MATLAB 
There were two simulation results in MATLAB to be displayed in this sections which are GUI 
simulation results and trajectory planning results. Figure 4.1 shows the designed robotic arm plot in 
the workspace. It displays a graphical representation of robotic arm based on D-H parameter. The 
created GUI is shown in Figure 5. The slider bars allow the user to slide the respective joint variable to 
the desired joint angles and the user also can insert their desired joint angles into the text box to 
control the motion of the robotic arm as shown in Figure 5. The results are shown in x-y-z and raw-
pitch-yaw coordinates. The results proved the capability of the robotic arm to be controlled in a real 
environment with given workspace. 
 

 
 

Figure 5: Robotic arm simulation in MATLAB 
 
MATLAB is used to calculate the third-order polynomial trajectory planning based on the position 
desired during pick and place operation. The joints angles, velocities, acceleration are shown in 
Figures 6, 7 and 8 for entire motion.  
 

 
 

Figure 6: joint 1 position, velocity, and acceleration 
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Figure 7: Joint 2 positions, velocity, and acceleration            Figure 8: Joint 3 positions, velocity, and acceleration 
 

 

Figure 9 shows a trajectory planning of robotic arm in MATLAB. It proved that the robotic arm end 
effector can reach to the location of the object within its workspace and desired trajectory planning 
path. 

 
 

Figure 9: Trajectory planning of robotic arm in MATLAB 

4.2 Pick and place operation 
 
Once the modeled has been established, the robotic arm has been implemented in practical test. The 
robotic arm is able to do pick and place operation in a real-time environment as shown in Figure 10. 
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Figure 10: Pick and place operation 
 
 

5 Conclusion 
In this paper, a complete kinematics analysis of 3DOF robotic arm has been investigated and 
modelled. MATLAB is used to verify the theory and the simulation of the robotic arm motion. 
Graphical User Interface (GUI) has been developed to test and simulate the motion of the robotic arm.  
The robotic arm has been implemented in real-time environment according to the established model. 
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Abstract. In order to achieve vibration damping system with low energy consumption and with 
high reliability, passive damping is preferred in various system. Due to improvement of 
manufacturing method of Giant magnetostrictive material (GMM) and some advantages over 
piezoelectric element that has been used for passive vibration damping system (PVDS), a PVDS 
using GMM is being studied intensively in recent years, which utilize the Villari effect of GMM. 
However, study on such a system is not enough compared to other PVDS and parameter design 
method is not established enough. In our study, fundamental 1-DOF model is introduced and 
fixed point method is applied to the model in order to study the parameter optimization for PVDS 
using GMM. According to the optimization condition derived from fixed point method, 
parameter study is carried out and an appropriate structure of the system for effective vibration 
damping is proposed. Furthermore, some numerical examples for the proposed method are 
analyzed and the analyses results show the validity of the proposed method.  

1.  Introduction 
In recent years, many of the satellite have become larger in size due to sophistication of mission. On the 
other hand, there are restrictions on loads that can be mounted on rockets, and weight reduction is also 
required to satisfy this. In order to reduce the weight of the system, a flexible structure is mainly used, 
such as a beam supporting a solar cell panel. Such a flexible structure tends to be excited by vibrations 
due to movements such as deployment and various external disturbances in outer space. Therefore, 
damping of vibration is quite important for various missions and especially passive damping is desirable 
for spacecraft due to its limited energy. 

Piezoelectric elements have been studied so far as to enable passive damping [1]. Voltage is 
generated when deformation is applied to piezoelectric element, and by using this feature, it becomes 
possible to convert mechanical energy to electrical energy. Furthermore, electrical energy also can be 
converted to thermal energy by using dissipative element, e.g.  electric resistance. By use of these energy 
conversion, passive damping can be achieved. However, it is not easy to achieve completer passive 
damping system by piezoelectric element which shows good control performance without external 
power source, and in order to overcome such a drawback, semipassive method has been also studied[2]. 

On the other hand, a magnetostrictive material can be cited as a material having properties similar to 
those of a piezoelectric element. Magnetostrictive material is a material with magnetostrictive effect, 
which consists of two effects called villari effect and Joule effect[3]. The Villari effect is a phenomenon 

The 8th TSME International Conference on Mechanical Engineering 
  12-15 December 2017 

Bangkok, Thailand 
 
     
DRC0026   
 

613



 
 
 
 
 
 

in which the magnetic flux around the magnetostrictive material changes when strain is applied to the 
magnetostrictive material. The Joule effect is a phenomenon in which the magnetostrictive material 
generates deformation by changing the magnetic flux around the magnetostrictive material. In particular, 
those having a large magnetostriction effect are called giant magnetostrictive materials. By using the 
magnetostrictive effect, vibration, which is mechanical energy, is transmitted to the giant 
magnetostrictive material, the magnetic flux generated by the villary effect is converted to electric 
energy by the coils around giant magnetostrictive material which enable electromagnetic induction, and 
furthermore the electric energy is converted to thermal energy by resistance[4]. Due to above energy 
conversion, passive damping by giant magnetostrictive material  is achieved. 

Studies by Shimazaki et al.[5] grasps the characteristics for actuator use and studies improvement of 
control performance, but the application range of the proposed method has limitation and was 
insufficient. Hatakeyama et al.[6] conducted a study for development of a passive damping system for 
distributed parameter system using giant magnetostrictive material. In the study, possibility of damping 
was validated, but study on the parameter determination and optimization was insufficient. Therefore, 
our study focuses on the passive damping of distributed parameter system by giant magnetostrictive 
material and attempts to improve the control performance by optimizing the parameters from the 
viewpoint similar to the dynamic vibration absorber using the fixed point theory[7] which is also applied 
to optimization of passive damping system by piezoelectric element[8]. 

The structure of this paper is as follows. Section 2 outlines a passive damping system using giant 
magnetostrictive material. In chapter 3, equation of motion for the system is formulated and parameter 
optimization is performed. In chapter 4, physical interpretation is discussed and the possibility and 
condition of optimum tuning and optimum damping are shown. Section 5 presents a summary. 

2.  Basic principle and analysis target 

2.1.  Basic principle of giant magnetostrictive material 
In this research, Terfenol-D is employed as giant magnetostrictive material. The amount of deformation 
of the giant magnetostrictive material with respect to the magnetic field is divided into a linear portion 
and a nonlinear portion. In this study, it is assumed that the giant magnetostrictive material is used in 
the linear portion, then the following linear magnetomechanical coupling equation is introduced[9]. 
 

dHSS H �                                                                  1) 

 
where, HS , , d, H are the elastic compliance of the giant magnetostrictive material, the stress applied 
to the giant magnetostrictive material, the magnetostriction constant associated with the Joule effect 
(figure 1), and the strength of the magnetic field around the giant magnetostrictive material respectively, 
and HS  satisfies ES H 1   where E is the Young's modulus of the giant magnetostrictive material. 
Furthermore, the equation of the magnetic flux density by the giant magnetostrictive material 
accompanying the Villari effect (figure 2) 
 

HdB PV � *                       2) 

 
where d , and  are the magnetostriction constant associated with the Villari effect and the 
permeability of the giant magnetostrictive material, respectively. 

2.2.  Outline of passive damping using giant magnetostrictive material 
In order to achieve passive damping system using giant magnetostrictive material, the system is 
constructed as shown in figure 3. Since the magnetization of the giant magnetostrictive material changes 
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when an external force is applied, an alternating current flows through the circuit by electromagnetic 
induction by winding the coil around the material. By connecting a resistance to the circuit, the current 
flows through the coil and electric energy is converted as thermal energy and passive damping is 
achieved. 
 

 
 

 
 

Figure 1. Joule effect Figure 2. Villari effect 
 

Considering Ohm's law, dissipated energy by electric resistance is given by  
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where  is the angular frequency of the current flowing through the circuit, L is the inductance of the 
coil and V is electromotive force. Considering the relation on the electromagnetic induction and equation 
(2), the electromotive force V is expressed as  
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where N is the number of turns of the coil, A is the cross-sectional area of the giant magnetostrictive 
material, x is the displacement in the axial direction of the giant magnetostrictive material, l is the length 
of the giant magnetostrictive material. Note that l and x satisfies lxSm   as figure 4 shows. Then, 
applying the differentiation, the electromotive force is expressed as the following equation. 
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Substitution of equation (5) into equation (3) yields 
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GMM: Giant magnetostrictive material 
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The above equation represents the energy dissipated by passive damping system by the giant 
magnetostrictive material. Consequently, considering Lagrange equation, damping coefficient of the 
system is obtained as  
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Note that the derived damping coefficient c has the frequency  of external force in the denominator. 
That is, the value of the damping coefficient continuously changes according to the frequency of the 
external force. Because of limitation of the paper, other terms except for damping in the equation of 
motion are omitted, e.g. inertia term, stiffness term and external force term. 
 

 

 
  

Figure 3. Coil and circuit around GMM Figure 4. Deformation of GMM 

2.3.  Model to be controlled 
As shown in the left figure of figure 5, a distributed parameter system such as a beam is introduced as 
controlled object. In our study, the first mode is assumed to be dominant and the first mode is mode to 
be controlled. Therefore, it can be approximated to a spring-mass system as shown in the figure 5. In 
addition, the passive damping model proposed in this paper is shown in figure 6. The giant 
magnetostrictive material is represented by m, k and c and displacement of the left side of the material 
is given by x2. Note that c is given by the expression (7) derived in chapter 2.  M and K are the mass and 
stiffness of the approximated system to be controlled and x1 is the displacement of the mass M. In 
general, vibration damping is attempted by attaching a spring-mass-damper system to the outside of the 
vibration control target. On the other hand, the giant magnetostrictive material used in this study 
produces damping effect by receiving external force, therefore it is necessary to change the vibration 
due to external force to deformation of giant magnetostrictive material. Considering the above features, 
a spring-mass-damper system i.e. the giant magnetostrictive material, is installed between the vibration 
damping object M and the wall as shown in figure 5. In order to conduct fundamental study for passive 
damping, the applied external force is assumed to be harmonic force, i.e. Fe j . 
 

 

 
 

 
 

 

Figure 5. Approximation of flexible structure Figure 6. Analysis object model 
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3.  Parameter optimization 

3.1.  Equation of motion for the controlled object and passive damping system 
We formulated an equation of motion for the controlled object and passive vibration damping system 
by giant magnetostrictive material to obtain the vibration magnification necessary for evaluation of 
vibration. The equation of motion of the model shown in figure 5 is as follows. 
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Consequently, frequency response for x1 and x2 are given as follows: 
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where � �^ �̀ � 222 KKMKkjcm ������� 　 . Let MKn   be the natural angular frequency of 
the mass M to be damped, mkn   be the natural angular frequency of the mass m and k, and 

nmc 2  be the damping ratio. Furthermore, we introduce forced frequency ratio n , mass 
ratio Mm , frequency ratio nn . Then, the vibration magnification stXX 1  can be obtained 
as 
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where stX  is the static displacement when static force F is applied to the system. This equation 
expresses the vibration magnification of the vibration damping object with respect to the static 
displacement of the controlled object. It should be noted that the denominator and numerator inside of 
the radical have the terms with and without damping parameter 2 , respectively. 
 

4.  Fixed point theory 

4.1.  Physical consideration 
In order to optimize the parameters, the fixed point theory is employed. From the equation (10), the 
denominator and the numerator inside of the radical are expressed in terms of A and C which are not 
related to damping and in terms of B and D which are related to damping, and A, B, C and D are given 
by 
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The expression for vibration magnification in terms of above parameter has same structure with that of 
dynamic vibration absorber[10-12]. Therefore, it is expected that fixed point theory can be applied to 
the system in our study. In order to investigate the possibility, preliminary numerical analysis is 
performed and the results are shown in figure 7 and the parameters for the analysis is given by Table 1. 

As figure 7 shows, there are clearly two intersection points in the two curves and it can be guessed 
that there are two fixed points from these results. In the following, fixed points are derived analytically 
and the points is used for parameter optimizations. 
 

4.2.  Optimum tuning condition 
Optimum tuning is applied by equalizing the heights of the two fixed points. First, the value of the forced 
angular frequency ratio  at which two fixed points occur is obtained. The fixed point is the intersection 
point of the graph of the maximum and the minimum damping as shown in figure 7, and it is found by 
solving the following expression. 
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Solving equation (15) gives the following equation. 
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Assuming that the two solutions are P and Q in ascending order of the angular frequency, P and Q 
are obtained from equation (16). Furthermore, substituting P and Q into the vibration magnification 
and letting both values to be equal, following relation is obtained: 
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Finally solving equation (17) yields the optimum tuning condition as follows. 
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Table 1. Analysis conditions 
parameters value Unit 

K 1.7×107 [N/m]
M 0.50 [kg] 
k 3.4×107 [N/m]
m 1.0 [kg] 

Figure 7. Two fixed points.  

4.3.  Optimum damping condition 
The optimum damping is performed by determining the damping condition such that the two fixed points 
become local vertices of the vibration magnification. Applying second order differential of equation 
(10) with respect to , the condition that the inclination of the graph becomes zero at angular frequencies 

P, Q is found. That is, solving the following equation yields the optimum condition. 
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Because it is difficult to solve equation (19) analytically, numerical method is used to solve the equation 
in this study.  
 

4.4.  Parameter feasibility for the obtained result 
In the previous section, it was confirmed that it is possible to perform optimum tuning and optimum 
damping, but care should be taken in handling equation (18) which is a parameter condition for realizing 
optimal tuning.  Expression (18) is rewritten as follows. 
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In order to satisfy this condition, the mass m of the vibration damping system must be larger than the 
mass M to be damped or the spring of the vibration damping system must exhibit negative rigidity. In 
order to realize passive damping in the proposed system, it is more feasible to change the structure so 
that M<m. However, it is generally not desirable to increase the mass of the damping system. In general, 
flexible structure which vibration is to be controlled is attached to a rigid structure. Incorporating a 
damping system using a giant magnetostrictive material in the rigid structure, it becomes possible for 
the system to satisfy the condition (20). 
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4.5.  A Study on the Structure of Passive Damping System 
As an installation example in the case where the mass m of the vibration damping system is made larger 
than the mass M to be damped, a system shown in figure 8 is introduced. A giant magnetostrictive 
material is placed between a rigid structure indicated by mass M and a part of the structure to be a mount. 
Because of such a placement of giant magnetostrictive material, it becomes possible for the system to 
satisfy M<m. 

Figure 9 shows the response when an external force is applied to the system of figure 8 at a frequency 
near the resonance point. Analysis conditions are shown in Table 2. In figure 9, the red line indicate the 
response of the conventional design method, and the blue line indicates the response of the system to 
which the proposed method is applied. In contrast to response of red line, the amplitude of the response 
is decreased and vibration is suppressed in the case of blue line. 
 

5.  Summary 
In this research, we proposed the passive damping system which utilizes the characteristic of giant 
magnetostrictive material. Furthermore, fixed point method is applied to the proposed system in order 
to optimize the design parameter, and optimum tuning condition and optimum damping condition are 
derived. Furthermore, feasibility of the optimum tuning condition is discussed and an install method of 
the proposed damping system is proposed to satisfy the optimum tuning condition. Finally, the proposed 
method is validated by numerical analysis. 
 

 

 
 

Figure 8. Example of a structure which satisfies M<m 
 

 

Table 2. Analysis conditions 
parameters value unit 

K 3.4×107 [N/m] 
M 0.50 [kg] 
k 3.4×107 [N/m] 
m 1.0 [kg] 

Figure 9. Time history of response.  
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Abstract. Wave based control method is one of the vibration control method for flexible 
structure. The method can suppress the vibration by reducing the development of standing 
wave, and is generally applied to a lumped system, but it is difficult to apply them to 
continuous systems. Therefore, there is room for further research into the application of them 
to continuous systems and consequently this paper proposes a method to apply wave control 
method to continuous system, and a flexible link manipulator is introduced as a controlled 
object. In order to derive the mathematical model for controller design, i.e. the model to which 
wave based control method is applied, Absolute Nodal Coordinate Formulation (ANCF) which 
is one of the nonlinear finite element method is employed. In order to derive the controller by 
wave based control method, a lumped system is derived from some manipulation and 
coordinate transformation of ANCF model which is derived for flexible link manipulator and 
the wave based method is applied to the derived lumped model. The validity of the proposed 
method is demonstrated by numerical simulation and applicability of the proposed method is 
discussed. 

1.  Introduction 
In recent years, space structure has been made of flexible element. The behavior of the flexible object 
is very complex and oscillatory. Therefore, study on vibration problem of flexible body is important. 
The control method based on mode analysis is one of the general approaches to vibration problems. 
However, it is not appropriate to apply such a control method to a flexible object which has 
nonlinearity. Conventionally, wave control method[1][2] has been studied as methods to solve these 
problems. In the wave control method, the traveling wave in the structure is canceled by the controller 
in order to avoid the generation of standing wave and consequently vibration of the structure is 
damped. Since the traveling wave is controlled, the wave control method can suppress wave from an 
earlier stage before standing wave arise. Therefore, it can be expected to damp more rapidly than the 
other conventional control method based on mode analysis. However, there are few cases where the 
wave control method has been applied to general distributed parameter systems such as flexible 
objects. 

Analysis including large deformation and large rotation is very important for vibration control of 
flexible object. Absolute Nodal Coordinate Formulation (ANCF) proposed by Shabana[3] is one of the 
analysis methods of flexible object which is subject to large deformation and large rotation and is a 
kind of nonlinear finite element method. The nodal coordinates are represented by absolute coordinate 
in ANCF and such a representation of coordinate leads to constant mass matrix and nonlinear stiffness 
matrix, which is the typical feature of ANCF. A lot of study on ANCF have focused on the 

The 8th TSME International Conference on Mechanical Engineering 
  12-15 December 2017 

Bangkok, Thailand 
 
     
DRC0027   
 

622



 
 
 
 
 
 

improvement of analytical ability, however there is few study on the controller design by ANCF 
model.  

The purpose of this paper is to propose a controller design method for vibration control of flexible 
structure by applying wave control method to ANCF beam model. Furthermore, the proposed method 
is validated by numerical analysis. 

This paper is composed as follows. Section 2 introduces a controlled object and the mathematical 
model for the controlled object is derived. In Section 3, conventional wave control method is 
introduced briefly. Section 4 proposes a method to control the flexible structure by wave control 
method. In Section 5, numerical analysis shows the validity of our proposed method and conclusion is 
given in Section 6. 

 

2. Model of flexible object 

2.1.  Controlled object 
A flexible beam is introduced as the controlled object simulating a planar single flexible link robot as 
Figure 1 indicates. The link is uniform, one end of the link is fixed by pined support and control torque 
is applied to that end and the other end is free. In addition, internal damping of the link, air drag, 
influence of gravity and friction force on the joint are neglected. 

2.2.  Formulation of the controlled object by ANCF 
The derivation of equation of motion by ANCF beam is shown below briefly. Flexible link is divided 
into N element and motion of equation of each element is formulated by ANCF. Figure 2 shows the i-
th elements. The nodal coordinate of  i-th element is given as:  

°¿

°
¾
½

°̄

°
®


w

w

w

w

w

w

w

w
  

 
 

 
 

 
 

 x

r
r

x
r

r
x

r
r

x
r

r lxiy

lxiy
lxix

lxix
xiy

xiy
xix

xixi
0

0
0

0e  (1) 

where 1st and 3rd elements are global position of one end in the direction of X and Y respectively,   
5th and 7th elements are global position of the other end in the direction of X and Y respectively. 
Furthermore, 2nd and 4th elements are global slopes of one end in the direction of X and Y 
respectively, and 6th and 8th elements are global slopes of the other end in the direction of X and Y 
respectively. Then, position vector of arbitrary point on the beam ir  is as follows. 
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Where, iS  is the shape function for the i-th element. Using definition of position of the point on the 
beam given by equation (2), kinetic energy, potential energy and virtual work are derived. 
Furthermore, applying Lagrange’s equation to those obtained energy and virtual work, the equation of 
motion for i-th element are given by  

iiliitiii QeKeKeM  �� )()(��     (3) 
where iM  is mass matrix for i-th element, tiK  is bending stiffness matrix for i-th element and liK  is 
axial stiffness matrix for i-th element. Deriving constraint equation which describes the relationships 
between each element and deriving the Jacobian and the acceleration equation, a differential equation 
is obtained as 
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where M  is block mass matrix which consists of iM , q  is generalized coordinate vector which 
consists of nodal coordinates of each element, qC  is the Jacobian obtained by partially differentiating 
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the constraint equation with a generalized coordinate vector,  is Lagrange multiplier, EQ  is 
generalized external force. In addition, Newton Euler equation as shown in equation (5) is obtained in 
order to derive the control design model 

ininlinintininin QqKqKqM  �� )()(��     (5) 
where the subscript "in" indicates that it is related to independent coordinates.  

 
 

 
Figure 1. Controlled object.  Figure 2. i-th element of ANCF. 

2.  Wave control method 

2.1.  Model of wave control 
In our study, we employ the wave control method proposed by O’Connor[2]. In this model, the control 
object is expressed lumped system composed of springs and lumped masses. The Figure 3 indicates 
the wave control model. im , ik , ix  are mass, spring constant and displacement of i-th, respectively. 
Note that 0x  and 0k  are virtual displacement and spring constant for the sake of expression of control 
input 0f . Then, control input 0f  can be given as 

� � 0100 kxxf �     (6) 
The wave control model assumes that the displacement of each mass ix  is separated into two 

traveling wave components. One is component ia  which travels rightward, the other is ib  which 
travels leftward and  iii bax �  is satisfied. As Figure 4 shows, the wave propagation is given by 
traveling wave components iA  and iB  which consists of iX , and transfer functions iG , iH  and F . 
Note that iX , iA , iB  are ix , ia , ib  in the Laplace domain. Then, each traveling wave has following 
relationships:  

1� iii AGA      (7) 

1� iii BHB      (8) 

nn FAB       (9) 
 

Note that Equation (7), (8) and (9) corresponds to the relation of the rightward propagation, the 
leftward propagation, and the reflection at the boundary, respectively. O’Connor has mentioned in the 
reference [2] that the transfer functions iG  and iH  can be approximated to second-order system and 
we also employ second-order system in this study as  
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Furthermore, considering the boundary condition at the right end in Figure 3, i.e. free end, the transfer 
function F  is given as unity.  

 
Figure 3. Model of the wave control method.

 
Figure 4. Block diagram of the wave control method. 

 
 

2.2.  Method of wave control 
In the wave control method, vibration control of structure is performed by applying control input so as 
to cancel the traveling waves. If reflection of traveling waves can be avoided at the boundary, the 
standing waves are not generated, that is, if the reflected wave 0A  at the left end in Figure 3 can be 
cancelled, vibration does not continue, in other words, vibration is suppressed. In order to achieve 
cancellation of the reflected wave at left end, the incident wave 0B  to the boundary at left end should 
be measured so as to derive the control input given as  

200 refXBX �      (12) 

where refX  is reference displacement and incident wave 0B  to the boundary is given by 
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3. Application of wave control method to flexible structure 
The model of controlled object is different from the model used in wave control method, therefore the 
wave control method cannot be directly applied to model of control object. In this section, we propose 
the process of applying the wave control method to the model of our controlled object. In our proposed 
method, we utilize the coordinate transformation which transforms the coordinates of wave control 
model to the coordinates of ANCF model. On the other hand, Joseph has also proposed the method 
which utilizes the diagonalized model[4] and systematic process is developed in that study. But in the 
context of controller design freedom, we employ numerical method as shown later. 

3.1. Controller design model 
In order to design controller, controller design model is derived from Equation (5). In general, 
longitudinal deformation is quite small compared to the transverse deformation, then the influence of 
longitudinal deformation on the behaviour of the system can be neglected. Furthermore, as is clear 
from structure of the motion of equation given by Equation (5), expression of motion becomes 
redundant if longitudinal deformation is neglected. That is, expression become redundant. Therefore, 
we employ the motion of equation for Y directions for controller design as 
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yytyyy QqKqM  ��� ,    (14) 
which process is also used in another study[5]. The number of nodal coordinate of Y direction about 
ANCF beam consisting of N elements is 2N+1. The number of mass (number of DOF) of the lumped 
system for wave controller design need to be equal to the number of DOF of ANCF beam model. 
Therefore, the lumped system transformed from the ANCF beam model has to consist of 2N+1 masses 
and 2N springs. 

3.2. Determination of unknown parameters 
Because parameters of the lumped system is generally unknown, it is difficult to directly apply 
coordinate transformation to ANCF model in order to derive the corresponding lumped system. 
Therefore, applying diagonalization to the equation of motion of each model, both diagonalized model 
is used as intermediate model for coordinate transformation.  
 

Equation (15) is the equation of motion of the lumped system to which the wave control method is 
applied. 

www QxKxM  ���      (15) 
where wM  is the mass matrix, wK is the stiffness matrix, wQ  is the external force matrix. The 
equation of motion of lumped system can be diagonalized by solving the generalized eigenvalue 
problem of Equation (15), and the diagonalized equation of motion is given by 
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where wT  is coordinate transformation matrix in which eigenvectors of the system given by 
Equation (15) are aligned, xTx w . Similarly, the equation of motion of ANCF model can be 
diagonalized by solving the generalized eigenvalue problem of Equation (14). 
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where cT  is coordinate transformation matrix in which eigenvectors of the system given by Equation 
(14) are aligned, ycy qTq  . Unknown parameters of lumped system are determined by numerical 
search so that the diagonal elements of equations (16) and (17) coincide with each other. Applying 
coordinate transformation by obtained two matrices wT  and cT , mass and stiffness matrix for lumped 
system is derived as  

1�� wcy
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c
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ww TTKTTK     (19) 
Note that the number of unknown parameters is 4N+1, which is larger than the conditions that the 
unknown parameters have to satisfy, and therefore additional conditions can be added to the parameter 
determination. In other words, there is degree of freedom in parameter determination. This degree of 
freedom is utilized in considering the external force term as described next section. 
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3.3. Conditions on external force term 
Following equation indicates the coordinate transformation of the external force term.  
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The components of the equation (20) are given by the equations (21) and (22). 
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The elements of external force term of controlled object is zero except for first element as Equation 
(21) shows, however external force term of the transformed system from lamped system may has non-
zero value in the elements except for first element as Equation (22) shows. In order to satisfy the 
equation (20), it is possible to reduce the influence of the control force which does not exist in the 
original system by using the degree of freedom as described above and introducing the following 
evaluation value 
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Equation (23) indicates that the smaller value D�corresponds to smaller value of the elements in the 
external force except for first element. Therefore, minimization of Equation (23) and numerical search 
for determination of  wT  and cT are carried out simultaneously. 

 

4. Simulation 
The proposed method described in Chapter 4 was validated by numerical analysis. In the numerical 
analysis, link is moved by control torque from the initial angle (0 degree) to the target angle (10 
degree). Parameters of the link is shown in Table. 1. The control input for the system is derived by 
using Equation (12) and (20). In numerical simulation, the value of the element of external force 
except for first element are approximated by 0. 
 

Table 1. Parameters for numerical analysis 
Young’s modulus of the flexible beam [GPa] 70

Density of the flexible beam [kg/m3] 2700 
Length of the flexible beam [m] 1

Thickness of the flexible beam [m] 0.005 
Width of the flexible beam [m] 0.01 

Element number of ANCF model 1
 
 
In order to show the validity of the proposed method based on wave control method, control result 

by the proposed method was compared with the control result by a linear quadratic regulator (LQR). 
Figure 5 shows time history of tip displacement in the Y direction and two results are shown for 
comparison between the proposed method and LQR controller. As the results show, tip position 
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converges to the target position by the proposed controller. Furthermore, the results by the proposed 
controller shows faster convergence to the target position than that by LQR. 

 

 
Figure 5. Comparison by control method. 

 

5. Conclusion 
In this paper, we proposed a method of applying wave control method to the flexible structure by 
using coordinate transformation, moreover we demonstrated the validity of the proposed method by 
numerical analysis. As the result of numerical analysis, the proposed method shows faster 
convergence to the target position, and validity of the proposed method is confirmed. 
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Abstract. This research proposes a design and verification of an off-grid photovoltaic system 
(PVS) for electric motorcycle charging station to be located in King s Mongkut s University of 
Technology Thonburi, Bangkok, Thailand. The system is designed to work independently (off-
grid) and it must be able to fully charge the batteries of a typical passenger electric motorcycle 
every evening. A 1,000  Toyotron electric motorcycle is chosen for this study. It carries five 
units of 12.8V 20Ah batteries in series  hence its maximum energy re uirement per day is 
1,200 h. An assessment of solar irradiation data and the Generation actor in Bangkok, 
Thailand suggests that the charging system consists of one 500  PV panel, an MPPT charge 
controller, 48V 150Ah battery, a 1,000  DC to AC inverter and other safety devices such as 
fuses and breakers. An experiment is conducted to verify the viability of the off-grid PVS 
charging station by collecting the total daily energy generation data in the raining season and 
winter. The data suggests that the designed off-grid solar power charging station for electric 
motorcycle is able to supply sufficient energy for daily charging re uirements.  
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Controlling of aggregate split-type air-conditioners under the 
thermal comfort conditions for energy management 
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Abstract. Due to an electricity demand peak in Thailand is critically high in the summer period 
every year. This high electricity demand peak is mainly caused by the use of air-conditioners in 
residential section and too low setting of thermostat set-point (over cool setting) of  
air-conditioners. Moreover, split-type air-conditioners are operated individually, which resulted 
in a highly electricity peak from randomly compressors working of a group of aggregated  
air-conditioners. Based on the problems mentioned above, the direct load control (DLC) is a 
solution to solve these problems under demand response (DR) program. Therefore, the objective 
of this study is to control an aggregate split-type air-conditioners by setting thermostat set-point 
under a thermal comfort range of university’s students in Thailand. In this study, the four split-
type air-conditioners without any modification were controlled by a microcontroller. The upper 
range of thermal comfort of university’s students was chosen at 27ºC. In order to investigate the 
potential for reducing electricity peak, the thermostat set-point conditions were used at 25ºC 
(conventional thermostat setting condition) and 27ºC (upper limit of thermal comfort condition). 
Moreover, the control strategy was designed and tested to compare the results of electricity peak 
and electricity consumption between with and without the control of aggregate split-type air-
conditioners within 8 hours of testing. The results showed that when using the control strategy, 
an electricity peak can be reduced by 20.4% and 31.3% at the thermostat set-point conditions of 
25ºC and 27ºC, respectively, as compared to the conventional thermostat control condition. 
Additionally, the results of electricity consumption showed that the condition of control strategy 
at upper limit of thermal comfort condition setting of 27°C can be reduced electricity 
consumption by 45.2%, as compared to the condition of conventional thermostat control setting 
of 25°C. 
 

1. Introduction 
The electricity peak demand and electricity consumption in Thailand have increased every year due to 
the growth of economic. In particular, the highest electricity peak demand was shown during the summer 
months because of relatively high ambient temperatures, which leads to increasing use of  
air-conditioners. The increased peak demand can cause electrical system failure if the peak demand is 
greater than generating capacity of the power plants.  

Annual report 2014 of the energy balance of Thailand [1] shows that electricity consumption 
increases every year. The average growth rate is approximately 2.8% per year during 2009-2014 (as 
shown in Figure 1). The peak demand for electricity also increased. Normally the peak demand occurs 
in April-May. However, the recent peak demand in 2015 (27,346 MW) offered in June (as shown in 
Figure 2).  
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Figure 1 . Thailand’s electricity consumption in 2009-2014. 

 

 
*Net Peak Generation Requirement of EGAT excluded Station Service 

Figure 2. The peak demand for electricity in Thailand during January, 2011-December, 2015. 
 

The energy statistic shows that in the year 2004 the total electricity consumption of a residential 
section was accounted for 23% of Thailand's national electricity consumption [2]. Besides, energy 
consumption for air-conditioning system was accounted for about 60% of the total electricity 
consumption of a residential section in Thailand [3]. Additionally, the Ministry of Energy of Thailand 
reported that statistical data of electricity consumption demand for air-conditioning was increased by 
350 MW for every 1°C temperature increased in air conditioner thermostat setting [4].  

Almost all air-conditioners in residential sector use the split-type air-conditioners.  Most of the 
residential air-conditioners use fixed-speed compressor type that has ON and OFF working 
characteristic. When the air-conditioners are ON, it means that the compressors are being operated. On 
the other hand, if the air-conditioners are OFF, the compressors stop operation. If many air-conditioners 
are ON at the same time, the demand for electricity increased rapidly.  

The most promising solution for energy’s stability and energy’s security is to apply the concept of 
demand-side management (DSM). At present, this DSM concept has already been operated in Thailand 
for preventing energy emergency’s situations. DSM is one of the promotion methods of electricity 
energy efficiency. The main advantages of DSM concept are that it requires a short time for the 
preparation and cheaper than build a new power plant to overcome this problem. One of the DSM 
measures is reducing peak demand from air-conditioners. In many cases, increasing thermostat setting 
of air-conditioners can reduce electricity peak demand. However, the increased thermostat setting 
should be within thermal comfort zones.   

The investigation of thermal comfort zone for human has gained worldwide interest in the  
air-conditioning field. ASHRAE standard provides the criteria and methodology for evaluating thermal 
comfort zone, so that ASHRAE standard-55 [5] is commonly used to refer. ASHRAE standard describes 
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the survey methodology for the calculation of an effective temperature with acceptability value of the 
survey’s subject, which can be used to define thermal comfort zone. Several studies have been 
investigated thermal comfort based on a survey of randomly subjects using questionnaire that referred 
to ASHRAE standard, the survey check sheets that use to collect necessary data of subjects and a survey 
room, for examples, gender, type of clothing, operative temperature, relative humidity, air-velocity and 
mean radiant temperature [6-9]. Besides, Delphi technique was used, in which the data was collected 
from the medical expert brainstorming, as well as to collect additional non-quantity factors such as a 
number of air-conditioners at home and educational level [10]. Moreover, the thermal comfort zone of 
four hundred and one university’s students was investigated. The survey check sheet was prepared 
according to ASHRAE standard 55-2010 to calculate the actual mean vote (AMV) and the percentage 
of sensation vote for thermal sensation [11].  

The results of thermal comfort zone for Thai people showed that an effective temperature ranged 
from 24 to 27ºC and a relative humidity ranged from 50 to 60%RH for the air velocity of 0.2 m/s. 
Moreover, the results also showed that the higher air-velocity affected to higher neutral temperature for 
subjects [6]. After surveyed three climate zones of Thailand, Yamtraipat et al. (2004) reported that the 
thermal sensation range of all three zones was between 25 to 26.2ºC in which considered of 80% 
acceptability, whereas the results of humidity range that most subjects voted “just right” was 50 to 
60%RH for all three zones. Moreover, this previous study found that the people, who normally used  
air-conditioners at home, preferred a lower neutral temperature (25.4ºC) than the other groups (26.3ºC). 
In addition, the factor of education level was showed that the post-graduate preferred the lowest neutral 
temperature (25.3ºC) than graduate and scholar level [7]. In the study of Srivajana (2003) found that the 
Predict Mean Vote (PMV) model of Fanger (1970), which used to calculate PMV value in ASHRAE 
standard, was not suitable for air velocity and the subjects who preferred a higher relative humidity 
related to higher air velocity. Based on the 80% acceptability, the thermal sensation was ranged from 
23.0 to 26.3ºC with the air velocity of not greater than 0.9 m/s [8]. In addition, De Dear et al. (1997) 
reported that the subjects preferred a higher temperature in the naturally ventilated building because of 
a higher velocity from the naturally ventilation room. Besides, for air-conditioned room with a mean 
velocity of 0.11 m/s and a mean indoor relative humidity of 56%, the result of an operative temperature 
ranged from 23.6 to 25.1ºC was obtained [9]. The study of Sookchaiya et al. (2010) showed that the 
results of thermal comfort of human for health that were obtained from the Delphi technique, after three 
rounds brainstorming of medical expert group, the questionnaire was created and analysed to 40 items. 
This previous study concluded that the suitable temperature in air-conditioned room should be at 25 to 
26ºC and the suitable relative humidity should be around 50 to 60%RH. However, no any acceptable 
range was considered in this previous study [10]. Moreover, the results of literature review also showed 
that operative temperature range is 23.6-27.4°C at 90% acceptability of university’s students and the 
most university’s students preferred acceptable relative humidity range of 40-50% [11]. 

Because electricity demand has grown rapidly related to rapid economic growth, while the price of 
electricity has risen every year. Therefore, the demand response (DR) program presents as a promising 
alternative solution for more security of electricity system, as well as to prevent any new power plants 
that cannot be beneficial for such a short period of electricity peak in summer time. Several previous 
studies have been investigated on demand response with respect to the potential of demand response 
measures applying to commercial buildings in Thailand, in which the data was first collected from 
hospital and two shopping malls in Bangkok, and followed by monitoring the high electricity-consumed 
equipment and system to use as electricity baseline [12]. Furthermore, a direct load control of central 
air-conditioning loads with thermal comfort control in Taiwan was focused on central air-conditioning 
load that accounted for 25.8% of Taipower electricity summer peak [13]. In addition, a strategy to 
address residential air-conditioning peak load in Australia by collected the data of electricity used and 
found that the electricity peak period of an average household demand was occurred when the local 
average temperature became lower than 18ºC and above 20ºC, which meant that the average demand 
peaks for hot and cold days related to air-conditioning system were used [14]. 
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The results obtained by the study of Pasom et al. (2015) showed that the total electricity peak 
reduction was 1,759 kW, which accounted 64% from the backup generator method and 36% from the 
various peak reduction method. Also, the results showed that the peak reduction method could be 
reduced a peak accounted for 636.5 kW and the item of rising the temperature in the building could be 
reduced 23.5 kW by demand response [12]. In addition, the study of Chu et al. (2005) reported that the 
fuzzy controller was better than conventional thermostat for controlling thermal comfort level. Besides, 
the fuzzy controller was also better for power consumption of air-conditioning system, as the power 
consumption was 32.5% lower than conventional thermostat [13]. Based on the collected data, Smith et 
al. (2013) also showed that the 60% of air-conditioners was turned on during the peak summer day, 
whereas the 83% of air-conditioners was turned on in the extreme hot day. Moreover, the utilities were 
used air-conditioners over the period of 12 hours on the peak summer day [14]. 

Due to global warming situation, a number of air-conditioning systems has increased both for the 
residential and commercial sectors. The split-type air-conditioners (which are also named as unitary  
air-conditioners) are the most popular type and commonly used. There is a number of research focused 
on controlling the aggregated air-conditioners; however, with different proposes such as to reduce 
electricity peak [15] and to reduce electricity consumption during controlling temperature of  
air-conditioned room for more steady [16]. 

In the study of Wu et al. (2013), the infrared remote control system from monitoring and controlling 
the aggregate air-conditioners was designed. The 56 unmodified air-conditioners were controlled by 
microcontroller via the infrared remote control module. Moreover, the control strategy was designed as 
each cycle had 5 minutes of air-conditioning mode and 10 minutes of fanning mode. In addition, if a 
room temperature was below 26ºC (set point), the air-conditioners could change the operating mode 
from air-conditioning to fanning mode [15]. However, Chiou et al. (2009) was used fuzzy control for 
multi-unit room air-conditioners. The fuzzy logic controller (FLC) was designed by the language 
variable inputs, which were the temperature difference (ο ܶ) between indoor and set temperature, and 
the temperature gradient (heat load, ο ሶܳ  ). The experimental works were used two slit-type  
air-conditioners with the outdoor ambient condition controlled at 35ºC and 60%RH, where the indoor 
temperature setting at 27ºC. 

The results obtained by these two previous studies showed that the electricity peak value decreased 
57 kW from demand strategy used, which could be possible to maintain the room temperature at around 
26ºC as well [15]. Moreover, based on the fuzzy control, the results showed that 8.92% of energy 
consumption can be saved compared with ON/OFF method. Also, the fuzzy control can control the room 
temperature steadier than ON/OFF method [16]. 

Based on the above literature review, the problem statements of this study can be drawn as follows, 
the literature review of thermal comfort for human showed that the previous researches were obtained 
the results of thermal comfort in air-conditioned room, but never considered these results to use as 
thermostat setting of split-type air-conditioners for direct load control in demand response program. 
Moreover, the literature review of Demand Response (DR) showed that previous researches have never 
been studied DR on aggregated split-type air-conditioners for reducing electricity demand peak, as well 
as for decreasing energy consumption. The literature review of controlling of aggregated  
air-conditioners has never been focused on controlling split-type air-conditioners based on control 
strategy combined with thermal comfort condition.   

Above problem statements will be used to design research objectives as to control the aggregate  
split-type air-conditioners for reducing electricity demand peak and energy consumption in response 
with the thermal comfort zone of air-conditioning room. 
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2. Methodology 
According to the ASHRAE standard, it was recommended that the operative temperature should be 
obtained based on 80% of occupant acceptability; however, the higher occupant acceptability was also 
suggested to define a range of operative temperatures for using as temperature set-point for  
air-conditioned rooms [5]. Thiangchanta and Chaichana (2016) used this approach to investigate thermal 
comfort condition of air-conditioning operations for the lecture rooms in tropical climate countries, in 
which resulted in the upper limit thermal comfort condition of 27°C. Moreover, this previous study [11] 
also reported a higher occupant acceptability of 90%, as compared to other studies [7-8]. However, in 
other studies, for examples [6, 10], the occupant acceptability was not considered. Based on these results, 
the current study will be considered the upper limit thermal comfort condition at 27°C as thermostat 
setting condition for investigating the reduction potential of electricity demand peak and energy 
consumption in air-conditioned rooms. 

 
2.1 Experiment procedure 
The methodology procedure of this study is described as in Figure 3, and the details of methodology 
procedure are further explained as follows. 

 

 
Figure 3. Methodology procedure used in this study. 

 
1) The first process is to collect working behavior’s data of four air-conditioners in normal operations 

with two thermostat settings of 25ºC and 27ºC. The collected parameters of this process are outdoor 
ambient air temperature, air-conditioned room’s temperature and electric power of air-conditioners. The 
data was collected with testing air-conditioners for 8 hours. 

2) In the second process, the collected data obtained by the first process was used to identify ON/OFF 
interval time of compressors that response to ambient air temperature. Normally, the ON interval times 
of compressors is long where the ambient air temperature is high. In the other hand, the OFF interval 
time of compressors is short where the ambient air temperature is high. These affect to a large surge 
peak demand from using air-conditioners during hot period. The results from this process were the 
difference of ON/OFF interval times with respect to the various cooling capacity of air-conditioners. 

3) The results of ON/OFF interval times, which obtained from the second process, were then used to 
design the control strategy of controlling aggregated air-conditioners in order to investigate the 
electricity peak and electricity consumption. The main purpose of this control strategy was to prevent 
each compressor working ON at the same time. In case, it was not possible to prevent compressors 
working ON at the same time, the control strategy must be then designed to minimize a number of 
compressors working ON at the same time, and/or to minimize an interval time of compressors working 
ON at the same time.  
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4) In the fourth process, the designed control strategy was used to test air-conditioners at thermostat 
setting conditions of 25ºC (conventional thermostat setting) and 27ºC (upper limit of thermal comfort 
condition), the tests of air-conditioners in all conditions were performed for 8 hours. 

5) Finally, the testing results of designed control strategy of aggregated air-conditioners were used 
to investigate the potential for reducing an electricity peak, as well as, for reducing an electricity 
consumption. 
 
2.2 Experiment Set Up  
Four experimental rooms that are located in Faculty of Engineering, Chiang Mai University were 
selected. An air-conditioner was installed in each room. Each air-conditioned room was installed 200 
W of incandescent light bulb that used to simulate the heat load of air-conditioned rooms. The details of 
experimental rooms and air-conditioners specification are shown in Table 1.  
 

Table 1. Air-conditioners specification. 
Experiment room No. 1 2 3 4 
Floor area (m2) .16 8 .16 8 .16 8 23.65 
Cooling capacity (BTU/hr.) 12,300 13,624 12,300 20,103 
Power consumption (W) 1,060 1,110 1,040 1,688 
Max. Electric current (Amp.) 4.9 5.0 4.8 7.67 

Power source 1Ø, 50 Hz, 
220 V 

1Ø, 50 Hz, 
220 V 

1Ø, 50 Hz, 
220 V 

1Ø, 50 Hz, 
220 V 

 
In this study, air-conditioners were controlled by a microcontroller. The microcontroller was installed 

with the source code and used to send a signal to control the power relay that used for switching a 
supplied power to air-conditioners. The power relay has a current rating of 10A at 250 VAC, while 
voltage requirements are 5 VDC (Relay Power) and 3.3-5 VDC (Input Signal).  

The microcontroller received input signal from the temperature sensor (DHT22) that is used to 
measure the ambient air temperature. Then the microcontroller sent a signal to control aggregated  
air-conditioners under a designed control strategy. The specification of temperature sensor is as follows; 

x humidity operating range of 0-100%RH,  
x temperature range of -40°C to 80°C,  
x humidity accuracy of ±2%RH (Max ±5%RH), and  
x accuracy of temperature is less than ±0.5°C with an average sensing period of 2 seconds.  

 
A schematic of the control system is shown in Figure 4. 

 

 
Figure 4. A schematic of the control system. 
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2.3 Measurement devices 
The measurement device used in this study was thermocouple T-type for measuring the temperatures of 
outdoor ambient air and indoor temperatures of air-conditioned room. The thermocouple T-type was 
also used to measure the dry bulb temperatures and wet bulb temperatures. The T-type thermocouple 
has the measuring range of 0°C to +200°C. The accuracy of the thermocouple is ±0.5°C or 0.4%. The 
data from thermocouples was automatically recorded every 1 minute by data logger. 

As shown in Figure 4, watt transducer was used to measure electricity used by the air-conditioners. 
It converts single or three phases unbalance load active power into a proportional load independent DC 
output, which applied to measure the power of each air-conditioner by sending a measuring data into 
the data logger every 1 minute. The watt transducer can measure up to 5Amp of the current used by  
air-conditioners at 220 VAC, 50 Hz. The output of the watt transducer is 4-20 mA and 0-10 mVDC.  
 
3. Results and discussion  
In this study, the data were collected during the period of March to April 2017, which was the summer 
season of Thailand. The results was separated into three parts, which were the results of ON/OFF interval 
times of compressors, the results of designed control strategy, and the results of electricity peak and 
electricity consumption. The details of these results are as follows. 
 
3.1 Working interval times of compressors   
The results of collected testing data of air-conditioners in normal operation response with ambient air 
temperature were used to identify ON/OFF interval times of compressors. The tests were divided into 
two different conditions of thermostat setting temperature as 25°C (conventional thermostat setting) and 
27°C (upper limit of thermal comfort condition). The detailed results of ON/OFF interval times of 
compressors in second are shown as in Table 2. 

It was found that the ON interval times of compressors were increased when the ambient air 
temperature increased. This is because of the air-conditioners have to work longer for rejecting heat load 
of air-conditioned rooms in order to remain the room’s temperature at the thermostat set point.  

In the other hand, the OFF interval times of compressors have an inverse variation with the ambient 
air temperature. This is because of higher ambient air temperature affects a rapidly risen of  
air-conditioned room’s temperature when air-conditioners stop working, so that air-conditioners have 
to restart quicker for remaining the room’s temperature at the thermostat set point. 
 

Table 2. ON/OFF interval times of compressors with respect to different ambient temperatures. 
 Ambient temperature (°C) 28 29 30 31 32 33 34 35 

AC No.1 

ON_25°C (sec.) 120 120 120 120 120 120 180 180 
OFF_25°C (sec.) 300 300 300 300 300 300 240 240 
ON_27°C (sec.) 180 180 180 180 180 180 180 180 
OFF_27°C (sec.) 330 330 330 180 180 180 180 180 

AC No.2 

ON_25°C (sec.) 105 105 240 240 240 240 240 240 
OFF_25°C (sec.) 300 300 180 180 180 180 180 180 
ON_27°C (sec.) 150 150 150 180 180 180 180 180 
OFF_27°C (sec.) 360 360 360 180 180 180 180 180 

AC No.3 

ON_25°C (sec.) 135 135 150 150 150 150 240 240 
OFF_25°C (sec.) 360 360 330 330 330 330 315 315 
ON_27°C (sec.) 180 180 180 204 204 204 216 216 
OFF_27°C (sec.) 300 300 300 291 291 291 288 288 

AC No.4 

ON_25°C (sec.) 135 135 210 210 210 210 375 375 
OFF_25°C (sec.) 360 360 270 270 270 270 180 180 
ON_27°C (sec.) 180 180 180 285 285 285 324 324 
OFF_27°C (sec.) 300 300 300 210 210 210 180 180 

 
3.2 The results of designed control strategy  
The results of ON/OFF interval times of compressors response with different ambient air temperatures 
were used to design the control strategy for controlling aggregated air-conditioners. The control strategy 
should prevent each compressor working ON at the same time. However, if it is not possible to prevent 
compressors working ON at the same time, the control strategy must be then designed to minimize a 
number of compressors working ON at the same time, and/or to minimize an interval time of 
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compressors working ON at the same time. The designed control strategy of thermostat setting at 25°C 
and 27°C are illustrated in Figure 5(a) and Figure 5(b), respectively. 

 

 
Figure 5(a). The designed control strategy of thermostat setting at 25°C. 

 

 
Figure 5(b). The designed control strategy of thermostat setting at 27°C. 

 
3.3 The results of electricity peak and electricity consumption 
The results of electricity peak in related to the different ambient air temperatures are shown with three 
different conditions, including the conventional thermostat control setting of 25°C, the control strategy 
with thermostat setting of 25°C and the control strategy at upper limit of thermal comfort condition 
setting of 27°C (Figure 6). 
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Figure 6. The results of electricity peak related to different ambient air temperatures. 
 

The results of electricity peak in related to the different ambient air temperatures show that the 
electricity peak has a direct variation with the ambient air temperature for all conditions. The condition 
of conventional thermostat control setting of 25°C presents a highest electricity peak in every ambient 
air temperature. Besides, with the control strategy at the upper limit of thermal comfort condition setting 
of 27°C, a lowest electricity peak in every ambient air temperature was obtained. Additionally, the 
results show that the control strategy can be efficiently reduced electricity peak. It was found that the 
increasing of thermostat setting to the upper limit of thermal comfort condition resulted in a significant 
reduction in electricity peak. 

By using the method of root mean square deviation (RMSD) from every ambient air temperature, the 
results obtained with the condition of control strategy with thermostat setting of 25°C show that  
electricity peak can be reduced by about 20.4%, as compared to the condition of conventional thermostat 
control setting of 25°C. Moreover, when using the condition of control strategy for thermostat setting at 
upper limit of thermal comfort condition setting of 27°C, electricity peak can be reduced by about 
31.3%, as compared to the conventional thermostat control at 25°C. From the results of electricity peak, 
it was found that the method of increasing thermostat setting temperature becomes more effective if this 
applied with the control strategy. 

Based on the results of electricity peak obtained from the three conditions, the results can be further 
extended to investigate the linear correlation of electricity peak in related to ambient air temperature 
with the coefficient of determination (R2) that can be beneficial for applying in simulation work in the 
future, as shown in Table 3. 
 
Table 3. Linear correlation of electricity peak in related to ambient air temperature and coefficient of 

determination (R2). 
 Linear correlation R2 

Electricity peak (uncontrol_25°C) y = -220.51x + 5350.7 0.883 

Electricity peak (control_25°C) y = -257.46x + 4625.6 0.873 

Electricity peak (control_27°C) y = -313.85x + 4453.2 0.928 

 
Electricity consumption of the three conditions was investigated with 8 hours period of testing. Due 

to the electricity consumptions normally depends on ambient air temperature, the average ambient 
temperature was reported in order to compare the results of electricity consumption in each condition. 
The results of electricity consumption are shown in Figure 7.  
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Figure 7. The results of electricity consumption with average ambient temperature. 

 
As shown in Figure 7, electricity consumption obtained from the condition of conventional 

thermostat control setting of 25°C had a highest electricity consumption, whereas a lowest electricity 
consumption was found when applied the control strategy at upper limit of thermal comfort condition 
setting of 27°C. 

The electricity consumption obtained from the condition of conventional thermostat control setting 
of 25°C was 16.8% higher than electricity consumption obtained from the control strategy with 
thermostat setting at 25°C. Moreover, with the condition of control strategy at upper limit of thermal 
comfort condition setting of 27°C, electricity consumption can be reduced by about 45.2%, as compared 
to the condition of conventional thermostat control setting of 25°C. 

The average ambient temperature of all three conditions were similar, with the condition of 
conventional thermostat control setting of 25°C, the average ambient temperature was only 3.6% higher 
than the condition of control strategy at upper limit of thermal comfort condition setting of 27°C. 
 
4. Conclusion 
This study aims to investigate a concept of demand response program by reducing electricity peak from 
the use of air-conditioners. The microcontrollers were used to control the four spit-type air-conditioners 
at different room’s temperature settings. The room temperature settings that were investigated in this 
study are under Thailand thermal comfort range. The behavior data of air-conditioners during operation 
was collected and used to design the control strategy.  

The results show that electricity peak has a direct correlation with ambient air temperature for all 
conditions. The electricity peak can be significantly reduced with the right control strategy. Observing 
of compressors behaviour during normal operation can form new control strategy to preventing the 
compressors to work at the same time. At thermostat setting of 25°C, this control strategy leads to reduce 
electricity peak demand by 20%. Further reduction in electricity peak demand can be achieved when 
increasing thermostat setting to 27°C and using the control strategy. Moreover, the results also show 
that electricity consumption can be reduced with the control strategy, as compared to the conventional 
thermostat control with only small difference in average ambient temperature.   
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Abstract. The purpose of this research was to study latex film drying at 70 ºC using  
a laboratory drying oven. Two different total solid content (TSC) latex compounds, which 45% 
TSC and 35% TSC were used. The undried latex films were prepared according to the common 
procedures used in latex gloves manufacturers, that is, by dry coagulant dipping process.  
The experimental results such as initial moisture content, the amount of moisture and drying 
time of latex films in each latex compound formula were determined. After that, the results 
were projected to calculate on the production capacity expand by 1 million piece/day of natural 
latex medical gloves. Finally, the rate of moisture entering the latex drying oven and the energy 
consumption of the drying oven were estimated. The results indicated that when the 35% TSC 
of latex compound was used. The initial moisture content of latex film was higher than 45% 
TSC of latex compound about 7%. The drying time of 35% TSC was longer than 45% TSC for 
2.5 min and consume more energy about 10%. As a result, the 45% TSC latex compound was 
the better way to saving energy and managing humidity in the production line. Therefore, it 
was found to very useful to an approximate design length and size of actual of latex drying 
oven and the rate of moisture entering the oven as well. 
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Abstract. Supermarkets are the coupled system integration between HVAC (heating, 
ventilation and air-conditioning) and refrigeration systems in terms of interaction. The zone 
conditions provided by HVAC are used as the driving forces conditions for refrigeration load 
design to size proper compressor load. However, most of supermarket operators seldom 
understand the faulty interaction effect; faulty indoor conditions cause excessive power 
consumptions of refrigeration systems even they are operated efficiently because they are 
operated at wrong design conditions. The interaction effect is challenging issue in modern 
energy audit since both software and low-cost wireless sensors are more helpful to efficiently 
investigate any effect.  Especially, faulty indoor interaction is not considered and still infancy 
in developing counties. This current paper present faulty interaction affecting to refrigeration 
system operations by utilizing data from building automation systems from supermarkets in the 
U.S. The method is simply developed to examine faulty interactions and the effect. The 
findings are that detected faulty operations lead to excessive power consumptions. Without the 
consideration, fault detection and diagnosis (FDD) performance is degraded and mistaken due 
to wrong conditions in analysis for refrigeration systems. The method can be further used by 
building operators or building auditors as easy-to-use tool for integrated system investigations. 

Introduction 
Although energy audit programs have been developed and proposed for  mainly improving system 
performance to achieve energy  savings  in supermarkets, refrigeration systems have practically been 
analyzed without considering the  effect of faulty operations  provided by heating, ventilation  and  air-
conditioning  (HVAC)  systems;  these effects result in waste energy consumptions.  For the 
correlation of HVAC and refrigeration systems, refrigeration condenser cooling load used for HVAC 
sizing is excluded when the condenser unit is located outside a store. In contrast, if the condenser is 
within the building, the heat rejection of the indoor condensers will increase the cooling load of the 
store HVAC system. As a consequence, the HVAC system can no longer maintain the indoor design 
conditions; these faulty indoor conditions cause excessive power consumptions in the HVAC system. 
This correlation is called “energy interaction [1]”.  
Even though the interactions in supermarket environment have been significantly concerned more than 
two decades using computer simulations,  laboratory tests, and field evaluations [e.g., 2 – 11], most of 
the previous researchers mainly conducted for sub-system performance evaluations, machine design 
improvements and refrigeration system replacement and retrofitting. No prior research paper has been 
completely proposed the faulty interaction analysis for enhancing fault detection and diagnosis (FDD) 
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on refrigeration systems used by building operators, facility management companies and/or HVAC&R 
analysts.  
For example, Henderson and Khattar [12] analyzed humidity impact of refrigeration operations in two 
supermarkets. The simplified power consumption model based regression analysis was proposed; the 
findings are seldom used in practice beyond the researches and ASHRAE standard. In addition, Kosar, 
and Dumitrescu [13] reviewed and synthesized supermarket potential savings versus humidity ranges 
published in the ASHRAE Handbook [3]. Presently, ASHRAE RP 1467 [14] was proposed to further 
analyze what factors affect energy savings of refrigeration energy consumptions when indoor relative 
humidity is reduced. In the project, the factor analysis is used to analyze the balancing latent heat load 
between refrigeration display cases and indoor conditions provide by HVAC systems. The most 
dominant factors in accomplishing energy savings in refrigeration energy consumptions are 
refrigeration capacity, case layout and lineup; these research findings are very helpful to support 
supermarket layout design for conducting low energy use.   
To enhance this practical engineering point of view and reduce the aforementioned limitation in terms 
of inadequate HVAC&R operation data, this present article focuses on non-invasive and plug-n-play 
solutions via utilizing the existing BAS system of each store for energy interaction investigations. 
With the obtained data, an improved energy interaction method based on typical control operations, 
user-friendly statistics and rule-based method is proposed as a simple tool for the performance 
investigations of HVAC&R operations in supermarkets. The improved method includes the 
investigations of faulty interaction effect to refrigeration system operations. 

Backgrounds  
2.1 Typical energy audit and analysis in commercial buildings   
According to the survey of commercial energy audit reports and research papers, building energy 
model toolkit as a benchmarking tool was developed for energy modeling used to evaluate baseline 
energy of each commercial building under ASHRAE research project RP-1050 [15]. In the graph 
analysis, outdoor air temperature (OAT) and energy consumptions are used to construct simple linear 
regression (SLR), polynomial, logistic, and other types of models. One of the most intensively used 
models is SLR which can be further improved by using a change-point linear regressions in case of 
special routine operations are considered.  
In case of practical energy audit for evaluating HVAC machine operations, OAT as the independent 
variable is used to notice stage operations of chillers because OAT increase is proportional to higher 
energy consumptions. For the multi-stage operations, in case of setting a constant set-point for 
evaporator water temperature, OAT is proportional to compressor percent load. Therefore, multiple 
lines can be plotted when OAT or percent load of compressors increases versus increased power 
consumptions [16]. However, for coupled system such the supermarket environment interaction, 
indoor air relative humidity (IARH) and zone air temperature (ZAT) are both driving force conditions 
of refrigeration compressors. As a result, the typical energy audit method is not potential enough to 
analyze the faulty interaction effect to refrigeration systems. This issue is challenged to improve the 
simple interaction method [1] which is briefly explained in next section.   

2.2 HVAC and refrigeration systems in commercial supermarkets 
The effect of HVAC operations to refrigeration systems is the interaction. When HVAC systems are 
not properly operated beyond the indoor design conditions, the refrigeration compressor unit (RCU) 
will consume higher energy consumptions. For instance, an indoor temperature at 75°F (24° C) with 
75% RH for refrigerated cases, this relative humidity is out of the range from 35 to 50%, so higher 
latent load of indoor air results in higher energy consumptions for refrigeration compressors. 
Following this reason, the refrigeration system operations can be evaluated by considering the 
interaction of these two systems in supermarkets as depicted in Figure 1 and 2.  
The typical zones in commercial supermarkets haves the layout as shown in Figure 1 in which 
temperature and humidity sensors are installed to measure the zone interaction at medium temperature 
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display cases (sensor No. 1) and low-temperature display cases (sensor No. 2). Meanwhile, sensor No. 
3, No. 4 and No. 5 are utilized to measure outdoor conditions, the supply temperature of air-
conditioning operations for medium- and low-temperature display cases, respectively.  

 
Figure. 1 Commercial supermarket layout               

 
Figure 2. Simplify multiplexed refrigeration and HVAC systems 

In commercial supermarket systems in Figure 2 for this research, the refrigeration system is practically 
designed as multiplexed direct expansion (DX) equipment including: 1) the condenser on a rooftop; 2) 
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the multiple compressors with a liquid-line receiver located in a machine room; 3) evaporators installed 
in display cases at a sale area and 4) refrigerant piping system is utilized for supplying a refrigerant 
volume from the liquid manifold and receiver, which collect liquid refrigerant after it exits from the 
rooftop condenser. For Thai hypermarket, centralized refrigerant system or multiplexed DX system is 
multiple compressor operations in terms of compressor racks in a machine room; this type is used only 
in big cities in Thailand, not used in upcountry areas because experienced technicians are not enough for 
hard services or maintenances. Therefore, each self-contained unit is separated the condenser out for 
reducing over refrigeration machine loads; one large condenser is used as heat exchanger for all 
modified self-contained units 

2.3 Simple Energy Interaction Overview 
According to the simple energy interaction in Ref [1], the data inputs of the flowchart implementation 
include independent variables and a dependent variable (energy consumptions of each machine). The 
specific inputs and outputs are used to compute Pearson’s correlation coefficient (R-value). By 
comparing the computed R-value to the expected range in Table 1 [1], normal machine operations can 
be identified in case of the computed R-values being in the expected range. In contrast, when the R-
value shows lower correlation than the expected range or opposite correlation, an abnormal operation 
is specified.  
Although this flowchart seems to be easy-to-use for HVAC&R performance investigations, it still 
lacks of accurate performance investigations and a guideline for auditors. Some issues are not 
considered: 1) stage-off operations are excluded to isolate active control operations from off-time 
control; 2) the method cannot potentially identify faulty energy signature in case of poor controllers; 
3) outliers which dominantly affect data trend cannot be specified whether they are occurred by poor 
controllers or unsuitable set-points; 4) faulty operations affecting refrigeration systems are not 
considered; 5) operations of occupied and unoccupied periods are not included for the analysis; and 6) 
the method cannot isolate OAT influence from IARH or ZAT effect. With the aforementioned 
limitations, R-value applied in refrigeration systems could be mistaken. 
 

Table 1. Expected R-values of interaction between HVAC&R energy consumptions and the 

independent parameters [1]  

The R value of the interaction 

between power consumption and 

Independent parameters in the interaction 

OAT IARH ZAT 

Rooftop unit (RTU) Medium Low Medium 

Dehumidification unit (DHU) Medium Medium Low 

RCU Medium Medium Medium 

Anti-sweat heater (ASH) Low High Low 

Note: low (0-0.50), medium (0.51-0.89) and high R value (0.9-1.0) 

3. Energy Interaction Procedures 

3.1. Step 1 Information collection in analysis    
In this step, since OAT and ZAT sensors are both embedded into each RTU controller linked to BAS 
sever, they can be remotely downloaded from any places.  
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3.2. Step 2 RTU analysis   
The three issues are required to be analysed in this step including: 1) normal trend of the active set-
point control; 2) scatter plot of energy consumption caused by poor controller performance; and 3) 
different set-points in different periods based on monthly, weekly and daily analysis for assuring that 
the scatter data are not caused by the poor controller. The improved interaction can be overviewed and 
depicted in Figure 3 and the procedures are as follows: 

3.2.1. Step 2.1 is the procedure for a selected machine and driving force conditions of HVAC 
machines based on whole data. 

3.2.2. Step 2.2 uses the set-point or driving force of each machine to isolate baseline energy from 
the on-time control function areas. In this step, OAT at the critical point (intersection between 2 lines) 
leads to increased RTU energy consumptions which are proportional to OAT increase.   

3.2.3. Step 2.3 is to compare the computed value from step 3.3.2 to the expected values in Table 1. 
This stage operation identification can improve R-value performance.     

3.2.4. Step 2.4 is to identify outliers in case of obtaining lower R-values than the expected range in 
Table 1. Set points are useful to assure that outliers or scatter data are caused by different set-points in 
different periods.  

3.3. Step 3 faulty operation effects 
Due to ZAT and IARH values controlled by RTUs and DHUs, respectively, even though ZAT is 
proportional and dependent to OAT, ZAT is significant to notice the control set-points and control 
performance. As a result, the three variables (OAT, IARH and ZAT) are required to notice the 
interaction of refrigeration systems. To enhance the analysis, the improved method is developed based 
on the technique which was proposed by Henderson and Khattar, [12]; in this method, several IARH 
ranges are fixed within 10 %RH such as 30-40% and 40-50%. Then, OAT or ZAT is used as an 
independent variable of HVAC&R energy consumptions at a fixed 10% RH range.  
 

 
Figure 3. Improved energy interaction method with rule-based performance identifications  
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4. Results  

4.1. Step 1  
The stores are operated 24 hours a day and 7 days a week. The equipment is very similar at each 
location because all locations are the same retailer. The measurement data were obtained from the 
building automation systems (BAS) of 5 supermarkets located at different climates in the U.S.A. The 
data including power consumptions of equipment, OAT, IARH and ZAT were obtained from 3/3/2011 
to 11/30/2011 as tabulated in Table 2.  

Table 2. Information of measured data obtained from BAS [1] 

Supermarket DOE Climate 
Classification 

IARH 
Range (%) 

OAT 
Range, ºF (ºC) 

ZAT 

Range ºF (ºC) 

A 6A 20 - 63 50 (10) – 90 (32.2) 61 (16.1) -72 (22.2) 

B 7A 25 - 70 42 (5.6) – 99 (37.2) 67 (19.4) – 75 (23.9) 

C 3A 45 - 54 69 (20.6) – 105 (40.6) 69 (20.6) -74 (23.3) 

D 5A 27 - 50 51 (10.6) – 88 (31.1) 72 (22.2) -75 (23.9) 

E 3B 23 - 62 42 (5.6) – 87 (30.6) 66 (18.9) – 75 (23.9) 

Meter 
recording  

Power consumptions of RTU, DHU, Refrigeration compressor rack and  ASH are 
recorded every  15 minutes in five locations  

Floor Area  100,000-125,000 sq. ft. 

4.2. Step 2 

4.2.1. Step 2.2.1 is to select RTU energy consumptions and OAT for the analysis in store A which 
is similar to the typical energy signature [15]. Also, DHU energy consumptions and IARH can be used 
to conduct multi-stage operation identifications, but not considered in this paper.     

 

 

Figure  4. Normal operations of RTU energy consumptions versus OAT in store 
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4.2.2. Step 2.2.2 is to demonstrate the example for RTU analysis in store A. With the preliminary 
plot between RTU energy consumptions and OAT as shown in Figure  4, it shows the typical two 
energy lines of RTU operations consists of baseline energy and increased energy line. The first line is 
the fan energy consumptions since minimum ventilation airflow rate is required for store occupants. In 
this line operation, the RTU compressor is still stage-off because the ZAT does not reach the set-point 
temperature. Whenever OAT is more than 15.6 °C approximately, the RTU compressor is initially 
staged on. As a consequence, the energy consumptions are proportionally increased to higher OAT 
values. With the apparent energy areas between off-time and on-time periods of the RTU control, the 
active controller area is computed for R-value .With the confidence at 0.05 (p < 0.05), the improved 
R-value of RTU energy consumptions and OAT is 0.755 given in Table 3.  

4.2.3. Step 2.2.3 is to compare the computed value from step 3.3.2 and to compare with the results 
obtained from the simple interaction method. All preliminary analysis of the improvement is resulted 
in Table 4.   
 

Table 3. R-values between the three independent variables and RTU energy consumptions  

RTU in store A OAT IARH ZAT 

Improved method 0.755 (N – active 
control ) 0.135 (N) 0.597 (N – 2 

stage) 
Ref [1] 0.742 (N) 0.434 (N) 0.692 (N) 

Note: F refers to faulty operations, whereas N symbol refer to normal operations  

 

Figure 5. R-value improved based on computing active control data 

4.2.4. Step 2.2.4 is to identify outliers after energy consumption signature of each machine is 
identified. From Figure 5, it seems to notice several outliers deviated from the trended single line. It is 
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estimated versus ZAT using the same data; it is evident that some outliers are caused by the two-stage 
operations as depicted in Figure 5 (Area 1).   
Regarding Figure 6, both ZAT and OAT can be used to identify outliers. To notice how control 
performance is, at small different set-points, large energy consumptions are consumed differently at 
the same sampling rate. Moreover, the RTUs at OAT values between 10 °C and 18.33 °C in the area 
should consume energy around 10 kWh; however, the RTUs consume from 20 to 50 kWh because the 
ZAT could be set in the dead band zone. The analysis can assure that the RTU controllers are poor 
performance.      
 

 

Figure 6. weekly data analysis example in store B 

4.3. Step 3 faulty operation effects 
To demonstrate this step clearly, the data in store E are used to show how poor operations of HVAC 
system affect refrigeration energy consumptions and operations. The IARH ranges are divided in 20-
30%, 31-40%, 41-50% and the rest of the data.  
In Figure 7, IARH ranged from 41 – 50% RH, poor control range occurs due to scatter points of ZAT 
between 21.67 and 22.78 °F and OAT between 12.78 and 21.11 °F. In the rectangle areas of Figure 7a 
and 7b, it is evident that the stage operation cannot be identified. 

With the two intercept data between RCU energy consumptions versus ZAT and RCU energy 
consumptions versus OAT based on the identified faulty operations in Figure  7, ZAT provided by 
HVAC and  the OAT range operations are used to locate energy consumptions of the RCU versus 
ZAT range in Figure 8. In the figure, it seems that the predicted red line can fit the whole data; 
however, when faulty operations caused by poor control of RTUs are considered in the area 1, the 
actual predicted line could be the black one because RCU energy consumptions in the area 1 are too 
low caused by undefined stage operations. In contrast, RCU energy consumptions in the area 2 seem 
to be outliers if the outliers are identified by typical methods based on energy consumptions without 
interaction consideration; with the interaction, the data are normal because high OAT and ZAT.  
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Figure 7. Faulty operations of the RTUs in store E  

 

Figure 8. Poor HVAC control operations effect on RCU operations  

5. Conclusion 
Even through prior research papers and commercial reports have been intensively analyzed for energy 
savings and energy interaction effect based on IARH values, no previous study investigates the effect 
of faulty HVAC operations influencing on RCU energy consumptions and full HVAC&R procedure 
analysis as an easy-to-use tool. Moreover, faulty interaction is not considered to enhance robustness of 
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FDD methods on refrigeration systems. This article proposes the improved energy interaction based on 
the systematical 3 procedures. The first step is a preliminary process to combine all available 
information. After selecting the machine, the second step is to firstly evaluate control performance of 
RTUs in each store. In the ended process, occurred outliers in the analysis can be identified the cause 
whether they are from different set-points or poor control performance. To isolate faulty conditions of 
the RTUs, the improved energy signature is applied to reduce IARH effect to RCU energy 
consumptions by separating the IARH ranges in 20-30% RH, 31-40% RH and 51 – 60 %RH. Then, 
RCU energy consumptions versus OAT and ZAT can be usefully plotted to notice the RCU operations 
by considering corresponding faulty interactions provided by HVAC systems. The results show that 
the improved interaction can isolate outliers caused by faulty energy interaction, not caused by the 
RCU operations.  
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Abstract. To investigate the effect of illumination devices on the yield of crops cultivated in a 
plant factory, it is necessary to measure the actual cultivation environmental factors related to 
the plant growth and understand the distribution ratio of light and thermal energy to the 
electrical energy in ected into the illumination device. Based on cultivation results, we found 
that light intensity greatly affected the growth of plant weight. Regarding the selection of 
illumination device, its spectral components also affected the morphological change. ighting 
experiments using a high fre uency (Hf) fluorescent lamp and a light emitting diode ( ED) 
bulb were performed. A certain difference was found in the distribution ratio of light energy to 
electrical energy between Hf and ED. It was showed that by placing the safety e uipment or 
internal circuits outside the cultivated site, the air conditioning load could be reduced. 
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Abstract. This experimental study aims at investigating on the performance of a high 
temperature solar water heating system. To approach the high temperature, a porous-medium 
concentrated solar collector e uipped with a focused solar heliostat were proposed. The proposed 
system comprised of two parts: a 0.7x0.7-m2 porous medium receiver, was installed on a 3-m 
tower, and a focused multi-flat-mirror solar heliostat with 25-m2 aperture area. The porous 
medium used in this study was the metal swarf or metal waste from lathing process. To know 
how the system efficiency could be improved by using such porous medium, the proposed system 
with- and without-porous medium were tested and the comparative study was performed. The 
experimental results show that, using porous medium for enhancing the heat transfer mechanism, 
the system thermal efficiency was increased about 25 . It can be concluded that the efficiency 
of the proposed system can be substantially improved by using the porous medium. 
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Optical diagnostics for fluid mechanics research from planar 
(2D3C PIV) to volumetric (Tomo-PIV) measurements 
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Abstract. The three-dimensional aspects of Fluid Mechanics phenomena have for long been 
experimentally accessible by point-wise or planar measurement techniques only. A summary 
of the limiting factors and the key enabling developments for truly three-dimensional 
measurements is given. Two techniques (Tomo-PIV and Shake-the-Box) with the potential of 
becoming the main tools for such work are compared and the results from two recent 
measurements in automotive wind tunnels are presented. 

1.  Introduction 
 
The interest in experimental approaches for volumetric flow field studies has been present since the 
early days of flow visualisation and due to the lack of  suitable hardware and refined algorithms and 
processing power unsteady flow fields were predominantly characterised by planar PIV in the first 
decade of this century. Although holographic PIV and 3D-PTV and defocusing digital PIV (DDPIV) 
were successfully applied these techniques did have drawbacks and limitations which rendered them 
unfit to become popular or economically feasible. When holographic PIV began to mature and move 
from analogue film - requiring time-consuming wet-processing - and started to utilise digital cameras 
it suffered from the limited spatial resolution of those and still required high power lasers with good 
coherence and involved a challenging experimental workflow. For engineering or industrial purposes 
the need for highly specialised operators was undesirable. Conventional PTV in 2D and 3D did for 
many applications not meet the requirements of spatial resolution although the accuracy and the 
process of operation were well suited to be used by a wide range of labs. Since DDPIV utilises a 
tracking algorithm it has similar limitations in coping with higher seeding densities as standard PTV. 
Furthermore the need to have an additional aperture placed on each camera's lens the reduction of the 
effective F-number leads to high demands on particle signal which means either larger seeding 
particles' diameters (only easily accessible in water applications) or more laser power or both. 

 
The Tomographic PIV technique [1] freed researchers from virtually all above mentioned restrictions 
and it performs the measurement of the particle motion field within a three-dimensional measurement 
volume without the need to track individual particles. It is based on the simultaneous view of the 
illuminated particles by any of the suitable digital camera models and any of the available lenses very 
similar to the well-established stereoscopic PIV configuration including the possibility to use stereo 
microscopes or high framerate cameras (time-resolved). Together with the flexibility to position the 
cameras in any desired geometric arrangement according to available optical access in the experiment 
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this made Tomo-PIV a highly flexible and universal research tool with a workflow that is not too 
different from stereo PIV. 

 
 

Figure 1. Tomo-PIV 
workflow reproduced from 
Elsinga [1] 
 

 
 

The three innovative elements that paved the path to Tomo-PIV [2] in terms of algorithms are:  
1) a tomographic algorithm to reconstruct the 3D particle field from the individual images 
2) a 3D calibration procedure based directly on the particle images  
3) three-dimensional cross-correlation with the volume deformation iterative multi-grid technique  
 
In terms of hardware the enabling factors are clearly the increase in camera sensitivity and on the 
computer side the processing speed and storage capacity. 
 
After Tomo-PIV was qualified in 2006 by several European laboratories (TU Delft, LaVision, DLR 
Göttingen, TU Braunschweig, Poitiers University) it quickly spread worldwide to academic labs and 
industrial sites for applications in liquids and gases and looking at the number of publications it can 
nowadays be called a de-facto standard. 
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Despite the proven applicability there was a continued effort to implement alternative or refined 
algorithms to reach partially rivalling goals. The trade-off in processing time versus accuracy was 
investigated by looking at different reconstruction schemes comparing MART to MLOS, MinLOS, 
MTE and MTE-MART [3] and later FastMART and SMTE. 

 

2.  Volume Self-Calibration 
 
Any multi-camera optical method that is based on analysing images of illuminated tracer particles 
needs in the initial step a calibration that allows to map positions in the different camera images to real 
world coordinates. For planar (light sheet) techniques the registration of the camera images is needed 
for a single plane (or in fact a thin volume) only and this is routinely achieved by imaging a calibration 
target with markers of known size and distance to each other positioned in that plane prior to the 
measurement. The resulting mapping function with either polynomials of third order or a pin-hole 
model is refined in a second step by taking particle images and reducing a remaining error by 
analysing the disparity map which shows a translation and rotation error resulting from residual 
misalignments of the target in relation to the real light sheet plane (self-calibration). This procedure (if 
well-implemented in software) reduces the typical errors from 5-20 pixels to only 1 pixel. 

Although measurements in volumes do not rely on an alignment of the target in a certain plane an 
accurate calibration is of much higher importance because the subsequent steps of reconstruction of 
particles in space and volumetric cross-correlation have extremely high requirements for subpixel 
accuracy in order for the algorithms to converge well in iterative steps. The tomographic 
reconstruction step requires that each voxel position in space is mapped to a camera pixel position 
with an error less than 0.4 pixel [1], preferably less than 0.1 pixel. This has to be achieved for 3 to 4 
cameras and for all positions in the whole imaged volume. 

Volume Self-Calibration also works with disparity maps (or rather a number of maps in different z-
planes) like planar self-calibration but the path to gain these maps is a lot more complex because it has 
to cope with triangulation errors, high number of camera views, high density of particle images, 
overlapping particle images and 'ghost' particles (appearing from increased seeding density). 

 

Figure 2. Particle 
triangulation procedure [4] 
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The solution is to apply an appropriate clustering technique and using not all particles but only the 

brightest, for example, 10%. With several steps of image pre-processing and local intensity 
renormalisation and building up statistics over a number of image sets it is achieved to improve 
significantly the contrast of the reconstructed volume and the quality of the vector field in terms of 
higher correlation values and improved signal-to-noise ratios [4].  

Even though the need for Volume Self-Calibration was driven by Tomo-PIV for high seeding 
densities it was also proven to be beneficial for conventional 3D-PTV where typically the seeding 
density needed to be low thus enabling that technique to go to higher spatial resolution.  
 
 

3.  Sequential Motion Tracking Enhancement (SMTE) 
 
With the availability of stable and accurate reconstruction algorithms for tomographic PIV with dual-
frame (frame-straddling) recordings came the desire to extend these also to time-resolved 
measurements. The latter are realised with high-framerate cameras so that often a huge number of 
images needs to be handled and so the speed of calculations plays a dominant role. For low seeding 
densities (< 0,05 particles per pixel) the identification of 'ghost particles' which appear during the 
analysis at intersecting lines of camera views when two or more cameras show a particle image there 

is comparably easy. But 
at higher seeding 
densities this is a time-
consuming step and 
therefore a 'motion 
tracking enhancement' 
algorithm using a time-
sliding-kernel was 
developed. This utilises 
already calculated 
previous velocity 
information (of 
typically 3-5 time 
instances) to predict the 
flow field of the 
following step and 
suppresses ghost 
particles efficiently 
enough to increase the 
accuracy of the results 
but at the cost of an 
even longer calculation 
time. 
 

Figure 3. principle of SMTE-MART [5] 
 
 
The break-through for this approach is SMTE-MART ("Sequential Motion-Tracking Enhanced 
(SMTE) Reconstruction for Time-Resolved Tomographic PIV") [5] in which only one previous 
reconstruction and flow field is used for an 'enhanced initial guess' for the reconstructed volume so 
that this time-marching-kernel propagates a previous reconstruction forward in time. This reduces the 
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number of reconstruction steps and reduces the effort for detection of ghost particles drastically so that 
the computation time is in the range of 'standard' MART with the benefit of higher accuracy. 

 

4. redefining 3D-PTV : "Shake-the-Box" 
 
Usually measurement techniques do not see any revolutionary new developments once they are 
evaluated and established and main innovations are implemented in enhanced algorithms which refine 
the method. This is different with 3D-PTV which undergoes major changes now and is taken to a new 
level with the development of 'Shake-the-Box' [6] so that much higher seeding densities can be 
analysed and spatial resolutions reached which were for conventional 3D-PTV inaccessible. Two pre-
requisites for this outstanding new approach were the developments of IPR (iterative particle 
reconstruction) and OTF (optical transfer function). 
This novel approach to the evaluation of time resolved particle-based tomographic data is bas seizing 
the on time information contained in such datasets. A very fast and accurate tracking of nearly all 
particles within the measurement domain is achieved at seeding densities comparable to the thresholds 
for tomographic PIV. The method relies on predicting the position of already tracked particles and 
refining the found position by an image matching scheme (‘shaking’ all particles within the 
measurement ‘box’ until they fit the images: ‘Shake The Box’ - STB). Differently from conventional 
PTV a slow and often ambiguous triangulation (for particle identification) is performed only for 
particles newly entering the measurement volume while the majority of particles is known from a 
reconstruction of the previous time step and thus already identified. In detail this previous 
reconstruction is forwarded in time by the previous velocity field and so a qualified guess for the new 
reconstruction is available. This does not only eliminate ghost particles but also speeds up the analysis 
because the comparison of the guess with the actual image is fast due to the very close match that is 
already achieved.  
The first 4-5 images which do not have a reliable history are in the initialisation phase reconstructed 
with tomo-PIV before going to the STB analysis.  
Once being identified the particles are added to the table of known or tracked particles and these are 
the first ones to be matched in the next step. After the successful match they are deleted from the 
image so that only new or unknown particles are left. These can be identified by triangulation and 
should that not be successful the small number of left over particles can be ignored. 
 
STB was in the meantime successfully applied to several experimental data sets and new publications 
show up continuously. The examples given below in figure 4 and figure 5 are from the early phase of 
STB in 2013 when it was applied to data of a measurement over periodic hills in a water flume. The 
recording rates were 500 Hz and 1000 Hz. 
 
Right now the method still requires a suitable time resolution so that consecutive images show enough 
similarity for the particle distribution guess to be successfully matched to the image but there are 
promising approaches now to make STB applicable to frame-straddling data. 
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Figure 4. example ~75.000 STB tracked particles, color-coded is streamwise velocity , courtesy D. 
Schanz, DLR 
 
 

 

 

Figure 5. A few selected tracks with 40 time steps each, color-coded is spanwise acceleration , 
courtesy D. Schanz, DLR 
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5. Helium-filled Soap Bubbles for large-scale volumetric PIV/PTV 
 
A niche of PIV that has for a long time (over two decades) not seen any progress or innovation or even 
general solutions is 'large-scale' PIV. Even planar measurements needed to tackle the challenges by 
stitching together results from small domain measurements (between 10x10 cm² and 50x50 cm² in air) 
to gain a large field overview. Dropping prices of suitable cameras (even with increasing numbers of 
pixels) allow for the use of several PIV systems in parallel but the main drawback was the lack of 
matching seeding particles. For fundamental research of unsteady flows and turbulence the desire to 
resolve small scale phenomena is well served by standard PIV systems and aerosol droplets or water 
vapour of around 1 µm in size and faithfully following a flow. But these particles are too small to be 
recorded and too weak in their light scattering behaviour to enable measurements in dimensions of 
square meters which would be of interest for engineering tasks in larger wind tunnels. The idea to use 
helium-filled soap bubbles with a good balance of liquid film thickness and helium volume to become 
neutrally buoyant in air showed the right direction but there were no commercially available products 
that overcame the difficulties of producing a high enough number of bubbles in a controllable manner 
with a narrow size distribution of the right dimensions (in early days 1 to 2 mm bubbles proved to be 
too large). 
The development of a generator for HFSBs at the DLR in 2008 gave this approach a new momentum 
and with several steps of improvements now a well-refined bubbles seeder that creates a high number 
of 300 µm Helium-filled soap bubbles per unit time is available (figure 6). Thorough investigations of 
the bubbles in terms of slip velocity (below 0,2 m/s) and relaxation time (around 10 µs) were 
published [8]. Different academic and industrial users participated in the refinement and qualification 
of that device and two examples of recent measurement campaigns are given below. 
 
 

 

  

   

Figure 6. Helium-filled soap 
bubbles at nozzle exit 

 Figure 7. Array of 5 times 20 
nozzles in wind tunnel 

 
 

1 m
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6. Application of Large Scale Tomographic PIV in a Quarter Scale Automotive Wind Tunnel 
 
An earlier measurement campaign at Loughborough University / UK showed that a tomographic 
volume measuring 500mm x 500mm x 500mm could capture the whole wake of a quarter scale 
generic squareback road vehicle. A single helium-filled soap bubble (HFSB) generator was used to 
seed the flow. This experiment showed that tomographic PIV was valuable in determining the whole 
wake topology. Further, the instantaneous vector fields could be analysed using Proper Orthogonal 
Decomposition (POD) to examine the most relevant dynamic features of the wake. However, this 
experiment showed insufficient seeding and vector resolution, meaning subtle velocity gradients easily 
detected by planar techniques were lost. The recommendations from this work were to improve 
seeding density, thus improving the vector output. [9]  
A recent repetition of a similar experiment [10] used 3 HFSB generators and allowed a comprehensive 
study of the seeding density at different tunnel velocities. The position of the seeding rakes was 
changed and the turbulence intensity in the working section was measured. It was found that 
increasing tunnel velocity reduced seeding density; however vector resolution remained sufficient 
even at speeds above 30m/s. 
The object for this study was an axisymmetric body with a diameter D=160mm and length 
5D=800mm (figure 8). It was known that this type of body produces low frequency azimuthal wake 
behaviour. This behaviour was earlier captured using stereoscopic PIV slices within the wake, but as 
the slices are not temporally linked the behaviour of the wake in three dimensions could not be 
reliably determined. 
Tomographic PIV and its ability to capture the wake in its entirety has provided this capability. The 
whole wake has been captured in a single measurement and compared to stereoscopic PIV 
measurements taken at multiple planes within the wake (figure 9). The volume measured 250mm x 
250mm x 250mm and the spatial resolution was found to be sufficient to capture the significant flow 
features. 
 
 
 

 
Figure 8. Axisymmetric body with the location of the tomographic volume in yellow 
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Figure 9. Stereoscopic PIV planes (left) showing normalized velocity magnitude and single 
tomographic measurement (right) showing an iso-surface of normalized velocity magnitude at 
0.25V/Vf 
 
 

7. Large Scale Time Resolved TOMO-PIV in a full-scale automotive Wind Tunnel 
 
In automotive wind tunnel tests it is advantageous to be able to test full size real products instead of 
scaled down models because the effort of model preparation and modification can be saved and the 
measurement results can be trusted to be unaffected by scaling influences. Enabled by the recent 
developments as outlined above for the first time a full size sedan Passat B8 could be used for 
tomographic PIV measurements in an aerodynamic wind tunnel (figure 10) with a nozzle exit area of 
37,5 m² at Volkswagen AG in Wolfsburg, Germany [11]. 
 

 
Figure 10. wind tunnel and experimental setup, 1. high-speed laser, 2. high-speed cameras, 3. HFSB 
generator nozzles 
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The PIV system's hardware consisted of 4 Phantom VEO 640 cameras being able to record 4 MPixel 
images at up to 1,5 kHz temporal resolution. Illumination was provided by a Photonics Industries 2 x 
30 mJ laser and Helium-filled soap bubbles seeding was provided by 6 linear nozzle arrays with 10 
nozzles each of a LaVision HFSB generator. 
The measurements were performed at 120 km/h free stream velocity in a measurement volume of 
2300 mm x 1500 mm x 400 mm (1,38 m³). Flow field calculations were done with Tomo-PIV and 
Shake-the-Box for comparison purposes and both methods were found to be applicable and giving 
valuable results. 

 
Figure 12. Tomo-PIV result using FastMART and Direct Correlation, only 
every third vector displayed for better clarity 

 
The target to measure time-resolved mean velocity fields in a large volume with a spatial resolution 
and accuracy fit for validating numerical simulation codes was well achieved. 
Since no traversing or a need for multiple PIV systems was involved the reduction of wind tunnel 
usage time as compared to smaller patches measurements with scanning and stitching the technique 
proved feasible and useful for such industrial applications. 
 

8. Conclusion 
 
A summarising overview of enabling factors for fluid mechanics measurements in volumes was given 
and some of the key enabling developments were outlined. It can be deducted that not single isolated 
developments or inventions bring the measurement techniques forward but even the most ingenious 
ideas can only become feasible for a wider range of researchers when they are accompanied by or 
embedded in a framework of enabling technologies. As highlight the new 'Shake-the-Box' method 
seems to be qualified to change the possibilities in volumetric velocity measurements significantly and 
it can be expected to quickly gain a lot of attention. 
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Abstract. In order to contain the thermal expansion of a positioning device where a ball screw 
is used, a new type of water jacket with double spiral paths has been designed for cooling the 
nut directly by circulating the temperature-controlled cooling water. It was found that with the 
proper adjustment of the inlet temperature, it was possible to control the thermal expansion 
within 5μm. However, the heat transfer characteristics has not been investigated. In order to 
make understanding of the heat transfer performance of the water jacked, a new experimental 
system was established. With a certain heat flux and different flow quantities, the inlet 
temperature and the outlet temperature of the water jacket whose inner water was heated by a 
rubber heater were measured, by which the heat transfer characteristics was investigated. Also 
a flow visualization experiment was carried out. It was found that the spiral path could 
improve the heat transfer performance. 

 
 

1. Introduction 
Thermal expansion of the positioning device is an ordinary phenomenon indirectly caused by 
temperature increasing of the mechanical part such as bearing or ball screw. Since the friction force 
generates at the contacting metal surfaces of the ball and inner bearing or tubes, it will directly cause 
the temperature changes for the positioning device. When thermal expansion problem occurs, the 
accuracy of the positioning device will be deeply influenced. Therefore, it is necessary to find ways to 
handle thermal expansion problem. 

So far, several methods of cooling the heated part of the device positioning directly or indirectly to 
the level of the room temperature have been suggested. For example, a method of employing a hollow 
ball screw axis where the liquid coolant is flowed in and out to bring the extra heat out from the 
heated ball screw was proposed[1]. It was reported that the temperature of the cooling system could 
be controlled, however, the cost of introducing this kind of cooling system is very expensive. Besides, 
though there is a cooling method for cooling the ball screw nut[2], this method has not been widely 
utilized because the cost of introducing this system is so high too. In working machine, a method of 
applying the proper preload to the positioning system in advance by considering the expanded length 
caused by the thermal expansion had been proposed. Peltier module and water jacket to cool a 
positioning system where ball screw was directly connected with a motor was proposed by the 
authors[4,5]. However, the heat transfer characteristics has not been investigated. In order to make 
understanding of the heat transfer performance of the water jacked, a new experimental system was 
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established. With a certain heat flux and different flow quantities, the inlet temperature and the outlet 
temperature of the water jacket whose inner water was heated by a rubber heater were measured, by 
which the heat transfer characteristics was investigated. Also a flow visualization experiment was 
carried out. 

 
2. Experiment 
In Figure 1, the experimental system-up demonstrated. This system consists of a screw water jacket in 
side which a rubber heater in set, power device, pressure gauges and thermocouples for measuring 
inlet and outlet’s pressure and temperature respectively. The temperature values will be recorded by a 
data logger. 

The structure of the cooling jacket with double spiral paths is shown in Figure 2. The dimension of 
the jacket is listed in Table 1. 

 
    Table. 1 Dimension of the jacket 

Out diameter (mm) Inner diameter (mm) Length(m) 
86 50 78 

 
Cross-section of the cooling jacket is shown in Figure.3. The surface of the cooling jacket is 

covered with the heat insulator while the rubber heater is set inside the cooling jacket. Inner heat 
insulator is set to prevent the heat flowing towards the axial. 

 

 
Figure 1. Experimental system-up 

 
During the experiment, at beginning, water jacket is heated by a power device at different heat 

flux(439,951,1479 W/m2) for 1 hour. Then cooling water of different flow rate will move into the test 
section through inlet and move out through outlet to cool the heated jacket. Temperature values and 
pressure values before and after the test section as well as the inner jacket temperature and outer 
jacket are recorded. 
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Figure 2. Structure of the water jacket 
 
 
 

Figure 3. Cross-section of the Cooling jacket 
 

Figure 4. Acrylic cover which is mounted on water jacket 
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In order to investigate the inner flow state inside the water jacket, a special acrylic cover is designed 
and manufactured. In Fig.4, The acrylic cover which is mounted on water jacket is shown. During 
flow visualization experiment, polystyrene beads are mixed with water are flowed into the water 
jacket for observation. 

 
3. Results and discussions 
3.1 Temperature change of the jacket at different heat flux. 
Figure 5 and Figure 6 show the temperature change of the inner jacket temperature and external jacket 
temperature at heat flux of 439,951,1479 W/m2, respectively. 
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Figure 5. Temperature change of the inner jacket temperature 
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Figure 6. Temperature change of the external jacket temperature 
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As time passed, temperature inside the jacket and at the external jacket rose. In case of 1479 
W/m2, both temperature will rise to 80 and 72 degree, respectively. Since nature convection between 
the external jacket and the atmosphere occurred, the external temperature is almost 8 degree lower 
than the inner temperature. It is imagined that the heat source releasing heat inside the jacket will lead 
to the thermal expansion if cooling measure are not taken. 

 
3.2 Cooling effect at different flow rate. 
After the jacket was heated for 1 hour, water is flown into the test section to cool the water jacket. 
Outlet water temperature is shown in Figure 7 in case of heat flux =951 W/m2. At beginning, the 
outlet water temperature was 40 degree. After the water flowed through the water jacket, the outlet 
temperature sharply dropped. Within 1 or 2 minutes, the outlet temperature tended to reach a stable 
state. If the flow rate is larger, the outlet temperature will be lower, which means that the cooling 
effect would be better. 
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Figure 7. Outlet water temperature 
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Figure 8. Inner jacket temperature(heat flux=951 W/m2) 
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Inner temperature and external temperature changes are demonstrated in Figure 8 and Figure 9, 
respectively. Just like the outlet water temperature, the external jacket temperature as well as the inner 
jacket temperature would become stable after 1 or 2 minutes. In case of heat flux =951 W/m2, the 
external jacket temperature and inner jacket almost became the same, which demonstrated that water 
jacket well function and the cooling effect was realized. 
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Figure 9. Inner jacket temperature(heat flux=951 W/m2) 
 

3.3 Cooling effect at large heat flux. 
Figure 10 shows Inner jacket and external temperature changes in case of heat flux=1479 W/m2 and 
flow rate Q=3.6l/min. In Figure 10, the temperature difference between the inner jacket and the 
external jacket was almost 10 degree. It is confirmed that if the heat flux is larger to some extent, the 
inner temperature and external temperature could not be the same. In order to cool the water jacket to a 
target temperature, the flow rate should be adjusted properly. 
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Figure 10. Inner jacket and external temperature (heat flux=1479 W/m2, Q=3.6l/min) 
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3.4 Pressure drop. 
Pressure drop at different flow rate is shown in Figure 11. As flow rate increased, the pressure drop 
increased in the form of second order. It is imagined that though the heat transfer characteristics of 
this water jacket was improved, however, the pressure drop was large than an ordinary flow path. 

 

Figure 11. Pressure drop at different flow rate 
 

3.5 Flow visualization. 
An example of the flow visualization is shown in Figure 12. When water mixed with polystyrene 
beads are flowed into the water jacket, the phenomenon where water flowed along one spiral path to 
the end of the jacket and flow back to the outlet along another spiral path was well observed. 

 
 

Figure 12. Flow  visualization result 
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3. Conclusions 
(1) An experimental system setup was established to investigate the heat transfer characteristics of the 
water jacket with dual spiral screw path; 
(2) When heat flux up to 951 W/m2 is applied to the water jacket, the inner temperature and external 
temperature were almost the same. However, in case of larger heat flux, the cooling effect dropped. 
(3)Pressure drop increased in the form of two second order as flow rated increased 
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Abstract. The flow field around an unsteady airfoil is a common type of unsteady flow. In 
recent years, the flow field around an elastic moving body has been attracted attention. The 
flow around an elastic body is treated as a coupled problem between the fluid and structure and 
a series of phenomena, motions, structural deformations and the generation/growth/ 
development of vortices are repeated continuously. The studies on the flow filed around the 
elastic moving body have also carried out with experimental and numerical approaches. The 
macro scale vortex structure and the dynamic forces acting on the elastic moving airfoil have 
been understood. However, the impact of elastic deformation effects on the vortices generated 
in the vicinity of the wall and the dynamic behaviors of the micro scale vortices have not been 
clarified sufficiently. In this study, the dynamic behaviors of the leading edge vortex and the 
vorticity in the vicinity of the wall of the heaving elastic airfoil in a separation region are 
investigated by FSI simulation using ANSYS 16.1/ANSYS CFX 16.1 and these behaviors is 
related with the characteristics of the dynamic lift. The dynamic lift acting on the elastic airfoil 
becomes higher than that on the rigid airfoil due to the boundary layer formed by the elastic 
deformation of the wall in addition to the small effective angle of attack. 

1.  Introduction 
The flow field around a moving airfoil is one of the typical unsteady flow and many studies on the 
flow field around the moving airfoil have been carried out with experimental and numerical 
approaches. Especially, not only the dynamic behavior of the leading edge vortex and wake structure 
of moving airfoils, such as a pitching airfoil, a heaving airfoil, and a combination airfoil with pitching 
and heaving motions, but also their dynamic lift and thrust characteristics have been already reported 
[1,2,3,4,5]. We have also qualitatively and quantitatively characterized the vortex structures in the 
wake of a rigid airfoil with pitching motion [6], heaving motion [7] and combination motions [8]. 
Furthermore, dynamic thrust on the airfoil was measured, and the relationship between the vortex 
structures in the wake of the moving airfoil and the dynamic thrust properties have also been clarified. 
In recent years, the flow field around an elastic moving body has been attracted attention from the 
viewpoint of the insect flights, the aquatic animal swimming, the development of MAVs and the 
application to turbomachinery. The flow field around the elastic body is treated as a coupled problem 
between the fluid and structure (fluid structure interaction, FSI), and a series of phenomena, motions, 
structural deformations and the generation/growth/development of vortices are repeated continuously. 
Many studies on the flow filed around the elastic moving body have also carried out. Heathcote et al. 
[9,10] visualized wakes of a heaving airfoil with a thin plate that elastically deforms on its trailing  

The 8th TSME International Conference on Mechanical Engineering 
  12-15 December 2017 

Bangkok, Thailand 
 
     
TSF0023   

673



 
 
 
 
 
 

 
Figure 1. Rigid and elastic parts of the elastic airfoil and numerical mesh for structure analysis. 

 
edge, measured dynamic forces, and clarified the influence of the thin plate’s elasticity on the flow 
field and the thrust properties. Furthermore, they [11] measured the thrust acting on the elastic airfoil, 
which deforms elastically in the span direction, and also performed particle image velocimetry (PIV) 
measurements. We also carried out the PIV measurement in the wake of an elastic heaving airfoil and 
clarified the relationship between the characteristics of dynamic thrust acting on a heaving elastic 
airfoil and its wake structure [12]. Kurinami et al. [13] reported that the dynamic thrust acting on a 
heaving airfoil depends strongly on the Strouhal number, which is proportional to the maximum 
amplitude at the trailing edge of the airfoil. Moreover, the investigation of the flow field around the 
elastic moving airfoil is approached by the numerical simulation. We performed fluid structural 
interaction simulation of the flow field around the elastic heaving airfoil using ANSYS/ANSYS-CFX 
and clarified the relationship between three key parameters, Strouhal number St, Reynolds number Re 
and bending stiffness K and is to elucidate the nature of the dynamic forces acting on an elastic airfoil 
as a function of these three dimensionless parameters. By defining the new quantity St2/K, we showed 
that the characteristic of dynamic forces depends on the ratio St2/K [14]. The macro scale vortex 
structure and the dynamic forces acting on the elastic moving airfoil have been understood. However, 
the impact of elastic deformation effects on the vortices generated in the vicinity of the wall and the 
dynamic behaviors of the micro scale vortices have not been clarified sufficiently. 

The objectives of this study is to investigate the dynamic behavior of the leading edge vortex and 
the vorticity in the vicinity of the wall of the heaving elastic airfoil in a separation region by FSI 
simulation using ANSYS 16.1/ANSYS CFX 16.1. Moreover, these behaviors is related with the 
characteristics of the dynamic lift and we clarify the impact of elastic deformation effects on the flow 
field around the heaving elastic airfoil. 

2.  Fluid structure interaction simulation 

2.1.  Airfoils 
The rigid and elastic airfoils used in our numerical simulation are a NACA0010 airfoil. The chord 
length c of the airfoil is 60 [mm] and the Reynolds number based on the chord length is 4,000. In the 
elastic airfoil consists of a rigid part and an elastic part. The first quarter part is the rigid and the rear 
other part is the elastic, as shown in Fig. 1. The Young module and the density of the elastic part is E = 
0.06 [MPa] and U = 1143 [kg/m3]. The heaving motion of Eq. (1) was applied to the quarter chord axis 
of the airfoil. The Strouhal number is given by Eq. (s) as a function of the maximum trailing edge 
amplitude and was 0.3 in this study. The flapping frequency, the main flow velocity and the heaving 
amplitude were 0.833 [Hz], 0.067 [m/s] and 0.0012 [m], respectively. 

� �ftay S2sin                                                     (1) 
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Figure 2. Numerical mesh for flow analysis. 

 

 
Figure 3. Boundary surface between fluid and structure domains for fluid structure interaction 

simulation. 
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2.2.  Fluid structure structure interaction simulation 
The fluid structure interaction simulation was performed by using ANSYS16.1 and ANSYS-CFX16.1. 
For the fluid, the governing equations are the continuity and the Navier-Stokes equations given by 
Eqs. (3) and (4), respectively, and the finite volume method (FVM) was used for discretization. For 
the structural part, the governing equations are the constitutive equations given by Eq. (5), and the 
finite element method (FEM) was used for discretization. Figures 2 and 1 show the numerical mesh on 
the fluid and structure parts, respectively. The numbers of the computational grids for the fluid and 
structure regions are 280,000 and 5,000, respectively. The height of the first lattice point of the fluid is 
approximately 0.002% of the chord length c and the turbulence model was k-Z. 
 In our numerical simulation, the interaction between a fluid and a structure is considered for a bi-
directional coupling simulation, as shown in Fig. 3. We use a decoupled solver referred to as the weak 
coupled method, for which the governing equations of the fluid and structural regions are calculated 
independently. Although this method has problems with respect to the calculation time, convergence, 
and mapping of the interface data, the governing equations are calculated precisely. Therefore, data 
transfer of physical quantities related to the fluid structure interface can be transferred adequately. As 
a result, actual phenomena related to the fluid and structural regions can be treated strictly. 
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3. Results and discussion 
Figure 4 shows the time histories of the dynamic lift acting on the rigid and elastic heaving airfoils. 
Red and blue lines show the result of the rigid and elastic airfoils, respectively, and the black dash line 
shows the heaving amplitude. 
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Figure 4. Time histories of dynamic lift acting on heaving airfoils and their heaving amplitudes 

 
 
There is a phase difference between the dynamic lift acting on rigid and elastic airfoils and the 

heaving amplitude. Moreover, the dynamic lift acting on the elastic airofil has a phase difference for 
that in the rigid airfoil. It is thought that the phase difference between the elastic and rigid airfoils 
occurs due to the effective angle of attack. The effective angle of attack of the elastic airfoil is smaller 
than that of the rigid airfoil due to the elastic deformation of the rear part of the elastic airfoil. As a 
result, the dynamic behaviour of the leading edge vortex of the elastic airfoil delays than that of the 
rigid airfoil. Finally, the dynamic lift acting on the elastic airfoil delay than that on the rigid airfoil. 
Furthermore, the dynamic lift acting on the elastic airfoil is larger than that on the rigid airfoil. 
Especially, the dynamic lift increases rapidly at 0.250 < t/T < 0.333 and the maximum dynamic lift of 
the elastic airfoil at t/T = 0.42 is 1.24 times as large as that of the rigid airfoil. In this study, the authors 
attracted attention the phase difference of the dynamic lift between the rigid and elastic airfoils and the 
large dynamic lift of the elastic airfoil. 
 Figure 5(a) and (b) shows the vorticity distributions around the leading edge of the heaving rigid 
and elastic airfoils, respectively, at t/T = 0.333, 0.417 and 0.500. The blue and red indicate vorticity 
rotation in the clockwise and counterclockwise directions, respectively. t/T = 0.5 correspond to the 
centers of the heaving motion from the top dead position to the bottom dead position. 
 The leading edge vortex rolled up of the rigid airfoil at t/T = 0.333, On the other hand, the 
leading edge vortex did not roll up and the separation did not occur at t/T = 0.333 of the elastic airfoil. 
At t/T = 0.417, the leading edge vortex rolled up from the leading edge of the elastic airfoil. The 
leading edge vortex on the rigid airfoil separates completely from the suction surface at t/T = 0.500 
however the leading edge vortex on the elastic airfoil still attaches on the suction surface. Morover, the 
maximum vorticity of the leading edge vortex is higher than that of the rigid airfoil at t/T = 0.500.That 
is, the growth of the leading edge vortex of the elastic airfoil delays than that of the rigid airfoil. 
Actually, the effective angle of attack of the elastic airfoil is smaller than that of the rigid airfoil. 
Based on these results, we found that the dynamic behaviour of the dynamic lift acting on the elastic 
airfoil delays than that of the rigid airfoil and the maximum dynamic lift acting on the elastic airfoil is 
higher than that of the rigid airfoil. 
 Next, we attracted attention about the dynamic behaviour of the vorticity on the rear part of the 
elastic airfoil. Figure 6(a) and (b) shows the vorticity distributions in the vicinity of the wall of the 
heaving rigid and elastic airfoils, respectively, at t/T =0.417. 
 The vorticity with clockwise rotation grows in the vicinity of the wall of the elastic airfoil. That 
is, the separation does not occur in the vicinity of the wall of the elastic airfoil. The vorticity with the 
clockwise rotation existed from t/T = 0.417 to 0.500. In the rigid airfoil, on the other hand, the 
vorticity with counterclockwise rotation exist in the vicinity of the wall. it is found that the back flow 
from the trailing edge to the leading edge exist in the vicinity of the wall of the rigid airfoil. 
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    (a) Rigid         (b) Elastic 

Figure 5. Dynamic behaviors of a leading edge vortex on heaving airfoils 
 

 
   (a) Rigid       (b) Elastic 

Figure 6. Dynamic behaviors of vorticity in vicinity of wall on heaving airfoils at t/T =0.417 
 
In order to investigate the details of the flow field in the vicinity of the wall, we measured the velocity 
profile in the vicinity of the wall of the heaving airfoils. Figures 7(a) and (b) show the measurement 
points of the velocity profile of the rigid and elastic airfoils, respectively. The measurement points are 
x/c = 0.4, 0.5, 0.6, 0.7, 0.8 and 0.9. The velocity profile indicates the velocity vector of the vertical 
cross section to the plane of the wall and was measured from the wall to height of 0.06c. Figures 8(a) 
and (b) show the velocity vectors in the vicinity of the wall of the heaving airfoils at t/T = 0.417. 
 In the velocity profile on the rigid airfoil from x/c = 0.5 to 0.7, the velocity is low in the vicinity 
of the wall. That is, the separation occurs completely on the rear part of the rigid airfoil. In the elastic 
airfoil, on the other hand, the boundary layer is formed at all measurement points. Especially, at the 
x/c = 0.7 having large elastic deformation, the boundary layer is formed clearly and the velocity is 
high. That is, the boundary layer is formed by the elastic deformation of the wall in large elastic 
deformation parts and the separation is controlled finally. It is expected that the vorticity with 
clockwise rotation in the vicinity of the wall on the elastic airfoil, as shown in Fig. 6(b), means the 
boundary layer. Moreover, it is thought that the pressure on the rear part of the elastic airfoil decreases 
by the boundary layer on the wall and the dynamic lift acting on the elastic airfoil increases, as shown 
in Fig. 4. Based on these results, we thought that the dynamic lift acting on the elastic airfoil become 
higher than that on the rigid airfoil due to the boundary layer formed by the elastic deformation of the 
wall in addition to the small effective angle of attack. 

677



 
 
 
 
 
 

 
   (a) Rigid       (b) Elastic 

Figure 7. Measurement points of the velocity profile of the heaving airfoils at t/T =0.417 
 

 
(a) Rigid 

 
(b) Elastic 

Figure 8. Velocity profile in vicinity of wall of the heaving airfoils at t/T =0.417 
 

4. Conclusion 
The dynamic behaviors of the leading edge vortex and the vorticity in the vicinity of the wall of the 
heaving elastic airfoil in a separation region are investigated by FSI simulation using ANSYS 
16.1/ANSYS CFX 16.1 and these behaviors is related with the characteristics of the dynamic lift. 
 The dynamic lift acting on the elastic airfoil is larger than that on the rigid airfoil and the 
dynamic behaviour of the dynamic lift acting on the elastic airfoil delay than that on the rigid airfoil. 
The effective angle of attack of the elastic airfoil becomes smaller than that of the rigid airfoil and the 
maximum vorticity of the leading edge vortex is higher. Moreover, the boundary layer is formed by 
the elastic deformation of the wall in large elastic deformation parts and the separation is controlled. 
Based on these reasons, the dynamic lift acting on the elastic airfoil is larger and is delayed. 
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Abstract. The present research article aims to propose the heat transfer enhancement of the flow 
insulator using combined fibrous and wire net stainless steel porous material. The stainless 
fibrous plate with porosity of 0.9292 was combined to the stainless steel wire net having pore 
per inch (PPI) of 16 and total thickness of 30 mm. Two models of the arranging porous plates 
were prepared, which were model BA and model AB. Each porous plate segment had the same 
thickness. The examined porous plate model have porosities of 0.8452. The porous plate was 
placed normal to the flow direction. The air was used as working fluid heated by 5 k  electric 
heater, which was controlled by the automatic temperature control. Type-K thermocouples were 
employed to measure the air temperatures. The temperature at front of the porous plate was 
varied to be 350, 450, and 550 . The air flow rate was varied in the range of 4-12 m3/hr. The 
experimental result showed that the temperature drop across the porous plate and the thermal 
efficiency increase with the inlet temperature. The air velocity slightly affects the temperature 
profile inside the test section at the upstream side of the porous plate but greatly affects 
temperature inside the porous plate. In consideration of the arranging porous plate, placing of 
the stainless steel wire net at the upstream side and placing the stainless steel fibrous at 
downstream side (model BA) results in the highest temperature drop and the highest thermal 
efficiency. At Re 733 and inlet temperature 550  for model BA at 30 mm thickness, the thermal 
efficiency was 50 . It was shown that the combined stainless steel fibrous and stainless steel 
wire net porous material could be a good flow insulator. 

The 8th TSME International Conference on Mechanical Engineering 
  12-15 December 2017 

Bangkok, Thailand 
 
     
TS 0024   
The full paper is published in IOP Conference Series: Material Science and 
Engineering by IOP Publishing (https://conferenceseries.iop.org). 
 
 

679



 
 
 
 
 
 

Study on design of light- eight super-abrasive heel 

K. Nohara, K. Yanagihara* and M. ga a 

National Institute of Technology Ariake, Ariake College, Higashi Hagio-Cho 150, 
muta-Shi, 836-8585, apan 

* Corresponding Author: Kiyoshi@ariake-nct.ac. p  
 

Abstract. ixed-abrasive tool, also called a grinding wheel, is produced by furnacing abrasive 
compound which contains abrasive grains and binding powder such as vitrified materials or 
resins. ixed-abrasive tool is installed on spindle of grinding machine. And it is given 1,800-
2,000 min-1 of spindle rotation for the usage.  The centrifugal fracture of the compound of 
fixed-abrasive tool is one of the careful respects in designing. In recent years, however, super-
abrasive wheel as a fixed-abrasive tool has been developed and applied widely. ne of the 
most characteristic respects is that metal is applied for the body of grinding-wheel. The 
strength to hold abrasive grain and the rigidity of wheel become stronger than those of general 
grinding wheel, also the lifespan of fixed-abrasive tool becomes longer. The weight of fixed-
abrasive tool, however, becomes heavier. Therefore, when the super-abrasive wheel is used, 
the power consumption of spindle motor becomes larger. It also becomes difficult for the 
grinding-wheel to respond to sudden acceleration or deceleration.  Thus, in order to reduce 
power consumption in grinding and to obtain uicker fre uency response of super-abrasive 
wheel, the new wheel design is proposed. The design accomplishes 46  weight reduction. 
Acceleration that is one second uicker than that of conventional grinding wheel is obtained. 
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Abstract. The non-edible waste cooking oil is a cost effective and sustainable energy that can 
be harness thru biodiesel production was an immediate solver to environmental issue. The 
common obstacles faced by the waste cooking biodiesel in Malaysia were relatively low 
conversion yield and low oxidative stability. The low unsaturated methyl ester produce from 
waste cooking oil has the tendency of forming sediment or deposit that cause emulsion and 
clogged fuel filter. The used of low uality waste cooking biodiesel on direct in ection diesel 
engine will cause deteriorate of fuel pumps and engine performance. In this study, a few 
potential non-edible feedstocks with higher unsaturated fatty acid were blend with waste 
cooking oil with aimed to improve the physiochemical properties of the fuel. The biodiesel 
produced from the waste cooking oil blend with non-edible oil Calophyllum inophyllum was 
chosen for optimization and being characterized for comparison to satisfy the re uirement of 
ASTM D6751 and EN 14214 standard. The four main parameters involved in optimization 
process were methanol to oil ratio, reaction temperature, time of reaction, and concentration of 
catalyst used. The statistical analysis based on response surface methodology aid by Box-
Behnken design resulted the R2 of the regression was 0.9129 indicating that 91.29  of the 
methyl ester yield depends on the correlation of the parameters. The highest predicted mixed 
methyl ester yield was 94.25  with optimum condition of methanol to oil ratio (v/v ): 
67.92 , the reaction temperature: 60.76 C, the time of reaction: 65.8 min and lastly the 
concentration of catalyst used: 0.51 wt. . The produced methyl ester yield shown a satisfying 
oxidative stability of 22.4 h and resulted in better pour point and cold filter plugging point of 3 
C and 2 C respectively. Besides that, the physiochemical properties of the mixed biodiesel 

could satisfy the re uirement of the ASTM D6751 and EN 14214 standard which indicated that 
the biodiesel were able to replace the current biodiesel fuel without any modification on the 
engine compartment. 
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Abstract. The geometrical features of internal surfaces are important parameters in the field of 
non-destructive testing such as corrosion inspection or artistic ualities of material surfaces. 
Although stylus profiling and optical scattering are commonly used for measuring both random 
and periodically rough surface topography, they are only applicable to accessible surfaces. 
However, there are many cases in which the surface to be evaluated is inaccessible. or 
example, integrity monitoring of inner surfaces of pipes is re uired to ensure proper functions 
and safeguard uality. Unfortunately, little attention has been paid to the measurement of 
inaccessible periodic surfaces. Since inaccessible surfaces do not permit contact or optical 
measurement, application of ultrasonic techni ue from back side is an appropriate candidate 
among others. In this paper, an ultrasonic pulse-echo techni ue is investigated to evaluate the 
periodicity of internal rough surfaces which is inaccessible or hidden on the back side. The 
pitch, or periodicity, of back surface profile is evaluated based on the diffraction grating theory 
for obli ue incidence of P-wave, SV-wave, and SH-wave. The applicability of the proposed 
techni ue was verified by both numerical simulation and experiment. It is found that the angle 
of incidence should be larger than 45  to enhance the accuracy. SH-wave shows better results 
compared with SV-wave due to the effect of mode conversion. Moreover, using SH-wave is an 
effective way for evaluation of the periodicity because SH-wave is more sensitive than P-wave 
with shorter wavelength. n the other hand, P-wave is the best solution to obtain the highest 
resolution of measurement with higher signal to noise ratio. 
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Abstract. In general, the environment air pollutant is the ma or issue in now day phenomena, a 
caused of this phenomena happen when the environmental activities is done with no 
enforcement to control the gas emission from industries and vehicles in roads. Pollutant from 
the vehicles related to improper internal combustion that caused by improper misfire condition. 

hen misfire condition occurs it will cause several components failure such as clogged spark 
plugs and high voltage cables, insufficient intake mixture, and others. Therefore, a study is 
conducted to actuate artificial misfire condition is conducted with a single cylinder four stroke 
engine. Crank position sensor (CPS) from the engine is used to actuate spark ignition to an 
engine. The fre uency is used to design spark plug controller for the engine. Most engines uses 
oxygen sensor to identify misfire condition, signals from oxygen sensor are recorded to be 
analyze. Meanwhile in this pro ect, an accelerometer is added to identify the misfire condition. 
The accelerometer is mounted to the nearest position of the engine piston. The hobby based 
Microcontroller Arduino controller is design to initiate spark plug ignition timing by several 
times, so the signals can be identifies for the fault detection. A switch will be controlling the 
artificial misfire condition. The Arduino controller will be controlling the spark timing. 
Therefore the switch for artificial misfire condition is located with the same controller. The 
accelerometer mounted on the engine will record the signal during the artificial misfire 
condition is activated. The signals are recorded by Instrustar DA , and to analyze and compare 
with previous research. 
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Abstract. angon is the ex-capital of the union of Myanmar. It is the country s largest city and 
most important commercial center. There are mainly four types of transportation modes 
available in angon: private car, rail, taxi and bus. About 2.6 millions of angon s residents 
use bus service daily and public bus transportation is most reliable transportation in angon, 
Myanmar. angon Bus Service ( BS) is a bus transport network system which started 
operations on 16 anuary 2017 and it is operated by the angon Region Transport Authority 
( RTA). Prior to the implementation of the new bus network, angon s bus network was 
dominated by angon Motor Vehicles Supervisory Committee ( MVSC). ne of the main 
reasons for the overhaul of the bus network was due to the bus drivers driving dangerously to 
pick up more commuters than their competition. The Burmese system of having bus crews 
have also been heavily criticized for their poor attitudes and overcharging on bus trips. angon 
Bus Service ( BS) redrew new bus routes from previous number of 350 routes to only 58 
routes by using (6) different color codes for different parts of angon areas. hen BS started 
operations, they had to face many difficulties and challenges. However, RTA filled many 
gaps that they needed in BS and the whole system was stable within (3) months. RTA 
imported (1000) new buses from China to promote the new bus lines and they also made some 
improvements for buses in BS system such as: e uipped with CCTV for passengers  safety, 
GPS for reducing overcrowded buses and also tendering for initiating the electronic swipe-card 
system. 
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Abstract. These days most of all people are working outside and study then lesser to take care 
the elder people (like older people /Grandma and Grandpa). How to take care the elder people 
smartly while the family are working and Study without disturbing their obs or their study 
time  The main thing is to have in touch with them every moment. The Elder Alarm Product is 
the best product for Elder people to have in touch with the family for emergency case, it can 
remind their schedule for their medicine time, unch time and alarm to measure Blood 
pressure at home. The elder people ust need to push the bottom softly to send the information 
to his/her family for what they had done and the family member can remind them as well by 
calling Phone if something are missed. These kinds of product are very useful these days to 
communicate easily with the family or the nearest relative to contact by wireless network 
through their phone or computer and the information will go/sent to their Member that connect 
with Phone or Computer. This is good solution for communication with elder People while 
even you are in working time. The products are made for elder people so it is very soft that 
enough to operate the system ust by touching them and there are several colors to set up then 
they can easily recognize the things that they have to do by the color. This is the combination 
of Mechanical and electrical field to make a better tomorrow. 

The 8th TSME International Conference on Mechanical Engineering 
  12-15 December 2017 

Bangkok, Thailand 
 
     
ASEAN07   
The full paper is not available for this work presented in a special ASEAN-
student session. 
 
 

685



 
 
 
 
 
 

Vehicle acceleration controller design based on parallel neural 
net ork PID 

ang ensa1, Cong Sensen1, ang un1, u Peng1, Yu Yang1, iang un1, 2, 
Chen ong1 and hu Ning2 
1Automotive Engineering Research Institute, iangsu University, Zhen iang 212013, 
China 
2Department of Mechanical, Shizuoka Institute of Science and Technology, Shizuoka 
437-0032, apan 
 
* Corresponding Author: zhuning8888@gmail.com, 820943623@ .com 
 
Abstract. In view of the slow system change identification, poor dynamic performance, slow 
Ad ustment problems in speed acceleration control algorithm for traditional adaptive cruise 
control (Adaptive cruise control, ACC), we propose a parallel neural network based on PID 
(parallel neural network PID, PNNPID) acceleration control algorithm. Through the analysis of 
the shortcomings of traditional serial neural network PID (AAA) for direct feedback error, 
using neural network self-learning function, the vehicle parallel control acceleration controller 
is developed. Considering vehicle comfort, we optimize the actual output to fit driving 
behavior. Compared between acceleration controller based on PNNPID and serial neural 
network PID (SNNPID), experimental results show that the maximum deviation can control 
within 10.25 m/s2 with characteristics of small average error, short ad ustment time, good 
transient characteristics etc. 
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Abstract. Recent years, many vision-based vehicle classification methods have been proposed. 
But a few of them was paid attention to vehicle type classification in a real-world image, which 
is an important part in intelligent traffic system. Due to the large variances of the car 
appearance in images, it is critical to capture the discriminative ob ect parts that can provide 
key information about the car pose. In our pro ect, we implement, train, and test some state-of-
the-art classifiers trained on domain-general datasets for the task of identifying and locating the 
cars from various angles and different settings, with the added constraint of limited data and 
time. irst, we define ob ect detection as a regression problem using convolutional neural 
networks. In addition, for each predicted box the net outputs a confidence score of how likely 
this box contains a car. The third ma or contribution is the estimation the makers and models of 
a car, which trains the bounding box predictors as input of the network. The experiment results 
show that data enhancement and pre-train of convolutional neural networks with original 
images can classify the vehicle makes and models with a high accuracy of nearly 80 . The 
using cascade method which cropped the image can raise the accuracy to 86.6 . 
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Abstract. This paper presents a study on catalytic converter for emission reduction of 
motorcycle engine powered by a carburetor. The reduction in the typical exhaust emissions of 
carbureted power motorcycle is analyzed under the uasi-steady velocities. In this work, a 
catalyst converter is developed by using waste fertilizer. In Vietnam, fertilizer is a small 
industry whereas an average of 105.7 m3 of waste catalyst discharged every year from 
reforming, methanogenesis and NH3 synthesis processes of one fertilizer plant. It becomes a 
source of solid waste pollution because of containing a lot of metal and toxic contaminants 
(Al2 3, Zn , e2 3, e3 4, Ni , Cr2 3, Cu , CuC 3, Ca , Co , Mo 3 and so on). In 
particular, the catalysts in the reforming and methanogenesis processes often contain Nickel 
(Ni) which is a heavy metal with the potential to pollute soil and water sources. hereas, the 
Ni recycling from spent catalysts is eco-benefits approach including both environmental and 
economical solutions. Regarding to the environmental application, Ni is known as a transition 
metal valuable which is emerging in term of research to be the precursor for polluted air 
treatment by catalysis, replaces for expensive precious metals. Besides, in the field of transport, 
vehicles have polluted air due to waste gas from burning fuel from engines nowadays. Using 
Ni catalyst attached directly to the treatment device helps to transform unwanted substances 
into non-toxic form should be focused on development and application to vehicles. In 
experiments, the catalyst properties and catalyst activity are analyzed under the different 
conditions. n the basis of the results presented in this research, characterization and catalytic 
activity measurements of monolithic Ni/cordierite catalysts by wet-impregnated method, it can 
be seen that: the results of the catalytic activity are very promissory. The monoliths catalysts 
showed very good activity in propylene combustion as well as the C  oxidation reaction to 
combustion products (C 2 and H2 ) from 5 to 12 wt Ni loading in monoliths at 400oC. 
Also, at exhaust gas treatment in motorcycle, the Ni monolith catalysts should be researched 
and assembled to motorbike expansion chamber gas treating. It is a useful technical method for 
replacing three – way converter catalysts with active sites as noble metals in this application.  
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Abstract. Spot welds are fabricated using high strength and mild steel sheets with three 
different strength levels by a resistance spot welding (RSW) procedure. The nugget sizes are 
changed by controlling welding process parameters. Subsequently, tensile-shear fatigue tests 
are conducted to investigate the effects of strength levels of steels and nugget sizes on the 
fatigue behavior of welds. The fatigue strengths of the welds with 4 t nugget sizes are nearly 
the same irrespective of the strength levels of the steels, because fatigue crack propagation life 
is dominant in the total fatigue life. In the welds with 3 t nugget sizes, the steel with higher 
strength exhibits lower joint fatigue strengths. 

1.  Introduction 
Recently, ultrahigh strength steel sheets are increasingly used in the automobile industries to fabricate 
car bodies with light weight and high strength. Accordingly, the understanding of fatigue behavior of 
the weldments made of ultrahigh strength steels became an important issue from the view point of the 
reliability of car components. For example, the mechanical properties of the ultrahigh strength steels 
are superior to those of the conventional mild steels, but it has been reported that the fatigue strengths 
were nearly comparable between the resistance spot welds made of ultrahigh strengths steel and mild 
steel sheets [1, 2]. However, researches about the fatigue fracture mechanisms in the resistance spot 
welds of ultrahigh strength steels [3, 4] are still limited. Furthermore, the effect of welding parameters 
on the fatigue behavior of welds is not fully understood. In this study, three kinds of steel sheets with 
different strength levels are used for the fabrication of resistance spot welds. In addition, nugget sizes 
are changed by changing the welding parameters. Tensile-shear fatigue tests are conducted to 
investigate the effect of strength levels of steels and nugget sizes on the fatigue behavior of welds. 

 

2.  Experimental Procedure 

2.1.  Test samples 
Three kinds of steel sheets, namely ultrahigh strength steel (980MPa class), high strength steel 
(590MPa class) and mild steel (270MPa class) are used in the present study. The strip-shaped samples 
with the length of 140 mm and the width of 40 mm are cut from the sheets with the thickness of 1.6 
mm. Tensile-shear specimens are fabricated in accordance with JIS (Japanese Industrial Standard) Z 
3138. The center of 40 mm × 40 mm overlap area is resistance spot welded to form the nugget with 
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the diameter of 4 t, where t is the sheet thickness of 1.6 mm. By changing the welding parameters, the 
welds with 3 t nugget sizes are also fabricated using 980 MPa and 270 MPa class steel sheets. 

2.2.  Procedure 
Tensile tests are conducted using an electro-hydraulic tester with the capacity of 20 kN. The electro-
hydraulic fatigue testing machine with the capacity of 50 kN is used for the fatigue tests. Fatigue load 
waveform is sinusoidal with the frequency of 10 Hz and the load ratio (Pmin/Pmax) of -1. Tabs with the 
thickness of 1.6 mm are welded to the gripping part of the tensile-shear specimens according to JIS Z 
3138 to align the tensile loading direction of the upper and lower sheets. 

3.  Results and Discussion 

3.1.  Nugget structures and hardness profiles 
Figures. 1(a), (b) and (c) reveal the macroscopic nugget structures of 270 MPa, 590 MPa and 980 MPa 
class steel welds, respectively. The structures consist of melted and re-solidified nugget, heat affected 
zone (HAZ) and base metal in all the welds. The detailed observation reveals that the melted and re-
solidified nugget has martensite structures in 590 MPa and 980 MPa class steels, while ferrite structure 
is dominant in 270 MPa class steel.  

Vickers micro hardness profiles are measured at mid-thickness on the cross section of the nugget. 
The results are shown in figure 2. Due to the melting followed by rapid re-solidification in the nugget, 
the hardness of the nugget is higher than that of the other areas irrespective of steel classes and nugget 
sizes.  

3.2.  Tensile properties 
The tensile-shear failure loads of the welds are summarized in Table 1. Figure 3 shows the 
relationships between tensile-shear loads and cross head displacements. The displacements are much 
larger in 270 MPa class steel welds than the others, indicating that larger plastic deformation occurred 
around the nugget only in 270 MPa class steel weld. The macroscopic failure mode was shear-type 
fracture along the interface of nugget in all the samples. In the welds with 4 t nugget sizes, the failure 
load increases with increasing the strength level of the steels. It should be noted that 980 MPa class 
steel has 300 % higher tensile strength than 270 MPa one, but the strength of 980 MPa class steel weld  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.  Hardness profiles. 
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is only about 144 % higher than that of 270 MPa one. Thus, the joint strengths cannot be simply 
evaluated from the strengths of base metals. The welds with 3 t nugget sizes have lower strengths 
than those with 4 t nugget sizes. The tensile-shear failure loads of the welds with 3 t nugget sizes are 
nearly the same between 270 MPa and 980 MPa class steels. 

3.3.  Fatigue properties 
Figure 4 indicates the fatigue test results in terms of the relationship between maximum load, Pmax, and 
number of cycles to failure, Nf. Under the high load levels in the fatigue tests, the following two 
macroscopic fatigue failure modes are dominant. Namely, shear-type failure along the interface of 
nugget similar to static failure, or plug-type failure, in which a fatigue crack initiates at the edge of the 
nugget and propagates circumferentially around the nugget to final fracture. Under the low load levels, 
a fatigue crack initiates at the edge of the nugget, but propagates nearly perpendicular to the loading 
axis through thickness and width directions of the sheet material. 

The fatigue strengths of the welds with 4 t nugget sizes are nearly the same among three different 
class steels. It should be noted that the static tensile-shear failure loads show the dependence on the 
steel classes, but the fatigue strengths are independent on the steel classes. To investigate the fatigue  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 1.  Tensile-shear failure load. 

Sample Tensile-shear 
failure load (kN) 

980 MPa-4 t 16.8 
590 MPa-4 t 14.6 
270 MPa-4 t 11.6 
980 MPa-3 t 9.8 
270 MPa-3 t 9.8 
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Figure 4.  Relationship between maximum load Pmax and Nf. 
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crack initiation life of welds, the fatigue tests were conducted using 270 MPa and 980 MPa class steel 
welds at the maximum fatigue load of 5.56kN. Subsequently, the fatigue tests were terminated at N/Nf 
= 10%, and specimens were cut parallel to the loading direction to investigate fatigue crack initiation 
around the nugget. Figures. 5(a) and (b) show the longitudinal sections of the nuggets in 270 MPa and 
980 MPa class steel welds, respectively. At 10% of total fatigue life, fatigue cracks with the lengths 
about 200 m are recognized at the edges of the nuggets in both welds as shown in figure. 5. It proves 
that the fatigue crack initiated in the early stage of fatigue life (shorter than 10%) and total fatigue life 
was mainly dominated by fatigue crack propagation life. It is known that long fatigue crack 
propagation rates are insensitive to the strength levels of steels [5]. Consequently, it is considered that 
the fatigue strengths of the welds with 4 t nugget sizes are nearly the same among three kinds of steel 
sheets, because the total fatigue lives of the welds are mainly occupied by fatigue crack propagation 
lives. As shown in figure 5(b), the fatigue crack initiation cannot be related to the corona bond 
between the upper and lower sheets. Furthermore, the crack initiation behavior shown in figure 5(b) is 
predominantly seen in the other fatigue-fractured specimens. Thus, it is assumed that the corona bonds 
do not play important role for fatigue crack initiation, and basically have joint strength between the 
upper and lower sheets. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.  Cross section of the nugget in the interrupted specimens at N/Nf = 10% (Pmax = 5.56kN): 
(a) 270MPa-4 t, (b) 980MPa-4 t. 
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Figure 6.  Relationship between maximum load normalized by 
nugget circumferential length Pmax/l and Nf. 
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The welds with 3 t nugget sizes exhibit lower fatigue strengths than the welds with 4 t nugget. 
This tendency is similar to the static tensile-shear failure loads. The fatigue strengths in terms of 
maximum loads are normalized by the circumferential length of the nugget [6], and the results are 
shown in figure 6. The difference of the fatigue strengths among the welds becomes smaller when the 
maximum load is normalized by the circumferential length of the nugget as seen in figures 4 and 6. It 
should be emphasized that the fatigue strengths of the welds with 3 t nugget sizes are different 
between 270 MPa and 980 MPa class steels, in which 980 MPa steel welds have lower fatigue 
strengths in figure 6. The dependence of fatigue strengths on the strength levels of steels is seen in the 
welds with 3 t nugget sizes but not in the welds with 4 t nugget. This discrepancy could be explained 
as follows. As mentioned above, the total fatigue lives are mainly dominated by fatigue crack 
propagation lives in all the welds with 4 t nugget sizes. However, the stress concentration states 
around the nuggets are different between 4 t and 3 t nuggets. It is considered that the fatigue crack 
initiation life becomes longer in 270 MPa class steel weld with 3 t nugget size due to the change of 
stress concentration. However, the sensitivity against stress concentration is higher in the ultrahigh 
strength steel, and consequently the crack propagation life is still dominant in 980 MPa class steel 
welds with 3 t nuggets. In figure 6, only 270 MPa class steel welds with 3 t nugget sizes have slightly 
higher fatigue strengths than the others, and it would be reasonable if only 270 MPa welds with 3 t 
nugget have longer fatigue crack initiation life. 

4. Conclusion 
Tensile-shear fatigue tests are conducted using the resistance spot welds made of three different 
strength level steels. When the nugget size is 4 t, fatigue strengths are nearly the same among three 
steels, because fatigue propagation lives are dominant in the total fatigue lives. On the other hand, 980 
MPa class steel welds with 3 t nugget sizes have lower fatigue strengths than 270 MPa class ones. 
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Abstract. This paper presents the dynamic compressive response of tortoise carapace at high 
rate of deformation. Disk specimens are cut from carapace and compressed using Split-
Hopkinson Pressure Bar (SHPB) techni ue. The steel bar system together with a copper pulse 
shaper generate an incident wave that can achieve a constant rate of deformation within the 
specimens. The results show increasing compressive modulus and compressive strength 
compared to the uasi-static data of carapace. The strain waves on the incident and the 
transmission bars from finite element analysis based on the experimental setup agree with the 
test data.   
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Abstract. This paper illustrates the dependence of tortoise carapace s hardness and elastic 
modulus on peak-load of nanoindentation tests. Sulcata Tortoise carapace is a sandwich-like 
structure consisting of four submicron layers: keratin scutes, dorsal cortex, cancellous interior 
(porous layer) and ventral cortex. Nanoindentation test is a viable option for measuring their 
mechanical properties due to the size of the layers. However, preliminary results of 
nanoindentation tests on a carapace sample vary according to the indentation peak load. As the 
indentation peak load increases, both measured hardness and elastic modulus decrease. A 
systematic approach to determine an optimal peak load for nanoindentation test is presented.   
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Abstract. Injection molding process is one of the most extensively used for manufacturing 
plastic processes due to high productivity, high efficiency and also the manufacturing of the net 
shape or complex design parts. In general, the finished plastic parts are a growing trend 
towards using in automotive part, electronic appliance and require more direct appearance 
surfaces. Nowadays, plastic injection parts do not need to be painted or coated for the 
manufacturing processes and weld marks on the surface parts must be completely eliminated. 
The objective of this study is to focus on the effect of gloss in plastic part using ABS 
(Acrylonitrile Butadiene Styrene) materials and design of experiment by using Response 
Surface Methodology (RSM) to independent temperature variables. This research represents 
the optimize efficiency of the thermal factor in molding effect to gloss parameter on plastic 
injection parts and provides the estimate of the parameter related to high-temperature behavior 
in molding before injection process. The result of experiments have been obtained the 
measuring point of cavity temperature at 70 ºC, the injection temperature at 240 ºC, and 
injection speed 120 mm/sec on the 95% confidence interval. 

 

1.  Introduction 

At the present, plastics manufacturing by using injection molding machines have been used in 
widespread. Especially, the production of plastic parts such as automotive parts or electronic 
component parts etc [1]. The parts have been designed the accuracy of control processes shows a 
surface appearance and color tones, which are the focus on value-added and manufacture reduction. 
To improve mold ability and physical properties of the plastic material have used in various injection 
molding processes directly. By the way, the main manufacturing process can be reduced or replaced 
by previous processes from a good design earlier. Workpieces or parts does not have the effect on 
other influence in the painting and assembly processes. As more indirect benefits result will not invest 
about new booth paint and reduce lead time, which in many methods in order to protect inherent 
defects on final products to anti-scratch proof and eliminate waste. 

The injection molding processes include filling, packing, cooling and ejecting processes, generally, 
cooling stage takes up more than half of cycle time. Therefore, mold temperature has a significant 
effect on  a molding cycle and productivity, but low mold temperature may be melted a plastics not 
well, and do not fulfill in impression and usually means lower quality in conventional injection 
molding (CIM) process. In the CIM, mold temperature is kept at constant during cycle time although 
in the fact it fluctuates in the relatively small range of temperature due to the quality of injection parts. 
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In manufacturing commonly used the continuous cooling method by circulating coolant in cooling 
channel, in order to target better quality and high productivity, mold temperature must be lower than 
the transition temperature of plastic material [2-3].  

In real manufacturing, plastic injection mold mostly uses the simulation to predict the finished 
injection parts. Finite element method (FEM) has been applied the analysis of injection processes in 
order to reduce the machine setting time [4-5]. Shih-Chih, Ni et al. [6] have proposed the control of 
bending of the plastic injection parts. The principle of mold temperature based on experimental design. 
For this reason, a new technology in injection molding has been required to commercial. Rapid heat 
cycle molding (RHCM) technology has developed and attached in the near future. The difference 
between CIM and RHCM processes is mold temperature control ability. The constant temperature was 
controlled in each injection cycle by heating and cooling, which has been applied in the last century. 
In RHCM process, the cavity mold temperature heated up higher than thermal deflection temperature 
of plastic about 10 °C before melt plastic filling, and then cooling mold down quickly when packing 
stage is completed to eject parts. Higher temperature molding situation, frozen layer in RHCM process 
gives the result to melt flow resistance can be reduced, but CIM process that frozen layer can be 
completely eliminated. From this reason, injection pressure and clamping force parameter required of 
injection machine are decreased. On other properties of melt plastic when filling stage can be reduced 
weld line on part surface significantly by increase mold temperature.  Meanwhile,  several types of 
research in a literature using RHCM molding process demonstrates rapid heating and take more 
effectively lengthen the melt flow path [7-8], improve the part surface appearance in automotive and 
electronic component parts [9]. 

In RHCM process benefits on increasing productivity and shorten cycle time are necessary. The 
heating method mainly uses in industries to achieve this purpose include induction heating, infrared 
heating, gas-assisted heating and convection heating using hot fluids such as oil, water or steam [10-
11]. However, the parameter not yet clear about appropriate parameter to predict the deflection 
problem. Sivaraos et al. [12] have proposed to a comparison about experimental design between 
Taguchi method and Respond surface methodology (RSM), the results show RSM are more clearly 
predicted and significant of all combinations of interactions and squared terms.  

A corresponding RHCM process designed and constructed by FEM analyses and experiment to 
evaluate thermal stress analysis also performed to evaluate thermal stress distribution in cavity 
molding proposed to alleviate the thermal stress. Finally, the surface appearance quality of plastic part 
on RHCM process was improved gloss surface compared with more benefits directly. Therefore, the 
objective of the present research is to propose the optimize efficiency of the thermal factor in molding 
effect to gloss parameter on plastic injection parts. 

2.  Mold Structure and Principle of Heating Technology 

 
2.1 Mold and parameter design 

Figure 1 illustrates the typical molding structure for developed heating technology with the hot oil 
convection heating method. The heating channel is installed in cavity plate due to injection parts 
appearance shown on this side only when the temperatures of the cavity side are elevated to preset 
mold temperature controller unit will turn off to stop heating, and then the mold is closed for melt 
plastic filling. Finishing injection part as shown in figure 2. 

The plastic material used for the parts is acrylonitrile butadiene styrene (ABS) typed resin Toyolac 
grade 700 - 314 supplied from Toray Plastics. It has the density of 1.04 g/cm3 and mass flow rate of 23 
g/10min. Before injection processes dying ABS material of 80°C for 4 hours and feed to the barrel. 
The recommended processing parameter setting in table 1. All parameters carried on injection molding 
machine using Toshiba Machine model EC100S with I2A Barrel type, this model specification on 
maximum clamping force 100 tons.  

697



 
 
 
 
 
 

Table 1. Processing parameter in injection experimental.  
  

Processing parameter Typical value 
Injection temperature (°C) 200 - 240 
Mold temperature (°C) 50 - 90 
Injection speed (mm/sec) 100 - 140 
Ejection temperature (°C) 95 
Injection filling time (sec) 0.5 
Packing time (sec) 3.5 
Injection pressure (Mpa) 140 
Cooling time (sec) 30 - 45 

 
 

         

Figure 2. Structure of plastic injection part. Figure 3. Thermocouples channel 
design on cavity molding. 

 
2.2 Thermal response and gloss measurement design 

As shown in figure 3 identifiers ‘P1’, ‘P2’, ‘P3’ and ‘P4’ are four positions on cavity side for 
measuring temperature responses. Using thermocouples type J in research due to the short range of 
temperature measuring and well responsibility. The used material of cavity plate is a type of plastic 
mold steel, typed S50C, supplied by Taikin standard mold base Co., Ltd., Thailand. 

Point measurement of gloss on injection parts was set to close corners of injection parts, totals 4 
point same thermocouples measurement points. Cause of this research focuses on thermal design 
effect on plastic injection parts. In value added product surface research gloss appearance on the 
surface measured by gloss unit (GU) with gloss level measurement method. It is also compatible with 
the standard ASTM D523 using a portable gloss-meter model NHG268 supplies from Shenzhen 3nh 
technology Co., Ltd., China. The planning of DOE and data analysis was carried out using the 
statistical software package of Minitab 17. 

2.3 Design of experiments (DOE) 
The method of defining and investigating all conditions in experiments involving multiple factors 

in known as Design of experiments (DOE). According to DOE are widely used in many factors 
examples Full-factorial design, Taguchi method and Response surface methodology to performing an 
experiment, varying the levels of all factors simultaneously rather than one, allows for interactions 
between the factors. 
 

P1 P2 

P3 P4 

  

  

Figure 1. Injection molding design with the 
hot oil heating. 
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2.3.1. Response surface methodology (RSM) 
Response surface methodology can be described as s technique on complex calculation processes. 

To approach a suitable experimental design that integrated all of the independent variables and set 
equations on the theoretical value of an output [13]. In RSM can predict response result by the 
regression equation. First order use for linear surface and second order use nonlinear or curved 
surface, shown as in equation (1) and (2) respectively. 
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2.3.2 Central Composite Design (CCD) 

Response surface methodology comprised of several methods to design the experimental 
procedures and one of them is Central Composite Design (CCD). Optimization carried out with CCD 
can allow screening of a broad range of parameters as well as the role of each factor [14]. In addition, 
CCD is also able to evaluate a single variable or the cumulative effect of the variables on the response. 
Although this ability is shared with the other types of experimental design such as full factorial and 
partial factorial method, it differs in a way that the experimental runs are reduced. 

In figure 4 shows CCD components including factorial points, Axis points and center point using 3 
variables factor mold cavity temperature (MT), injection temperature (HEN) and injection speed (VI). 
The combination with center point 5 points, which used totals all of 19 experiments. The researcher 
using 3 factors on rotatable design choose 𝛼 = 1.68 and −𝛼 = -1.68 for axis points 

Table 2 shows experimental design and levels design on chosen parameter 3 factors and 5 levels on 
CCD. Each experiment produced injection parts total 5 pieces and before next experiment ejects 
plastic parts 10 shots for equilibrium thermal system and condition in molding frequently. 
 

 

Figure 4. Central Composite Design (CCD) design for three factors. 
 

 
Table 2. Experimental design parameters and levels. 
 

  Level 
Parameter Code −𝛼 -1 0 1 𝛼  

Cavity temperature (°C) MT 53.2 60 70 80 86.8 
Injection temperature (°C) HEN 203.2 210 220 230 236.8 
Injection speed ( mm/sec ) VI 103.2 110 120 130 136.8 
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3.  Experimental Evaluation of Thermal Response 

 
3.1 Experimental analysis data 

Using design DOE by surface response method, the influence of independent variables was 
investigated. And in combination with CCD measure at point P1-P4 by gloss-meter with ASTM D523 
standard on measurement angle 60°, using statistic model for calculating average data 3 times per 
measurement point. The result of gloss unit of the experiment as shown in Table 3. 
 

Table 3. Experimental result using Central Composite Design for three factors. 
 

Central 
Composite design 

Run/Trail 
No. 

Cavity 
temperature ( °C ) 

Injection 
temperature ( °C ) 

Injection speed 
( mm/sec ) 

Gloss Unit 
( GU ) 

Factorial point 

1 60 210 110 85.26 
2 80 210 110 89.11 
3 60 230 110 91.68 
4 80 230 110 90.24 
5 60 210 130 83.55 
6 80 210 130 89.62 
7 60 230 130 92.74 
8 80 230 130 91.85 

Axis point 

9 53.2 220 120 89.05 
10 86.8 220 120 90.80 
11 70 203.2 120 85.58 
12 70 236.8 120 93.29 
13 70 220 103.2 88.07 
14 70 220 136.8 91.08 

Center point 

15 70 220 120 90.62 
16 70 220 120 92.02 
17 70 220 120 91.94 
18 70 220 120 92.07 
19 70 220 120 91.75 

 
3.2 Data analysis 

The statistical software package “Minitab 17” was used to analyze data results obtained from the 

experiments. Using 95% confidence interval (𝛼 = 0.05), A normal probability plot shown in figure 5 is 
used to relative magnitude and statistical significance. In the figure, points do not fall close to straight 
line (red point) usually signal factors with the significant effects. And figure 6 shown Pareto chart 
confirm the result displayed in figure 5 all of three factors have passed the reference line at 2.26 and 
factor of injection temperature (HEN) having the largest effect on gloss surface. On remaining 
parameter mold cavity temperature (MT) and injection speed (VI) was followed effects by 
respectively. 
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   Figure 5.  Normal probability plot response     

       

 

Figure 6.  Pareto chart response on gloss unit 
 
From Table 4, the results can produce more evidence to support the influence of three factors 

which matter on surface appearance or gloss unit. Using 95% confidence interval, the p-value found 
for MT, HEN, and VI is less than 0.05. This three factors can be indicated on the main effect term on 
gloss appearance. In addition, the square term is significant for all factors but interaction term is not 
clearly relation on injection speed. Only on injection temperature could be influenced on interaction 
term. 
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Table 4. Estimated effects and coefficients for response surface methodology on gloss. 
 

Source DF Adj SS Adj MS F-Value P-Value 
MT 1 8.147 8.1471 16.86 0.003 
HEN 1 74.707 74.7073 154.64 0 
VI 1 3.121 3.1211 6.46 0.032 
MT*MT 1 6.241 6.241 12.92 0.006 
HEN*HEN 1 9.849 9.8486 20.39 0.001 
VI*VI 1 8.754 8.7536 18.12 0.002 
MT*HEN 1 18.743 18.7425 38.8 0 
MT*VI 1 0.963 0.9626 1.99 0.192 
HEN*VI 1 1.867 1.8673 3.87 0.081 
Lack-of-Fit 5 2.88 0.576 1.57 0.341 
Pure Error 4 1.468 0.3669   
Total 18 131.186    
      

The result of mathematical on RSM can be created as contour plot on figure 7 and surface plot in 

figure 8, both plots hold the value of VI at the center point of CCD. In that figure HEN become more 

is better on gloss appearance but on manufacturing ABS material can be used  in the range of 200 - 
240 °C, if temperature more than 240 °C effect opposite properties on gloss appearance may be dull 
surface. On MT parameter having effect followed by data analysis was chosen the level at 0.5 on 
experiments about 70 - 75 °C to best condition for mold temperature control. 

 

     

 Figure 7. Contour plot of gloss unit on nozzle temperature and cavity temperature. 
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Figure 8. Surface plot of gloss unit on nozzle temperature and cavity temperature. 
 
3.3 Mathematical modeling 

For the experiment on gloss unit can predict equation to find the best condition, analyzed data 
output on R-square value is 96.69% total reliability can predicted equation on gloss unit. And 
reasonable data can check by lack of fit data shown in table 4, p-values is 0.341 more than 0.05 so that 
gloss unit equation can write in equation (3) 
 
Gloss unit = 91.691 + 0.772 MT + 2.339 HEN + 0.478 VI - 0.676 MT*MT - 0.849 HEN*HEN -
                     0.801 VI*VI - 1.531 MT*HEN + 0.347 MT*VI + 0.483 HEN*VI      (3) 
 
3.4 Appearance of injection experimental  

Appearance surface of ABS injection parts on gloss shown in figure 9, in the left part produced on 
low-temperature molding affected gloss surface part to opaque or not shine. The heater on molding 
temperature unit control cavity temperature equilibriums on each cycle can be produced gloss surface 
to be shiny and make more valuable on parts. In the experiment, comparison molding temperature 
between 40°C and 70°C respectively. 

 

 

Figure 9. Comparison between ABS cover part on normal condition (left) and high heating processes 
(right). 
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4. Conclusion 

In the present research study, the surface appearance of parts will be added value and more benefits 
on plastic injection parts. Heating molding by hot oil and water impingement cooling is developed to 
control the temperature of each cycle to constant. First cavity surface molding must be polished and 
shiny on proposed. Moreover, the injection parameter having the effect to gloss appearance on 
confidence interval. Base on the results, the following conclusions are obtained. 

Parameter on thermal response was chosen on molding temperature and injection temperature. The 
result of independent variables on gloss surface is clearly confirmed by mathematics software has 
shown that injection temperature at end nozzle has the largest effect on gloss. The parameter of mold 
cavity temperature and injection speed was followed effects by respectively. The proposed method 
provides optimise value data using cavity temperature 70 ºC the injection temperature 240 ºC, and 
injection speed 120 mm/sec on 95% confidence interval.  

However, this research setting center point of injection temperature (HEN) at 220 ºC cause of 
normal melt temperature of ABS plastic is 200 – 240 ºC. If adjust range of CCD upward on setting 
parameter it possible to make higher gloss appearance surface. So that concerned to cavity temperature 
when melt plastic was injected into cavity molding should be freezing or cooling stage behaviour on 
melt plastic to rigid plastic. The upper side of axis point of cavity temperature (MT) level is higher 
more than efficient rate of heating transfer out from melten plastic by cooling fluid. Due to cooling 
time too long in each cycle can be effect on shrinkage in finishing parts and gloss appearance could be 

reduce. And injection speed (VI) parameter make the high pressure in molding during injection cycle 

could be heat temperature up inside cavity but this parameter on previous research have too long can 
effect on warpage parts cause of gloss unit measure on parts will reduce too.    

The future work will focus on designing and fabricating on RHCM technology with developed 
technology and proposed on new cavity insert for complicated shapes, and optimizing the another 
parameter to improve the heating and cooling efficiency, scratch proof and strength on plastic parts. 
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Abstract. This paper presents the design of a power system for a 1U CubeSat satellite in the 
KNACKSAT project (KMUTNB Academic Challenge of Knowledge SATellite), which has 
been started since 2015. The major mission of this KNACKSAT is capturing geographical 
image. The power system has been designed for continuous operation with high efficiency. It 
consists of four parts, power generation, power storage, power distribution and power 
management. Many protections against fault situations have been designed and implemented to 
enhance reliability and robustness of the power system. Furthermore, the system was constructed 
using only commercial off-the-shelf components (COTS) in order to prove the possibility to 
minimize component costs. This paper also discusses the testing conditions with simulated space 
environment for validating the functionality of the developed power system. 

1.  Introduction 
Space technology is growing rapidly, especially in the field of CubeSat. The CubeSat standard has been 
published since 1999 by Prof. Jordi Puig-Sauri (from California Polytechnic State University) and Prof. 
Robert Twiggs (from the Department of Aeronautics & Astronautics at Stanford University). They have 
also developed Cal Poly’s standardized CubeSat deployment system (called a P-POD, Poly Picosatellite 
Orbital Deployer) to easily integrate with a launch vehicle. The CubeSat size depends on classes of the 
CubeSat, such as 1U (10x10x10 cm), 2U (20x10x10 cm) and 3U (30x10x10 cm). The weight is limited 
to 1.33 kg for 1U and 4 kg for 3U. Therefore, the CubeSat is an alternative satellite for starting the space 
technology in developing countries.  

The KNACKSAT project has been funded by The National Broadcasting and Telecommunications 
Commission (NBTC), which aims to develop the space technology in Thailand. The KNACKSAT goal 
is to develop a 1U CubeSat. The bus systems have been developed by only the student workforce. The 
conceptual design of bus systems of the KNACKSAT have been developed based on the successful 
satellite concepts, such as XI-IV (University of Tokyo), AAU-CubeSat (Aalborg University), 
SwissCube (École Polytechnique Federale de Lausanne), and EST-Cube (University of Tartu) [3, 4]. 

This paper is focused on the design of the power system of the KNACKSAT using COTS 
components. From the power system perspective, a power supply system must be designed to cover all 
of power consumption of the entire system within limited resources. Furthermore, the reliability and 
robustness of the power system are very important and must be ensured by many protections to cope 
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with the fault situations, which can be caused by hardware problems and space radiation effects during 
operation. 

2.  Mission Requirement 

2.1.  Mission Overview 
The major mission of the KNACKSAT is capturing geographical images. For scientific missions, a 
magnetic plasma de-orbit (MPD) system using a magnetic torquer [2] is demonstrated, while the satellite 
is flying in space, because a magnetic torquer is normally installed for attitude control of the 
KNACKSAT mission. The MPD system uses the utilization of a drag force by the interaction between 
in-orbit plasma and magnetic torquer. According to ISO 24113, a lifetime of object in LEO, which 
includes the launch vehicle orbital stages, and a life time of operating spacecraft and any object released 
as part of normal operations or disposal actions, must be less than 25 years; otherwise the objects will 
become space debris. Therefore, a MPD system will be proven concepts for de-orbit technology by the 
KNACKSAT. 

The KNACKSAT mission after it is released by the launch vehicle. The satellite will deploy the 
antennas and transmits a beacon signal for the radio communication using the amateur radio frequency. 
After the satellite can establish the radio communication between the satellite and a ground station, the 
satellite will start the de-tumbling mode using a magnetic torquer to control the orientation of the 
satellite.de 

The major mission and scientific mission involve variable power consumption. A sufficient power 
supply during operation is essential to achieve the targeted missions. 

2.2.  Space Environment Effects 

2.2.1.  Orbital Period 
The orbital period depends on the altitude of the satellite that is measured from the centre of the 

Earth. Generally, an altitude of LEO is 160 to 2000 km above the sea level. The day time can be 
calculated as: 
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,where dayT  is the day time, a is the semi major axis, and P  is the standard gravitation of the Earth. 
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,where eclipseT is the eclipse time, a is the semi major axis, and P  is the standard gravitation of the 
Earth and R is the radius of the Earth. 

2.2.2.  Solar Radiation Effects 
The intensity of solar radiation is roughly 1361 W/m2 above the atmosphere. According to 1U 

CubeSat standard [1], the 1U CubeSat has a dimension of 10x10x10 cm. Therefore, in one panel of 
satellite will get the sunlight about 13.61 W. Furthermore, the power can be generated by Earth’s albedo, 
which is the sunlight reflection from the Earth. The Earth’s albedo has been presented in [5]. The power 
from the Earth’s albedo is less than 10% of the total power that can be generated by solar cells. 
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2.2.3.  Space Radiation Effects 
Space radiation in LEO [6] can be divided to several different types. The space radiations can impact 

directly the CubeSat, including the total dose effect and the single-event effects. For LEO, the total dose 
per year is 4-40 kRad [7]. Electronic components will accumulate the total dose and cause the satellite 
to fail during operation, but on the other hand the single-event effects, which are Single Latch-ups 
(SELs) and Single Event Upsets (SEUs), will impact electronic components in the satellite immediately, 
especially complementary metal–oxide–semiconductor (CMOS) ICs due to internal MOSFETs. The 
SEL affects the function of the power supply system of CMOS ICs and can cause directly overheating 
and physical damage of the integral circuits due to high current within the integral circuits. The SEU 
affects the data storage mechanism in CMOS ICs and can cause an unexpected data change by particle 
hitting. 

2.3.  Power Requirement 
 

Table 1. The power requirement of the KNACKSAT at -25oC  and +55oC 

Sub-system Power Consumption at -25oC 
(mW) 

Power Consumption at +55oC 
(mW) 

Receiver (RX) 556.4 430.48 

Transmitter (TX) 373.79 360.81 

Transmitter (GFSK) 4030.18 4019.65 

Power System (PS) 354 270.57 
Command and Data Handling 

(D&DH) 465.47 383.2 

Payload (Camera) 2044.62 1700 
Attitude Determination and 

Control System (ADCS) 1416.17 1349 

The power requirement summarizes the amount power that an electric component consumes for 
operation. The power requirement of the KNACKSAT is shown in Table. 1. The peak power 
consumption (5.4 W) occurs, while the transmitter (GFSK) is operating to transmit the data and the 
geographical image to a ground station. The power system must provide a sufficient power to cover the 
peak power consumption. Furthermore, the power system has been also designed to operate the beacon 
mode, which is the default mode of the KNACKSAT. 

3. Design of the power system 

3.1. General Power System Architecture 

 
Figure 1. General power system architecture 
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The power system has been designed as shown in Fig.1. The general power system architecture 
consists of 4 parts, power generating, power storage, power distribution and power management. The 
generated power from the solar cells will be transmitted through Main Power Bus (MPB). The batteries 
are chosen to store the excess power within the power system. It also supplies the power, while the 
satellite is operating in the eclipse time. The power in MPB will be managed by the power distribution 
according to the situation of the system. The power system is individually controlled by a 
microcontroller. 

The power system is separated into two boards, power harvesting board and main power board. The 
solar cells will be connected directly to the power harvesting board. The power storage, power 
distribution and power management are placed together in the main power board. The dimension of each 
board is 9x9 cm. The amount of weight of the power system is 160.7 g, including power harvesting 
board, main power board, and two batteries. 

3.2. Power Generation 

 
Figure 2. Power generation architecture 

The power generation is shown in Figure 2. This system is the most important in the power system 
because it is the source of power generated by solar cells. The Maximum Power Point Tracking (MPPT) 
is equipped for maximizing the efficiency of the power conversion by the solar cells. The triple junction 
GaAs solar cells (from AZUR SPACE Solar Power GmbH) are chosen and mounted to the body of the 
satellite. They have an efficiency of 30% at the beginning of the life (BOF). Two solar cells are 
connected in parallel per panel, and can provide the power about 1.2 W per cell. 

3.3. Power Storage 

Figure 3. Power storage architecture 

The power storage is shown in Figure 3. The excess power within the power system is stored in the 
power storage and also used to provide into the satellite system during an eclipse time and the 
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insufficient power from the power generation. For the KNACKSAT, the power storage has been 
designed to use two cylindrical NCR18650Bs that is a Lithium-Ion cell from Panasonic. The 
NCR18650B can provide the maximum discharged current as 24 W. The Lithium-Ion cell is widely 
used in space technology. It has a high power density and lightweight. The nominal temperature range 
is 0oC to +45oC. In case of the CubeSat, the satellite does not need the thermal control system to control 
the temperature range of batteries because it’s small size and the orbit period for changing condition 
between hot to cold and cold to hot is a short time. Furthermore, a protection circuit has been 
independently designed for each battery to protect an over current due to a short-circuit. 

3.4. Power Distribution 

Figure 4. Power distribution architecture 

The power distribution system is shown in Figure 4. This system will adjust a voltage within MPB 
before it is transmitted to the satellite subsystems. However, the voltage within MPB cannot directly be 
transmitted to the satellite subsystems because the range of voltage within MPB is varying and used to 
charge the batteries. The voltage in MPB will be converted to 5V by 5V DC-DC converter first. Then, 
this 5-V voltage is transmitted to the satellite subsystems through standard pin. The power distribution 
system consists of 5 power lines, 2 power lines for communication, magnetic torquer power line, 
electronic power line, and power system power line, for increasing reliability of the system. For each 
power line, a current protection system is installed to protect an over current of each satellite subsystem 
due to short-circuit, high power consumption or space radiation effects.  

3.5. Power Management 

 
Figure 5. Power management architecture 

The power system has been designed to control the system by its own microcontroller, which is an 
Atmega1280 8-bit microprocessor. It has been used in space by ESTCube-1 [4] and passed the radiation 
testing [6]. The microcontroller will read analog signals from all of current sensors in the power system. 
It will then analyze the data by itself for checking and controlling each system in the power system. The 
microcontroller of the power system can communicate with other satellite subsystems through I2C bus 
for exchanging the data and commands between each other.  

4. Space Environment Testing 

4.1. Vibration Testing 
The KNACKSAT will be launched by Falcon 9 Rocket, which has been developed by SpaceX.  The 

power system boards are packed in the middle of the satellite to balance the center of gravity due to the 
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weight of batteries. Therefore, the power system must be tested under this condition on a shaker (see 
Figure 7.) to verify that the power system, including circuit board, components, and batteries, can 
withstand the mechanical stress and vibration during launching. A Dragon spacecraft random vibration 
profile was used to emulate the random vibration of the Falcon 9. 

 

Figure 6. KNACKSAT tested on a shaker  Figure 7. Dragon spacecraft Random 
vibration profile and the actual vibration 
profile generated by shaker 

4.2. Thermal Vacuum Testing 
The satellite will directly get sunlight during day time, during which it has a hot temperature, and 

also stay in the shadow of the Earth during eclipse time, during which it has a cold temperature. The 
Thermal Vacuum chamber is a vacuum chamber to thermally cycle products between hot and cold 
temperatures. The chamber temperature is adjusted to target temperature by heater and liquid nitrogen. 
In testing the KNACKSAT, it was tested within the temperature range from -25oC to 55oC. The pressure 
inside the chamber must be less than 10-4 Pa because the satellite is unaffected by convection. A thermal 
vacuum testing profile consists of 7 cycles as shown in Figure 9. During hot and cold temperatures, they 
have a stable time about 2 hours to do the functional test, while the satellite was tested inside the 
chamber. Since the nominal temperature range of battery is 0oC to 40oC. Therefore, the temperature of 
the batteries must be controlled within a nominal temperature range during testing. 

 

Figure 8. KNACKSAT inside Thermal Vacuum 
chamber 

 Figure 9. Thermal vacuum testing profile 
with temperature range from -25oC to 55oC 

4.3. Thermal Cycle Testing 
According to the orbital period at 500 km, the day time and eclipse time are approximately 60 

minutes and 35 minutes, respectively. The Thermal Cycle chamber can achieve target temperatures by 
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convection, using hot air by heater and cold air by liquid nitrogen. The condition was changed from hot 
to cold and cold to hot immediately. In KNACKSAT testing, it was tested with temperature range from 
-5oC to 45oC. A thermal cycle testing profile consists of 15 cycles as shown in Figure 11.  

 

Figure 10. KNACKSAT inside Thermal Cycle 
chamber 

 Figure 11. Thermal cycle testing profile with 
temperature range from -5oC to 45oC. 

5. Conclusion 
The architectures of power system have been designed for the KNACKSAT. The power is generated 

by solar cells with Maximum Power Point Tracking. The power within the power supply system is 
transmitted through the Main Power Bus. The excess power is stored in two lithium-ion batteries. The 
charged and discharged protection circuits are located for protecting an overcurrent of each battery. Each 
voltage line is converted by 5V DC-DC converters and the 5-V DC power is transmitted to the satellite 
subsystems through standard pins. Furthermore, a current protection of each voltage line is implemented 
to prevent damages by the single event latch-up due to space radiation effects.  

The power supply system uses an Atmega1280 microcontroller for controlling hardware and also 
reading all current sensors in the power system. 

The power system has passed the space environment testing that consists of the Vibration Testing, 
the Thermal Vacuum Testing and the Thermal Cycle Testing. It has been proven that the power system 
could be constructed by COTS components to minimize component costs. During testing, the power 
system can provide the continuous power all the time effectively. 
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Abstract 
This research is studied about physical characteristic of carbon black (N330) and diesel particulate 
matters (PMs) emitted from different conditions of single cylinder diesel engine. Scanning 
Electron Microscope (SEM) and Transmission Electron Microscopy (TEM) is used to investigate 
the nanostructures of carbon black and diesel PMs in this research for better understanding of 
designs and configurations of Diesel Particulate Filter (DPF). The agglomerate size distributions 
of diesel PMs and carbon black are average 184 nm and 313 nm, respectively. In addition, 
Thermo-Gravimetric Analysis (TGA) was used to investigate chemical kinetics of PMs oxidation. 
The apparent activation energies of diesel PMs and carbon black oxidation are approximately 126 
kJ/mole and 137 kJ/mole, respectively. 

 
 

1. Introduction 

Among conventional internal combustion engines (ICE) diesel or compression ignition (CI) engines have 
the highest thermal efficiency for a given output power. However, diesel engines are an important source 
of particulate matters (PMs). The diesel PMs consists of two particles: i) fractal-like agglomerates of 
primary particles, consisting of carbon and traces of metallic ash, and coated with condensed heavier and 
organic compounds and sulfate, and ii) nucleation particles composed of condensed HCs and sulfate [16]. 
Chemical composition of diesel PMs are depending on the operating conditions and fuel composition. 
The PMs is consisting of three main fractions: i) solid fraction (SOL) that is elemental carbon and 
metallic ash, ii) soluble organic fraction (SOF) that is organic material derived from engine lubricating oil 
and fuel, and iii) sulfate particulates (SO4) that is sulfuric acid and water [18]                       

Size distribution of diesel PMs have been reported by several researchers. Size definitions for 
atmospheric particles are PM10, diameter (D) < 10 µm; fine particles, D < 2.5 µm; ultrafine particles, D < 
0.10 µm; and nanoparticles, D < 0.05 µm or 50 nm [18]. The particles in the size range from 20 to 200 
nm are very sensitive to sudden changes of the engine power [19]. 

The oxidation behavior of PMs has been investigated using thermogravimetric analysis (TGA) for 
analysis reaction activity. The order of carbon is assumed to be 2/3(0.67) with theoretical of shrinking-
core model. The order of reaction rate in oxygen is close to 1. The activation energy (Ea) of diesel PMs 
and biodiesel PMs oxidation is around 159±6 kJ/mole and 152±5 kJ/mole [10].  

The objective of this research is to study oxidation kinetics of carbon black and diesel PMs by TGA 
isothermal method. The oxidation kinetics and apparent activation energies would be calculated by using 
chemical composition. In addition, image processing methods used to investigate micro-nanostructures of 
PMs for better understanding and basic information for application the conventional DPF which using in 
the diesel engine. 
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2. Methodology 

2.1 PM trapping and measuring diameter size 
The smoke meter, Okuda DSM-240, is shown in figure 1 used to trapping particulate matter emitted from 
engine combustion. The particulate matter from diesel engine combustion in 20%, 40%,60% and 80% 
load and 1600,200 and 2400 rpm. The diesel PMs was trapped by paper filter while it suspends on 
exhaust gas. The diesel PMs on paper filter was taken image by scanning electron microscope (SEM) and 
transmission electron microscope (TEM) for analyzed the morphology in various condition. In addition, 
diameter size distribution of single primary and agglomerate particle were measured by image processing 
method as shown in Figure 2. and would be calculated in eq.1  

 

      
2

4
dAi S                                                      (1) 

 
where Ai is area of PMs calculated from the image processing program and d is calculated diameter of 
PMs  
 

 
 
 
 
 
 
 

 

 

Figure 1. Schematic diagram of trapping particulate matter in smoke meter 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(a) Before                                                                     (b) After 
 

Figure 2. Image processing method  
 
 
2.2 Thermo-gravimetric Analysis  
The oxidation kinetics behavior of PMs were investigated by using TGA with isothermal methods, 
sensitivity 0.1 mg, balance mass 0.1% accuracy, 2 °C of temperature error and five different of final 
temperatures are 525, 550, 575, 600 and 625 °C. Nitrogen was used to heat up the sample from 25 °C to 
desired temperature after that the air is introduced to PM oxidation for one hour.   

Smoke Meter 

714



 

Chemical kinetics of carbon black oxidation was studied by using mass conversion behavior from 
TGA. The chemical reaction rate in equation (2) can be calculated from the TGA mass conversion curve 
based on the chemical kinetic in equation (3). The reaction order n is assumed to be 2/3 as shrinking core 
model [10] because PMs is similar spherical shape. 
 

     22 COOPM �o��                                                (2) 
 

mn OPMk
dt
PMd ][][][

2 �                                                (3) 

 
Where PM is mass of particulate matters, t is time, k is the rate constant of chemical reactions, m, 

n are the reaction orders. The rate constant of chemical reactions k is expressed by equation (4).  
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Where A is the frequency factor, Ea is the activation energy, R is the gas constant. The apparent 
activation energy can be calculated by equation (5).  
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3. Results and discussion 

3.1 PMs size distribution and morphology 
 Figure 3 shows carbon black and diesel PMs image from Transmission Electron Microscope (TEM) 
in condition diesel engine is 2,400 rpm and 80% load. The morphology of particulate matter is clearly 
observed that is consisting of many single primary size which aggregations to agglomerate size.  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

                   (a) PMs Nanoparticle                             (b) PMs ultrafine particle 
Figure 3. Particulate matter image from scanning electron microscope (TEM) 
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 When focus on effect size of diesel PMs. The primary single particle and agglomerate size 
distribution of diesel PMs are significantly smaller than carbon black because of carbon fraction inside 
diesel PMs is lower than that of carbon black PMs [10]. That means HC composition and moisture 
content in diesel PMs have more than carbon black which expected that some of unburned HC and 
moisture composition might be oxidized with remain oxygen in high temperature inside the combustion 
resulting the size of diesel PMs is smaller than carbon black. 
 Figure 4 shows average agglomerate size distribution of carbon black and diesel PMs from Scanning 
Electron Microscope (SEM) in various diesel engine condition 20, 40, 60 and 80% of engine load and 
constant of engine speed 2400 rpm. The quantity PMs and agglomerate particle diameter size of diesel 
PMs would be increased when increased engine load due to increasing amount of fuel injection resulting 
in increasing of PMs. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4. Size distribution of diesel PMs by SEM with constant engine speed 2,400 rpm. 
 
 Figure 5. shows the diesel PMs agglomerate size distribution when various condition of engine speed 
1600 rpm, 2000 rpm and 2400 rpm and 20%, 40%, 60% and 80% of engine load which investigated by 
image processing methods. The particle sizes are in the range of 50-750 nm but much amount of particle 
sizes is in the range of 100-300 nm. When increasing engine load the results found that high of the large 
particle size in range 400-750 nm as Due to increasing of engine load that also increase of fuel injection 
quantity into the combustion chamber. While increasing the engine speed showed that not significantly 
different. The single particle average sizes of carbon black and diesel PMs are 52 nm and 35 nm, 
respectively. The agglomerate particle size of carbon black and diesel PMs are average 313 nm and 184 
nm, respectively. 
 
 
 
 
 

20% Load 40% Load 

60% Load 80% Load 
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Figure 5. The agglomerate size distribution of diesel PMs using image processing  
with constant engine speed (a) 1,600 rpm (b) 2,000 rpm(a) 2,400 rpm 

 
3.2 Isothermal PMs Oxidation Kinetics of PMS 
The particulate matter from carbon black and diesel fuel was analyzed by TGA method to investigate 
oxidation behavior of the particulate matter from carbon black (N330) and diesel PMs. The results are 
shown that the mass conversion with pure air in the condition of 550, 575 an d  6 0 0  C , respectively as 
shown in Figure 6. It was clearly observed that diesel PMs were oxidized faster than carbon black. The 
PMs could be oxidized fastest in the condition of 600 C and slowest in the condition of 550 C for both of 

(a) 

(b) 

(c) 
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carbon black and diesel PMs. The graph shown only isothermal stage begins, when the air is introduced 
the mass conversion changes to mass oxidation and the mass percentage reduces with time.  
 Figure 7 shows Arrhenius plots of PMs oxidation rate. PMs oxidation rate were clearly observed that 
the slope of carbon black is higher than diesel PMs. The apparent activation energies of carbon black and 
diesel PMs oxidation with pure air are 137 kJ/mole and 126 kJ/mole, respectively. It was clearly observed 
that apparent activation energy of carbon black oxidation is higher than diesel PMs oxidation. Due to the 
unburned HC and moisture fraction is support diesel PMs oxidized faster than carbon black. 
 

 
(a) Pure air isothermal 550 C 

 
(b) Pure air isothermal 575 C 

 
(c) Pure air isothermal 600 C 

 
Figure 6. Oxidation kinetics of carbon black and diesel PMs using TGA isothermal method 

 

 
 

Figure 7. Arrhenius plots of PMs oxidation with air  
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 4. Conclusion 
In this research, the particulate matter from diesel PMs fuel combustion was investigated for physical and 
chemical characteristic to better understanding and basic information for application the conventional 
DPF which using in the diesel engine. 
      i) The size of particulate matter increases when load increases because amount of fuel injection in 
combustion chamber is higher. That means more of fuel injection which affected to incomplete 
combustion. 
     ii) The particle size of diesel PMs is smaller than the carbon black because of diesel PMs have 
unburned HC and moisture fraction higher than carbon black which support to oxidation with remain 
oxygen in high temperature inside the combustion. The single primary particle size of diesel PMs and 
carbon black are average 35 nm and 52 nm, respectively. The agglomerate size of diesel PMs and carbon 
black are average 184 nm and 313 nm, respectively 
    iii) The diesel PMs would be oxidized at apparent lower activation energy. Due to impact of unburned 
HC and chemical composition. 
     iv) The calculated apparent activation energy of diesel PMs oxidation is lower than carbon black. 
Because of chemical composition of diesel PMs promotes low oxidation activation energy. The apparent 
activation energy of diesel PMs and carbon black are 126 kJ/mole and 137 kJ/mole, respectively. 
However, oxidation rate of PMs not only one is strongly related to apparent activation energy but also 
physical impact of reaction order and frequency factor would be investigated. 
 
Acknowledgements 
This work was financially supported by Thailand Research Fund (TRF), Research and Researcher for 
Industry (RRi) 
 
References 
[1] M.A. Mokhri, N.R. Abdullah, S.A. Abdullah, S. Kasalong, R. Mamat. (2012). Soot Filtration Recent  
Simulation Analysis in Diesel Particulate Filter (DPF), International Symposium on Robotics and Intelligent 
Sensors, pp. 1750-1755. 
[2] Auto Express. Euro 6 emissions standards: what do they mean for you, URL: http://www.autoexpress. 
.co.uk, accessed on 20/08/2015 
[3] C.-H.H. Hsiung, A.J. Pyzik, F. De Carlo, X. Xiao, S.R. Stock, K.T. Faber. (2013). Microstructure and 
mechanical properties of acicular mullite, Journal of the European Ceramic Society, vol. 33, pp. 503–513. 
[4]  R. Atisivan, S. Bose, and A. Bandyopadhyay. (2001). Porous Mullite Preforms via Fused Deposition, J. Am. 
Ceram. Soc., 84 [1] 221–3. 
[5] Subhadip Bodhak, Susmita Bose, and Amit Bandyopadhyay. (2011). Densification Study and Mechanical 
Properties of Microwave-Sintered Mullite and Mullite–Zirconia Composites, J. Am. Ceram. Soc., 94 [1] 32–41. 
[6] Pyzik AJ, Li CG. (2005). New design of a ceramic filter for diesel emission control applications, Int J Appl 
Ceram Technol 2(6) 440–51. 
[7] Jingjie Cao, Xinfa Dong, Lingling Li, Yingchao Dong, Stuart Hampshire. (2014). Recycling of waste fly ash for 
production of porous mullite ceramicmembrane supports with increased porosity, Journal of the European Ceramic 
Society, vol. 34, pp. 3181–3194. 
[8] Hongbin Tan. (2011). Preparation of mullite whiskers from coal fly ash using sodium sulfate flux, International 
Journal of Mineral Processing, vol. 100, pp. 188-189 
[9] Yingchao Dong, Xuyong Feng, Xuefei Feng, Yanwei Ding, Xingqin Liu, Guangyao Meng. (2008). Preparation 
of low-cost mullite ceramics from natural bauxite and industrial waste fly ash, Journal of Alloys and Compounds, 
vol. 460, pp. 599–606 
[10] P. Karin, M. Borhanipour, Y. Songsaengchan, S. Laosuwan, C. Charoenphonphanich, N. Chollacoop and K. 
Hanamura. (2015). Oxidation kinetics of small CI engine’s biodiesel particulate matter, International Journal of 
Automotive Technology, Vol. 16, No. 2, pp. 211 219 
[11] Vincenzo Palma, Paolo Ciambelli, Eugenio Meloni, Agusti Sin. (2015). Catalytic DPF microwave assisted 
active regeneration, Fuel, vol. 140, pp. 50-61. 
[12] Gordon T, Shyam A, Lara-Curzio E. (2010). The Relationship Between Microstructure and Fracture Toughness 
for Fibrous Materials for Diesel Particulate Filters, J Am Ceram Soc., 93 [4] 1120–1126 
[13] Y.M. Park, T.Y. Yang, S.Y. Yoon, R. Stevens, H.C. Park. (2007). Mullite whiskers derived from coal fly ash, 
Materials Science and Engineering A., 454–455 (2007) 518–522 

719



 

[14] Jung J, Park H, Stevens R. Mullite ceramics derived from coal fly ash. Journal of Materials Science Letters, 20, 
2001, 1089 – 1091 
[15] Karin, P., Cui, L., Rubio, P., Tsuruta, T. and Hanamura, K. (2009). Microscopic visualization of PM trapping 
and regeneration in micro-structural pores of a DPF wall. SAE Int. J. Fuels and Lubricants 2, 1, 661 669. 
[16] Maricq, M. M. (2007). Review chemical characterization of particulate emissions from diesel engine: A review. 
J. Aerosol Science, 38, 1079 1118. 
[17] Karin,P. “Microscopic Visualization and Characterizaion of. Particulate Matter Trapping and Oxidation in. 
Diesel Particulate Filters and Membrane Filters”, PhD. Thesis, Tokyo Institute of Technology, Japan.  
[18] Kittelon, D. B. (1998). Engines and nanoparticle: A review. J. Aerosol Science 29, 5-6, 575-588. 
[19] Soylu S. (2014). Examination of PN emissions ad size distributions of a hybrid city bus under real world urban 
driving conditions. Int. J. Automotive Technology 15, 3, 369-376 
 
 
 
 
 
 

720



 
 
 
 
 
 

The Turbo- uel-Cell 1.0  family concept 
Compact Micro Gas Turbine (MGT) – Solid xide uel Cell (S C) energy converters in the 100-
500 k  electrical power range for the future. 

H. P. Berg1,*, A. Himmelberg1, M. ehmann1, R. D ckershoff2, M. Neumann3 
1 Brandenburg University of Technology (BTU), Department of Combustion Engines 
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Mechanical Engineering, Mechatronics and Material Technology, ilhelm-

euschner-Str. 13, 61169 riedberg, Germany 
3 Professor Dr. Berg and Kiessling GmbH, Burger Chaussee 25, 03044 Cottbus, 
Germany 

* Corresponding Author: peter.berg@b-tu.de 

Abstract. The Turbo- uel-Cell-Technology  has been described as a MGT-S C hybrid 
system consisting of a recuperated micro gas turbine (MGT) process with an embedded solid 
oxide fuel cell (S C) subsystem. S C stacks are connected to S C stack grapes  and are 
e uipped with the so called HE AR-Module. This module is composed of a high-temperature 
heat exchanger (HE ), an afterburner (A) and a steam reformer (R). The MGT-concept is 
based on a generator driven directly by the turbomachine and a recuperator, which returns the 
exhaust heat to the pressurized compressor outlet air. This provides the necessary base for a 
highly effective, pure MGT process and the MGT-S C-high-efficiency process . This paper 
describes the concept and the thermodynamic background of a highly effective and compact 
design of the Turbo- uel-Cell 1.0- amily  in the electrical performance class from 100 to 500 
k . The technological state of the system is shown and a rating of the system with 
comparative parameters is discussed. It becomes visible that all necessary basic technologies 
should be available and that the technology (for stationary applications) can have the entry 
into services (E.I.S.)  in the next 10 years. The MGT-S C performance map under different 
operation conditions is discussed. This article also provides an overview of the research on 
MGT-S C-Systems and the scenario of an energy supply network and a mobile energy 
conversion of the future introduction. 
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Phase behavior and important fuel properties of diesel-palm 
fatty acid distillate-anhydrous ethanol blends 

S. Eiadtrong*, T. Leevijit, S. Srewaradachpisal, K. Maliwan, T. Theppaya and       
G. Prateepchaikul 
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Abstract. Phase behavior and important fuel properties of diesel-palm fatty acid distillate 
(PFAD)-anhydrous ethanol blends were studied to prove that if PFAD mainly containing free 
fatty acid (FFA: C15.97H31.87COOH), a cetane like molecule that has 1-polar head and 1-nonpolar 
tail with inherent oxygen, was able to be used as the diesel extender, cetane improver, and the 
emulsifier for diesohol production. First, diesel-PFAD-ethanol blends between 0-100 wt.% of 
each component at every 10 wt.% interval were prepared and kept motionless at room 
temperature for 90 days. It was found that the clear liquid PFAD-diesel and diesel-PFAD-ethanol 
blends with long-term stability was obtained for PFAD 10 and 50 wt.%, respectively. Then, 
important fuel properties of diesel and the blends of interest at (2.5, 5.0, 7.5, and 10 wt.%) PFAD 
and (10, 20, 30, and 40 wt.%) PFAD-(10 and 20 wt.%) ethanol were tested according to standard 
test methods of ASTM. The results revealed that the pour points and viscosities of PFAD-diesel 
blends slightly increased for PFAD 7.5 wt.% and increased greatly at 10 wt.% PFAD. 
Moreover, also found that ethanol really acted as a cold-flow property improver of the blends, 
resulting the pour points and viscosities of diesel-PFAD-ethanol blends slightly increased for 
PFAD 30 wt.%. The cetane numbers of all the blends were high with the highest value at 65.7 
of TB5. Although titrated acid values of the blends were quite high, copper strip corrosion 
properties of all blends and diesel were the same of No.1a. The lubricities of the interest were 
15.5-46.1% better than that of commercial diesel. Other properties of the blends, except at 40 
wt.% PFAD, were comparable with diesel and met the regulations of Thailand standard for high 
speed diesel. However, in conclusion, the FFA in PFAD renders it a high cetane, weakly acidic, 
and good lubricity molecule that can be directly used as a diesel extender, cetane improver, and 
the effective emulsifier for diesohol production while ethanol can effectively improve the cold-
flow properties of the blends for direct used of PFAD as the diesel extender. Moreover, the liquid 
blends tested were also able to be used as the novel diesel substitute. 

1.  Introduction 
Alternative fuels and additives for improving fuel properties from agricultural products such as 
vegetable oils, by-products from the vegetable oil industry and bio-ethanol are currently being 
intensively researched and developed worldwide. These researches help to solve the energy crisis and 
global environmental problems. Especially, carbon dioxide emissions into the atmosphere. In addition 
for agricultural countries like Thailand, these researches also help encouragement the country's 
economy. 
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For research and development to use bio-ethanol as a diesel substitute fuel by blending with diesel 
(diesohol). In America, there is a great progress of research, and development into a trade policy plan 
[1]. Vallinayagam et al. (2015), Jin et al. (2011), Shahir et. al. (2014), Shahir et. al. (2015), and Mofijur 
et. al. (2016) have reviewed the progress and pointed out the great obstacles and possibilities of the 
production and fuel properties of diesohol such as: i) ethanol has limited solubility and blending to diesel 
and when the water is mixed, the phase separation of the blend will intensify; ii) cetane number (CN) of 
ethanol are much lower than diesel so blending 10 vol. % ethanol in diesel decreases CN by 
approximately 30%, and iii) when ethanol was blended in diesel, it affects to viscosity, lubricity, heating 
value and flash point. It is therefore necessary to use an additive and/or co-solvent to improve the 
blending ability and the fuel properties of diesohol [7, 8]. In America, there are many companies that 
develop additives for the production of diesohol [9]. Pure energy corporation (PEC) of New York is the 
first company that develop additive which was blended 2-5 vol. % with anhydrous ethanol. The second, 
AAE Technologies of the United Kingdom, tested the use of 7.7% and 10% ethanol-diesel blends by 
adding 1% and 1.25% AAE additives. And the last, GE Betz develops additives from petroleum 
products, compared to the first two types, which are made from renewable resources. In Germany, Apace 
Research Ltd. reports the success of 84.5% diesel blend with 15% ethanol (5% water) and their additive 
0.5 %.[10, 11]. Currently, research and development of diesohol in Thailand is not very. In 1998, there 
was a joint project between PTT Public Company Limited, Ford Motor Company, and National Metal 
and Materials Technology Center (MTECT) to study the potential of using diesohol as a diesel substitute 
by mixing 10 vol.% ethanol with 89 vol.% diesel and 1 vol.% imported additives (Beraid ED10 from 
Akzo Nobel) [12]. However, because the use of additives and co-solvent from abroad is very expensive, 
thus research and development of additives and co-solvent produced from domestic raw materials is 
very necessary. 

Palm fatty acid distillate (PFAD) is a cheap byproduct from the palm oil industry, which amount of 
5% of raw material. Each year, Thailand has PFAD about 100,000 tons. Generally, PFAD appears a 

soft solid with white-yellow color at room temperature and it becomes a clear liquid with light brown 
color when it is heated up to the temperature of 50 °C. Normally, PFAD is used as raw material in 
animal feed, cosmetics, soap [13, 14], traditional fuels such as candle production and directly used in 
industrial boilers [15]. Tamiyakul et al. (2016) studied the conversion of PFAD to aromatic to use as 
raw material in the petrochemical industry. Syahrullai et al. (2013) studied the mixing of PFAD with 
petroleum oils to use as a lubricant. Shotipruk et al. (2009) studied the transformation of PFAD to 
hydrogen. There are many research studies on the conversion of PFAD to liquid fuels to use as a diesel 
substitute. Most research involves the production of esters of fatty acids (biodiesel) by esterification 
processes at both high pressure and atmospheric pressure [15, 19-23]. However, to date, there has not 
been found that PFAD is used as a substitute for diesel or an emulsifier for diesohol production. Under 
hypothesis; i) the FFA molecular structures of PFAD consist of the both of a polar head (-COOH) 
bonding with ethanol molecules and a non-polar tail (-C15.97H31.87) bonding with diesel molecules and 
ii) PFAD can improve CN and combustion characteristics of diesohol because the FFA molecules of 
PFAD (C15.97H31.87COOH) are similar to cetane (C16H34), PFAD might be used as a diesel extender, a 
cetane improver, and an emulsifier for diesohol production. 

Therefore, this work aimed to demonstrate that PFAD can be directly used as the diesel extender, the 
cetane improver, and the emulsifier for diesohol production. However, there were a number of important 
points that had to be established, especially a stable liquid PFAD-diesel and diesel-PFAD-ethanol blend 
were capable of production and its fuel properties were suitable for use as diesel substitute. Thus, the 
long-term phase behavior and important fuel properties of PFAD-diesel and diesel-PFAD-ethanol blend 
were investigated. 

2.  Materials and methods 
The PFAD used was purchased from Suksomboon Palm Oil, Co., Ltd, Chonburi, Thailand. The 
compositions of PFAD, which were analyzed by thin layer chromatography/flame ionization detector, 
were 93.8 wt.% free fatty acid (FFA), 1.9 wt.% triglyceride (TG), 2.2 wt.% diglyceride (DG), and 2.1 
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wt.% monoglyceride (MG). The commercial grade anhydrous ethanol, which was purity of 99.9%, was 
used in this work. The high speed diesel (HSD) used was purchased from a PTT fuel station in Songkhla, 
Thailand. According to regulations issued in 2015, Commercial HSD in Thailand has to contain 6-7 
vol.% fatty acid methyl esters (FAME).  

To investigate its long-term phase behavior, diesel, PFAD, and ethanol was blended in the desired 
portions (0-100 wt.%) at every 10 wt.% interval. All the samples were prepared in closed cap glass vials 
with the total weight of each sample being 10 g with each component being weighed within a tolerance 
of ±0.05% using a METTLER digital balance model AL204 (resolution of 0.0001 g) and well mixed by 
simple splash blending by handshaking for 1 minute at the temperature of 50±5 °C. Finally, all the 
samples were kept motionless at room temperature which varied daily within a range of 24-36 °C for 90 
days to observe their long-term phase behavior. 

To investigate its fuel properties, For PFAD-diesel blends, for each batch, PFAD and diesel were 
weighed in desire portion in a 2 liter beaker with a total weigh of 1,000 g., heated on a hot plate, and 
agitated using a 6-blade disk turbine (dimeter, 70 mm) driven by an electric motor at 275±25 rpm and a 
temperature of 50±5 °C for 10 minutes, then the PFAD-diesel blend was obtained. For diesel-PFAD-
ethanol blends, the first step, PFAD and ethanol were blended together in desire portion in a 2 liter 
beaker, heated on the hot plate, and agitated using a magnetic bar stirrer at 500 rpm and a temperature 
of 50±5 °C for 5 minutes. In the next step, diesel was added to the beaker in desire portion which the 
total weigh of the each batch of 1,000 g, agitated using the 6-blade disk turbine driven by the electric 
motor at 275±25 rpm for 10 minutes, then the diesel-PFAD-ethanol blend was obtained 

The important fuel properties of the samples of interest were tested for their cetane number and 
lubricity at the PTT Research & Technology Institute, Thailand, according to ASTM D613 and CEC 
F06-A-96 (using a high-frequency reciprocating rig (HFRR) compliant with ASTM D6079), 
respectively. Additionally, the cloud point, pour point, kinematic viscosity, acid value, copper strip 
corrosion, density, heating value, flash point, distillation 90% recovery, carbon residual, and sulfate ash 
content were tested according to ASTM D2500, ASTM D97, ASTM D445, ASTM D664, ASTM D130, 
ASTM D1298, ASTM D240, ASTM D93, ASTM D86, ASTM D189, and ASTM D482, respectively, 
at the Scientific Equipment Center and Chemical Engineering Laboratories, Prince of Songkla 
University, Thailand. The findings from the different blends were then comparatively evaluated with 
the regulated levels of these properties according to Thai standards of HSD, low speed diesel (LSD), 
and community biodiesel for agricultural engine (CBAE). 

3.  Results and discussions 

3.1.  Phase behavior of diesel-PFAD-ethanol blends  
For PFAD-diesel blends, the experimental results for the long-term phase behavior of all the blends at 
the 90 day are shown in Fig. 1a. Most importantly, the results revealed that a stable liquid blend (10 
wt.% PFAD) was able to be produced. Hence, the liquid blends of interest of 2.5, 5, 7.5, and 10 wt.% 
PFAD were then prepared as shown in Fig. 1b for further investigating the effect of PFAD on the 
important properties of the fuel. 

For diesel-PFAD-ethanol, the experimental results for the long-term phase behavior of all the blends 
at 10 and 20 wt.% ethanol at the 90th day are shown in Figure 1c and 1d, respectively. Most essentially, 
the results shown that the ethanol can significantly increase the blending portions of PFAD for a stable 
liquid  blend  production  to  40  and  50 wt.% for 10 and 20 wt.% ethanol,  respectively  meanwhile  the 
PFAD can effectively improve the blending ability between diesel and ethanol. Therefore, the liquid 
blends of 10, 20, 30, and 40 wt.% PFAD at 10 and 20 wt.% ethanol were further investigated the effect 
of PFAD and ethanol on the important fuel properties. 

3.2.  Important fuel properties of the blends of interest 
3.2.1 Effect of PFAD and ethanol on cloud point and pour point 
Cloud point and pour point, which indicate the temperature at which a liquid fuel becomes a cloudy fuel 
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(a) 0 – 100 wt.% PFAD  (b) 0 – 10 wt.% PFAD 

 

(c) 0 – 90 wt.% PFAD at 10 wt.% ethanol  (d) 0 – 80 wt.% PFAD at 20 wt.% ethanol 
Figure 1. Long-term phase behavior at room temperature of the blends.  

and the fuel cannot be poured respectively, are important cold flow properties of diesel fuel. Figure 2a 
shows the results of cloud point and pour point of PFAD-diesel blends. It can be seen that at the blending 
portions of PFAD were less than or equal to 7.5 wt.%, the cloud points of the blends were also equal to 
diesel while the pour point of the blends only slightly increased from diesel. However, when PFAD was 
blended at 10 wt.%, the cloud and pour points suddenly increased. Figure 2b shows the results of cloud 
point and pour point of diesel-PFAD-ethanol blends at the blending portions of ethanol of 10 and 20 
wt.%. Most importantly, ethanol can effectively improve the cold flow properties of the blends. It can 
be seen that PFAD can be blended up to 20 wt.%, the cloud points of the blends and diesel were also 
the same while the pour point of the blends only slightly increased from diesel. When PFAD was blended 
at 30 wt.%, the both of cloud point and pour point were slightly higher than that of diesel. And then 
PFAD was blended at 40 wt.%, the cloud point and pour points suddenly increased. In summary, the 
cold flow properties of the PFAD-diesel and diesel-PFAD-10 and 20 wt.% ethanol blends up to 7.5 and 
30 wt.% PFAD, respectively met the regulated levels of all the relevant Thai standards. The pour point 
of TB10, TB541, and TB442 also met the standards for LSD and CBAE and was only slightly higher 
than the regulated level for HSD. Thus, this blend is also suitable for use as a diesel substitute for LSD, 
CBAE, and even HSD, especially in a warm climate. 

 

Figure 2. Effect of PFAD and ethanol on cloud point and pour point : (a) PFAD-diesel;  (b) diesel-
PFAD-ethanol. 
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Figure 3. Effect of PFAD and ethanol on kinematic viscosity : (a) PFAD-diesel; (b) diesel-PFAD-
ethanol. 

3.2.2 Effect of PFAD and ethanol on kinematic viscosity 
The kinematic viscosity is an important flow property of diesel fuel which significantly affects fuel 
injection and atomization, consecutive combustion behavior, and also engine performance and emission 
Figure 3a shows the results of kinematic viscosity at 40 ºC of PFAD-diesel blends. The result illustrated 
that the kinematic viscosity slightly increased at the portion of PFAD 7.5 wt.% and suddenly increased 
for the blended with PFAD 10 wt.%. For the results of kinematic viscosity at 40 ºC of diesel-PFAD-
ethanol blends are shown in Figure 3b. Ethanol has the kinematic viscosity at 40 ºC of 1.08 mm2/s which 
was 66% lower than diesel. Therefore, the use of ethanol as a blended fuel will reduce the viscosity of 
the blends significantly. It can be seen that at 10 wt.% PFAD when blended with 10 wt.% ethanol, the 
kinematic viscosity of the blend decreased from 4.13 mm2/s (10 wt.% PFAD-diesel) to 3.36 mm2/s 
which is only 4.7% higher than diesel (from 30%) and increased in portion to PFAD with 71 % higher 
than the diesel at 40 wt.% PFAD. And when the blending portion of ethanol was increased to 20 wt.%. 
It can be seen that the blends of PFAD 20 wt.% had kinematic viscosity slightly lower than diesel (-
12.3 to -1.3%), as a result of low viscosity of ethanol and then the blending portion of PFAD was 
increased to 30 and 40 wt.%, the kinematic viscosity of the blends was increased and higher than diesel 
of 11.3 and 27%, respectively. However, in summary, although the kinematic viscosities of all the 
PFAD-diesel blends were slightly higher than that of diesel, they completely met all the relevant Thai 
standards, except the 10 wt.% PFAD blend for which the viscosity was slightly higher than the regulated 
level of HSD. In addition, the use of ethanol as the blended fuel can effectively improve the viscosity of 
the blends while PFAD can improve the viscosity of the blends to not too low. The results reveal that 
for the blends of 10 wt.% ethanol and PFAD 20 wt.%, they completely met all the relevant Thai 
standards. When PFAD was blended at 30 and 40 wt.%, the kinematic viscosities of the blends only met 
the standards for LSD and CBAE. And the kinematic viscosities of all of the blends of 20 wt.% ethanol 
completely met all the relevant Thai standards. 

3.2.3 Effect of PFAD on cetane number 
Cetane number is defined as the ease which diesel fuel ignites. Operating diesel engines with fuel with 
an inadequate cetane number results in poor starting characteristics and significantly higher levels of 
noise, fuel consumption, and exhaust emissions. Thus, in general, a high cetane number is a desirable 
feature of diesel fuel. [24]. The results for cetane number of all the samples are shown in Fig. 4.  

Figure 4a shows the results of CN of the PFAD-diesel blends. It can be seen that CN of all of the 
blends were much higher than that the regulated levels of all the relevant Thai standards. The CN of the 
commercial  diesel  was  as  high as  65.3  because  it  also  contained  the  high  cetane number  molecule, 
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Figure 4. Effect of PFAD and ethanol on cetane number : (a) PFAD-diesel; (b) diesel-PFAD-
ethanol. 

FAME at 6-7 vol.%. This result agrees well with the tested cetane number of petroleum diesel with 5 
vol.% added FAME [25]. In addition, Figure 4a also show that at the blending portion for PFAD 5 
wt.%, the CN of the blends was slightly increased. Although the CN of these blends did not increase 
significantly, these results also illustrated that FFA molecules of PFAD which are similar to cetane are 
actually the molecule with a high CN as earlier hypothesized. When blending portions of PFAD were 
increased up to 7.5 and 10 wt.%, the CN of these blends slightly decreased. This is a result of increased 
viscosity which effects fuel injection and atomization, and combustion behavior. The results of effect of 
ethanol on CN was shown in figure 4b. The results revealed that ethanol had a great effect on CN because 
it is quite low CN about 5-6. It also can be seen that at the blending portion of PFAD was 10 wt.%, when 
ethanol was blended at 10 and 20 wt.%, CN of these blends was decreased about 9.4 and 21.7 % 
respectively. When PFAD was blended at 40 wt.%, CN of the blends slightly decreased. However, in 
summary, although the CN of all the diesel-PFAD-10 and 20 wt.% ethanol blends was very lower than 
that of diesel (-14.4 and -26.0% respectively), they also completely met all the relevant Thai standards, 
except the 40 wt.% PFAD and 20 wt.% ethanol blend for which the CN was slightly lower than the 
regulated level of HSD. 

3.2.4 Effect of PFAD and ethanol on acid value, copper strip corrosion, and lubricity 
PFAD and ethanol contain molecular structures of carboxyl group (-COOH) and hydroxyl group (-OH), 
respectively, which were acidic molecule. Thus, when these were used as a fuel, it might affect the high 
corrosive wear in the fuel system and engine parts. The titrated acid value results of diesel, PFAD, and 
ethanol were 0.05, 230.8, and 0.2, respectively. Figure 5a and 5b show the results of the acid values of 
PFAD-diesel blends and diesel-PFAD-ethanol, respectively. It can be seen that the acid values of the 
blends increased linearly with the portion of PFAD while diesel and ethanol did not significantly affect 
the acid value of the blends. However, the copper strip corrosion results of all the blends and diesel were 
the same of No. 1a which met the regulated levels of all the relevant Thai standards. This meant that the 
molecular structures of PFAD and ethanol were only weak acid and did not affect the high corrosive 
wear. In a previous study, similar results were reported of a blend of degummed mixed crude palm oil 
with diesel, with high acid values [26, 27]. 

In addition to corrosive were, friction wear of the some moving parts, such as fuel pumps and fuel 
injectors, due to the poor lubricity of the fuel was another important point that had been studied. The 
lubrication mechanism is a combination of hydrodynamic lubrication and boundary lubrication. In 
hydrodynamic lubrication, a layer of liquid prevents contact between the opposing surfaces. Fuels with 
higher viscosities will provide better  hydrodynamic  lubrication. Boundary lubrication are  compounds 
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Figure 5. Effect of PFAD and ethanol on acid value : (a) PFAD-diesel; (b) diesel-PFAD-ethanol. 

that form a protective anti-wear layer by adhering to the solid surfaces [24]. 
The tested wear scars for commercial diesel, TB10, TB541, and TB442 were 206, 174, 111, and 130 

µm, respectively, which met the regulated levels of all the relevant Thai standards. The wear scars of 
TB10, TB514, and TB424 were lower than that of diesel of 15.5, 46.1, and 36.9%, respectively with 
kinematic viscosities at 40 °C of 4.13, 5.44, and 4.04, respectively. When comparing commercial diesel 
with the 10 wt.% PFAD blend (TB10), the results revealed that the TB10 had better lubricity than that 
of diesel as a result of higher viscosity. It can be concluded that PFAD can improve the hydrodynamic 
lubrication but still cannot clearly identified that PFAD can improve the boundary lubrication. However, 
when ethanol was blended, the viscosities of the blends were reduced, resulting in lower hydrodynamic 
lubrication. However, it can be seen that the TB442 with lowest viscosity has the best lubricity while 
the TB10 with higher viscosity should have the better lubricity than the TB442. Therefore, this can 
clearly identify that PFAD can improve the boundary lubrication of the blends effectively. 

3.2.5 Effect of PFAD and ethanol on other properties 
The effects of PFAD and ethanol on other important fuel properties including density, heating value, 
flash point, distillation 90% recovery, carbon residual, and sulfate ash are shown in Table 1.  

The density of fuel does not directly affect the fuel’s combustion efficiency, but is directly related to 
the mass and thermal energy of the fuel injected into the combustion chamber. The density of PFAD 
was slightly higher than that of diesel about 7% while ethanol had about 5% less density than that of 
diesel. Thus, the densities of the blends was increased when PFAD was blended, and was decreased 
when ethanol was blended. The density of all the blends ranged from 833 to 847 g/l which were 
acceptable according to all the relevant Thai standards. 

The heating value is not regulated in all Thai standard. This property was directly related to the 
energy supply of fuel. The measured heating values of diesel, PFAD, and ethanol were 44.90, 39.17, 
and 22.78 MJ/kg, respectively. Since the heating value of PFAD and ethanol were lower than that of 
diesel (-12.8 and -49.3% respectively), thus heating value of all the blends were lower than that of diesel. 
However, the results illustrated that the heating values of all the blends were slightly lower than that of 
diesel only and ranged from 38.18 to 44.76 MJ/kg which were 0.3-15.0% lower than that of diesel. 

The flash point is the minimum temperature that causes enough vapour to burn, and it will burn 
immediately when exposed to flame. In practice, the flash point is important in the fire hazard of 
transportation, storage, and use of fuel, but not directly related to the combustion and engine 
performance. The measured flash points of PFAD-diesel blends were slightly higher than that of diesel. 
Therefore, there blends completely met all the relevant Thai standards. For the diesel-PFAD-ethanol 
blend, the flash point of the blends was not studied in this work. However, from previous literature study 
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Table 1. Effect of PFAD and ethanol on other fuel properties. 
Sample Diesel 

(wt.%) 
PFAD 
(wt.%) 

Ethanol 
(wt.%) 

Density 
at 15ºC 
(g/l) 

Higher 
heating 
value 
(MJ/kg) 

Flash 
point 
(°C) 

Distillation 
90% 
recovery 
(°C) 

Carbon 
residual 
(wt.%) 

Sulfate 
ash 
(wt.%) 

TB2.5 97.5 2.5 - 833 44.76 70 336 0.02 0.005 
TB5.0 95 5 - 835 44.61 72 336 0.01 0.005 
TB7.5 92.5 7.5 - 837 44.47 73 337 0.005 0.005 
TB10 90 10 - 838 44.32 74 337 0.005 0.005 
TB811 80 10 10 832 42.10 - - 0.026 0.005 
TB721 70 20 10 840 41.50 - - - - 
TB631 60 30 10 846 41.00 - - - - 
TB541 50 40 10 851 40.39 - - 0.008 0.005 
TB712 70 10 20 829 39.90 - - 0.011 0.005 
TB622 60 20 20 835 39.33 - - - - 
TB532 50 30 20 842 38.76 - - - - 
TB442 40 40 20 847 38.18 - - 0.005 0.005 
- 100 - - 831 44.90 68 336 0.05 0.005 
- - 100 - 807a 39.17 - - - - 
- - - 100 788 22.78 13b - - - 

adensity at 50 ºC 
bKwanchareon et al., 2007 

, it was found that the flash point of the blended fuel was close to the flash point of the alcohol used in 
the blending [28]. Thus, the flash points of these blends were similar to that of the flash point of ethanol. 
That means that these blends had the flash points that did not meet of all the relevant Thai standard.  

The distillation 90% recovery value is the temperature at which the fuel was distillated at 90 vol.%. 
It indicated the presence of long molecules that resulted in the incomplete combustion and black smoke. 
The distillation 90% recovery results of PFAD-diesel were slightly higher than that of diesel and met 
the Thai standard. The distillation 90% recovery of diesel-PFAD-ethanol blends was not studied in this 
work because ethanol has low boiling point about 80°C so it was not significantly affect the distillation 
90% recovery of the blends.  

The carbon residual the sulfate ash is the fuel property that indicates the amount of carbon deposited 
on engine parts and the sulfate ash indicates the amount of impurities contained in a fuel that cannot be 
burned. This will affect the wear and plug of the engine parts for long-term use. The results revealed 
that the carbon residual significantly decreased as the blending portion of PFAD increased. While the 
sulfate ash of all the blends were similar to diesel. In summary, these properties of all blends met the 
regulated levels of all the relevant Thai standards. 

4. Conclusions 
For investigating of the long-term Phase behavior (90 days). It was concluded that the clear liquid 
PFAD-diesel blend with long-term stability was obtained for PFAD 10 wt.%. and ethanol was able to 
act as an effective solvent to improve phase behavior of PFAD while PFAD was able to act as the 
effective emulsifier for diesel-ethanol blend, in which the clear liquid blends with long-term stability 
were obtained for blending PFAD up to 40 and 50 wt.%. at 10 and 20 wt.% ethanol, respectively. 

For studying of the important fuel property of interesting. It was concluded that the pour points and 
viscosities of PFAD-diesel blends slightly increased for PFAD 7.5 wt.% and increased greatly at 10 
wt.% PFAD. Moreover, also summarized that ethanol really acted as a cold-flow property improver of 
the blends, resulting the pour points and viscosities of diesel-PFAD-ethanol blends slightly increased 
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for PFAD 30 wt.%. The cetane numbers of all the blends were high with the highest value at 65.7 of 
TB5. Although titrated acid values of the blends were quite high, copper strip corrosion properties of all 
blends and diesel were the same of No.1a. Thus, FFA and ethanol were weak acidic molecules that did 
not cause an excessive corrosion. The lubricities of TB10, TB541, and TB442 were 174, 111, and 130 
µm, respectively which were 15.5-46.1% better than that of commercial diesel. Other properties of 
PFAD-diesel blends, TB811, TB721, TB631, TB712, TB622, and TB532 were comparable with diesel 
and met the regulations of Thailand standard for high speed diesel. When higher portion of PFAD was 
blended to be TB541 and TB442; cloud point, pour point, and kinematic viscosity increased while other 
properties were acceptable.  

However, in conclusion, the FFA in PFAD renders it a high cetane, weakly acidic, and good lubricity 
molecule that can be directly used as a diesel extender, cetane improver, and the effective emulsifier for 
diesohol production while ethanol can effectively improve the cold-flow properties of the blends for 
direct used of PFAD as the diesel extender. Moreover, the liquid blends tested were also able to be used 
as the novel diesel substitute. 
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Abstract. The sugar cane is one of the major agricultural plants in Thailand. Each year,                            
22 million tons of sugarcane leaves are left over in the field or burnt before harvesting. This 
causes environmental problems such as particle dust, smoke, smell, and global warming from 
the CO2.It would be a great benefit if the sugar cane leaf can be utilized as an energy resource. 
The main purpose of this study is to investigate the effect of cosolvent on the yield of bio-oil 
from sugar cane leaf. The experiments carried out in a high-pressure autoclave batch reactor 
sized of 100 mL with a different volume ratio of ethanol to water (0:1, 1:10, 1:5, 1:2.5, and 1:1).  
5 g of sugar cane leaves 5 g, 45 g of solvent and 0.5 g of Na2CO3 as a catalyst were loaded into 
the reactor. Reacting temperatures are in the ranges of 250˚C – 350˚C for the reaction time 60 
minutes. The maximum yield of 34.8 % is obtained from 1:5 ethanol to water ratio, temperature 
300˚C. Finally, the maximum conversion is 89.36 % which is obtained from 1:.5 ethanol to water 
ratio and temperature of 350˚C reacting condition. 

1.  Introduction 
The increase in global energy demand impels to find renewable sources.The thermochemical conversion 
process (TCC) is processed to convert solid biomass into the liquid and gaseous product. Moreover, 
TCC has been widely researching for more many years ago [1]. Nevertheless, due to low petroleum 
price, TCC was still deserted. The significant technologies of TCC are direct combustion, pyrolysis, 
gasification, hydrothermal liquefaction, and hydrothermal gasification. Gasification is processed for 
converting solid biomass into synthesis gas, mainly hydrogen, carbon dioxide, carbon monoxide, and 
methane [2]. Moreover, a product of both pyrolysis and hydrothermal liquefaction is bio-oil. However, 
a major problem of pyrolysis is needed dry feedstock before entering to process [3] and high oxygen 
content product [4]. In addition, typically pyrolysis temperature is rather high up to 350 °C – 700 °C 
[5]. 

Hydrothermal liquefaction (HTL) is a process to convert solid biomass into bio-oil, by dissolved 
organics compound in a subcritical solvent. Furthermore, HTL gives many advantages over another 
thermochemical process and have been widely investigating for crude bio-oil synthesis [6].This process 
does not require drying process for remove water from the feedstock [7, 8].The drying process takes an 
extension of energy and time that lead process had low efficiency.Moreover, HTL process used 
pressurized water as a solvent so let this process become an environmentally friendly process [9]. In 
recent years, there has been an increasing amount of literature on HTL with various types of feedstock 
[10]. Several high water content feedstock can be converted to bio-oil by HTL process [11-14].  

Sugar canes (Saccharum) was planted about 1,884 million tons per year worldwide. Therefore sugar 
cane leaves about 263.76 million tons (14% of the sugar cane crop) were burned or abandoned [15]. As 
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a result, burning of trash in the pre-harvest process is producing CO2 about 2,600 - 4,500 kg/ha 
[16].There has a few study on sugarcane leaf pyrolysis, Josilaine A. C. et al.[17] reported a maximum 
yield of sugar cane pyrolysis is 63.2 % at pyrolysis temperature 900 °C, with a heating rate 15 °C/minute. 
Furthermore, K. Duanguppama and A. Pattiya [18] had been investigating properties of bio-oil and 
biochar from sugar cane leave fast pyrolysis, at temperature 550°C with a feed rate of 150 g/h; the result 
showed bio-oil yield is 53.34 % with a higher heating value of 15.77±1 MJ/kg. 

A recent review of this topic found that the hydrothermal synthesis was studied wildly with many 
feedstocks. The composition and yield depend on the type of feedstock and process condition. Previous 
work has only focused on their local material [19-24], and some aquatic biomass [25-31] and a major 
difficulty of hydrothermal is high pressure and high temperature to reach a critical point of water. In 
order to reduce temperature and pressure of hydrothermal process, should use co-solvent include water 
blend with a liquid that has lower critical point such as methanol or ethanol [26, 32]. No previous study 
has investigated hydrothermal liquefaction of sugarcane leaves. Hence, this study is the first attempt to 
investigate the HTL with sugarcane leaf. This paper will focus on the effect of reaction temperature and 
ethanol/water ratio on bio-oil yield and conversion. 
 
2. Material and methods 
2.1 Feedstock  
Fresh sugar cane leaves were obtained from a farm in Ubon Ratchathani province, Thailand. Before the 
experimental, sugarcane leave was died at 105 C for 48 hr.Then, it is grounded in a rotary mill with a 
screen size of 0.25 mm. (60 mesh). The feedstock samples were analyzed according to ASTM D7582, 
ASTM D5373, ASTM D4239, and ASTM D5865 standard. The compositions and properties of 
feedstock are shown in Table 1 and Table 2 respectively. 
 

Table 1 The elementary composition of sugarcane leaves 
 

Composition Amount (%) 
Hydrogen 6.26 
Carbon 44.45 
Nitrogen 0.69 
Oxygen 44.9 
Sulphur 0.16 

 
Table 2 Properties of sugarcane leaves 
 

Analysis Value Unit 
Moisture 6.26 % 
Volatile matter 74.65 % 
Fixed carbon 16.20 % 
Ash 3.54 % 
High heating value 4,130 kcal/kg 

Note: Tested by Thailand Institute of Scientific and Technological Research  
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2.2 Experimental apparatus 
HTL process was carried out with 100 mL reactor with 25 mm. internal diameter.The reactor supplied 
by Zhengzhou CY Scientific Instrument CO., Ltd. The 3.0 kW electric heater was employed to heat the 
reactor by automatics controller.Operating pressure has detected by the pressure sensor for monitoring 
and noticing for the overpressure releasing. The arrangement of equipment as shown in Figure 1.  

 
Figure 1 Hydrothermal reactor 100 mL and a temperature and a pressure controller. 

 
2.3 HTL and separation procedures 
The experiments were performed with mixed 5 g of sugarcane leaf with solvent 45 g ( deionized water 
+  ethanol) . The ratios of ethanol to water were varied at 1: 10, 1: 5, 1: 2. 5, and 1: 1 compared with the 
absence of ethanol. Firstly, reactants (solvent + biomass+ Na2CO3 10% w/w) were loaded to the non-
stirred batch Ni- alloy reactor with 100 mL volume capacity.  Secondly, the reactor was closed and 
tightening a bolt on the top. Next, Nitrogen gas was used for release the air by a purge for 5 minutes and 
give initial pressure to 1. 0 MPa.  Then, the controller has settled the reaction temperature at 250 °C, 
300°C, and 350 °C.  Moreover, the heating rate of all experiments were set at 10°C/minute.  Thus, the 
pressure during the reaction is autogenous which is in the range of 6.0-10 MPa. 

After reaching the reaction time 60 minute, the reactor will be cooled down rapidly by quenching 
in the water basin to ambient temperature. After that, the gaseous products were vented without further 
analysis.Then, the liquid and solid portion were removed from the reactor and separated by filter paper. 
Subsequently, the reactor was washed with dichloromethane 100 mL; this procedure was repeated three 
times.After that residue and liquid products were separated by filtration, the remaining solid from filter 
paper named solid residue (SR). Then, water product was separated from di-chloromethane soluble by 
a separatory funnel.  Finally, the residue is dried at 105 °C for 48 hours.  The dichloromethane was 
removed from bio-oil by rotary evaporator and weighed all product for yield calculation. The separation 
procedures are showed in Figure 2, and the conversion and yield will be calculated by Equation 1 –  2 
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Figure 2 HTL separation procedure diagram. 
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 Where; 

Conversion  is a conversion percentage of solid fuel to liquid and gaseous product (%) 
oilYield  is a yield of bio-oil (wt %) 

BW   is a weight of biomass feedstock (g)  

oilW  is a weight of bio-oil (g)  

SRW  is a weight of solid residue (g)  
 

3.  Results and discussions 
 
3.1 Effect of reaction temperature 
Experiments were carried out at three reaction temperatures which are 250 °C, 300 °C, and 350 °C. The 
reaction time was controlled for 60 minutes in each run. Figure 3 illustrates a yield of crude bio-oil in 
case of using ethanol-water mixture in the range of 0:1 to 1:1 with different reaction temperature.We 
can see from data that, the bio-oil yield significantly increased when temperature rise from 250 °C to 
300 °C, and then dropped slightly when raising temperature to 350 °C, bio-oil yield trend was observed 
and found similar to that in previous studies [33-35]. By contrast, for the E/W ratio1:5 and 1:2.5 the 
yield rise steadily. A possible explanation for this might be that bio-oil was cracking to gas when 
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reaching a reaction temperature 350 °C. However, the result of the bio-oil yield of E/W ratio 1:5 and 
1:2.5 had a different trend. The maximum bio-oil yield is 34.8 % obtained from E/W ration 1:5 at 
temperature 300 °C, these results match those observed in earlier algae hydrothermal study [36]. In 
Figure 4 there is a clear trend of increasing of conversion relates to rising of reaction temperature in all 
E/W ratio. The maximum conversion is 89.36 % obtained from E/W ration 1:2.5 at temperature 350 °C. 
Moreover, the minimum conversion was founded from E/W ration 1:1 at temperature 250 °C.  

Temperature (degree C)

240 260 280 300 320 340 360

B
io

 o
il 

yi
el

d 
(%

)

0

10

20

30

40

50
E/W rat io 0:1
E/W rat io 1:10
E/W rat io 1:5
E/W rat io 1:2.5
E/W rat io 1:1

 
Figure 3 Yield of crude bio-oil with different ethanol/water (E/W) ratio of various reaction 

temperatures. 
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Figure 4 Conversion of sugarcane leaf with different ethanol/water (E/W) ratio of various reaction 

temperature. 
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3.2 Effect of ethanol/water ratio 

Figure 5 – Figure 7 illustrates bio-oil yield and conversion relate to various E/W ratio at reaction 
temperature 250 °C, 300 °C, and 350 °C respectively. 

Figure 5 shows the relation of bio-oil yield with different E/W ratio at the reaction temperature            
250 °C. It can observe that bio-oil yield increased significantly when increasing E/W ratio from 0:1 to 
1:5, then the bio-oil yield fell slightly. Also, the maximum bio-oil yield at temperature 250 °C is 17.4 
% acquired from E/W ratio 1:5. 
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Figure 5 Effect of ethanol /water ratio (w/w) to oil yield and conversion at temperature 250 °C  
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Figure 6 Effect of ethanol /water ratio (w/w) to oil yield and conversion at temperature 300 °C  
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Figure 7 Effect of ethanol /water ratio (w/w) to oil yield and conversion at temperature 350 °C  
 
Figure 6 depicts the relation of bio-oil yield and conversion relate to different E/W ratio at the 

reaction temperature 300 °C. We can see from the data that bio-oil yield rise slightly from 22.8% to 
34.8%, when E/W increase from 0:1 to 1:5. In contrast, the conversion increase steadily then dropped 
continuously to 70.36%. Moreover, Figure 7 depicts the result of bio-oil yield and conversion at the 
reaction temperature 350°C. The result shows that bio-oil increase steadily over E/W ratio 0:1 to 1:2.5 
then decrease to 25.4% with E/W ratio 1:1. Moreover, the conversion trend downward and upward, the 
maximum conversion is 89.36% gained from E/W 1:1.25. From overall these results indicated that 
quantity of ethanol affected with conversion decreasing. In contrast, bio yield significantly increases 
when rising E/W ratio from 0:1 to 1:5 and then slightly reduce in case of reaction temperature 250°C 
and °C. Furthermore, in case of reaction temperature 350°C similar trend is founded, but the maximum 
bio-oil yield is obtained from E/W ratio 1:2.5. 

 

4.  Concluding Remarks  
The present study was designed to investigate the effect of E/W ratio, and reaction temperature on 
conversion and bio-oil yield from the HTL of sugarcane leaf with the Na2CO3 catalyst. This is the first 
study that sugar cane leaf has been the used as feedstock in HTL. The result of this investigation shows 
that co-solvent (Ethanol + Di water) can enhance bio-oil yield at the same operating conditions compare 
with Di water.However, the low conversion occurred with increasing E/W ratio, especially at a 
temperature of 250°C. It should be concluded that the sugar leave is feasible to use as raw material for 
HTL process to produce renewable bio-oil. However, some important parameters should be considered 
in the further study. Firstly, the effect of the reaction time should be varied while it was fixed at only 60 
minutes in this study. Second, the effect of types of catalysts should be investigated as well.  
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Abstract. Investigation on 300 kW biomass burning rate on pre-chamber type of pulverized 
biomass burner has been presented in this paper. Two modification techniques known as bluff 
body and swirler (second swirl plate) were applied to enhance burning rate of 1 mm of biomass 
particles. Firstly, bluff body unit with horseshoes-liked in shape was located at the outlet port 
feeding fuel-primary air mixture and creating turbulent flow path. Secondly, in addition to 
already existing 1st-staged swirler, the second swirl plate, was then applied and expected to 
create more swirling flow of the secondary air. By comparing between experimental and 
simulation schemes, it was found that the simulation gave higher degree of combustion than 
suggested by experiment. The technology on second swirl plate could work out on simulation 
but experiment as it led to unstable flame. On the other hand, better result was found in case of 
bluff body. It could generate sufficient turbulent flow thus enabling stable combustion within a 
pre-chamber resulting in high burning temperature, high emission of volatile and also high 
consumption rate of O2. On pollutant aspect, CO and NOx were found lower and higher, 
respectively, on the unit with bluff body comparing to its counterpart. 

1.  Introduction 
Combustion of pulverized biomass fuel using an in-house designed industrial burner has been 
investigated at KMITL for recent years. This paper presents the recent development which was in 
continuation with the previous work [1].  In his study, the inlet guide vane was successfully adopted as 
a swirl generator for combustion of relatively finer particle.  However, it was required that the specific 
energy consumption was to be reduced during the fuel preparation process, resulting in courser size 
distribution of the particle.  The aim of this work was to investigate the effect of modifications done on 
the geometry at the inlet of the burner when firing the particle with this relatively larger size distribution.  

Increment of swirl number of a secondary air has been one of the widely-adopted technique when 
adjustment of the burner is required in order to enhance the strength of the internal recirculation flow at 
the near burner region [2-5]. This technique could slow down the incoming particle to a greater degree 
by increasing a reverse drag force and also bringing hot product from downstream closer to the burner 
tip for continuous ignition.  Despite of its ease of use, such modification was prone to high secondary 
air pressure build-up and, at certain circumstance, led to local flame extinction due to excessive shearing 
strain between the hot gas and the incoming air [6]. Alternatively, application of a bluff body is generally 
seen in many industrial burners, the technique is also named as an adjustable inlet port or annular port 
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[7-8] where the central bluff body or “spool” can be inserted inside the central inlet port. The primary 
air and fuel are fed into the combustion chamber with adjustable annular inlet area, according to the 
position of the bluff body. By doing so the annular gap can be adjusted in response to different firing 
rate. The area next to bluff body, generally called the wake region, is the location of the relatively slower 
flow. The flame could be stabilized in this region. 
 
The effect on combustion performance from two major tasks of modifications were investigated. One 
was on placement of additional secondary air swirler locating next to the inlet guide vane, and the other 
was on placement of a horseshoe-liked bluff body at the burner tip of the primary air inlet. 

Furnace

Pre-chamber

Tertiary air
Secondary air

Primary air Wind 
box Swirl box or 

first-stage 
swirl plate  

(a) 
 
2888.7 mm

1000 mm

1215 mm

396 mm

460 mm
 

(b) 
 

Figure. 1 (a) Biomass burner with pre-chamber and (b) its cross section 
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2.  Methodology and Apparatus 
 
2.1 Burner 

Without additional modification, the burner (combustor) has been designed having 2 main parts, Pre-
chamber and Furnace. Unlike other pulverized burners, the pre-chamber was constructed aiming to 
create recirculation itself which results in stabilization of flame. On the first-stage of pre-chamber, there 
is a swirl box having 100o of angle to the normal plane. There are 3 inlet ports of air as illustrated in 
Figure 1. Primary air is produced to carry the biomass particle moving into the combustion zone. The 
secondary air is fed through the swirl plate to promote swirl flow and enhance resident time, while the 
tertiary one is not only served as an air jacket of pre-chamber but also an oxidizer for second stage of 
combustion. 

 As mentioned earlier, the 2 modification tasks have been made for a comparison on combustion 
performance, second-swirl plate and Bluff body. They were expected to provide larger recirculation 
area. The second swirl plate was located beyond swirl box at the exit port of secondary air towards 
combustion zone. It has 6 guide vanes with 60o of angle correlated with 1.16 of swirl number considering 
to be in intensive range of swirl flow. Alternatively, the bluff body was located at primary exit port 
which carried both primary air and biomass particles. It is horseshoe-like in shape with 0.42 of blockage 
ratio. 

 

Figure 2. location of a.) second-swirl plate and b.) Bluff body 

2.2 Condition 

Both experiment and simulation were conducted under the same condition for an in-depth investigation 
on interaction mechanism. The burner was operated at 300 kW of fuel flow rate with 15% excess air. 
The portion of air was selected ensuring the greatest combustion performance, as indicated in Table 1. 
Wood pellet made from rubber wood was grinded with 1mm of sieve diameter giving the size 
distribution of particle as seen in Table 2. Moreover, the study cases are provided in Table 3. 

Table 1. Condition for Experiment and Simulation 
  

Parameters value 
Fuel flow rate, kg/s 0.0186 

Primary air, kg/s 0.017 (15% of total air) 
Secondary air, kg/s 0.075 (50% of total air) 
Tertiary air, kg/s 0.023 (25% of total air) 
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Table 2 Size distribution on biomass particle obtained from 1mm of sieve diameter 
  

Particle size (s), mP  % by mass 

425 1000sd d   35.8 

355 425sd �   9.4 

300 355sd �   9.8 

180 300sd �  18.4 

150 180sd �   9.4 

75 150sd �   8.1 

75s �   9.2 
 

Table 3 Comparison cases 
Case Details 
Case I Without modification 
Case II With Bluff body 
Case III With Second swirl plate  

Case IV With both Second swirl plate and Bluff 
body 

 
2.3 Experiment set-up 

 
Figure 3 Measurement and location 

To assess the combustion performance, temperature distribution, flame image and flue gas compositions 
were brought into consideration. Thermocouple type K had been installed along centerline of 
combustion chamber and collected the data with data logger (accuracy of thermocouple is 1 Cr q ). On 
the last section of chamber, CO and NOx emission was collected by flue gas analyzer (accuracy of 

5ppmr  and 4ppmr , respectively).  
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 Experiment started with preparation process where fuel had to be grinded with 1mm of sieve size 
diameter before transferring into combustion chamber with primary air. The pilot burner using LPG was 
turned on to raise the temperature approaching ignition level of biomass. When high level of temperature 
was attained, operators would turn off LPG flow rate and let the burner making continuous ignition by 
itself. The aforementioned data would be collected when combustion turned into steady state at 300 kW 
of heat input.  

2.4 Simulation set-up 

The 3D simulation was made on ANSYS Fluent 12.0 software to investigate the mechanism in the 
combustion chamber by solving the discretized equations governing fluid flow, solid particle motions, 
heat and mass transfer in combustion chamber. For the mathematical model, the details are in Table 4. 
Discussion on models adopted in this work has already been given elsewhere [3], [6]. 

Table 4 Simulation model 
Model Details 
Turbulent Standard k H�   
Radiative heat transfer Discrete Ordinates (DO) 
Absorption coefficient WSGGM 
Combustion on gas phase Eddy-dissipation 
Char Oxidation Kinetic/diffusion – limited rate 

 Model validation was done comparing to the result of previous work [1], which the base case 
condition (case I) was selected to compare at 300 kW of heat input. Apart from inlet condition in Table1, 
the other two important condition were also considered to obtain the proper result. Wall chamber was 
served as an adiabatic wall, while the furnace’s stack was set as outlet pressure in order to create the 
negative pressure inside the furnace. 
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Figure 4 (a.) Effect of particle size on axial temperature profile and (b.) Grid independence result 

3.  Result and Discussion 

As far as accuracy on simulation has been concerned, validation and grid independence were done with 
previous work on the biomass burner unit. As mentioned in introduction, the simulation and experiment 
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of previous work was delivered for 0.5mm of sieve size diameter, while the result of 1mm of diameter 
was given to compare. The results are indicated in Figure 4 a). As expected, temperature distribution on 
recent work was lower than previous one due to larger particle size. By the large one, surface area 
contacting to oxidizer of particle was small so that the reaction rate was in lower level comparing to 
0.5mm. By considering grid independence result, 786,091 of meshes was chosen, see Fig.4b. 
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Figure 5 Axial temperature along centerline of burner from (a.) experiment and (b.) simulation 
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Figure 6 Comparison of Experiment and Simulation 

 Figure 5, the temperature distributions along centreline of burner are shown. Both experimental and 
simulation results were agreed that the burner with bluff body (case II) gave highest temperature level 
along the centreline in both pre-chamber and furnace zones. Case IV provided the second place as far 
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as temperature level was concerned. Case I exhibited delayed combustion as evidenced by relatively 
much lower measured temperature in the pre-chamber zone. Simulation of this particular condition did 
not exhibit well the temperature distribution in the pre-combustion zone, as significant discrepancies in 
those values can be observed. The finding would be similar for Case III, where significant difference in 
temperature distribution was also found. It is reasonable to say that the experiment and simulation are 
in good agreement only for Case II and IV where the bluff body was installed, see Figure 6. 

 The contour of temperature for all cases are given in Figure 7. By comparing between experimental 
and simulation cases in Figure 6, the temperature along the chamber from experiment was indicated 
lower with every single case. As expected, there was no heat loss transferring through the wall by mean 
of simulation set-up (adiabatic wall), thus the accumulation of heat was found.  

 The biomass particle has been tracked and shown in Figure 7. It was evidently confirmed that the 
significant distribution of biomass paths was found in the unit with bluff body. When the particle 
impinged the bluff body with the momentum received from primary air, the flow was enforced to diverge 
and resulted in large scale of vortex behind bluff body unit. The bluff body not only acted as flame 
stabilizer but also gave intensive turbulent flow so that heat and mass transfer was enhanced. The high 
flue gas temperature continuously recirculated toward a low-pressure region behind bluff body. Since 
the high temperature in pre-chamber was achieved, large amount of volatile was liberated causing in 
self ignition on the other particles. 

อุณหภูมิ (qC)Temperature (oC)

Case I

Case II

Case III

Case IV

 
Figure 7 Temperature Contour from simulation and Particle tracking in Pre-chamber 
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Figure 8 the shade of flame on burner with (a.) bluff body and (b.) second swirl plate 

 On the other hand, small region of high temperature was found in case with swirl plate (case I and 
case III). This was confirmed by shooting path of particle associated with small recirculation region. 
The flame could not remain stabilized at the exit of swirl plate, while the peak temperature was observed 
at the end of pre-chamber. Moreover, during experiment, flame extinction was frequently observed when 
the pilot burner was forced to shut down. It was clearly seen that this kind of modification burner could 
not raise the temperature to the satisfactory level. The flame in Figure 8 is illustrated when the burner 
was operated with bluff body and the second swirl plate. Moreover, it was conformably seen that the 
shade of flame was observed illuminated in case of bluff body corresponding with high temperature 
level found in Figure 5 and 7. While the unit consisted of second swirl plate perform less severity of 
reaction and finally quenched. 

 Since the emission has been a concerned issue, CO concentration from experiment result is shown 
in Figure 9. The low level of CO emission was found on bluff body unit and it was accepted by the 
industrial standard. While the concentration on case I and case IV was produced in high level because 
the reaction zone was shifted toward downstream. On contrary, NOx emission of bluff body modification 
unit was investigated highest due to strong heat radiation inside pre-chamber. By the way, both pollutant 
should be brought in consideration before making production for industrial scale. 

 
Figure 9 CO concentration from both experiment and simulation 
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Figure 9 NOx concentration 

4.  Conclusion 

Effects on combustion performances between 2 major tasks of modification, bluff body and second swirl 
plate were conducted on both experiment and simulation.  These modifications were done on pulverized 
biomass burner operated at 300 kW of heat input which was a maximum capacity on previous version 
of this burner. Both results from experiment and simulation were agreed that the burner with bluff body 
gave higher distribution of temperature in pre-chamber, due to scattering of particle impinging on bluff 
body unit, while the flame was investigate shifting to downstream in case of second swirl installation.   
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Abstract. With increasing demands for more light efficiency and longer lifetime, all 

automotive lamps must be physically tested to evaluate both illumination and thermal quality. 

However, due to an excessive heat from a more powerful light source and modern complex 

design plastic lamps, a severe thermal degradation can be occurred on thermoplastic parts of 

those automotive lamps. Hence, this paper proposes an application of ray tracing method to 

examine the beam quality and predict the thermal degradation area on a small automotive lamp 

in the early design stage. First, by applying ray tracing method, both illuminance and lux 

distribution on a small automotive lamp were calculated in order to examine its beam quality. 

Next, the energy concentration on lux distribution was presented to predict the possible thermal 

degradation area on lamp components and then compared with thermal distribution results 

obtained from finite element Monte Carlo radiation analysis. Finally, the thermal degradation 

area forecasted from lux concentration were validated with temperature measurement of a lamp 

prototype. In this study, the ray tracing simulation results show that the lux concentration 

regions are prone to the thermal failure area on the lamp. Consequently, this method can be 

used as a speculative tool not only to precedent assess the illumination and thermal quality of 

lamps, but also reduce the cost and time-to-market for automotive lamp manufacturing as well. 

1.  Introduction 
In modern automotive lamp design, beam quality, durability, lightweight and cost reduction are major 

challenges for increasing competitiveness in vehicle lighting market. To fulfill those demands, both 

shape and features of lighting systems are more complex and dissimilar thermoplastic materials are 

then used to reduce cost and weight of the lamp. For the modern automotive lamps, the high 

temperature of a high flux bulb may cause the thermal deformation on both housing and covered lens, 

due to the low permissible temperature of thermoplastic materials, which this can result in a severe 

beam shift problem or thermal degradation. Therefore, the beam quality and thermal behavior of those 

lamps must be carefully considered and tested to evaluate their illumination and thermal quality during 

its operation. In order to predict the beam quality and thermal defect of small automotive lamps, a ray 

tracing and finite element method are introduced in this paper for a license plate lamp’s illumination 

design and thermal analysis. By using these two numerical methods, engineers can develop an 

automotive lighting design guideline without the costly fabrication and testing of multiple physical 

prototypes. In this study, the illumination of a license plate lamp was investigated by using ray tracing 

method to examine the energy hot spots in a lux distribution and besides, use to predict the probable 

thermal degradation area on the thermoplastic lamp’s components in the early design stage. First, by 
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applying ray tracing method, both illuminance and lux distribution on a license plate lamp were 

calculated in order to examine its beam quality. Next, the energy concentration on lux distribution was 

presented to predict the possible thermal degradation area on plastic lens and then compared with 

thermal distribution results obtained from finite element Monte Carlo radiation analysis. Finally, the 

thermal degradation area, forecasted from lux concentration, were validated with temperature 

measurement of a license plate lamp prototype. Consequently, this method can be used as a 

speculative tool not only to pre-assess the illumination and thermal quality of lamps, but also reduce 

the cost and time-to-market for automotive lamp manufacturing as well. 

 

2.  Theory 

2.1 Ray tracing method 
In ray tracing method, light is considered as an electromagnetic wave traveling through space. A light 
ray is defined as a line normal to the direction of wave propagation [4]. A light ray or ray obeys the 
laws of geometrical optics and can be transmitted, reflected, and refracted through an optical system 
following the Snell’s law [5] as described below, 

 
    2211 sinsin TT nn                                                                 (1) 

where 1n  and 2n  are the refractive indices of medium 1 and 2, respectively, 1T  is the incident angle of 
light ray with respect to the normal, and 2T  is the refracted angle. 
 
After, the ray paths from light bulb to detector are determined, the flux or energy per unit time of each 
ray will be calculated. Flux is the time rate change of energy and can be defined by [6] 

 

dt
dQ

 I                                                                        (2) 

where Q  is the radiant energy of light.  
 
Ray tracing for an automotive lamp analysis is based on a calculation of flux for each ray following 
the determined ray paths. When the light passes through an object, some of all flux will be absorbed. 
The flux of transmitted light can be calculated by [5], 

 
xe DII � 0                                                                   (3)     

where I  is the intensity of transmitted light, 0I  is the intensity of light entering the material, D  is the 
absorption coefficient of material, and x  is the thickness of the object. 

 
At the detector, the irradiance or radiant incident (E) of the ray can be calculated by [6],     
 

                  
dA
dE I

                                                                        (4) 

where A  is the area of the detector surface. 
 

2.2 Monte Carlo radiation model 
For thermal radiation analysis, there are two main kinds of radiative approximation methods, which 
are ray tracing and differential method. The difference between those two models are the directions in 
which the radiation transfer equation (1) are solved  
 

                                                 (5) 
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Where I is intensity,  is the blackbody intensity,   is position vector,  is unit vector in direction of a 
ray, and is absorption coefficient. In this paper, the Monte Carlo radiation model was employed for 
thermal radiation analysis from a wire filament within incandescent light bulb. 
 
In contrast to the previous ray tracing method, aligning with the volume element of the fluid flow, the 
Monte Carlo radiation model considers the radiation field as a photon gas and assumes that the 
intensity is proportional to the differential angular flux of photons. If  ka is the probability that a 
photon is absorbed per unit range. Then, the mean intensity, I is proportional to the travelling distance 
of a photon in each volume element at ▁r in unit time.  A photon is selected from a photon source and 
tracked through the system until its weight falls below the minimum point. By tracing a typical bundle 
of photons in each volume element, each time the photon refracts, reflects, transmits, absorbs or 
scatters at the surface. The mean total radiant intensity can be calculated.  
 

2.3 Heat transfer 

In this paper, the covered lens and housing of license plate lamp was modeled as solid parts that 
transport energy by conduction. At the inner surface of the covered lens, heat is convected to the 
enclosed air within the housing and at the outer surface of the lens, heat is naturally convected to the 
ambient air. Hence, the heat transfer equation for conduction and convection would be presented in the 
calculation.  

 

 
Figure 1. General heat transfer in 3-Dimension [1] 

 
Governing heat transfer equation [1] 
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where xq  , yq and zq are the heat flow rate in x, y and z axis, respectively, Q  is an internal heat 
generation, U  is the mass density, Pc  is the specific heat, and T  is the constant temperature, not 

changing by time t ( ) 
  

The essential ingredients of forced convection heat transfer analysis were given by Newton's Law of 
Cooling, 
 

 � � TAhTTAhQ w '� � f
�                                                  (7) 
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The rate of heat Q�  transferred to the surrounding fluid is proportional to the object's exposed area A , 
and the difference between the object temperature wT  and the fluid free-stream temperature fT . The 
constant of proportionality h is termed the convection heat-transfer coefficient. 
 
By applying the method of weighted residuals (MWR) with Bubnov-Galerkin technique and the 
boundary conditions, the finite element equations could be represented in the following form [1], 

> @^ ` > @ > @ > @> @ ^ ` ^ ` ^ ` ^ ` ^ `rhqQcrhc QQQQQTKKKTC ���� ����                             (8) 
 

3. Numerical Analysis 
In order to forecast the thermal defect of a small automotive lamp in the initial design stage, this paper 
investigated a thermal degradation area on a license plate lamp by using ray tracing method to identify 
the hot spot area on thermoplastic covered lens and then comparing to the thermal distribution results 
obtained from finite element Monte Carlo radiation model. First, with ray tracing analysis, the lux 
distribution on plastic lens of a license plate lamp is determined under operating condition. Then, the 
hot spots in lux distribution on the lamp components were compared to another thermal simulation 
results obtained by a finite element analysis using Monte Carlo radiation model with an identical 
boundary conditions. Finally, a comparison of possible thermal deformation area from the ray tracing 
analysis was validated with temperature testing results on a license plate lamp prototype measured by 
using thermocouples and IR thermal camera.      
 

3.1 License plate lamp model  
First of all, a CAD model of a license plate lamp was built for our study. This lamp model consists of 

an automotive light bulb, a thermoplastic lens, and a plastic housing as shown in Figure 2. In this 

model, an incandescent bulb, 12V 5 watts W5W, generates both visible light and radiative heat loss 

from a tungsten filament. The optical plastic lens has light transmission at 88% with 1.2 g/cm
3
 density, 

0.2 W/m/K for thermal conductivity and a permissible temperature at 125 ˚C. The plastic housing has 

density at 1.45 g/cm
3
, thermal conductivity at 0.32 W/m/K and a

 
permissible temperature at 207 ˚C.  

 

 

 

 

Figure 2. License plate lamp CAD model 
 

  

3.2 Hot spot analysis by ray tracing method  
In order to calculate the hot spot or high lux concentration area, the CAD model of the license plate 

lamp was imported to a physics-based light simulation software named “SPEOS”, then its optical 

properties such as reflectance and transmittance are applied. After that, the ray tracing method was 
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executed to determine the ray paths, beam pattern, and illuminance of the license plate lamp. The ray 

path and illuminance results were used as a guideline to indicate the hot spot area with high lux 

concentration on the plastic covered lens. This hot spot area would answer where the thermal defects 

could occur on this license plate lamp. With ray tracing method, all irradiated rays, generated by the 

tungsten filament of W5W incandescent bulb, are traced from the filament through glass bulb before 

transmit pass the covered lens as shown in Figure 3. Then, an energy in W/m
2
 for each ray that 

incidents on the surfaces of plastic lens was used to calculate a lux distribution on each surface of 

covered lens in Lux unit as shown in Figure 4. According to operating condition of this license plate 

lamp, the output luminous flux at 50 lm for 5 watts input is applied for the tungsten filament in ray 

tracing model. The glass bulb has index of refraction at 1.52 and the absorption coefficient of plastic 

lens is 0.056 mm
-1

, while the housing material property is set to opaque.      

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Ray tracing analysis for license plate lamp 

 

 

 

 

Figure 4. Lux distribution and hot spot on the covered lens of license plate lamp  

 

 

3.3 Thermal analysis by finite element Monte Carlo radiation model  
For thermal analysis, the Monte Carlo radiation model in ANSYS CFX module was employed for 

thermal distribution simulation. The thermal distribution on a license plate lamp is determined under 

operating condition at ambient temperature 25 °C. The governing equations like conservation of mass, 

momentum and energy were solved along with Monte Carlo radiation models. The grey medium is 

assumed for radiative approximation and the simulation was conducted at steady state condition. The 

fluid inside and outside the lamp is assumed to be incompressible ideal gas where the Boussinesq 

equation is applied. An electric power at 5 watts is dissipated inside the bulb’s filament as a heat loss. 
This excessive heat is transferred from the filament by radiation and natural convection to glass bulb. 

Some of the radiation transmitted through the glass bulb can be reflected and absorbed. The bulb, lens, 

Hot spot area 
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and housing of the license plate lamp is made from the same materials as defined previously. Besides, 

the optical lens of the lamp was modelled as solids that transport energy by conduction. At the inner 

surface of the lens, heat is convected to the enclosed air within the housing and at the outer surface of 

the lens, heat was naturally convected to the ambient air. By using Monte Carlo radiation model, the 

finite element heat transfer analysis has been initiated from the wire filament surface through an outer 

lens’ surface. Figure 5 below shows the finite element Monte Carlo radiation model with 2,516,843 

nodes and 13,764,234 elements for thermal analysis. 

 

.  

 

Figure 5. Finite element Monte Carlo radiation model for thermal analysis 

4. Thermal Measurement  
In order to validate the location of possible thermal degradation area forecasted by ray tracing 

analysis, the hot spot area simulation results are confirmed with the thermal measurements of a license 

plate lamp prototype by using thermocouples and IR thermal camera. The thermal testing was carried 

out on a license plate lamp prototype in the weathering test chamber as shown in Figure 6. The 

temperature of the lens surface and housing body are directly collected by PT-100 RTDs and 

transferred to a data logger.  

 

 

 

Figure 6. Thermal measurement of a license plate lamp prototype in weathering chamber 

From Figure 6, the RTDs are inserted into the material body of lens and housing, where the position of 

thermocouples are selected referred to the simulation results. The ambient temperature in the chamber 

was keep constant from initial to steady state. After steady state had reached, thermal images on the 

lens and housing surface were instantaneously captured by FLIR TG165 thermal camera. With the 

Thermocouple

s 
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accuracy of 1.5%, the emissivity and temperature range of 0-360 
°
C of the camera were set. Then, both 

high temperature position and value, obtained from thermocouples and thermal camera are compared 

with the ray tracing mapping and Monte Carlo analytical results for correctness evaluation.  

 

5. Analysis results and thermal measurement validation 
After ray tracing method and Monte Carlo radiation model were applied for a license plate lamp 

analysis. The hot spot area and thermal distribution on the plastic lens were calculated under the 

operating condition as mentioned earlier. Then, a comparison between numerical results and thermal 

measurement is presented in this section. 

5.1 Ray tracing analysis results  
With ray tracing method, the illuminance on the outer surface of plastic lens was calculated by tracing 
rays from a tungsten filament through a glass bulb and transmits to the outer surface of plastic lens. In 
Figure 7, the lux distribution on the outer surface of the W5W glass bulb shows that the maximum 
illuminance (hot spot area) locates at the middle area of the glass bulb at 227,900 lux, while the 
illuminance value continually decreases until reach the minimum value at the top and base area of the 
glass bulb surface.  
 

 
 
 
 
 
 

 
 
 
 
 

 
 

Figure 7. Lux distribution on a surface of W5W glass bulb within license plate lamp  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8 Lux distribution on the plastic lens of license plate lamp.                                                           
a) 3D surface of covered lens b) bottom surface of covered lens 

a) b) 
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According to the lux distribution results in Figure 8, the maximum illuminance (hot spot) is 47,600 lux 
located near the upper edge at the middle of inner surface on the front side of plastic covered lens as 
shown in Figure 8a, while the maximum illuminance on the bottom surface of lens is lesser, 
approximately 12,200 lux as shown by Figure 8b. 
  

5.2 Finite element Monte Carlo radiation analysis results  
For Monte Carlo radiation model, the 5 watt dissipated heat was applied directly on the tungsten 
filament of bulb, the radiative and convective heat on the glass bulb was calculated by solving energy 
transfer equation, then the heat is transferred to the fluid within the lamp, housing, and lens by 
radiation, convection, and conduction. As a result, the maximum temperature on W5W glass bulb is 
approximately 311 °C situated at the middle area of the glass bulb surface as shown in Figure 9.     
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 9. Thermal distribution on a surface of W5W glass bulb within license plate lamp 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 10. Temperature distribution on license plate lamp using Monte Carlo radiation model 
a) 3D surface of covered lens b) bottom surface of covered lens 

 
According to Figure 10, the maximum temperature on the plastic covered lens is 106.8 °C located near 
upper edge at the middle of front surface as shown in Figure 10a, which quite agree well with hot spot 
area in ray tracing analysis. While the hot temperature on the bottom surface of lens is approximately 
91.2 °C as shown by Figure 10b. 
 
 
 
 
 
 
 

a) b) 
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5.3 Simulation validation with thermal measurement  
For this section, the analysis results carried out by the ray tracing method and finite element Monte 

Carlo model was compared with thermal measuring by using thermocouple and IR thermal camera as 

shown in Figure 11.  
 

 

 

 

                                                            

 

                                                     a)                                                      b) 

 

 

 

 

 

                                                      c)                                                      d) 

 

Figure 11. Comparison between a) thermocouple measuring b) IR thermal camera result                                                                            

c) ray tracing result and d) finite element Monte Carlo radiation result 

 

As shown in Figure 11b, 11c and 11d, the thermal image of the covered lens obtained from IR thermal 

camera and simulation results from ray tracing method and Monte Carlo radiation analysis can be 

comparable. Figure 11 shows that the high temperature area on plastic covered lens of license plate 

lamp is quite agree well between a thermal image from IR camera, hot spot area and maximum 

temperature area. Therefore, the hot spot obtained from ray tracing analysis could be used as a 

guideline for predicting the possible thermal degradation area on the plastic lens of license plate lamp 

in the initial illumination design stage.   

 

Table 1 shows the comparison results of temperature of the license plate lamp obtained by 

thermocouples, IR thermal camera, and Monte Carlo method on the matching locations as shown in 

Figure 12. 

 

 

 

Figure 14. Temperature measuring position on license plate lamp prototype 
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Table 1. Temperature on license plate lamp obtained by thermocouples, IR thermal camera, and  

                     numerical calculation in degree Celsius 

 

Position 
No. 

Thermocouple 
(°C) 

IR  Camera 
(°C) 

Monte Carlo 
(°C) 

1 102 107.5 106.8 

2 93.6 87.4 95.9 

3 90.7 - 90.15 

4 90.7 88.4 91.2 

 
From Table 1, the magnitude of temperature obtained from thermocouples and IR camera are close to 

the numerical analysis by Monte Carlo method. According to the Table, the measuring temperature 

results and numerical analysis show the same tendency that the maximum temperature locates at 

position No.1 near the middle of upper edge of front covered lens’ surface, which imply that the 

thermal degradation of this license plate lamp can occur at the front side of lens during thermal testing 

due to low permissible temperature (125 ˚C) of this plastic lens material which this is quite agree well 

with the hot spot area determined by ray tracing method.            

6. Discussion 
In this study, although the ray tracing simulation results and finite element thermal analysis support 
that the hot spot area could be used to predict the possible thermal failure area on small automotive 
lamp, however there is no clues about how many lux concentration can possibly melt or still harmless 
to thermoplastic automotive lamp. Therefore, it would be beneficial to benchmark the intensity of lux 
concentration that melts the thermoplastic components with the physical temperature testing for plastic 
materials in automotive lamp manufacturing. As shown in Figure 15, another remark is that the 
temperature distribution on the lens surface obtained from finite element method differs to the almost 
symmetric lux distribution of ray tracing method due to asymmetrical geometry of covered lens and 
the domination of conduction, especially in a small-size lamp, where the inside cavity is very small 
and the heat source is very adjacent to the covered lens.  
 

 
 
    Figure 15. Comparison between hot spot area by ray tracing and FE thermal distribution on the 
covered lens 
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7. Conclusion 
In this paper, the predictive methodology for thermal degradation area of a small automotive lamp was 
investigated. With ray tracing analysis, both illuminance and possible thermal degradation area of a 
license plate lamp can be evaluate in the illumination design stage by considering energy hot spots in 
lux distribution. This information can facilitate automotive lamp engineers in thermal quality 

assessment and gives them useful information in the early design stage. Besides, the CFD heat transfer 

model for filament bulb, housing, and lens was built to predict the thermal behaviour due to radiation 

from the bulb’s filament within the lamp by using Monte Carlo radiation model. According to the 

results, ray tracing analysis shows that the maximum lux concentration (hot spot) at 47,600 lux on the 

front side of covered lens, while the bottom surface of covered lens show a lesser illuminace at 12,200 

lux, which these results are congruent with finite element heat transfer analysis and thermal 

measurement by thermocouples and thermal IR image. From the thermal analysis, the maximum 

temperature at 106.8˚C locates near the upper edge of covered lens’ front surface, whereas the bottom 

lens’ surface shows lower temperature at 91.2°C. As a result, the thermal degradation area of the 

thermoplastic lens can be predicted by ray tracing method and validated with the thermal measuring 

obtained from prototype testing. In this study, the ray tracing simulation results show that the lux 

concentration regions are prone to the thermal failure area on the lamp. Although the time consuming 

Monte Carlo method can give an accurate thermal analysis results for a license plate lamp, but the 

three-day faster ray tracing analysis can also give a similar tendency of thermal problem area on the 

license plate  lamp as well. In consequence, the thermal degradation area gained from both ray tracing 

method and Monte Carlo method can be used as a guideline for redesign, if required, or a material 

selection of the lamp in the early design process.  
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Abstract. In the evaluation of occupant injury severity through finite element analysis, a Hybrid 
III 50th percentile male dummy is usually used to assess the risk of injury under crash test. The 
aim of this paper is to study and amend the rigid finite element dummy model to effectively 
capture the actual kinematics and more precise injury data during the crash. Modifications have 
been made to the modeling of the waist, shoulder, femur and ankle joints of the rigid dummy 
model based on the properties of the physical dummy. The modified dummy model is validated 
through simulation of dynamic sled testing under the initial velocity of 56 km/h (30 mph). The 
injury parameters from the original rigid dummy model from Hypercrash and those of the 
modified dummy model including the acceleration of the head, the acceleration of the thorax and 
the upper neck moment are then measured and compared with the existing experimental data. 
Finite element results for different initial velocities are also investigated. The proposed model is 
proved to be able to satisfactorily improve the prediction fidelity of the dummy mechanism and 
severity of the occupant’s injury under frontal collisions. 

1.  Introduction 
Road traffic accidents are globally one of the leading causes of death [1]. Studies of occupant responses 
and injury mechanism during crashes are necessary to develop vehicle design able to reduce the severity 
of accidents. In the automotive industry, the full scale anthropomorphic are often used in crash tests to 
investigate the behaviors of human bodies and record data concerning the evaluation of injury criteria. 
Although the full scale anthropomorphic in crash test is ideal, the tests are rather complicated with the 
high cost for instrumentation and required expertise. As a result, finite element modeling is a preferable 
alternative approach to investigate response of real human in road accidents. In frontal crash testing, the 
occupant dummies representing the average adult males universally employed to assess the injury risk 
is the Hybrid III 50th percentile male dummy [2, 3]. The data necessary in the assessment of injury 
characteristics due to frontal impact consist of head acceleration, thorax acceleration, upper neck force, 
upper neck moment and the femur force [4, 5]. Therefore, it is necessary to validate and ensure that the 
measures from finite element simulation can appropriately represent the actual incident. 

Sled tests are conducted to represent a simple frontal collision by applying initial velocity and 
deceleration to the occupant dummy. The tests are primarily used to confirm the performance of 
occupant restraint system and validate the dummy effect between physical test and finite element 
simulation. Kent et al. [6] used Madymo rear-seat occupant sled test model to verify the injury of Hybrid 
III 50th percentile male dummy and 5th percentile female dummy with different seat-belt parameters and 
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impact speed. It was found that head strikes and chest acceleration in a female dummy were generally 
lower than those in a male dummy. Mohan et al. [7] used LS-DYNA to validate the Hybrid III family 
developed with Livermore Software Technology Corporation (LSTC) and National Crash Analysis 
Center to ensure the accuracy, efficiency and robustness. The finite element results were found to be 
reasonably correlated to the test results. Human finite element models have also been improved to 
accurately apprehend local injury mechanisms. Kennerly et al. [8] developed Hybrid III 50th percentile 
male dummy with leg bone model to estimate ankle injuries under offset crash. The leg bone model 
indicated smaller rotation in dorsiflexion and larger rotations in inversion and eversion which effect to 
ankle injuries. Iwamoto et al. [9] improved the head/face, shoulder and internal organ of THUMS finite 
element model and validated the results with cadaver tests. The proposed model was tested and shown 
to be comparable with multiple real world accident situations by accident reconstruction considering rib 
fracture and skull fracture.  

Although detailed dummy models with fully deformable parts, such as Madymo, LSTC and THUMS 
models, are shown to impressively demonstrate the actual behavior of occupant during crashes. The 
models typically contain an extremely large number of nodes that require a considerable CPU run time. 
For non-contact crashes, a rigid body dummy model can be an adequate representation to examine the 
occupant kinematics and injury risk. The run time for rigid body models are significantly less than the 
deformable dummies and, in that sense, is more efficient. This research aims to study the implementation 
of a rigid body dummy from Hypercrash to dynamic sled test and develop a modified partly-deformable 
dummy model able to represent the occupant mechanism and injury risk during frontal crash while 
maintaining the simplicity of the simulation model and its analysis. 

2.  Computational Model 
Sled systems provide repeatable and reliable impact conditions around which automotive seats, seat 
belts, and supplemental restraints can be developed [10]. Sled tests are common in the comparison and 
validation of the dummy responses between experimental set-up and finite element results in which the 
dynamic conditions of a full-scale crash in accidents are allowed. The initial and imposed velocity 
profile are applied to sled systems in order to characterize the vehicle velocity before and during crash 
accidents. 

The finite element model in this study consists of a dummy model and a sled system as shown in 
Figure 1. The dummy model is a rigid body Hybrid III 50th percentile male imported from Hypercrash 
with the total weight of 78 kg. The body of the dummy is meshed with 5,004 4-noded shell elements 
and 25 spring elements are located at all required measurement sensors. The seat structure consists of 
6,500 8-noded brick element of seat cushion, 17,318 4-noded shell elements of seat frame and floor, and 
7 beam elements of seat belt. The seat frame is made of steel and the seat cushion is visco-elastic 
polyurethane close-cell foam with density of 100 kg/m3 and Young’s modulus of 15 MPa. The seat belt 
is made of fabric with an assigned pretensioner stoke of 50 mm width and 6,000-N load-limiter. Fatal 
injuries from frontal collision can occur at the occupant’s head, neck and thorax. Thus, in the current 
study, the injury measurement points model are detected at those positions illustrated in Figure 1. 

Two dummy models are used in the analysis, i.e., the original rigid body dummy and a modified 
rigid body dummy with deformable joints. In the latter model, rigid body condition is assigned to all 
parts except for the shoulder joints, waist joint, femur joints and ankle joints as shown in Figure 2. So 
as to allow realistic dynamic movement of the dummies during crashes. The mechanical properties of 
the deformable parts are based on those applied to LSTC model [11].  
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Figure 1. FE model of sled system and a rigid 
body occupant dummy 

Figure 2. Modification of rigid dummy model      
with deformable joints 

  
The dummies are placed on the seat cushion in a regular sitting position by using multi-usage surface-

to-surface contact. The cushion and the seat frame contacts are tied to each other. A node-to-surface 
contact is assigned to the dummy feet and the floor. Interface penetrations between all contact surfaces 
are eliminated by shifting the slave nodes in seat cushion from the master surfaces of the dummy model. 
The initial velocity of 56km/h in x-direction is assigned to all nodes in the model as displayed in Figure 
3. The function of an imposed velocity profile as shown in Figure 4 is assigned only to the seat frame 
and the floor to simulate vehicle’s deceleration during frontal collision. From the time instants 10 ms to 
30 ms, the velocity is decreased representing braking of the vehicle with deceleration of 5.8g. Then, the 
velocity is abruptly reduced from collision with acceleration pulse of 29.6g during the time instants of 
30 ms to 80 ms until the car stops. 

 

 
    Figure 3. Boundary conditions and initial   
    velocity applied to the sled test model 

   Figure 4. Imposed velocity function applied  
   to model 

3.  Results and Discussions 
Sled tests simulations are performed by dynamic explicit finite element analysis using RADIOSS solver. 
The head resultant velocity, thorax resultant velocity and pelvis resultant velocity of the rigid body 
dummy model and the modified model are illustrated in Figure 5(a) to (c), respectively. The solid lines 
represent results of rigid body dummy model while the dashed lines show results of the modified dummy 
model. The triangular markers display the prescribed velocity of the vehicle. 

The time histories of resultant velocities from the two models show similar trend. The resultant 
velocities decrease corresponding to the imposed velocity of the sled system especially at the pelvis 
location where the dummy is restrained by the seat belt. The resultant velocities at the head and thorax 
of the rigid body model also strictly follow the imposed velocity profile and approach zero when the 
sled stops at the time instant reaches 80 ms. This is due to mobility limitations of the rigid body dummy 
model. After the sled stops, the resultant velocities of all parts slightly increase due to rebound effect. 
In contrast, since the modified dummy model possesses more moveable joints, the inertia effect causes 
the thorax and head movements last 10 ms and 40 ms longer than those of the original model before the 
rebound occurs. 
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 (a). Head   (b). Thorax  

 (c). Pelvis  
Figure 5. The resultant velocities at different parts of dummy models 

 
The dummy’s movement behaviors of the rigid body dummy model and the modified dummy model 

are compared with the sled test experiment by Mohan et al. [7] as shown in Figure 6. The dummy 
kinematics of the rigid body dummy are different from experimental results whereas the modified 
dummy is able to precisely capture the dummy mechanism. There are two factors that affect the 
dummy’s motions.  First, the upper torso and pelvis parts are rigidly attached by the seat belt and 
therefore can only have limited movement. This prevents the upper torso to bend. Second, since the 
shoulder joints, femur joints and ankle joints are rigid, arms and feet are prevented from swinging up. 
In the modified dummy model, the aforementioned joints are changed to deformable parts. Therefore, 
during the vehicle braking, the upper torso can bend down. Arms and feet can swing up and the head 
can move forward. This results in the analogous dummy’s movements between the modified dummy 
model and the experiment. 

 
  Test [7] Rigid body dummy Modified dummy 

Start 
(0 ms) 

 

Maximum  
Displacement 
(85-100 ms) 

 

Final 
(150 ms) 

 
 

Figure 6. Dummy movement at different time instances 
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Head trajectories in x and z-axis during the sled test are shown in Figure 7(a). In the rigid dummy 
model (shown by the solid blue line), the dummy’s head moves forward and down to the maximum 
of x = 112 mm and z = -171 mm at time instant of 88 ms. Then, the dummy’s head swings back to 
the starting position where x = 0 mm at the time 240 ms. The head trajectory of the modified dummy 
model (shown as a dashed red line) moves much farther forward to the maximum displacement of 
x = 395 mm and z = -367 mm. In this case, the head returns to the starting position at the instant 400 
ms which is much slower than the results obtained from the rigid dummy model. Similar behaviors 
are observed for the thorax displacements. The thorax of the rigid dummy model moves in a limited 
space between the position where x = 17 mm, z = -27 mm at 81 ms and x = 19 mm, z = 13 mm at 178 
ms while the maximum thorax displacement in the modified dummy model is the forward position of 
x = 176 mm and z = -69 mm and back to the position of x = 35 mm and z = -11 mm at 357 ms. In 
addition, Figure 7 shows that assigning deformable joints to the modified dummy model leads to 
increase in forward movements of the dummy and lower the head and thorax swing-back 
displacements compared to the rigid body model.  

  
 

(a) Head  (b) Thorax  
  

Figure 7. The trajectories at different parts of dummy 
 

The comparisons between the head resultant acceleration, the upper neck moment, and the thorax 
resultant acceleration of the rigid body dummy model, the modified dummy model, and the 
experimental test performed on physical dummy are shown in Figures 8-10, respectively. It can be 
clearly seen that the time history measurements from the modified dummy match the experimental 
result considerably better than those from the rigid body dummy. Moreover, the maximum values of 
the rigid body dummy model occur earlier than other cases because of the kinematic behaviors of 
dummy. Figure 8 shows that the maximum head accelerations of all cases are about 55g-60g, which 
occurs at 60 ms for rigid body model and 80-90 ms for the modified dummy and the actual test. Figure 
9 plots the upper neck moment used in neck injury criteria calculation. The maximum upper neck 
moment of the rigid body model is 130 N.m, which occurs at about 80 ms. The maximum upper neck 
moment of the modified body model and physical model are 80 N.m and 38 N.m, respectively. The 
upper neck moment in the rigid body model is higher due to rigidity of the thorax at time instant 125 
ms. Therefore, the dummy’s neck absorbs all the inertia forces from impact. The maximum thorax 
accelerations of all cases are about 38g-43g. However, the modified model has a second peak equal 
to 45g caused by chin movement contacting the thorax. This contact does not occur to the physical 
dummy in the experiment because the dummy leans farther forward. Further adjustment to the 
modified dummy should be performed to correct this result.  
 

(mm) 

(mm) 

(mm) 

(mm) 
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   Figure 8. Head resultant acceleration    Figure 9. Upper neck moment 

  Figure 10. Thorax resultant acceleration 
 
Next, the initial velocity is varied to investigate the trend of injury parameters presented in Figure 8-

10. Three initial velocities of 30 km/h, 56 km/h (baseline) and 70 km/h, are applied to the sled model. 
The maximum values of the injury parameters and the time instants when the maxima occur are listed 
in Table 1. It is noticed that the peaks of head resultant acceleration, upper neck moment, and thorax 
resultant acceleration for all initial velocities occur at about the same time whereas their magnitudes 
correspond to the applied velocities. Although the movement behavior of the rigid dummy model can 
not represent the correct kinematics of the real test, the head and thorax resultant accelerations are 
comparable with results from the modified dummy model. Nonetheless, the upper neck moments are 
greatly overestimated and cannot be used in injury criteria considerations when the rigid body model is 
employed. 

 
Table 1. Results of injury parameters for different initial velocities 

Initial 
Velocity 
(km/h) 

Maximum Head resultant 
acceleration (g) 

Maximum Upper neck 
moment (N.m) 

Maximum thorax resultant 
acceleration (g) 

Rigid body  Modified  Rigid body  Modified  Rigid body  Modified  
30 25 (57ms) 23 (86ms) 87 (90ms) 71(120ms) 23 (54ms) 19 (58ms) 
56a 53 (58ms) 59 (82ms) 133(83ms) 80 (119ms) 39 (53ms) 37 (78ms) 
70 66 (59ms) 68 (80ms) 158 (79ms) 102 (115ms) 46 (46ms) 41 (69ms) 

a Baseline velocity 

4. Conclusion 
This paper presents application and modification of the finite element model of a rigid Hybrid III 50th 
percentile male dummy from Hypercrash to effectively evaluate the occupant kinematics and injury 
severity during dynamic sled test. Due to the lack of mobility in the original model, the rigid dummy 
does not show good correlation to the movement behaviour of the physical dummy. Alteration of the 
model by applying deformable shoulder, waist, femur and ankle joints can substantially improve the 
fidelity of the rigid dummy. The occupant mechanism under frontal crash as well as the related injury 
parameters including the acceleration of the head and thorax and the upper neck moment are shown to 
match with the data from experiment.  
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Abstract. The accuracy of predicting turbulence induced secondary flows is crucially 
important in many industrial applications such as turbine blade internal cooling passages in a 
gas turbine and fuel rod bundles in a nuclear reactor. A straight s uare duct is popularly used to 
reveal the characteristic of turbulence induced secondary flows which consists of two counter 
rotating vortices distributed in each corner of the duct. or a rotating duct, the flow can be 
divided into the pressure side and the suction side. The turbulence induced secondary flows are 
converted to the Coriolis force driven two large circulations with a pair of additional vortices 
on the pressure wall due to the rotational effect. In this paper, the arge Eddy Simulation 
( ES) of turbulence induced secondary flows in a straight s uare duct is performed using the 
ANS S UENT C D software. A dynamic kinetic energy subgrid-scale model is used to 
describe the three-dimensional incompressible turbulent flows in the stationary and the rotating 
straight s uare ducts. The Reynolds number based on the friction velocity and the hydraulic 
diameter is 300 with the various rotation numbers for the rotating cases. The flow is assumed 
fully developed by imposing the constant pressure gradient in the streamwise direction. or the 
rotating cases, the rotational axis is placed perpendicular to the streamwise direction. The 
simulation results on the secondary flows and the turbulent statistics are found to be in good 
agreement with the available Direct Numerical Simulation (DNS) data. inally, the details of 
the Coriolis effects are discussed. 
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Abstract. This work discusses a novel approach, Bayesian Inspired Multi-Fidelity 
Optimization (BIMFO), for solving complex optimization requiring computationally expensive 
simulations. Multi-fidelity systems design is a methodology developed to mitigate 
inadequacies and/or obstacles associated with traditional design techniques and low fidelity, 
reduced order models. Fidelity levels can be subjective depending upon differing domain sizes, 
grid refinement, complexity of physics, and/or degree of coupling. Achieving a desired level of 
accuracy while maintaining a low computational cost may very well be the greatest obstacle 
combating computational design. However, other hindrances such as determining the 
appropriate physics (i.e. aerodynamic, thermal, structural, acoustic, etc.), level of physics (i.e. 
Potential Flow, Euler, Navier Stokes, etc.), and mesh refinement to utilize in any given 
computational model can considerably influence a design process and its resultant solution. 
This work focuses on leveraging higher fidelity information to correct lower fidelity models. 
Ultimately, this takes advantage of the speed associated with the lower fidelity/reduced models 
without compromising accuracy. Utilizing a combination of surrogate modelling, Bayesian 
statistics, and adaptive trust region techniques allows for leverage to be implemented in a 
design atmosphere. A novel Bayesian Hybrid Bridge Function (BHBF) was developed to serve 
as the low-fidelity correction technique. This BHBF is a Bayesian weighted average of two 
standard bridge functions, low-fidelity correction approaches, additive and multiplicative. The 
correction technique is implemented in parallel with a Trust Region Model Management 
(TRMM) optimization scheme. Employment of the described methodology has been proven to 
succeed in obtaining a design at a lower cost while maintaining a necessary level of accuracy. 
The individual techniques comprising this multi-fidelity approach to design is demonstrated 
through analytical test cases. The comprehensive approach is implemented on an airfoil shape 
design problem subject to aerodynamic loading resulting in 71% reduction in computational 
cost while maintaining a high-fidelity level of accuracy. Consequently, this work aids in 
achieving the end goal of “faster, better, and cheaper” computational design. 

1.  Introduction 
Numerical optimization methodologies are growing in popularity for use in aircraft design as physical 
interactions are better understood and system requirements increase in complexity and demand. These 
methodologies offer the potential of increased system performance through enabling numerous design 
options to be explored systematically. While optimization methods have traditionally been 
predominant in the latter stages of a design process (preliminary and detailed), there is a growing 
interest and need for the utilization of higher-fidelity physics in the earlier stages of design 
(conceptual) [1]. However, simulation models based on these higher-fidelity physics tend to have 
higher computational cost in comparison to their lower-fidelity counterparts. Therefore, optimization, 
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which typically requires a large number of model evaluations, can be prohibitively expensive given 
the higher computational cost of these physics-based models. The traditional method for reducing the 
computational cost inherently present in optimization is to employ surrogate-based optimization 
(SBO) techniques. This paper presents an alternative technique that leverages high-fidelity response 
data to correct low fidelity models for use in an SBO environment. 

The aforementioned need for high-fidelity physics to be brought into the design cycle at an earlier 
stage of the design process is evident in the design of next generation military aircraft, both manned 
and unmanned. These aircraft demand increased capabilities in speed, range, survivability, mission 
versatility, and reliability [2]. To satisfy these demands, one must achieve synergy between aircraft 
constituent sub-systems including, among others, propulsion, structures, flight controls, and materials. 
This necessary synergy, and resulting maximum platform performance, is only attainable through the 
use of a truly integrated design process. Such a process, along with the desire to identify and exploit 
beneficial coupling within the physics of the design domain, inherently requires leveraging higher 
fidelity computational simulations among various disciplines early in the design process. This stands 
contrary to conventional conceptual design practices that utilize the use of handbooks, spreadsheets, 
and legacy information [3]. However, it is currently unclear as to when it is appropriate and/or 
necessary to bring in higher fidelity simulation models, or even experimental data, that will provide 
the best benefit to the design process. 

The concept of multi-fidelity design does however pose certain obstacles such as determining how 
and when to “dial” or switch between different fidelity models. This work explores the ability of 
applying an adjustment factor to the response of a low-fidelity model so as to predict the true system 
response taken to be the response obtained from a high-fidelity simulation throughout an optimization 
routine. A surrogate model is constructed for the purpose of determining an adjustment factor given 
any design point (thus a function of design variables) using information of previous high and low 
fidelity simulations from previous optimization iterations. In doing so, sensitivity information of the 
high-fidelity simulation model can be estimated through a combination of sensitivity information for 
the adjustment factor surrogate model and low fidelity models. It is shown that optimization on the 
high-fidelity as well as adjusted low-fidelity models converge to the same local optimum whereas, 
optimization on adjusted low-fidelity model does so in an order of magnitude fewer high-fidelity 
function evaluations. 

In this research, an adaptation to traditional Trust Region Model Management schemes has been 
developed and employed within an optimization routine designed to facilitate the decision making 
process of determining “when” to utilize higher-fidelity response information. This is implemented in 
parallel with surrogate modelling techniques, such as Kriging, for the purpose of constructing a model 
of adjustment factors. This surrogate adjustment factor model is then used to correct the low-fidelity 
model. 

2.  Multi-Fidelity Optimization 
This paper outlines a multi-fidelity optimization process which enables the use of low-fidelity models 
to alleviate the computational cost of high-fidelity models while maintaining a desired high-fidelity 
level of accuracy through a novel Bayesian influenced low-fidelity correction. This multi-fidelity 
optimization process entails the implementation of a Trust Region Model Management (TRMM) 
methodology alongside a Bayesian Hybrid Bridge Function which requires the use of a surrogate 
modeling technique. Due to constraint imposed by the TRMM methodology, this work adopts the use 
of a Gradient Enhanced Kriging (GEK) surrogate modeling technique along with a traditional linear 
correction (dependent on data availability within the trust region). The TRMM scheme is used to 
define a trust region, at which point, surrogates of both high and low-fidelity models are constructed 
utilizing all design points located within the trust region bounds for which high and low-fidelity 
simulation responses are available for previous optimization iterations (subproblem optimization on 
corrected low-fidelity defining a single iteration as described in algorithm 1. Note, in this algorithm, 
many variables are used which are defined later in the paper, meanwhile   and   denote high and low 
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fidelity functions respectively. Next, the separate surrogate models are utilized in the calculation of 
additive and multiplicative adjustment factors. These models are then used within the BHBF 
methodology to correct the low-fidelity model. Finally, gradient-based optimization is performed on 
the corrected low-fidelity model. Note, in the event that multiple fidelities are available for both the 
objective and constraint(s), a special consideration must be imposed. This issue is addressed in a 
future section of this paper. 
 
 

Algorithm 1: Multi-Fidelity Optimization 

Require: ),(= 000
MultAdd www , ¸

¹
·

¨
©
§ �

24
1=0 minmax xxTRS , ),,(= 321 ssss , ),,,(= 4321 rrrrr  

1:   Define initial point 0x  and global bounds maxx  and minx . 
2:  Evaluate low and high-fidelity models at 0x  (function and sensitivity values). 
3:  Perform Trust Region Model Management. 
4:  Build low-fidelity ( )(~ xfL ) and high-fidelity ( )(~ xfH ) surrogate models on TR data. 

5:  Define additive ( )(~)(~=)(~ xfxfx LH �E ) and multiplicative (
)(~
)(~

=)(~
xf
xfx

L

HJ ) 

          adjustment factor models using high and low-fidelity surrogates. 
6:  Define additive ( )()(~=)(~

, xfxxf LH �EE ) and multiplicative ( )()(~=)(~
, xfxxf LH JJ ) 

          corrected low-fidelity models. 
7:  Calculate Hybrid Bayesian weighting coefficients ( � �MultAdd

k www ,= ) using Weight 
          Region data. 

8:  Define corrected low-fidelity model )(~)(~=~
,, xfwxfwf HMultHAddH JE � . 

ͻǣ�������������Ǧ���������������������ሺ��������������������� kxx = ሻ�
10:  Evaluate low and high-fidelity models at kx  (function and sensitivity values). 

11:  Calculate stopping criteria 
)(

)()(=
1

�

� �
k

H

k
H

k
H

xf
xfxfH . 

          if HH <  then stop 
          else return to step 3 and proceed 

  

2.1.  Trust Region Model Management (TRMM) 
The TRMM framework consists of an iterative process on which a surrogate of the desired model is 
optimized during each iteration, rather than the full model. The concept behind the model management 
scheme is the adaptive nature in which the size of the trust region is adjusted based upon the accuracy 
of the surrogate model. This work modifies traditional approaches to fit the needs of a self contained 
multi-fidelity optimization methodology. Note that this approach assumes consistent design variables 
between the high-fidelity model and the surrogate. The surrogate is permitted to change from iteration 
to iteration, taking on the form of equation (1) for the thk  subproblem [4]. 

 

 
� �

kk
c

k

xxtosubject
xfminimize

'd�:

~:
 (1) 
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In equation (1) kf~  denotes the thk  surrogate model, k
cx  is the solution to the previous subproblem 

optimization (and center point for the trust region of the current subproblem), k'  is the size of the 
trust region for subproblem k, and the initial trust region size 0'  is user selected. The solution to the 

thk  subproblem is denoted by kx . After each of the k  iterations in the TRMM framework, the 
predicted step is validated by computing the trust region ratio, kU , using equation (2). 

 

 
� � � �
� � � �kk

c

kk
ck

xfxf
xfxf





�
�

~=U  (2) 

 
This is the ratio of the actual improvement of the objective or constraint function to the 

improvement predicted by optimization on the surrogate model, thus a measure of the accuracy of the 
surrogate. This ratio measures the performance of the surrogate model by finding new iterates that 
improve the objective while satisfying constraints via ensuring model accuracy. Traditionally, this 
value has been used to determine step size acceptance as well as the size of the next trust region using 
the logic of equations (3-4) where ir  represent decision bounds and is  denote trust region scaling 
values [5]. 
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Therefore, this framework calls the high-fidelity function once per iteration to check accuracy of 

the surrogate, and performs the actual optimization on the surrogate model. Logically these TRMM 
rules are interpreted as equations (5-6) where TRS , UB , and LB  correspond to trust region size, 
upper bound, and lower bound respectively. In this equation, note that 4321 <1<<<0 ssss d  where 

it has been found that it is best for 141 zss . Also note that 1<<<0 321 rrrd , where it has been 

found that 4
1 100 �dd r , 0.2510 3

3 dd� r  and 1<0.75 3rd . 
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Note that the lower and upper bounds of the side constraints imposed on the design variables x  are 
never permitted to extend beyond the initial bounds of the high-fidelity optimization problem ( minx  
and maxx ). This formulation still accounts for the scenario that sub-problem optimization step is 

rejected ( 1r
k dU ) and thus shrinks the trust region size, but centers this trust region about the same 

center of the previous iteration. This trust region model management process is defined in algorithm 2 
below. Note, in this algorithm, TRS  denotes trust region size, WRS  denotes weight region size for 
use in the Bayesian posterior updating technique addressed later in this paper, and TRLB , TRUB , 
WRLB , and WRUB  represent the trust region lower and upper bounds as well as weight region lower 
and upper bounds, respectively. Also, cx  and x  define design points for the trust region center and 
optimum respectively. 

 
  

Algorithm 2: Trust Region Model Management 
Require: )( k

cH xf , )( k
H xf  , )(~ k

H xf  , ),,(= 321 ssss , ),,,(= 4321 rrrrr  1�kTRS , WRS  

1:  Calculate accuracy criterion 
)(~)(
)()(=

k
H

k
cH

k
H

k
cHk

xfxf
xfxf





�
�U . 

2:  Determine acceptance 
          if 1r

k dU  then Reject Step 1= �o k
c

k
c xx  

          else Accept Step 1= �
o kk

c xx  
3:  Determine Trust region Scale Value 

          if 1r
k dU  

                    1= ssk  
          else if 21 < rr k dU  
                    2= ssk  
          else if 32 < rr k dU  

                    3= ssk  

          else 

                    4= ssk  
4:  Update Trust Region Size 1= �kkk TRSsTRS . 
5:  Define Trust Region and Weight Region bounds 

           ( kk
c

kkk
c

k TRSxTRUBTRSxTRLB �� =,= ) 

           ( kk
c

kkk
c

k TRSWRSxWRUBTRSWRSxWRLB �� =,= ) 
 
 

2.2.  Multiple Fidelity Objective and Constraint(s) 
As mentioned previously, it is very likely that an engineering design problem will exhibit multi-
fidelity objective and constraint definitions. This scenario poses somewhat of an obstacle in defining 
correction models as well as handling said models in the TRMM framework. This problem has only 
been addressed in the sense of converting the constrained optimization problem to an unconstrained 
problem through the use of a Lagrange multiplier technique common within optimization. The pit fall 
to this approach is that we no longer look at the objective and constraint(s) separately. This posses a 
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problem when trying to develop 2 or more BHBF’s, one for the objective and one for each of the 
constraints, and handling them in the TRMM framework. This also prevents the use of commercial 
nonlinear optimization packages such as those available in Matlab, Python, and Design Optimization 
Toolbox (DOT). Therefore, this work aims to address these issues. First, as outlined in algorithm 3, a 
separate correction model is built for the objective and and each constraint. Next, these models are 
handled by the TRMM methodology in which an accuracy criterion is calculated for the corrected 
low-fidelity objective and the corrected low-fidelity constraint(s) using equation (2). Upon calculating 
an accuracy criterion for the objective and the constraint(s), the lowest (least accurate) accuracy 
criterion is passed to equations (5-6). This ensures that the trust region movement and resizing are 
based upon the least accurate model thus ensuring the minimal desired level of accuracy is always 
satisfied. Note that the Lagrange multiplier approach would not work in this scenario because an 
extremely accurate model could outweigh an inaccurate model. This would lead to instance in which a 
correction model is assumed to be accurate thus advancing the trust region under false pretenses such 
as a type I error scenario. 
 
 

Algorithm 3: Multi-Fidelity Optimization 

Require: ),(= 000
MultAdd www , ¸

¹
·

¨
©
§ �

24
1=0 minmax xxTRS , ),,(= 321 ssss , ),,,(= 4321 rrrrr  

1:  Define initial point 0x  and global bounds maxx  and minx . 
2:  Evaluate low and high-fidelity models at 0x  (function and sensitivity values) for 

          Objective and Constraint(s). 
3:  Perform TRMM for Objective and Constraint(s). 
4:  Least accurate correction model (Objective and Constraint(s)) dictate TRMM 

          acceptance and scaling (used for accuracy criterion in TRMM). 
5:  Build low-fidelity ( )(~ xfL ) and high-fidelity ( )(~ xfH ) surrogate models on TR data 

          for Objective and Constraint(s) separately. 

6:  Define additive ( )(~)(~=)(~ xfxfx LH �E ) and multiplicative (
)(~
)(~

=)(~
xf
xfx

L

HJ ) 

          adjustment factor models using high and low-fidelity surrogates for Objective and 
          Constraint(s) separately. 

7:  Define additive ( )()(~=)(~
, xfxxf LH �EE ) and multiplicative ( )()(~=)(~

, xfxxf LH JJ ) 
          corrected low-fidelity models for Objective and Constraint(s) separately. 

8:  Calculate Hybrid Bayesian weighting coefficients ( � �MultAdd
k www ,= ) using Weight 

          Region data for Objective and Constraint(s) separately. 
ͻǣ����������������������Ǧ��������������� )(~)(~=~

,, xfwxfwf HMultHAddH JE � ������������������
          Constraint(s) separately. 

10:  Perform sub-problem optimization (Obtain optimal point kxx = ) 
11:  Evaluate low and high-fidelity models at kx  (function and sensitivity values). 

12:  Calculate stopping criteria 
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)()(=
1
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H

k
H

k
H

xf
xfxfH . 

          if HH <  then stop 
          else return to step 3 and proceed 
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2.3.  Bayesian Hybrid Bridge Function (BHBF) 
One of the key issues for variable fidelity modeling (VFM) is how to manage the different models of 
varying fidelity, or how to correct the low-fidelity model to approximate the high-fidelity data by 
making use of so-called “bridge functions”, which are sometimes called “scaling functions”. Existing 
bridge functions can be divided into three categories [6]: 
  

x Additive  
x Multiplicative  
x Hybrid  

 
All of these approaches require the construction of an unknown function to correct the lower-

fidelity model, which in turn will approximate the high-fidelity model. Note that bridge functions can 
take the form of low-order polynomials, Kriging models, or any surrogate. It must also be noted that 
given the use of a TRMM schema for handling the decision of when to utilize a given fidelity level, 
certain criteria must be met by these surrogate models to effectively ensure convergence. The criteria 
of first order accuracy is easily addressed through the use of interpolation surrogates. 

The multiplicative bridge function can be defined through use of equation (8). In equation (7), 
)(~ xfH  and )(~ xfL  denote the high and low-fidelity surrogate models respectively. After the predicted 

but unknown bridge function )(~ xJ  has been approximated, the high-fidelity model )(xfH  can be 

approximated by the VFM using equation (8) which utilizes the exact low-fidelity model )(~ xfL  [7]. 
 

 � � � �
� �xf
xfx

L

H~
~

=~J  (7) 

 
 � � � � � � � �xfxfxx HLMult |JI ~=~

 (8) 
 

It can be shown that the function )(~ xJ  is the scaling ratio between the high-fidelity surrogate and 
the low-fidelity surrogate, and when it is multiplied by the low-fidelity model, the approximate 
response of the high-fidelity model is achieved. However, the above multiplicative bridge function, 

� �xMultI~ , may cause problems when one of the sampled values of the low-fidelity model is close to 
zero. In such a case, the values of both the high and low-fidelity models should be shifted to avoid an 
error. 

To avoid the possible problem of dividing by zero when using multiplicative bride functions, an 
additive bridge function was developed. The additive bridge function can be expressed by equation 
(10). In equation (9), )(~ xfL  and )(~ xfH  denote the low and high-fidelity models respectively. After 

the predicted but unknown bridge function )(~ xE  has been approximated, the high-fidelity model 

)(xfH  can be approximated by the additive bridge function, � �xMultI~ , using equation (10) [8]. 
 
 � � � � � �xfxfx LH

~~= �E  (9) 
 
 � � � � � � � �xfxxfx HLAdd |� EI ~=~

 (10) 
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It can be shown that the function )(~ xE  is essentially the error or difference between the low and 

high-fidelity surrogates. When )(~ xE  is added to the low-fidelity model, the response of the high-
fidelity model is obtained. 

Gano et al. showed that additive bridge functions are not always better than multiplicative ones. 
Both have merits and demerits. Hence, Gano et al. developed a hybrid method that combines the 
multiplicative and additive methods into a hybrid bridge function, � �xI~ , as shown in equation (11) [9]. 
This allows pure mathematics to make the determination as to whether an additive or multiplicative 
correction best suits a given problem and implement said correction in a continuous manner. 
 
 � � � � � � � �xwxwx AddMult III ~1~=~

��  (11) 
 

In equation (11), w  is a weight coefficient. The determination of w  being the key point for the 
success of this hybrid bridge function. Eldred et al. proposed to use the previously evaluated point to 
adjust the value of w  as in equation (12) where )( 1�k

H xf  denotes the optimum of the previous 
optimization step. 
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Therefore, a new method is proposed in this work for calculating these weighting coefficients. This 

method follows a Bayesian posterior updating approach that allows for the utilization of all data 
available within the weighting region of the current subproblem optimization defined by the 
previously discussed TRMM methodology, in which the weight region becomes a surrounding region 
(co-located with upper bounds at a size d  larger than the trust region where 2<1 dd , and lower 
bounds equivalent to the trust region bounds) of the trust region as shown in figure 1. This 
methodology defines the hybrid bridge function as the form of equation (13) [10]. This approach is 
intended to improve accuracy as well as mitigate any surrogate induced inadequacies due to utilization 
of interpolation models. This is resultant from the fact that the weighting coefficients are calculated 
via data surrounding the trust region, thus choosing the model which is most accurate at trust region 
bounds. This is important because use of a TRMM schema typically results in sub-problem optima 
that lie at the respective rust region bounds [11]. 
   
 � � � � � �xwxwx AddAddMultMult III ~~=~

�  (13) 
 

In equation (13), Multw  and Addw  are determined using equations (14-15) respectively. It is worth 
noting that calculation of these weighting coefficients in this manner allows for an adaptive approach 
to calculation of said coefficients given that the current coefficient is dependent upon the previous 

coefficients where 
2
1== 00

AddMult ww  [12]. 
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In equations (14-15), )(xMult\  and )(xAdd\  denote the model likelihoods of )(ˆ xMultI  and )(ˆ tAddI  

respectively. These model likelihoods are determined using equations (16-17) where n  denotes the 
number of data points found to be available from previous iterations within the current weight region, 
i  signifies either the multiplicative or additive cases, and j  represents the thj  data point contained 
within the current weight region (as discussed earlier and outlined in algorithm 2). 
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Note that model likelihood ( )(xi\ ) is dependent upon the maximum likelihood estimator of model 

variance ( 2
,ˆ MLEiV ). Therefore, in this formulation, the weighting coefficients are adaptively updated 

using all available data contained within the thk  subproblem optimization weight region. 

3.  Demonstration problems 
In the following demonstrations, the design problems are first solved via conventional design 
techniques to obtain a baseline design, computational cost, and number of function evaluations to 
which results of the multi-fidelity design approach are to be compared. The problems are then solved 
by implementing the proposed Bayesian correction technique. These results are then compared to 
illustrate the benefits of the proposed multi-fidelity optimization technique. It will be shown that 
benefits are observed even in a scenario in which the low-fidelity trends oppose high-fidelity trends. 
The first problem utilizes the multi-fidelity optimization design to handle a single set of multiple 

 
Figure  1. Weight Region Co-Located with Trust Region 
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fidelities in either the objective or constraint but can’t handle both. The second problem utilizes the 
modified approach intended for multiple fidelities in both the objective and constraints. As can be seen 
in the following results, employing this technique results in converging to the high-fidelity optimum in 
fewer high-fidelity function evaluations than required to converge to an optimum when performing 
optimization on just the high-fidelity model. 

3.1.  Academic Demonstration 
The first demonstration problem is a pure academic test case designed to illustrate the proposed multi-
fidelity optimization methodology consisting of the Bayesian Hybrid Bridge Function implemented in 
a TRMM optimization framework. This problem serves to illustrate the iterative process and 
convergence of the proposed approach. 

3.1.1.  Problem Description. This problem consists of two fidelity levels which can be used to define 
the objective function of an unconstrained optimal design problem. The high-fidelity objective 
function is defined as equation (18) where as the low-fidelity objective is defined by equation (19). 
Both fidelity levels are plotted on the same axes shown in figure 2. Note that the high-fidelity is shown 
as a solid black line while the solid blue line represents the low-fidelity objective function. As can be 
seen, the high-fidelity objective has 2 minima corresponding to 2.56=x  and 8.18=x  while the 
low-fidelity has 1 minima corresponding to 5.34=x . It is worth noting that the low-fidelity minima 
does not correspond to either of the high-fidelity minima, and thus, can not lead to a high fidelity 
optimum through conventional design techniques. 

 
 )0.25(exp1)(1.3sin3)(0.5=)( 2 xxxxYHF ����  (18) 
 
 74)(0.75=)( 2 ��xxYLF  (19) 

 

 
Figure  2. High and Low-Fidelity Objective Functions 

 

3.1.2.  Multi-Fidelity Optimization Results. Implementing the proposed multi-fidelity optimization 
procedure results in the iterative history depicted in figure 3. Note that the trust region in each sub-
figure is illustrated via a green shaded region in which the center point is represented as a black square 
and the corresponding iteration optimum is depicted by a red circle. As can be seen, the multi-fidelity 
optimization technique converges to an optimum of 2.56=x  which directly corresponds to an 
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analytical high-fidelity minima. This optimum design problem shows that even in scenarios that low 
and high-fidelity functions trend in opposing directions, as this problem does over given regions of the 
design space, the methodology will still converge to a high-fidelity optimum. As can be seen, the trust 
region size and location adapt as more information becomes available. Likewise, as the trust region 
adapts, so does the corrected low-fidelity model. 

 

 
(a) 

teration 1 

 
(b)

teration 2 
(c)

teration 3 

 
(d) 

teration 4 

 
(e)

teration 5 
Figure  3. Demonstration Problem 1 - Iterative History of Multi-Fidelity Optimization 

 

3.1.3.  BHBF Compared to “Standard” HBF. A comparison of the “Standard” Hybrid Bridge 
Function (HBF) defined by equation (12) to the proposed Bayesian Hybrid Bridge Function (BHBF) 
was performed to evaluate the effectiveness of utilizing Bayesian statistics in determining the proper 
weighting between and additive and multiplicative correction to the low-fidelity model. The results are 
tabulated in table 1. As can be seen by these results, implementation of the proposed Bayesian 
approach yields better results than those obtained via the “standard” approach. These results are 
promising an thus the Bayesian approach is utilized later in this paper. 

  
Table  1. Comparison of BHBF to the “Standard” HBF. 

High-Fidelity (Low-Fidelity) 
 BHBF “Standard” HBF

e-2 5 (38) 7 (59) 
e-4 7 (49) 9 (76) 
e-6 8 (53) 11 (89) 
e-8 9 (58) 14 (101) 

e-10 112 (1265) 201 (2011) 
 

3.1.4.  Machine Precision Convergence. It is stated and a well proven fact that proper implementation 
of the TRMM method is convergent. The terminology used in this paper is “provably convergent,” 
meaning that it has been mathematically proven that the TRMM method will converge to the true 
optimum provided it has been implemented properly. There are a few conditions that must be met for 
this statement to hold true. First, the surrogate constructed over the trust region must be first order 
accurate. Second, the convergence or stopping criteria (gradient norm of the objective function) must 
be machine zero to ensure the absolute optimum (within computational capabilities) is found. Here, a 
study of the number of high-fidelity and low-fidelity function evaluations needed to reach an optimum 
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satisfying convergence criteria is implemented. This study varies the convergence criteria from 1e-1 to 
1e-15 (approximate machine zero). The study also allows for a switch to be performed in the 
optimization process in which the optimization switches from multi-fidelity to pure high-fidelity. This 
switch is performed upon the gradient norm of the objective function satisfying the switch criteria. 
Therefore, a scenario in which the convergence criteria is defined as 1e-6 and switch criteria defined 
as 1e-1 would utilize the multi-fidelity optimal problem definition until the objective gradient norm is 
less than or equal to 1e-1 and then further optimize using pure high-fidelity until the objective gradient 
norm is less than or equal to 1e-6. Therefore, if the convergence and switch criteria are equivalent, the 
optimization would utilize the multi-fidelity definition throughout the entire optimization process. The 
results of this study are tabulated in table 2. As can be observed in these tabulated results, the BIMFO 
is fully capable of converging to machine precision zero with or without the switch to high-fidelity. 
This fact is noted because multiple techniques discussed in the literature for multi-fidelity design 
optimization are not capable of converging to a machine precision zero without switching to pure 
high-fidelity at some point in the optimization process. It is also interesting to note that performing the 
switch to pure-high fidelity has a negative impact (larger number of high-fidelity function evaluations 
required) as a general sense. This goes to express the effectiveness of the BIMFO process. There are a 
few scenarios in the data that performing a switch is beneficial. These scenarios are taken to be 
outliers and non-predictable. The reasoning behind these outliers is that the multi-fidelity process is 
very near the optimum when the switch is performed, and thus the switch eliminates instance of step 
rejection in the multi-fidelity process due to inaccurate surrogate models. 

3.2.   Physical Demonstration 
The physics-based, engineering demonstration problem is a two-dimensional aerodynamic airfoil 
shape optimization. Computational Fluid Dynamics (CFD) is one specific area in which the need for 
higher fidelity physics at a lower computational cost is becoming increasingly necessary in aircraft 
design. Shape optimization of an airfoil with the objective of minimizing drag coefficient ( DragC ) 

subject to a constraint on lift coefficient LiftC . The airfoil shape is parameterized by a Hicks Henne 
Bump profile imposed upon a NACA 3510 baseline configuration. The shape is controlled via 3 Hicks 
Henne Bump parameters as described by equations (20-21). In equation (20), 0y  references the 
baseline airfoil (in this case a NACA 3510 airfoil), the subscripts top  and bot  refer to the top and 
bottom airfoil surfaces respectfully, and )(ib  denotes the thi  Hicks Henne Bump. equation (21) defines 
the Hicks Henne bump shape used to perturb the airfoil shape as shown in figure 4. In this equation, a  
denotes the magnitude parameter (height of the bump), 1t  the location parameter (center location of 
bump), and 2t  the width parameter (width of bump). 
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  The physics-based models for this demonstration case are constructed using a computational fluid 

dynamics (CFD) software package known as FUN3D. FUN3D was developed by NASA as a CFD 
method that solves the Euler and Navier Stokes equation in compressible flow. This package can 
model turbulent and laminar flows in steady or unsteady domains. One of the best components 
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available within FUN3D is the ability to achieve complex step and/or discrete adjoint sensitivities 
which are leveraged in this work. 
 
Table  2. Number of function evaluations require for convergence, with varying switching criteria, as 

convergence criteria approaches machine precision zero. 
High-Fidelity Function Evaluations  (Low-Fidelity Function Evaluations) 

 Convergence Criteria – Gradient Norm 
 1e-1 1e-2 1e-3 1e-4 1e-5 1e-6 1e-7 1e-8 1e-9 

Switch 
Criteria 

– 
Gradient 

Norm 

1e-1 5 (38) 5 (38) 22 (38) 22 (38) 22 (38) 22 (38) 22 (38) 67 (38) 1463 (38) 
1e-2 5 (38) 22 (38) 22 (38) 22 (38) 22 (38) 22 (38) 59 (38) 200 (38) 
1e-3  6 (44) 35 (44) 35 (44) 35 (44) 35 (44) 92 (44) 152 (44) 
1e-4  7 (49) 7 (49) 12 (49) 12 (49) 12 (49) 12 (49) 
1e-5  7 (49) 12 (49) 12 (49) 12 (49) 12 (49) 
1e-6  8 (53) 12 (53) 12 (53) 12 (53) 
1e-7  9 (58) 9 (58) 14 (58) 
1e-8   9 (58) 14 (58) 
1e-9    177 (3168)

1e-10     
1e-11     
1e-12     
1e-13     
1e-14     
1e-15     

 
High-Fidelity Function Evaluations (Low-Fidelity Function Evaluations) 

 Convergence Criteria-Gradient Norm 
 1e-10 1e-11 1e-12 1e-13 1e-14 1e-15 

Switch 
Criteria 

– 
Gradient 

Norm 

1e-1 315 (38) 42 (38) 496 (38) 844 (38) 1417 (38) 14955 (38) 
1e-2 1686 (38) 321 (38) 467 (38) 323 (38) 218 (38) 1465 (38) 
1e-3 737 (44) 385 (44) 1186 (44) 304 (44) 528 (44) 14772 (44) 
1e-4 12 (49) 12 (49) 12 (49) 1808 (49) 35 (49) 14291 (49) 
1e-5 12 (49) 12 (49) 12 (49) 2124 (49) 802 (49) 14823 (49) 
1e-6 12 (53) 1963 (53) 2240 (53) 755 (53) 3538 (53) 14831 (53) 
1e-7 14 (58) 14 (58) 14 (58) 14 (58) 14 (58) 6675 (58) 
1e-8 14 (58) 14 (58) 14 (58) 14 (58) 14 (58) 14719 (58) 
1e-9 80 (1021) 772 (1694) 245 (448) 166 (580) 1073 (109) 12903 (2347)

1e-10 112 (1265) 1684 (1680) 148 (2399) 680 (2481) 958 (3767) 10902 (5906)
1e-11  412 (7438) 1001 (22349) 613 (2127) 378 (1804) 12894 (4247)
1e-12   170 (2606) 1001 (19724) 1171 (15606) 1001 (18100)
1e-13    1001 (17378) 1001 (19660) 1001 (19461)
1e-14     1001 (18906) 1001 (17440)
1e-15      1001 (19332)

 

3.2.1.  Low-Fidelity Model. The low-fidelity model utilizes lower order physics (Euler equations) and 
a lower quality of mesh. In terms of physics, this model is an Euler-based CFD flow solution assuming 
inviscid and incompressible flow. The fluid domain is composed of a coarse mesh depicted in figure 4 
with 2496 computational nodes. This coarse mesh is not desirable to obtaining a fully converged and 
accurate solution; however, this serves to further demonstrate the ability of the multi-fidelity 
optimization methodology given an inferior low-fidelity model. The low-fidelity model is not used for 
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its accuracy, rather its computational efficiency while still lending physical insight to the flow 
prediction. 

 

 
(a) 

ow-Fidelity Mesh 

 
(b)

ow-Fidelity Flow Pressure 
Figure  5. Low-Fidelity FUN3D Model 

 

3.2.2.  High-Fidelity Model. The high-fidelity model utilizes higher order physics and a higher quality 
of mesh. In terms of physics, this model is an Reynolds Averaged Navier Stokes (RANS) CFD flow 
solution assuming turbulent and compressible flow. The Spalart-Allmaras turbulence model is used to 
model the turbulent flow. The fluid domain is composed of a fine mesh depicted in figure 5 with 
39,996 computational nodes. This computational mesh was found to provide converged results in 
contrast to the low-fidelity mesh. 

 

 
(a) 

igh-Fidelity Mesh 

 
(b)

igh-Fidelity Flow Pressure 
Figure  5. High-Fidelity FUN3D Model 

  

3.2.3.  Flight Conditions. There are three major flight conditions consistent to both low and high-
fidelity flow solutions. First, the airfoil is immersed in a Mach 1.2 flow. Second, the Reynolds 
Number associated with the flow is equivalent to 5106u . Finally, the flow is incident on the airfoil 
with and angle of attack of $5 . 

3.2.4.  Optimization Problem. Shape optimization is to be performed on the described airfoil 
parameterized by Hicks Henne Bumps. The objective is to minimize drag generated by the airfoil, 
while maintaining a coefficient of lift equal to or greater than 0.5. 

 

   
00.5:SubjectTo

=)(:Minimize
d� Lift

Drag

C
Cxf

 (22) 

3.2.5.  Multi-Fidelity Optimization Results. Implementing the proposed multi-fidelity optimization 
procedure for a case of multiple fidelities in the objective and constraint, the high-fidelity converges to 
an optimum with objective 0.01245=)(xf  and constraint 0=)(xg  at a design point of 

(0.015,=x  0.101,  2.544,  0.062,  0.406,  0.751)  depicted in figure 7. The corrected low-fidelity 
also converges. It can be observed that as the amount of high-fidelity information available increases, 
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the accuracy of the corrected low-fidelity model also increases. This can be seen by the reduction in 
the variation in corrected low-fidelity predictions with increase in amount of high-fidelity information. 
Convergence to optimum was achieved in 49 high-fidelity function evaluations and 531 low-fidelity 
function evaluations. With a solution time of just over an hour per high-fidelity function evaluation 
and just under a minute per low-fidelity function evaluation, the overall optimization took 
approximately 57 hours on an 8 core hyper-threaded Mac Pro. 
 

 
Figure  7. High-Fidelity Optimal Design Point Pressure Contour 

   
For comparison, optimization was also performed on the high-fidelity model using a conventional 
sequential quadratic programming optimization technique. This optimization took 189 high-fidelity 
function evaluations to reach an optimum objective 0.01245=)(xf  and constraint 0=)(xg  at an 
optimum design point of (0.015,=x  0.101,  2.544,  0.062,  0.406,  0.751) , exact same optimum 
design point reached by the multi-fidelity methodology. This assures that the presented approach 
converges to a high-fidelity optimum. The computational time required to converge to the high-fidelity 
optimum took approximately 199 hours on the same 8 core hyper-threaded Mac Pro. Therefore, 
implementing this multi-fidelity optimization methodology reduced computational cost by 71%  
while still converging to the true (high-fidelity) optimum if even with numerically insignificant and 
minimal variations. 

4.  Summary Remarks 
In this work, an adjustment factor technique (surrogate-based Bayesian influenced hybrid bridge 
function) combined with a TRMM optimization scheme was presented for use in multi-fidelity design 
processes. The novel BHBF discussed is a weighted average of additive and multiplicative adjustment 
factors where the weighting coefficients are calculated using a Bayesian Updating technique. This 
technique is the basis of Bayesian statistics and is used in uncertainty quantification and inference-
based statistics. This research discusses and shows the benefits of using the BHBF instead of the 
“standard” approach. Computational benefits are observed without a sacrifice on accuracy. 

This multi-fidelity optimization methodology was demonstrated using two different optimization 
problems. The first problem is an unconstrained minimization in which there are two fidelities that 
define the objective. This problem proved the capability of arriving at the high-fidelity optimum 
through the use of a Bayesian inspired bridge function implemented in a TRMM optimization 
environment as well as the benefits associated with use of Bayesian statistics and capabilities of the 
TRMM methodology. The physical demonstration illustrated the application and benefits associated 
with implementing this BHBF correction in a modified TRMM optimization environment on a real 
world engineering problem. It was observed that not only does the approach result in a high-fidelity 
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optimum, it did so in 29% of the computational cost required by traditional design optimization 
techniques (71% reduction in computational cost). 
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Abstract. This paper investigates the saw-toothed and sine-curved trailing edge shape of the 
NACA0012 aerofoil at chord Reynolds numbers of 5.25×104, 1.05×105 and 2.10×105. Firstly, 
to examine the impact of the trailing edge shape to the flow behaviour and overall drag 
coefficient of the aerofoil. Secondly, to compare the drag coefficient for various speeds, the 
CFD RANS-SST with a commercial code ANSYS CFX simulation is performed for the fully 
submerged NACA0012 aerofoil of 150 mm chord length with three trailing edge shapes: 
standard straight line, saw-toothed and sine-curved shapes. The results show that a 25% 
increment of drag coefficient for saw-toothed trailing edge shape compared to the standard 
trailing edge shapes at Re = 5.25×104, and the increase of 14% at Re = 1.05×105 and 2.10×105. 
At Re= 5.25×104, the sine-curved trailing edge shape also caused a 16% of drag increment 
comparing with the standard trailing edge, while at = 1.05×105 and 2.10×105, the sine-curved 
trailing edge provided same drag results as the standard trailing edge. The result suggests that, 
in term of drag reduction, there is no benefit of using the alternative trailing edge shapes for 
NACA0012.  

 
1. Introduction 

For increasing human life quality, Aeroacoustics is currently applied in various industries such as wind 
turbine, aerospace, automobile, to create reduced or hopefully noiseless machines and mechanisms. 
Aerodynamic noise is noise radiated from blades or airfoil which associates the interaction between 
boundary layer and the solid surface. The research has shown that flow induced noise is the most 
important noise source, known as an airfoil self-noise. The turbulent boundary layer (TBL) trailing edge 
noise is the major cause of the airfoil self-noise. It occurs due to the aerodynamics fluctuating pressure of 
the TBL which is scattered into acoustics energy by the edge discontinuity and radiated to the far field [1]. 
According to the literature, recent studies have shown that a modification of the trailing edge geometry, 
as such saw-toothed and slotted trailing edge geometries, could reduce this noise [2]. Considering in term 
of the aerodynamic performance, the reduction of turbulent flow over an airfoil, may result in the drag 
reduction of an airfoil. 
 The purpose of this paper is to investigate the symmetric aerofoil with different trailing edge shapes 
operated in low Reynolds Number in term of aerodynamic drag. Also the aerodynamic wake will be 
shown.  
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2. Theoretical approach  

Physically, there are two components of force acting on a body: pressure (P) and wall shear ( w). In the 
direction of resisting the movement, the aerodynamic drag can be calculated. Aerodynamic drag 
coefficient (CD) are pressure drag coefficient (CP) and skin friction drag coefficient (CF).  
 

 CD = CP + CF                                                                    (1) 
 To predict an accurate aerodynamic drags, a steady-state Reynolds Averaged Navier Stokes (RANS) 
simulation has proved to provide reasonably accurate results when compared against the experimental 
results [3][4][5][6]. The CFD-RANS simulation with a commercial code ANSYS CFX [7] is then 
selected. Total drag of the model aerofoil could be predicted. The drag coefficient of aerofoil could then 
be estimated by:- 
 

  CD    = (Total drag)/ (0.5  V2A)                                        (2) 
where  is the fluid density, A is the aerofoil’s surface area.  
  
 The dimensionless air speed (V) in term of the Reynolds number (Re) based on chord length (L) could 
be calculated by:- 
 

  Re = 70000VL                                                                    (3) 
 
 By assuming the flow is incompressible, the continuity equation becomes:- 
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ൌ Ͳ                                                                                    (4) 

 
The momentum equation can be written as:- 
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                                                                           (5)  
Where, i is Cartesian co-ordinates in X, Y and Z and Ui are the Cartesian mean velocity components (Ux, 
Uy, Uz). The Reynolds stress tensor (ݑߩᇱݑᇱ) is represented in the turbulence closure and ݂ҧ is the external 
forces. The previous three-dimensional model simulations have shown that the shear stress transport 
(SST) turbulence closure model is able to replicate the flow around object with a moderate computer 
accuracy [8]. Therefore, SST turbulence model was selected. However, to obtain a high fidelity 
simulation result needs an appropriate mesh strategy and mesh resolution to capture the effect of the 
boundary layer and the wake behind the body [9][10], therefore, it is important to introduce the mesh 
strategy used in the next topic.  
 
3. Numerical modelling  

3.1 Aerofoil modelling 
The NACA0012 is modelled for the chord length (L) of 0.15 m and the span-width (S) is 0.29 m, the 
standard trailing edge shape (Figure 1 and 2) is performed to be used as the benchmark case for this 
study. Simulations of the saw-toothed and sine-curved trailing edge shape (Figure 1) are then performed. 
The surface area (A) is shown in Table 1.  

 
Table 1. Surface area of NACA0012 model 

Trailing edge standard saw-toothed sine-curved 
A (m2) 0.089422 0.083259 0.088246 

 
3.2 Model domain and boundary condition 
The dimension of the fluid domain is modelled as 0.3×0.3 m and 3.30 m long. Free slip wall conditions 
are used for the roof, floor, symmetry are made for both left and right side-walls. The air inlet velocity (V) 
is set at 5 m/s, 10 m/s and 20 m/s related to the chord Reynolds Number of interest are at 5.25×104, 
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1.05×105, and 2.10×105 for a fully submerged case, with the zero relative pressure outlet boundary 
condition. The aerofoil is modelled by using a no slip wall condition. See Figure 3 and 4. The 
computational parameters are provided in Table 2. Meshing strategy is detailed in Table 3. Samples of 
meshing are shown in Figure 5 and 6.  

 
Table 2. Computational parameters 

Parameters Setting 
Mesh type Unstructured with local refinement around aerofoil and in 

wake regions 
y+ 1 (for 0.15 m long, 0.016 mm first layer height with 1.5 

growth rate is selected) 
No. of elements 5-9 Millions with 8 prism layers in the boundary layer 

Turbulence model Shear Stress Transport 
Inlet turbulent intensity 1% 

Wall modelling Automatic Wall Function 
Spatial discretisation High Resolution 

Timescale control Auto Timescale 
Convergence criteria RMS residual < 10 6 

Run type Intel CORE i7 with 2GB RAM 
 
 

 
Figure 1. The NACA0012 with standard, saw-toothed and sine-curved trailing edge shape. 

 
 

 
(a) saw-toothed                   (b) sine-curved 

Figure 2. Dimension of trailing edges in mm  
 
 

 
Figure 3. Fluid domain and boundary conditions 
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Figure 4. Isometric view of simulation domain 

 

 
Figure 5. Fine mesh set for NACA0012 with standard trailing edge 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6. Fine mesh set for NACA0012 with standard trailing edge, saw-toothed trailing edge and sine-
curved trailing edge (Left) side view at YZ plane (Right) top view at XZ plane 
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Figure 7. Mesh convergence for NACA0012 with standard trailing edge at Re=2.10×105 

 
Table 3. Mesh strategies for NACA0012 with standard trailing edge at Re=2.10×105 

Meshing No. of 
elements ×106 

Simulation time 
(wall clock hours) 

CF 
×1000 

CP 
×1000 

CD 
×1000 

%CD 
 

Coarse 5.43 2.4 6.141 2.767 8.928 - 
Medium 5.63 5.6 6.123 2.692 8.836 1.0 

Fine 7.84 7.3 6.112 2.604 8.738 1.1 
 
4. Result 

4.1 Mesh convergences 
One measure of accuracy of the numerical simulation is the effect of mesh convergence. Mesh 
convergences were tested as the results shown in Figure 7. The definition of %CD are as following; 
  

  Ψܥ ൌ
ವǡିವǡషభ

ವǡ
ൈ ͳͲͲ%,                                (6)   

 
Where, i is the drag coefficient of coarse, medium and fine mesh. Table 3 shows results of CD, CF, CP 
and %CD. Due to it is a simple geometry, there is no different results for CF at different number of mesh, 
consequently, CD which is dominated by CF shows no change of results. The convergence of meshing 
from coarse, medium to fine mesh is found for CP, due to mesh refinement at nose and tail, the pressure 
gradient is predicted more accurately. From accuracy and time consuming prospect, the fine mesh set up 
is selected in this study.  
 

4.2 Influence of trailing edge shapes 
Table 4 shows the results of drag coefficient, skin friction coefficient and pressure coefficient and percent 
differences for saw-toothed TE and sine-curved TE compared with standard TE, the equations are as 
following;   
      Ψܥி ൌ

ಷǡ�ಶିಷǡೞೌೌ
ಷǡೞೌೌ

ൈ ͳͲͲΨ  

      Ψܥ ൌ
ುǡ�ಶିುǡೞೌೌ

ುǡೞೌೌ
ൈ ͳͲͲ%,                      (7)   

      Ψܥ ൌ
ವǡ�ಶିವǡೞೌೌ

ವǡೞೌೌ
ൈ ͳͲͲ%,         

 The physical mechanism in these flow conditions can be observed from Figure 8 and 9. The velocity 
drop occurs between the teeth of the saw-toothed TE, consequently, pressure around that area is 
increased. This results in the higher pressure drag coefficient of saw-toothed TE which affects the drag 
increment. While the sine-curved TE shows the pressure recovery along the curves, this could lead to the 
reduction of approximately 7% to 9% of pressure drag compared with the standard TE. In every Re, the 
skin friction drag shows no different results between saw-toothed TE and sine-curved TE.    
 Figure 10 show the velocity profile of flow past NACA0012 at Re=5.25×104, 1.05×105 and 2.10×105. 
The results show that the TE shape influence the velocity profile up to 0.2L, as seen the shape of green 
dash line and red dot line. The velocity profile of flow behind 0.2L shows that the flow is accelerated by 
the saw-toothed TE shape and on the other hand, is decelerated by the sine-curved TE shape.   
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4.3 Impact of the Reynolds number at each trailing edge shapes 
The impact of the Re to aerofoil with a standard and modified TE shape shows no difference in the results. 
It could be seen from Figure 11 and Table 5 that for same type of TE, the higher Re, the lower CD. The Re 
= 5.25×104, NACA0012 with saw-toothed TE experienced higher drag, then the sine-curved TE, the 
standard TE experienced the lowest drag. At Re = 10.5×104 and  21.0×104, the sine-curved TE show the 
same drag as that of the standard TE shape. The results also show that  the drag of saw-toothed TE are 
26%, 14% and 15% higher than that of standard TE for Re at 5.25×104, 1.05×105 and 2.10×105, 
respectively. 

 

 
Figure 8. The pressure contour of flow past 

NACA0012 at Re = 2.10×105 
 

 
Figure 9. The velocity contour of flow past 

NACA0012 at Re = 2.10×105 

 
Figure 10. The velocity profile of flow past NACA0012 at Re=5.25×104, 1.05×105 and 2.10×105 
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Table 4. The drag coefficient, skin friction coefficient and pressure coefficient and percent differences 
Re= 

5.25×104 CF %CF CP %CP CD %CD 

Standard 8.08 3.98
Saw- 

toothed 10.37 28 4.80 21 15.18 26 

Sine- 
curved 10.38 28 3.67 -8 14.05 16 

Re= 
10.5×104 CF %CF CP %CP CD %CD 

Standard 6.99 3.11 10.12
Saw- 

toothed 7.47 7 4.01 29 11.49 14 

Sine- 
curved 7.44 6 2.87 -7 10.32 2 

Re= 
21.0×104 CF %CF CP %CP CD %CD 

Standard 6.11 2.60 8.74 
Saw- 

toothed 6.49 6 3.54 36 10.04 15 

Sine- 
curved 6.49 6 2.37 -9 8.86 1 

 
Table 5. Comparing the results of coefficient for various Re at each TE shapes 

NACA0012 Standard trailing edge (×1000) 
Re×10-4 CF CP CD %CD 

5.25 8.08 3.98 12.07 
10.5 6.99 3.11 10.12 16 
21.0 6.11 2.60 8.74 14 

Saw-toothed trailing edge (×1000) 
Re×10-4 CF CP CD %CD 

5.25 10.37 4.80 15.18 
10.5 7.47 4.01 11.49 24 
21.0 6.49 3.54 10.04 13 

Sine-curved trailing edge (×1000) 
Re×10-4 CF CP CD %CD 

5.25 10.38 3.67 14.05 
10.5 7.44 2.87 10.32 27 
21.0 6.49 2.37 8.86 14 

 
 

 
Figure 11. CD for NACA0012 with different trailing edge at Re=5.25×104, 1.05×105 and 2.10×105 
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5. Conclusion and Suggestion 

The CFD RANS-SST used in a commercial code ANSYS CFX simulation is performed for the fully 
submerged NACA0012 aerofoil of 150 mm chord length with three trailing edge shapes: standard straight 
line, saw-toothed and sine-curved shapes. The working section of fluid domain is modelled as 0.3×0.3 m 
with 3.30 m long. The investigation had been done at Re of 5.25×104, 1.05×105 and 2.10×105. The results 
provided a good understanding of the flow behaviour behind the modified TE shapes. Considering the 
aerodynamics performance, the results also could benefit the aerofoil designer.  

Firstly, to examine the impact of the trailing edge shape to the flow behaviour and overall drag 
coefficient of aerofoil. The results show that 25% increment of drag coefficient for saw-toothed trailing 
edge shape compared to the standard trailing edge shapes at Re = 5.25×104, and the increase of 14% at Re 
= 1.05×105 and 2.10×105. 

Secondly, to compare the drag coefficient for various speeds, it is shown that at Re= 5.25×104, the 
sine-curved trailing edge shape also caused the 16% of drag increment comparing with the standard 
trailing edge, while at = 1.05×105 and 2.10×105, the sine-curved trailing edge provided same drag results 
as the standard trailing edge. The result suggests that, in term of drag reduction, there is no benefit of 
using the alternative trailing edge shapes for NACA0012. 

In conclusion, for the performance aspect, there is no benefit of using saw-toothed TE for 
NACA0012. The drag reduction occurs for NACA0012 with the sine-curved TE shapes.  

This investigation shows the change of pressure and velocity around the curved of modify TE shape, 
it suggests the potential of increase the performance of an asymmetric NACA aerofoil if modify with the 
sine-curved TE shape.  
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Abstract. This paper presents a finite-time stabilization scheme for nonlinear chaotic gyros. 
The scheme utilizes a supertwisting-like continuous control algorithm for the systems of 
dimension more than one with a ipschitz disturbance. The algorithm yields finite-time 
convergence similar to that produces by discontinuous sliding mode control algorithms. To 
design the controller, the nonlinearities in the gyro are treated as a disturbance in the system. 
Thanks to the dissipativeness of chaotic systems, the nonlinearities also possess the ipschitz 
property. Numerical results are provided to illustrate the effectiveness of the scheme. 
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Abstract. The bogie is the part that connects and transfers all the load from the vehicle 
body onto the railway track  interestingly the interaction between wheels and rails is the 
critical point for derailment of the rail vehicles. However, observing or experimenting 
with real bogies on rail vehicles is impossible due to the operational rules and safety 
concerns. Therefore, this research aimed to develop a vibration analysis set for a four-
wheel railway bogie by constructing a four-wheel bogie with scale of 1:4.5. The bogie 
structures, including wheels and axles, were made from an aluminium alloy, e uipped 
with springs and dampers. The bogie was driven by an electric motor using 4 round 
wheels instead of 2 straight rails, with linear velocity between 0 to 11.22 m/s. The data 
collected from the vibration analysis set was compared to the mathematical simulation 
model to investigate the vibration behavior of the bogie, especially the hunting motion. 
The results showed that vibration behavior from a scaled four-wheel railway bogie set 
significantly agreed with the mathematical simulation model in terms of displacement 
and hunting fre uency. The critical speed of the wheelset was found by executing the 
mathematical simulation model at 13 m/s. 
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Abstract. Wall climbing robots with the magnetic adhesion force have been used for various 
inspection tasks to increase the performance of inspection and human safety, for example on a 
metal bridge, tank, pipe etc. The important element of the robot mobility is the adhesion force 
between the magnet on the robot and the ferromagnetic surfaces. The amount of the force 
depends on the thickness of the surface and the air gap distance between the magnet and the 
surface. An insufficient adhesion force can cause the robot to slip from the surface, while the 
excessive amount of adhesion force would require higher driving torque. In order to maintain 
the adhesion force at the appropriate level, the feedback control technique was applied to 
control the adhesion force by adjusting the distance between the magnets and the surface. In 
the proposed system, the distance between the magnets and the surface can be varied by a 
screw drive mechanism actuated by a stepper motor. The PID controller was implemented on a 
micro controller. The load cell was used as a sensor to measure the adhesion force. This signal 
was fed back and compared with the reference force signal. In the experiment, the force control 
system was installed on the magnetic wheel robot in order to test the mobility of the robot on 
different surface thickness. By using the proposed force control system, the magnetic adhesion 
force can be regulated at the desired level. 

1.  Introduction 
At present, the climbing inspection robot have been studied and employ in various applications. Since 
the robot can operate in hostile environments which can affect the safety and health of the human 
operators, for example high position, air pollution, unreachable space etc., using the inspection robot 
can increase reduce the danger for the operators [1,2,3,4]. Most of the industrial structures and 
machines are made from the ferromagnetic materials; it is beneficial to use the magnetic adhesion 
robot such as magnetic wheel robots[4,5]. Even though, the climbing robot can have adhesion from 
direct contact between the magnetic wheel and the surface; however, the contact area between the 
magnetic wheel and the surface is very small. If the magnetic wheel does not contact with the surface, 
the amount of adhesion force reduces rapidly and may not enough to maintain the robot to stay on the 
ferromagnetic surface. In order to solve this problem, [6,7]the magnetic force from the body is a 
simple approach to increase the adhesion for the robot. The magnetic force is distributed, but the 
amount of adhesive force is lower than that of the magnetic wheel. Therefore, using magnetic wheels 
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and /or the attachment of the magnetic on the body of the robot depends on the characteristic of the 
surface. The difference in term of geometry and the thickness of the surface can cause the different 
amount of the adhesion force. This is an important issue for the climbing robot. The adhesion force 
can be reduced from the decreasing of the surface thickness. Consequently, the climbing robot can loss 
the contact from the surface, if the adhesion force is inadequate. On the other hand, over magnitude of 
adhesion force can increase the load for the driving motor which is inefficient. In appropriate amount 
of the adhesion force affect the motion control of the climbing robot. Thus, maintain the adhesion 
force at the desired level is an important aspect for the climbing robot design. 

Development of the climbing robot with magnetic force adjustment system to maintain the 
magnetic adhesion force is the main focus of this study. In this work, the PID controller is used to 
control the adhesion force based on the feedback signal form the load cell. The magnetic adhesion 
force can be adjusted by changing the distance between the attached magnetic and the surface. Thus, 
the adhesion force of the robot can be maintained under the variation of the surface thickness. 

2.  Robot Design 
In this study, the two-wheel differential drive robot is designed and installed with the magnetic 
adhesion force system. The locomotion of the robot consists of two wheels driven by the DC motors 
and one supporting wheel as shown in Figure 1. The PLA plastic chassis of the robot is made from the 
3D printer. The over al dimension of the robot is 11x15x28 cm with the weight of 2.4 kg. as shown in 
Figure 1. 

 

 

Figure 1. Designed robot.  Figure 2. Array of Neodymium 
magnet on plate. 

 
 

 
 

Figure 3. Magnet force adjusting system.  Figure 4. Overview of the architecture of the 
robot. 

Stepping Motor Lead Screw 

Load cell 

Magnet Plate 
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For the adhesion of the robot, the neodymium magnets with the size of 40x20x5 mm are installed 
under the robot. The change of the distance between the array of magnets and the surface can be 
achieved by the lead screw driven the stepping motor with 1.8 deg/step through the timing belt. The 
pitch of the screw is 1 mm. The precision of this adjustment system is of 5 micrometer. The magnetic 
force can be measure for the feedback signal by using the load cell located between the screw and the 
array of the magnet. The adhesion force adjusting system is shown in Figure 3. 

The control station of the climbing robot is connected to the robot through the cable. The control 
elements and sensors are shown in Figure 4. The control station consists of the main processor 
AtMega328, motor driver system and the amplify circuit for the load cell. The joy stick is used for the 
operator to control robot from the station.  

 

3.  Magnetic Force Control  
The feedback control of the magnetic adhesion adjusting system can be shown in Figure 5. The load 
cell is used as a sensor to measure the force signal and provides the feedback signal for the control. 
The error is the difference between the reference signal which is the required magnetic force signal 
and the actual force measured by the load cell. The error signal is sent to the PID controller. Then, the 
control signal from the controller is fed to the stepping motor driver system. The output from the 
steeping motor driver system is used to adjustable magnetic system to set the elevation of the array 
magnetic corresponding to the required adhesion force. 

 
Figure 5. Schematic diagram of the PID control. 

 

4. Experiments Results 

            
Figure 6. The relationship between the 
magnetic force and the distance 

 Figure 7.The plot of the magnetic 
adhesion force response under the PID 
controller. 
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In order to determine the adhesion force provided by the magnet bars, the magnetic force of each 
magnet is measured at different distance from 1 mm to 11 mm. The relationship between the magnetic 
force  and the distance is shown in Figure 6. The range of the measured magnetic force is from 0.07 kg 
to 2.26 kg. Thus, in this work, the minimum and maximum distance between the magnet array and the 
surface are 7 mm. and 11 mm. respectively. The 12 bars of the magnets is used which has the 
corresponding range of the adhesion from 1.4 kg to 7.2 kg. 
 
The experiment is divided into two parts. First, the experiment was conduct to determine the set of the 
gain of the PID controller. Thus, three different reference force signal corresponding to 500 g were 
applied with the adhesion adjusting system. The output force for each condition was measured and 
plot as shown in Figure 7. The gain of the PID controller were tuned manually as Kp = 0.1, Ki = 
0.015, Kd = 0.002 with the sampling time of 100 ms. According to the selected gain, the settling time 
is 0.5 s.  
 
 

                                     
Figure 8. Non-Ferromagnetic obstacle 
test  

 Figure 9. Robot test on ferromagnetic 
wall with different thickness  

 
 
Second, the experiment was carried out to investigate and evaluate the performance of the magnetic 
adhesion adjusting system. The adjusting system was test by moving the robot with constant speed of 
3 cm/s straight forward on the ferromagnetic wall which has the different thickness shown in Figure 8 
and different obstacle object shown in Figure 9. The three different size of the obstacle thickness of 
the wall are 2, 4 and 6 mm and the thicknesses of the surface were 3 mm and 9 mm respectively. The 
results of the experiment showed that the climbing robot could maintain the constant speed while 
passing all sizes of the obstacle and surface thickness as shown in Figure 10, 11, 12 and Figure 13. 
Thus, it is clear that the magnetic adhesion system with the selected controller gains can provided the 
desired adhesion for the climbing robot.  

Wall thickness 9 mm 

Wall thickness 3 mm 
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Figure 10. The plot of the force 
response affected by the obstacle with 
the size of 2 mm. 

 Figure 11. The plot of the force 
response affected by the obstacle with 
the size of 4 mm. 

 

          
Figure 12. The plot of the force 
response affected by the obstacle with 
the size of 6 mm. 

 Figure 13.The plot of the force response 
when the robot move from  the surface 
with the thickness of  3 mm to the surface 
with thickness of  9 mm. 

 

5. Conclusion 
According to the results of this study, the design magnetic adhesion adjusting system can be 
successfully employ to maintain the magnetic adhesion at the desired level under different surface 
thickness and the size of obstacle objects. However, the noise from the magnet bars can affect the 
accuracy of the load cell measurement. In order to employ the adhesion force adjusting system 
practically, the reduction of the dimension and weight of the magnetic adhesion force system need to 
be concerned for further study. 
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Abstract. This paper describes a high-precision motion control implementation for a flexure-
ointed micromanipulator. A desktop experimental motion platform has been created based on a 

3RUU parallel kinematic mechanism, driven by rotary voice coil actuators. The three arms 
supporting the platform have rigid links with compact flexure oints as integrated parts and are 
made by single-process 3D printing. The mechanism overall size is approximately 250x250x100 
mm. The workspace is relatively large for a flexure- ointed mechanism, being approximately 
20x20x6 mm. A servo-control implementation based on pseudo-rigid-body models (PRBM) of 
kinematic behavior combined with nonlinear-PID control has been developed. This is shown to 
achieve fast response with good noise-re ection and platform stability. However, large errors in 
absolute positioning occur due to deficiencies in the PRBM kinematics, which cannot accurately 
capture flexure compliance behavior. To overcome this problem, visual servoing is employed, 
where a digital microscopy system is used to directly measure the platform position by image 
processing. By adopting nonlinear PID feedback of measured angles for the actuated oints as 
inner control loops, combined with auxiliary feedback of vision-based measurements, the 
absolute positioning error can be eliminated. ith controller gain tuning, fast dynamic response 
and low residual vibration of the end platform can be achieved with absolute positioning accuracy 
within 1 micron. 
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Abstract. Individuals with cerebral palsy use electric wheelchairs due to their abnormal gait 

caused by paralysis and other symptoms. However, it is difficult for them to operate the 

wheelchair joystick because of their suddenly occurring, uncontrollable, involuntary 

movements and the difficulty they have in maintaining their posture. In this study, we 

developed a control filter, which suppresses the effects of involuntary movement. This is 

capable of controlling electric wheelchair as intended by individuals with tension-athetosis-

type cerebral palsy. We demonstrate the effectiveness of the proposed method in experiments 

that compares the stability of operation between normal systems and the proposed method. 

1.  Introduction 
Recently, the use of electric wheelchairs has become widespread as the population age and the number 
of people with physical disabilities increase. Joystick-type electric wheelchairs are especially 
commonly used by people with physical disabilities.  It is possible to regard people with tension-
athetosis-type cerebral palsy as good candidates for electric wheelchair use. The symptoms of cerebral 
palsy include difficulty controlling their movements and postures, due to dysfunction in the brain. 
Because patients with cerebral palsy walk abnormally as their muscular strength becomes weaker and 
weaker, many of them have lower back pain. As a result, they would benefit greatly from using an 
electric wheelchair on a daily basis. However, there is a big problem in considering tension-athetosis-
type cerebral palsy, namely the occurrence of involuntary movement. Here, we consider involuntary 
movement as unintended trembling of the hands and exertion of force. Because of the influence of 
involuntary movement, it is difficult for patients to write using a pen and to perform other ordinary 
actions needed in daily life. When such patients operate a joystick-type electric wheelchair, the 
operation becomes unstable due to involuntary movements. If a person who exhibits involuntary 
movement uses an electric wheelchair in daily life, the possibility of having an accident, such as 
falling into a river or gutter, would be high, and so electric wheelchairs are not safe for such patients to 
use. 

At present, handle-type, chin-control-type and switch-type electric wheelchairs are commercially 
available. These devices have interfaces that are suitable for their functioning.  However, it is difficult 
for people who exhibit involuntary movement to operate these interfaces because these interfaces can 
be manipulated in all directions and require maintenance of the posture. Moreover, in recent years, 
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besides joysticks, various interfaces that use physical movements such as seat surface inclination [1] 
and biomedical signals such as brain waves [2] have been developed. However, because extraction 
intention of the operator is unstable and the development of these technologies is very expensive, these 
researches have not yet led to interfaces that can be put into practical use. 

On the other hand, a previous study suggested an adaptive involuntary movement attenuation filter 
[3], which focused on the synthetic velocity of the hand as a parameter with which to identify the 
presence of involuntary movement. This is a position-correction filter which is able to judge the 
strength and weakness of involuntary movements based on the synthetic velocity and the attenuation 
of involuntary movements. This filter makes use of the attenuation weight coefficient. When the 
synthetic velocity is large, which means that the involuntary movement is strong, the attenuation is 
large, while when the synthetic velocity is small, which means that the involuntary movement is weak, 
the attenuation is small. Due to the attenuation weight coefficient, we determined the degree of 
correction. Using this filter, it is possible for persons with cerebral palsy to draw pictures and write 
characters by themselves (see figure 1). However, there are time delays in this filter. For the operation 
of electric wheelchairs, which requires readiness, we need to design a new control system to make the 
operation more intuitive and comfortable.  

 
 

Figure 1. Results of drawing and writing assist systems 
 

In this study, we propose an involuntary movement suppression filter for patients with cerebral 
palsy so that they can operate an electric wheelchair as intended. 

2.  Analysis of involuntary movement 
First, we analyzed the involuntary movements that occurred during the operation of an electric 

wheelchair.  In this study, we used the electric wheelchair shown in figure 2, Standard Electric Tilt 

model EMC-250T with electric tilting made by Imasen Engineering Corporation. It is a joystick-type 

electric wheelchair. Its operation area is a circle with a radius of 21 mm and we can get operation 

voltage.  

This experiment involved operating the wheelchair in the forward, backward, left and right 

directions, and positions are given in mm. The subject of this experiment was a male in his 30s with 

tension-athetosis-type cerebral palsy. We explained the content of the experiment to the subject and 

we obtained his consent. In this experiment, the subject ran a straight course with a width of 800 mm. 

The subject tried not to leave the course while driving and not to lose his hold on the joystick if 

possible. Moreover, the running speed of electric wheelchair was maintained at 6.0 km/h during the 

experiment.  
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Figure 2. Standard Electric Tilt Model EMC-250 
 

Figure 3 shows the joystick operation wave in running the straight course. The upper figure shows 

the operation wave for the forward and backward directions, while the lower graph shows the 

operation wave for the left and right directions. Moreover, in these graphs, forward and leftward 

motion are both considered positive. During the operation shown in figure 3, because involuntary 

movements occurred, the subject lost his hold on the joystick in trying to prevent contact with the 

wall. We confirmed that the operations returned to the position of the neutral axis for each operation in 

the forward and backward directions. Next, we instructed the subject not to lose his hold on the 

joystick, and figure 4 shows the joystick operation wave. There were no severe involuntary movement 

movements, and the waveform was stable in the forward and backward directions. On the other hand, 

there were constant involuntary movements in the left and right directions. Therefore, the electric 

wheelchair meandered. From these results, we concluded that the subject could operate the joystick as 

intended in forward and backward directions but in the left and right directions, the subject could not 

operate the joystick as intended because the involuntary movements become severe.  

 

   

Figure 3. Results for straight course running 
(first time) 

 Figure 4. Results for straight course 
running (second time) 
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We extracted two points from the operation wave and analyzed the characteristics of the wheelchair 

operation. One point had a large amplitude due to involuntary movements and the other corresponded 

to a time when the wheelchair was operating as intended according to the subject’s voluntary 

movements. We produced a histogram of the average movement at these points and compared them. 

Figure 5 shows the comparison for forward and backward directions and figure 6 shows the 

comparison for left and right directions. In the left and right directions, the average movement is 

mainly more than 20 mm/s when involuntary movements occurred, while it was less than 20 mm/s 

during voluntary movements. Therefore, 20 mm/s was the threshold value between voluntary 

movements and involuntary movements. In the same way, a threshold value of 2.0 mm/s exists in the 

forward and backward directions, but 2.0 mm/s is extremely small. Therefore, it is considered that 

there was no difference between voluntary movements and involuntary movements so far in the 

forward and backward directions.  Based on these analysis results, we designed an involuntary 

movement suppression filter. 

 

 

Figure 5. Histogram of left and right directions 

 

Figure 6. Histogram of forward and backward directions 

3.  Design of control systems 
Based on the analysis given in the previous section, we designed a filter that suppresses the effect of 
involuntary movement on the operation wave. This filter distinguishes voluntary movements from 
involuntary movements by the use of the threshold value for average movement that we set in the 
previous section. A block diagram of the designed filter is shown in figure 7. 
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Figure 7. Block diagram of proposed systems 

 
In this figure,  represents the input coordinates of the joystick 
operation,  gives the coordinates of the neutral axis,  gives the 
corrected coordinates, and   is a weighing factor as shown in equation (1): 
 

                                                                                                                   (1) 

 
Here,  is the average movement calculated from the input coordinates and  is the threshold value 
of the average movement. From a comparison of   and ,  is determined by equation (2): 
 

                                         (2)                                                                             

 
Moreover, parameter  is determined using equation (3): 
 

                                                       (3) 

 
With this filter, when a movement is identified as an involuntary movement,  is corrected to the 
coordinates based on the neutral axis, and trembling operation waves caused by involuntary 
movements are suppressed. Thus, using this filter, it is possible to suppress large tremors which lead to 
meandering. In the next section, we show the effectiveness of this proposed control system. 

4. Verification experiment 
We conducted experiments to show the effectiveness of this filter. In this experiment, we tested the 

stability of the wheelchair’s straight motion in the course shown in figure 8. The subject ran on a 

board with width of 800 mm, length of 5,400 mm and thickness of 28 mm. The subject in this 

experiment was the same as the previous subject. It is known that involuntary movements are made 

more severe by the tension. We explained the contents of the experiment to the subject and we 

obtained his consent. The subject focused on not leaving the course while driving, not losing his hold 

on the joystick, and running along the centerline. Moreover, the running speed of the electric 

wheelchair was kept at 6.0km/h during the experiment. 
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Figure 8. Experiment course 

 
When the filter was not introduced, involuntary movements caused diversion from the centerline 

and wheelchair fell off the platform. On the other hand, when the filter was introduced, the operation 

of joystick did not change, but it was possible for the subject to go straight without meandering. The 

operation conditions are shown in figure 9. Moreover, the operation wave for each direction is shown 

in figure 10. From these graphs, it was concluded that it is possible to prevent meandering by 

correcting the waveform for motion in forward direction from the actual operation, in which frequent 

turning toward the left and right occur due to involuntary movements. In addition, it was concluded 

that in the waveform for motion in the left and right directions, the filter suppresses unintended 

operations due to involuntary movements and resulting in the improved wave for straight running 

stability. From these results, we confirmed that these control systems extract involuntary movements 

which cause meandering and suppress their influence. Thus, these results show the effectiveness of 

this control system. 

 
 

Figure 9. Operation condition 
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Figure 10. Results of verification experiment 

5. Conclusion 
It is difficult for an individual with tension-athetosis-type cerebral palsy to operate an electric 
wheelchair as intended because of the occurrence of involuntary movement. On the other hand, the 
abnormal gait of such patients due to paralysis leads to lower back pain, and the use of an electric 
wheelchair would be a great benefit. However, when such patients operate joystick-type electric 
wheelchairs, meandering occurs due to involuntary movements. The purpose of this study was to 
improve the running stability of electric wheelchair for a person with cerebral palsy. We analyzed the 
characteristics of the operation of such wheelchairs and designed an involuntary movement 
suppression filter focused on average movements. With the use of this filter, it was possible to go 
straight without meandering even if involuntary movement occurs. In the future, we will show the 
effectiveness of the proposed control systems in daily life, and it is expected that these results will lead 
to an independent life for individuals with tension-athetosis-type cerebral palsy.  
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Abstract. Baby carriage is useful tool for parents walking with children. However, baby carriage 
vibration under running conditions negatively affect not only comfort but also operability. 
Therefore, it is necessary to reduce the baby carriage vibration. There are many roads paved with 
tiles or bricks in sidewalks. Continuous vibration is generated when a baby carriage run on 
sidewalks because these roads have grooves between tiles or between bricks. In this study, in 
order to clarify the baby carriage vibration running on a road having grooves at regular intervals, 
experiments were conducted using a real baby carriage equipped with accelerometers. In 
addition, a multibody dynamics simulation model was developed by referencing experimental 
apparatus in order to efficiently improve performances including the vibration reduction. The 
validity of the simulation model was investigated by comparing simulation results with 
experimental ones when changed the driving speed, and necessary elements of multibody 
dynamics simulation model to analyze the baby carriage vibration running on a road having 
grooves were clarified. 

1.  Introduction 
Baby carriage is useful tool for parents walking with children. One of the factors related to the safety 
and the comfort is the baby carriage vibration under running conditions. This vibration not only gives 
babies stress but also negatively affect operability of the carriage driver [1, 2]. Therefore, researches of 
the physical strain and the hazards feeling given to the carriage driver by road surface characteristics are 
conducted [3, 4]. In the design of baby carriage, it is necessary to reduce vibration and absorb impact. 

Previous researches developed the vibration test system for a baby carriage [5], and conducted the 
modal analysis of a baby carriage [6]. Neither of these researches considered the vibration of a baby 
carriage operating on a real road surfaces. The vibration evaluation of a baby carriage under running 
conditions is limited to the sensory evaluation of the carriage driver [7]. Therefore, the quantitative 
evaluation of the baby carriage vibration is not conducted. 

This study focuses on roads paved with tiles or bricks in sidewalks. Continuous vibration is 
generated when a baby carriage run on sidewalks because these roads have grooves between tiles or 
between bricks. In this study, in order to clarify the baby carriage vibration running on roads having 
grooves at regular intervals, experiments were conducted using a real baby carriage. In addition, this 
study developed a multibody dynamics (MBD) simulation model referencing experimental apparatus in 
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order to efficiently improve performances including the vibration reduction. The validity of the 
simulation model was investigated by comparing simulation results with experimental ones. 

2.  Experiments 
In order to measure the vibration of the baby carriage under running conditions, experimental results 
were obtained by using a real baby carriage equipped with accelerometers. The baby carriage was driven 
by a person to assimilate the actual environment. Experimental apparatus and conditions are shown in 
the below. 

2.1.  Experimental apparatus 
Figure 1 (a) shows the baby carriage used in experiments. This baby carriage, common model in Japan, 
is high-seat and light-weight. The height of the seat is 450 mm, and the weight of the baby carriage is 
5.4 kg. The seat cushion and the cloth top were removed because these parts are not modeled in 
simulations. Accelerometers were attached the front right leg (I) and the rear right leg (II) to measure 
the vibration from road surface.  

Figure 1 (b) shows the road surface used in experiments. Plates were placed on the ground at regular 
intervals to replicate roads paved with tiles or bricks. The grooves of between plates was 10 mm. 

2.2.  Experimental conditions 
Baby carriage vibration was compared by changing the driving speed. The driving speed are about 500, 
600, 700, and 800 mm/s. These speeds were controlled by setting the step size of the carriage driver and 
using a metronome. Moreover, the mass of 10 kg modeling the weight of a baby and a seat cushion was 
placed on the seat frame. 

3.  Simulations 
In order to efficiently improve performances including the vibration reduction, this study developed a 
MBD simulation model to use mechanical design. Model development and numerical calculations were 
performed using the general-purpose MBD software RecurDyn [8]. 

3.1.  Multibody dynamics model 
Figure 2 shows the comprehensive view of the MBD simulation model developed in this study, where 
the X-axis represents the horizontal direction, the Y-axis represents the vertical direction, and the Z-axis 
represents the direction of carriage movement. The baby carriage and the road surface were modeled 
using experimental apparatus as a reference. The driver’s arms were modeled using a translational 
spring. Massless objects were placed at tips of the springs, and these objects were applied the 
translational motion that is equivalent to pushing a baby carriage. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 1. Experimental apparatus. 

(a) Baby carriage (b) Road Surface 

Figure 2. Comprehensive view of MBD 
simulation model. 
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Translational motion
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The contact stiffness between the wheels and the road surface was defined, and the contact forces 
(dependent on interference levels between two objects) were calculated.  The contact forces are given 
as equation (1), where k is the spring contact, c is the damping coefficient, and x is the displacement as 
interference levels. 
  (1) 
 
Table 1 shows the numerical values of contact calculation between the wheels and the road surface. 

3.2.  Baby carriage model 
Figure 3 shows the structure of baby carriage model. The baby carriage model primarily comprised a 
handle, seat frame, armrests, legs, and wheels. A mass of 10kg, representing the weight of a baby and a 
seat cushion, was added to the center of the seat frame. Moreover, the connectors joined the suspensions 
to the legs. The suspensions were modeled by using linear springs.  

The handle, seat frame, mass, armrests, legs, and connectors were treated as a single rigid body by 
using fixed joints. In this study, the baby carriage model not modeling elastic deformation other than 
the suspensions is referred to as the rigid-body model. 

However, a real baby carriage allows for some movement between each of its parts. This study focus 
on the joints around legs. Figure 4 (a) shows modeling points in joints of the baby carriage. Legs and 
armrests are connected by rotational springs in order to model the motion of the legs in X-axis rotational 
direction. Legs and connectors are connected by rotational springs too. In this study, the baby carriage 
model using rotational springs to model movements between parts around legs is referred to as the 
elastic-connection model. Figure 4 (b) shows the system schematic of the elastic-connection model. 

xckxF ��  

Table 1. Numerical values of contact calculation between wheels and road surface in simulations. 

Figure 3. Structure of baby carriage model. 

    Spring constant [N/mm] 50

    Damping coefficient [N・s/m] 1

    Friction coefficient [-] 0.8
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4.  Results 

4.1.  Experimental results 
This study defines the acceleration of Y-axis (perpendicularly upward direction) as the baby carriage 
vibration. Figure 5 shows experimental results when the driving speed is 800 mm/s. The horizontal axis 
is the time, while the vertical axis is the acceleration of Y-axis. In experiments, the high frequency 
vibrations were seen because the wheel surface is uneven. The large peaks were seen when the wheels 
of baby carriage get over the grooves. It can be seen that the vibration peaks are occurred alternately the 
front leg and the rear leg. 

4.2.  Simulation results 
Figure 6 shows simulation results of the acceleration of front leg when the driving speed is 800 mm/s. 
Figure 6 (a) shows the result using the rigid-body model, and Figure 6 (b) shows the result using the 
elastic-connection model. As in the experiments, the vibration peaks are seen when the wheels of front 
leg get over the grooves. 

(a) Modeling points in joints of baby carriage (b) System schematic of elastic-connection model 

Figure 4. Baby carriage model modelling joint around legs in simulations. 

Figure 5. Experimental results when the driving speed is 800 mm/s. 
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The vibration peaks of the elastic-connection model are higher freq  uency than the rigid-body model. 
It is because the elastic-connection model allows for movement between parts around the legs. However, 
the vibration waveforms are very similar between these models. From this result, it is clarified that the 
rigid-body model can analysis the baby carriage vibration running on the road having grooves at regular 
intervals sufficiently because the vibration propagated to baby carriage is small. Moreover, the rigid-
body model can be reduced by approximately 5 % from the elastic-connection model. In this study, the 
rigid-body model is used in simulations to analyze a baby carriage vibration running on the road having 
grooves at regular intervals. 

4.3.  Comparison of simulations and experiments 
The validity of the simulation model was investigated by comparing the simulation results with the 
experimental ones when changed the driving speed. However, the absolute value of vibration peaks are 
very large in simulations. This cause is numerical values of contact calculation between wheels and road 
surface in simulations. Therefore, this study compared the rise rate of the amplitude of vibration peaks. 
Figure 7 shows the rise rate of the amplitude of vibration peaks in simulations and experiments. Figure 
7 (a) shows the result of the front leg, and Figure 7 (b) shows the result of the rear leg. These results are 
based on when the driving speed is 500 mm/s. The trends of simulation results are in fairly good 
agreement with the experimental ones. Therefore, this simulation model is valid in analysis of the baby 
carriage vibration running the road having grooves at regular intervals. 

(a) Rigit-body model (b) Elastic-connection model 

Figure 6. Simulation results of front leg when the driving speed is 800 mm/s. 

(a) Front leg (b) Rear leg 

Figure 7. The comparison of experimental result with simulation result in influence of driving speed. 
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5.  Conclusion 

The purpose of this study is to analyze the baby carriage vibration running the road having grooves at 
regular intervals. The MBD simulation model was developed by using experimental apparatus as a 
reference. The key points of this study may be summarized as follows. 

(1) In order to measure the baby carriage vibration under running conditions, experiments were 
conducted by using a real baby carriage equipped with acceleration sensors 

(2) As baby carriage model in simulation, the rigid-body model and the elastic-connection model 
(using rotational springs to model movements between parts around carriage legs) were developed. 

(3) It is clarified that the rigid-body model can analysis sufficiently the baby carriage vibration running 
the road having grooves at regular intervals. 

(4) To verify the validity of the simulation model, the comparison between simulation results and 
experimental ones in when changed the driving speed was conducted. 
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Abstract. Freckles appear on people owing to ultraviolet radiation and, as such, affect their 
appearance. The epidermis is the outermost layer of a human’s skin, and epidermal conditions 
can be diagnosed from it in order to provide appropriate care. Recently, those interested in anti-
aging treatments have been paying greater attention to the epidermal layer. The epidermis 
consists of four different layers. In particular, the basal layer, which is at the bottom of the 
epidermis, contains pigment cells called melanocytes. Melanocytes are associated with changes 
in flesh color including freckles: melanocytes become freckles when the epidermis is hit by 
ultraviolet rays. However, the interaction mechanisms between freckles and the basal layer 
have not yet been uncovered because it is difficult to directly observe the skin’s basal layer. In 
order to investigate long-term skin formation, we created a model that simulates actual skin. 
Our model can analyze the basic epidermis model while constructing a model of melanin. In 
order to test this, we set conditions for the rate at which the basal layer’s surface area increases 
and the rate at which its cells divide so as to simulate and show flesh color in aging and young 
epidermises. In the case of undulations in the structure of the basal layer, the rate at which the 
basal layer’s surface area increases was changed. As a result of this analysis, the characteristics 
of the changes in the color depth of flesh according to undulations in the structure of the basal 
layer were found.  

1.  Introduction 
 Freckles appear on people owing to ultraviolet radiation and, as such, affect their appearance. The 
epidermis is the outermost layer of a human’s skin, and epidermal conditions can be diagnosed from it 
in order to provide appropriate care [1]. Recently, those interested in anti-aging treatments have been 
paying greater attention to the epidermal layer.  
 The epidermis consists of four different layers. In particular, the basal layer, which is at the bottom 
of the epidermis, contains pigment cells called melanocytes. Melanocytes are associated with changes 
in flesh color including freckles: melanocytes become freckles when the epidermis is hit by ultraviolet 
rays. However, the interaction mechanisms between freckles and the basal layer have not yet been 
uncovered because it is difficult to directly observe the skin’s basal layer.  
 Computational simulations can be useful to further understand the mechanisms underpinning the 
development of human skin, and several models have so far been proposed [2-5]. In this study, we 
propose a particle model that can handle complex biological phenomena, including cell interactions 
such as cell division, motion, deformation, and transition [6-8]. Furthermore, we believe that our 
model represents a suitable method for simulating skin formation and, the actions of melanocytes.  
 In order to test this model, we developed an analytical method for the formation and turnover 
process of the skin; in addition, we introduced multiple cell division patterns [9-13]. Our model can 
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also be used to analyze the epidermis, melanin transportation, and the formation of freckles while 
taking stock of the change in the structure of the basal layer. 
 In this paper, we used our model to analyze a long-term skin formation process. Furthermore, we 
also set the rate at which the basal cells divide and the rate at which the basal layer’s surface area 
increases to simulate the epidermis. 
 Our aim was to simulate how melanocytes are transported by the epidermis as it ages in order to 
contribute knowledge toward the development of medical skin treatments and cosmetics. 
 

2.  Analysis Object and Model Description 

2.1.  Analysis Object 
Fig. 1 depicts a cross section of the skin [1]; the roles of each cell layer are annotated. The 

epidermis is the outermost layer of the skin and is primarily composed of cells called keratinocytes. 
The epidermis consists of four layers. The lowest-lying layer of the epidermis is the basal layer, which 
provides new cells each day via cell division. The dividing cells are called the prickle cell layer, and 
they are pushed and moved up toward the skin’s surface. This layer transforms into the granular layer 
and then the stratum corneum, which detaches itself from the surface of the skin. This is called the 
turnover process and occurs approximately every four weeks. As a person ages, it becomes harder for 
the stratum corneum to detach from the surface, and as a result, skin becomes thicker [2]. 

During this turnover process, skin cells change not only in their shape but also in their physical 
properties. However, the cycle of turnover is longer in an aged epidermis [2]. 

The dermis is located under the epidermis, and the two are separated by the basal layer. 
Capillaries in the dermis supply nutrition and oxygen to the basal cells. Therefore, the epidermis is 
influenced by interactions with the dermis and nutritional effects from the capillaries. 
 
 

-  
-  
-  
-  
-  
-  
-  
-  
-  
-  
-  

Fig. 1. Cross section of the skin [1] 
 

2.2.  Model Description 
We introduced the particle model [8–10] into our analysis model to simulate the formation 

process of the epidermis [11–15]. The model considers the interaction between the particles and 
models the Lagrangian motion of the particles. This method is suitable for analyses with large 
deformations or for instances when the number of calculation points is varied, i.e., when the 
generation, division, and disappearance rates of the cells need to be varied. 

The cellular particles move in response to inter-particle forces, such as the volume conservation 
force and the spring force. These relationships are shown in Eqs. (1)-(3) [14, 15]. 

The volume conservation force, F, in Eq. (1) maintains the distance between the particles. Owing 
to the repulsive force, particles eventually move to a stable distance. In this equation, k is a coefficient, 
ddr is the distance between two particles, dr0 is the standard distance (10.0 μm in this case), and dr1 is 
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the maximum distance for which the volume conservation force can act; it should be noted that dr1 is 
larger than dr0. 

The basal layer maintains the shape of the monolayer, which includes its undulating structure. In 
order to introduce this monolayer into our model, we use the spring force shown in Eq. (2). Here k’ is 
the coefficient of an elastic spring. The distance at which the spring force acts upon varies with the 
number density of the basal layer because it can fill the gaps generated by the basal layer. In addition, 
the spring force is also introduced to the stratum corneum and the granular layer in order to realize a 
strong cell junction. 

By summing up the forces from the surrounding particles, the particles gradually move to 
positions in which the forces are balanced, as shown by Eq. (3). x and x’ are the positions before and 
after the movements caused by these forces. α is a coefficient, and its value is 0.003. 

Here, we state in detail the methodology to solve the equations with which the positions at which 
the forces are balanced can be found. As shown in Eq. (3), each particle moves according to the sum 
of the volume conservation force and the spring force. The particles are repulsed by each other and 
move toward positions where the effects of the forces are weakened. Therefore, each particle gradually 
moves and converges on a position in which the forces are balanced via repeated repulsion interactions. 
Our model determines the positions by calculating them 2,500 times per day. 
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Although the volume conservation force acts on the particles in the dermis and the prickle layer, 

the spring force is also added to the particles of the other layers so as to increase the connections 
between the particles. 

In addition, each basal cell is a stem cell and can divide into two daughter cells. This division has 
three patterns. Pattern 1 is where both cells become basal cells, and Pattern 2 is where one cell remains 
a basal cell while the other becomes a prickle cell. In Pattern 3, meanwhile, both cells change into 
prickle cells. Each basal cell follows one of these three patterns at random. 
 The basal layer is affected by a change in these cell division patterns; as a result, undulations form 
on the basal layer [14]. For example, when the number of basal cells increases, they press against other 
cells. Conversely, when the number of basal cells decreases, the surrounding basal cells fill the gaps 
and maintain the shape of the monolayer. 
 Here, we will explain the role of melanin pigment and melanocytes that we aim to analyze in this 
research with the aid of Fig. 2. Melanin pigment plays a role in preventing damage to the keratinocyte 
nucleus (DNA), and our skin color depends on the type and amount of melanin pigment. This melanin 
pigment is produced by pigment cells called melanocytes, which are present in the gaps between the 
basal cells. There is no transfer of melanin pigment between keratinocytes. Epidermal cells move and 
peel off on cell division while retaining the amount of melanin passed to it from the melanocytes. In 
this study, we analyzed an analytical model (melanin model) of light transmission through melanin 
pigment using the basic model of epidermal formation. 
 

 
 
 

816



 
 
 
 
 
 

 
 
 
 
 
 
 
 

Fig. 2. Melanin and a melanocyte [1] 
 

Subsequently, the absorbance, transmittance, and reflectance required for constructing the melanin 
model is described below. In this study, skin color is calculated using Lambert-Beer’s law and 
Kubelka-Munk’s law. In this study, we consider only the absorption and reflection of melanin pigment 
and analyze; we do not consider the light reflection of hemoglobin in the dermis. 

First, Lambert-Beer’s law is explained. This law is a combination of Lambert’s law representing 
the relation between solute length and light absorption and Beer’s law representing the relation 
between solution concentration and light absorption. It is the basic rule for utilizing the absorption of 
light for quantitative analysis; however, following conditions must be satisfied for this rule to be 
strictly established. 
 

① The incident light must be monochromatic light. 
② No reflection at the solution interface, no stray light inside the photometer. 
③ No scattering or irregular reflection should occur due to solute or solvent molecule 

(being a true solution). 
④ Even when the solution concentration changes, the dissolved state of the solute is 

constant, the dissociation of molecules, and the equilibrium of association do not move. 
 

The following are the expressions depicting Lambert-Beer’s law: 
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Herein, 𝐼0 is the intensity of the incident light velocity, I is the intensity of the transmitted light 
velocity, ε is the molar extinction coefficient, c is the molar concentration, x is the optical path 
distance, and A is the absorbance. 

Next, Kubelka-Munk’s law is explained using Fig. 3. It is assumed that the first layer having 
reflectance value 𝑟1  and transmittance value 𝑡1  and the second layer having reflectance and 
transmittance values of 𝑟2 and 𝑡2 are laminated. Then, the incident light passes through the first layer 
and the second layer and is affected by the reflectance and transmittance of each layer, as shown in 
Fig. 3. Therefore, the total reflectance 𝑅12 is given by the following Eq. (7). 
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Therefore, the total reflectance 𝑅12⋯𝑛 in the n layer is as shown in the following Eq. (8). 
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Fig. 3. Relation between reflectance and transmittance in two layers 

3.  Calculation Conditions 

3.1.  Base Model 
       In this study, analytical method is established using particle model and it is used for analysis. For 
the analytical method used and studied in this study, a method called particle method was used. It is a 
method in which a continuum is represented by a finite number of particles and the behavior of the 
continuum is calculated by the motion of the particles. Moving while keeping variables such as 
velocity and pressure of each particle. However, we do not use the lattices necessary for finite element 
method and finite element method. The initial configuration shown in Fig. 4 only consists of the 
dermis (light blue), capillaries (red), and basal layer (blue). The cell particles in this model are 
represented by spheres with a 10 μm diameter. However, the shape of the cell particles becomes 
thinner in the granular layer, changing with time, and adopts an elliptical shape that extends in the 
transverse direction by approximately 1 μm in thickness in the stratum corneum. 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4. Perspective view(initial shape) 
 

Each basal cell divides once every five days (0.2 times per day), and the two daughter cells follow 
one of the three patterns at random as explained earlier. The divided prickle cells move freely under a 
force in order to keep the volume constant until they reach the granular layer. The spring force begins 
to gradually act, standing in the granular layer and extending into the stratum corneum, and connects 
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each particle to form a continuum. Consequently, particle migration is reduced, and the structure 
becomes fixed. 

Although initially there are no layers above the basal layer, a flat epidermis is formed in the 
analysis model after 45 days owing to basal cell division; the basal cells only divide through Pattern 2 
in this period. The basal layer initially has 900 cells (in a 30 by 30 particle block), and the number of 
basal cells increases to 1,080 after 45 days—this is an increase of 20%. The base model was analyzed 
under these conditions. 
 

3.2.  Melanin Model 
       This analysis focuses on the extinction coefficient, transmittance, and reflectance of the melanin 
pigment, and a simulation of the changes in the reflectance of a melanin pigment was also performed. 
Then, based on the changes in the reflectance, a skin color conversion was performed to display flesh 
color; the results were analyzed to determine whether or not the simulation can approximate actual 
skin color. In this analysis, melanocytes were placed between the basal layer cells, melanin is 
transferred, and the amount of melanin is calculated. Further, the absorbance, the permeability, and the 
reflectance are also calculated, and the skin color is calculated using the basic model. The initial 
particle arrangement of this analysis is shown below in Fig. 5. Melanocytes were placed between the 
keratinocytes of the basal layer, and one melanocyte was placed between five keratinocytes; 
additionally, one melanocyte was placed between three keratinocytes. Melanin is transferred from the 
melanocytes to the basal layer keratinocytes. The scale of the above-described model is shown in Fig. 
5. 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5. Diagram of the distribution of the melanocytes 
 

Furthermore, in addition to the initial arrangement shown in Fig. 5, in this study, an analysis was 
conducted focusing on the conditions of cell division of the skin cells, with regard to the presence or 
absence of irregularities of the basal layer, i.e., increases in the rate of basal layer cells dividing, a 
condition also known as keratolysis. Specific conditions are shown alongside the analysis results for 
comparison. 
 

4.  Results and Discussion 

On the basis of the initial arrangement shown in Fig. 5, the conditions were varied, and the results 
were analyzed. The analyzed results are shown below. The scale is the same as in Fig. 5. The results in 
Table 1 display the flesh color when the cell division frequency is 0.15 [times/day], 0.2 [times/day], 
and 0.3 [times/day] in the basal layer without irregularities and with various irregularities, namely 
basal layer cell growth rates of 5%, 20%, and 40%. 
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                    Table 1. Skin color for different cell division rates and with and without 

irregularities 
Cell 

division 
frequency 
[times/day] 

No irregularities 
(Increase of basal 

layer 0%) 

irregularities 
(Increase of basal 

layer 5%) 

irregularities 
(Increase of basal 

layer 20%) 

irregularities 
(Increase of basal 

layer 40%) 

0.15 

    
0.2 

    
0.3 

    

 

On the basis of the skin color results shown in Table 1, it can be seen that, when the flesh color 
images are compared with the cell division frequency, the overall opacity of the skin decreases as cell 
division frequency increases. This is because skin ages when the frequency of cell division is low; thus, 
a lot of dark patches appear around the spots. Conversely, when the rate of cell division is high, the 
skin is younger, and thus, the overall proportion of high opacity skin decreases. 

In addition, when comparing the flesh color images with the basal layer cell growth rate, it can be 
seen that the basal layer cell growth rate matches the unevenness of the basal layer. Therefore, as the 
rate of increase of the basal layer increases, the unevenness becomes clearly visible in the images of 
the skin color. However, compared with the case without concavities and convexities, the case with 
irregularities shows that a lot of melanocytes are deposited, and (in addition to spots) there are also 
skin areas with dark color. This is because the number of layers of the spinous layer cells of the 
epidermis changed owing to the unevenness of the basal layer; thus, an area of darker skin color 
appeared next to the spotted portion. Since epidermal cells retain at least 20% melanin in any layer of 
the basal layer, the spinous layer, the granular layer, and the stratum corneum, such skin coloring 
produces a dark area.  

5.  Conclusions 
       In this study, a numerical simulation of the melanin model was performed using the basic particle 
model of the epidermal formation process; skin color images were then formed from the analysis 
results. As a result of analyzing various skin conditions such as the frequency of cell division of skin 
cells, the presence or absence of unevenness of the basal layer, an increased rate of the basal layer 
cells dividing, or keratolysis, it was found that the skin’s color became more opaque as the cell 
division frequency increased. In addition, we found that, by changing the basal layer cell growth rate, 
the degree of irregularity of the basal layer could be observed in the generated flesh color images. 
From these results, it became possible to analyze the melanin model for a wide range of conditions, 
and it was possible to obtain a significant amount of knowledge from the model. 

In the future, we will further improve the melanin model to include differences in flesh color as 
displayed by various races, which was not considered in this research. Further, we will clarify the 
underlying mechanism of melanin formation and migration from the analysis model for a wider range 
of conditions. This knowledge is expected to contribute to anti-aging agents [15]. As mentioned earlier, 
we will also examine the specific movement of melanin and decrease and mitigate errors. 
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1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 1 0 1 1 1 1 1 1 0 1 0 0 0 1 0 0 0 1 1 1 0 0 0 0 0 0 1 1 1

0 0 0 0 0 0 1 0 0 1 0 0 0 0 0 0 1 0 1 0 1 1 0 0 1 1 1 1 1 1 0 0 0 0 0 1 0 1 1 1 1 1 0 0 0 0 0 1 1 1

1 1 0 0 0 1 1 1 0 0 0 0 0 0 0 0 0 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 0 0 0 1 1 1 1 1 0 1 0 0 0 1 1 1 1

0 0 0 0 0 1 1 0 0 0 0 0 1 0 1 0 0 0 0 1 1 1 1 1 1 1 0 1 0 0 0 0 1 1 1 0 1 1 1 1 1 1 1 0 1 1 1 1 1 0

0 0 0 0 1 0 0 0 0 0 0 0 1 0 0 0 0 0 0 1 0 1 1 1 1 1 0 1 0 1 1 0 0 1 1 0 1 1 1 1 0 1 0 0 0 1 1 1 1 1

1 0 0 1 1 0 0 0 0 0 0 1 1 1 0 0 1 0 0 1 1 1 1 1 1 1 1 1 0 1 1 0 0 1 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1

0 0 0 1 1 0 0 0 0 0 0 0 1 1 1 0 0 0 0 0 0 1 1 1 1 0 1 0 1 1 1 0 0 1 1 1 0 1 1 1 0 1 1 0 0 1 0 1 1 0

0 0 1 1 1 1 0 0 0 0 0 0 1 1 1 0 0 1 0 1 0 1 1 1 1 1 0 1 1 1 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0 1 1

1 1 1 1 1 1 1 0 0 1 0 0 1 1 1 1 1 1 0 0 1 1 1 1 1 0 0 1 0 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0

1 1 1 1 1 1 1 0 1 0 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 0 1 1

1 1 0 0 0 1 1 1 0 0 1 0 0 0 1 1 1 1 1 1 1 1 1 1 1 0 0 1 1 1 1 1 1 0 0 1 1 1 0 1 0 1 1 1 1 1 1 0 0 1

1 0 0 0 0 0 1 1 1 0 0 1 0 0 1 1 1 1 1 0 0 1 1 1 1 1 0 1 1 1 1 1 0 1 0 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

1 1 1 1 1 1 1 1 1 1 1 0 1 1 0 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

1 0 1 1 1 0 1 1 1 1 0 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

1 1 0 1 1 1 1 1 0 1 1 1 1 0 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

1 1 0 1 0 1 1 1 1 1 0 1 1 1 0 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

1 1 1 1 0 1 1 1 1 1 1 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

1 1 1 0 1 1 0 1 0 1 0 1 1 1 1 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

1 0 1 0 0 0 1 1 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

1 1 1 1 1 1 1 1 1 1 1 1 1 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

1 1 1 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0

1 1 1 1 1 1 1 0 1 0 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

0 1 1 1 1 1 1 1 0 1 0 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

1 1 1 1 1 1 0 1 1 0 0 0 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

1 1 1 1 1 1 1 0 0 0 0 1 1 1 0 0 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 0 0 1 0 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1

1 1 1 0 1 1 1 1 1 0 1 1 1 1 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0 0 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1

1 0 0 0 0 1 1 1 0 1 1 1 1 1 0 0 0 1 1 1 1 1 1 1 1 0 1 1 1 1 0 0 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

1 1 0 0 0 0 0 0 0 0 0 1 0 0 0 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 0 0 0 0 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1

1 1 0 0 1 1 0 0 0 0 0 0 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0 0 1 1 1 1 1 1 1 1 0 1 0 1 1 1 1 1 1 1

1 1 0 0 1 1 0 0 0 0 0 0 1 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1

0 0 0 0 0 1 0 0 0 0 0 1 1 0 0 1 1 1 1 1 1 1 1 1 1 1 1 0 0 0 1 0 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1

1 0 1 0 0 1 1 1 0 0 0 0 0 0 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 0 1 1 1 1 1 1 1 0 1 1 1 1 1

0 0 0 0 0 1 1 1 1 1 0 0 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0 1 1 1 1 1 1 1 0 1 1 1 1 1 1

1 0 0 0 0 1 1 1 1 1 1 0 0 0 0 0 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0 1 1 1 1 1 1 1 0 1 1 1 0 1 1 1

0 1 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1

0 0 0 1 0 1 1 0 1 1 1 1 0 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1

1 0 1 0 0 1 1 0 1 1 1 1 0 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

1 1 1 1 1 1 0 0 1 1 1 1 0 0 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

1 1 1 1 1 1 0 1 1 1 1 1 1 0 1 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

100[μm] 
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The development of lab-on-a-chip fabricated from t o molds 
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4Microfluidics and ab-on-a-chip Research Group, Mechanical Engineering 
Department hsan Do ramac  Bilkent University, Ankara 06800, Turkey 
 
* Corresponding Author: E-mail anchasa@gmail.com 

Abstract. Development of diagnostic techni ue of microfluidic or lab-on-a-chip ( Cs) is 
currently of great interest for researchers and inventors for their many advantages. It can be 
used as a real laboratory was many ways to help to the diagnosis faster. This research aims to 
develop Polydimethylsiloxane (PDMS) lab-on-a-chip ( Cs) which were produced from 
different molds  the silicon wafer mold and the stainless mold to investigate the flow of the 
biological sample as the flow in nanochannels. In addition, this research proposes a means to 
leakage and the blockage of the channel flow. The experimental results were found that the 

Cs casted from the silicon wafer mold sandwiched by both the plasma cleaner machine and 
H shaped acrylic sheets showed leakages around the electrode areas because the first new 
electrodes were too thick, the proper thickness of the nickel electrode was at 0.05 millimeters. 
The Cs casted from the stainless mold were inserted by the nickel electrodes produced by 
the from the prototype shaped electroplating process  this Cs using nickel plated electrodes 
2 times to make a groove on the nickel electrode backsides when pouring the PDMS into the 

Cs casted from the stainless mold. It was found that PDMS was able to flow under the 
nickel electrode and the PDMS sheet could stick with the glass slide smoothly. In conclusion, it 
was possible to develop these C designs and new electrode fabrications continually under 
helps from Micro-Electro-Mechanical system, Thailand National Electronics and Computer 
Technology Center, since causes of the C problems were found, and demonstrated the 
feasibility of developing the Cs for chemical detection and disease diagnostics.         
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The full paper is published in IOP Conference Series: Material Science and 
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Mass diffusion coefficient measurement for vitreous humor 

using FEM and MRI 

Komsan Rattanakijsuntorn1,*, Anita Penkova2 and Satwindar S. Sadhal2 

1Faculty of Engineering, Department of Mechanical Engineering, Ubon Ratchathani 
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Abstract. In early studies, the ‘contour method’ for determining the diffusion coefficient of the 
vitreous humor was developed. This technique relied on careful injection of an MRI contrast 
agent (surrogate drug) into the vitreous humor of fresh bovine eyes, and tracking the contours of 
the contrast agent in time. In addition, an analytical solution was developed for the theoretical 
contours built on point source model for the injected surrogate drug. The match between 
theoretical and experimental contours as a least square fit, while floating the diffusion 
coefficient, led to the value of the diffusion coefficient. This method had its limitation that the 
initial injection of the surrogate had to be spherical or ellipsoidal because of the analytical result 
based on the point-source model. With a new finite element model for the analysis in this study, 
the technique is much less restrictive and handles irregular shapes of the initial bolus. The fresh 
bovine eyes were used for drug diffusion study in the vitreous and three contrast agents of 
different molecular masses: gadolinium-diethylenetriaminepentaacetic acid (Gd-DTPA, 938 
Da), non-ionic gadoteridol (Prohance, 559 Da), and bovine albumin conjugated with gadolinium 
(Galbumin, 74 kDa) were used as drug surrogates to visualize the diffusion process by MRI. The 
3D finite element model was developed to determine the diffusion coefficients of these 
surrogates with the images from MRI. This method can be used for other types of bioporous 
media provided the concentration profile can be visualized (by methods such as MRI or 
fluorescence).  
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Optimum building performance scores when applying 
different ECM sorting schemes 
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Abstract. There are many ways to sort energy conservation measures (ECMs) in order when 
ones want to earn building performance scores according to building standards or codes. For 
example, zero and low investment ECMs would be implemented first followed by higher 
investment ECMs to gain incremental scores. Basically, ones may sort by energy cost saving 
(descending order), investment cost (ascending order), or earning scores (descending order). 
From financial aspect, ones may sort by simple payback period (ascending order), net present 
value (NPV, descending order), or internal rate of return (IRR, descending order). No matter 
which of the six sorting schemes was applied, there would be an optimum point where it is not 
worth investing in doing ECMs further because the performance scores would not be increased 
significantly. It was of interest to see whether the optimum building performance scores would 
be about the same if different sorting schemes were applied. In this work, a 12,567-m2 office 
building, an 8,280-m2 department store, and an 11,448-m2 hotel were selected to be sample 
buildings. The same set of 11 ECMs such as using low-e glasses, installing insulation on the 
walls, etc. was applied to all three buildings. ASHRAE’s Building Energy Quotient (Building 
EQ) was chosen to be the building performance scoring system. The optimum building 
performance scores were considered to be the point where the next ECM caused the scores to 
change by no more than 5%. The results showed that the six different sorting schemes 
mentioned above yielded about the same optimum performance scores. For the office building, 
the optimum scores were within the range of 109.29-111.15 where the investment cost per 
scoring point differed by 23.10%. For the department store building, the optimum scores were 
within the range of 45.21-47.02 where the investment cost per scoring point differed by only 
7.85%. For the hotel building, the optimum scores were within the range of 236.19-241.20 
where the investment cost per scoring point differed by only 6.50%. The results implied that 
whichever sorting scheme was applied the optimum building performance scores would be 
about the same. 

 
1. Introduction 
Electrical consumption in Thailand has been increasing every year. In the first four months of 2017, 
the electrical consumption was increased by 1.05% compared with that of the same period in 2016 [1]. 
The building sector contributes as high as 48% of the electrical energy use of the country. Therefore, if 
the building energy use can be saved, it will cause a significant impact on the whole country.  
 Energy saving in buildings can be achieved by various kinds of energy conservation measures 
(ECMs). Some examples are listed in Table 1. If ECMs are categorized by the purpose, they might be 
grouped as measures aimed to save energy and measures aimed to increase energy efficiency, for 
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instance, shutting down equipment during lunch break [2], using high-performance building envelope 
[3], using electronic ballasts instead of magnetic ballasts [2, 4], applying dehumidification systems 
with conventional air conditioning systems [2]. If the magnitude of the investment cost is considered, 
ECMs may be categorized into 3 groups, i.e., housekeeping (e.g., adjusting thermostat setpoint up by 
1oC [5]), minor change (e.g., installing variable speed drives or VSDs at motors [5, 6], and major 
change (e.g., replacing chillers with higher efficiency ones [7]). If ECMs are classified according to 
building systems, they can be divided into 5 groups comprising building envelope (e.g., insulating 
roofs and walls [2]), lighting system (e.g., replacing incandescent lamps with compact fluorescent 
lamps [2]), equipment (e.g., using high efficiency equipment [7]), air conditioning system (e.g., using 
variable air volume or VAV systems [2]), and others (e.g., installing solar water heaters [8]). 
 

Table 1. Examples of energy conservation measures (ECMs) in buildings. 
ECM Building application Energy saving 

Film coating on window glazing [2] Office 7.12% 
Double glazing and internal blinds [2] Hotel 5.71% 
High efficiency envelope and shadings [3] Office 0.23% 
Installing air gap and gypsum boards on the walls [2] Office 3.65% 
1-in fiberglass insulation on the walls [2] Office 7.11% 
Using dehumidification systems with conventional air 
conditioning systems [2] 

Hospital 11.6% 

Variable speed split-type air conditioning systems [5] Office 7.70% 
Turning off lighting systems during lunch break [2] Office 0.82% 
Using compact fluorescent lamps instead of 
incandescent lamps [2] 

Office 0.51% 

Dimmer control for daylighting utilization [3] Office 2.25% 
Timer control for lighting systems [8] Fire station 2.07% 
Motion sensors for lighting systems [8] Fire station 0.72% 
Solar water heaters [8] Fire station 9.34% 
Ice storage system [3] Office 0.76% 
Solar photovoltaic system [5] Office 13.67% 

 
 When ones want to implement ECMs in a building, they have to define some criteria to sort 
which ECMs should be done first and which ones should be next. A group of previous researchers that 
studied on financially optimum green building label [9-12] sorted ECMs by considering investment 
and return in terms of energy saving. They implemented ECMs in this order: ECMs with no 
investment and with energy saving, ECMs with no investment and with no energy saving, ECMs with 
investment and with energy saving, and ECMs with investment and with no energy saving. It was 
found that by applying this sorting scheme the financially optimum green building label was the ‘gold’ 
label. However, there are many ways to sort ECMs in order, for example, implementing ECMs from 
low to high investment, from high to low saving, or from short to long payback period. There has not 
been a specific paper discussing about the impact from different ECM sorting schemes. It is curious to 
see if different ECM sorting schemes would lead to the same optimum green building label or not. 
 This paper reports the study on optimum building performance scores when applying different 
ECM sorting schemes. Six sorting schemes were investigated by dividing into 2 groups which are 1) 
primary sorting schemes considering energy saving, investment, and scores, and 2) secondary sorting 
schemes considering payback period, net present value (NPV), and internal rate of return (IRR). Three 
building types were chosen to be sample buildings, i.e., office, department store, and hotel. 
ASHRAE’s Building Energy Quotient (Building EQ) was selected to be the building performance 
scoring system. It was assumed that the buildings used only electrical energy.  
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2. Methodology 
Three sample buildings were chosen in this study comprising a 12,567-m2 office building, an 8,280-m2 
department store, and an 11,448-m2 hotel [2]. Figure 1 shows the sketches of the three buildings and 
their details are summarized in Table 2 [2, 7, 13]. The EnergyPlus software was used to simulate the 
energy consumption of the buildings.  
 

   
              (a)                                                              (b) 

 
                                                                      (c) 

Figure 1. Illustrations of three sample buildings: (a) office (b) department store (c) hotel. 
 

Table 2. Detail summary of three sample buildings. 
Detail Office Department store Hotel 

Structure    
Wall area (m2) 6,934.00 3,304.52 4,319.00 
Window area (m2) 3,051.00 1,208.00 733.93 
Window-to-wall ratio 44.00 36.56 16.99 
Roof area (m2) 1,047.25 2,771.22 3,052.80 
Total floor area (m2) 12,567.00 8,280.00 11,448.00 
Internal design criteria    
Occupancy level (m2/per) 14.29 5.00 5.00 
Lighting power density (W/m2) 13.000 14.325 8.710 
Equipment power density (W/m2) 16.460 20.635 8.527 
Type of air conditioning system Central, water-

cooled chiller 
Central, water-
cooled chiller 

Central, water-
cooled chiller 

Thermostat setpoint (oC) 25 25 25 
Infiltration rate (ACH) 0.35 0.35 0.35 
Ventilation rate (m3/s-m2) 0.000556 0.000556 0.000556 
Operating days Mon-Sat Mon-Sun Mon-Sun 
Operating hours 08:00-17:00 10:00-21:00 24 hours 

 In this work, ASHRAE’s Building EQ was selected to be the building performance scoring 
system. To calculate the scores, building energy consumption (site energy) has to be converted to 
primary energy (source energy) first by applying a conversion factor called a source-site ratio [14]. 
After that, the source energy use per unit floor area (source EUI) will be compared with the median 
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EUI, which is the median value the source EUI of the building stock of the same type in the relevant 
weather zone [15]. For this study, the building stocks of Thailand during 2010-2013 were used to 
calculate the Building EQ scores. The median EUIs of office, department store, and hotel buildings 
were found to be 994.08, 2,863.12, and 615.60 MJ/m2, respectively. Equation (1) expresses how to 
calculate the Building EQ scores of a building.  
 
 SourceEUIBuildingEQ x100

MedianEUI
                        (1) 

 
 where,  source EUI  = source energy use per unit floor area (MJ/m2) 
  median EUI = median EUI of the building stock of the same type (MJ/m2). 
 
 The Building EQ scores are classified into 7 levels as follows: unsatisfactory (F, > 145), 
inefficient (D, 116-145), average (C, 86-115), efficient (B, 56-85), very good (A-, 26-55), high 
performance (A, 1-25), and zero net energy (A+,  0). It should be noticed that in this scoring system 
less scores mean higher energy efficiency. Zero or negative scores imply that the building can produce 
energy equal to or more than it uses [15].  
 The same set of 11 ECMs was applied to all three sample buildings. Those ECMs are listed in 
Table 3. 
 

Table 3. ECMs for all three sample buildings. 
ECM Description 

S1 Increase thermostat setpoint from 25oC to 26oC 
S2 Turn off the light during 12:00-13:00 
S3 Increase chilled water temperature setpoint from 6.7oC to 7.2oC 
A1 Install VSDs at pumps 
L1 Use electronic ballasts instead of magnetic ballasts 
L2 Use LED lamps instead of fluorescent lamps 
P1 Install solar photovoltaic panels 
E1 Use light-weight bricks instead of conventional bricks 
E2 Install 2-in insulation on the roof 
E3 Install 2-in insulation on the walls 
E4 Use low-e glasses instead of clear glasses 

 
 In this study, the impact on the optimum building performance scores when applying different 
ECM sorting schemes was investigated. The ‘optimum’ scores in this study were considered to be the 
point where the next ECM caused the scores to change by no more than 5%. It implies that it is not 
worth investing in ECMs beyond this point since the scores received in return would not be attractive 
enough. Six sorting schemes listed as follows were investigated: (a) energy cost saving (descending 
order), (b) investment cost (ascending order), (c) earning scores (descending order), (d) simple 
payback period (ascending order), (e) NPV (descending order), and (f) IRR (descending order). In 
order to see whether the different sorting schemes lead to approximately the same optimum scores or 
not, the difference in maximum and minimum scores as well as the difference in maximum and 
minimum investment cost per scoring point at the optimum scores among the six schemes were 
considered. If the differences were small then it can be said that different sorting schemes have no 
significant effect on the optimum scores, particularly from the financial point of view. 
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3. Results and Discussion 
 
3.1. Energy saving, scores, and financial return from ECMs 
Tables 4 to 6 show the results on the energy saving, investment cost, Building EQ scores, and return 
on investment of all 11 ECMs for the three sample buildings.  
 

Table 4. ECMs assessment results for the sample office building. 
ECM Energy use Energy saving Investment Building 

EQ scores 
Payback 
period 

NPV 
 

IRR 
 

 (kWh/y) kWh/y Bath/y % (Baht)  (y) (Baht) (%) 
Baseline 2,043,809.23 - - - - 162.20 - - - 

S1 2,016,238.88 27,570.35 84,689.32 1.35 - 160.01 - 815,383.71 - 
S2 1,983,125.61 60,683.62 179,480.35 2.97 - 157.39 - 1,728,026.00 - 
S3 2,035,735.77 8,073.46 26,002.88 0.39 - 161.56 - 250,354.15 - 
A1 2,008,451.30 35,357.93 99,796.97 1.73 144,760.00 159.40 1.45 816,079.17 0.69 
L1 1,900,965.01 142,844.21 441,320.30 6.99 213,120.00 150.87 0.48 3,687,963.53 2.06 
L2 1,853,431.92 190,377.31 588,258.44 9.31 859,584.00 147.09 1.46 4,542,914.74 0.68 
P1 1,845,906.86 197,902.37 584,308.86 9.68 7,043,299.20 146.50 12.05 -2,038,663.02 0.04 
E1 2,040,753.26 3,055.97 8,540.00 0.15 141,341.20 161.96 16.55 -59,118.59 0.02 
E2 2,041,594.14 2,215.09 6,148.87 0.11 109,504.75 162.02 17.81 -50,303.82 0.01 
E3 2,038,592.46 5,216.77 14,404.17 0.26 405,863.00 161.79 28.18 -267,180.54 -0.03 
E4 2,026,807.09 17,002.14 52,223.71 0.84 1,081,832.25 160.85 20.33 -569,397.59 -0.002 

 
Table 5. ECMs assessment results for the sample department store building. 

ECM Energy use 
 

Energy saving Investment 
 

Building 
EQ scores 

Payback 
period 

NPV 
 

IRR 
 

 (kWh/y) kWh/y Bath/y % (Baht)  (y) (Baht) (%) 
Baseline 2,156,533.18 - - - - 90.19 - - - 

S1 2,132,107.63 24,425.55 74,107.07 1.13 - 89.17 - 713,498.45 - 
S2 2,105,251.00 51,282.18 151,294.94 2.38 - 88.04 - 1,456,658.53 - 
S3 2,149,106.29 7,426.89 23,347.08 0.34 - 89.88 - 224,784.33 - 
A1 2,093,559.59 62,973.59 187,352.50 2.92 124,080.00 87.55 0.66 1,679,738.61 1.510 
L1 2,009,210.19 147,322.99 449,627.88 6.83 154,740.00 84.03 0.34 3,921,634.67 2.902 
L2 1,959,886.48 196,646.69 600,003.02 9.12 624,118.00 81.96 1.04 4,963,012.42 0.961 
P1 1,622,535.72 1,578,606.76 1,578,606.76 24.76 18,334,937.60 67.86 11.61 -4,752,919.61 0.045 
E1 2,148,098.39 8,434.79 26,521.99 0.39 76,313.33 89.84 2.88 179,038.83 0.347 
E2 2,133,774.24 22,758.94 69,702.16 1.06 289,662.30 89.24 4.16 381,425.89 0.237 
E3 2,139,295.86 17,237.32 53,663.93 0.80 219,218.80 89.47 4.09 297,454.31 0.242 
E4 2,146,203.94 10,329.23 31,944.79 0.48 428,336.07 89.76 13.41 -120,773.58 0.042 

 
Table 6. ECMs assessment results for the sample hotel building. 

ECM Energy use 
 

Energy saving Investment 
 

Building 
EQ scores 

Payback 
period 

NPV 
 

IRR 
 

 (kWh/y) kWh/y Bath/y % (Baht)  (y) (Baht) (%) 
Baseline 2,420,330.82 - - - - 340.50 - - - 

S1 2,394,027.35 26,303.47 79,835.14 1.09 - 336.80 - 768,647.90 - 
S2 2,410,463.76 9,867.07 29,158.04 0.41 - 339.11 - 280,731.81 - 
S3 2,417,949.36 2,381.46 7,424.86 0.10 - 340.16 - 71,486.13 - 
A1 2,212,353.25 207,977.57 614,437.06 8.59 57,530.00 311.24 0.09 5,858,233.03 10.680 
L1 2,330,993.89 89,336.93 275,077.95 3.69 130,080.00 327.93 0.47 2,305,996.27 2.107 
L2 2,301,180.25 119,150.57 366,808.61 4.92 524,656.00 323.73 1.43 2,847,518.00 0.699 
P1 2,202,192.84 218,137.98 644,891.75 9.01 7,714,089.60 309.81 11.96 -2,185,313.03 0.041 
E1 2,402,166.05 18,164.78 55,833.86 0.75 130,496.55 337.94 2.34 407,068.47 0.428 
E2 2,396,132.07 24,198.76 74,648.89 1.00 319,125.00 337.09 4.28 399,590.03 0.230 
E3 2,385,969.51 34,361.32 105,989.40 1.42 374,723.05 335.66 3.54 645,736.50 0.281 
E4 2,413,743.09 6,587.73 20,267.87 0.27 260,238.99 339.57 12.84 -65,101.12 0.047 

 
3.2. Impact from different ECM sorting schemes 
By applying 6 sorting schemes as follows: (a) energy cost saving in descending order, (b) investment 
cost in ascending order, (c) earning scores in descending order, (d) simple payback period in 
ascending order, (e) NPV in descending order, and (f) IRR in descending order, together with the data 
from Tables 4 to 6, the ECMs were sorted as shown in Tables 7 to 9. Figures 2 to 4 show the progress 
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of the scores and the accumulative investment cost related to ECMs applied according to the 6 
different sorting schemes for all three sample buildings.  
 

Table 7. ECMs in order for the sample office building. 
Sorting scheme ECMs in ordera 

 1 2 3 4 5 6 7 8 9 10 11 
(a) Energy cost saving P1 L2 L1 S2 A1 S1 E4 S3 E3 E1 E2 
(b) Investment cost S2 S1 S3 E2 E1 A1 L1 E3 L2 E4 P1 
(c) Earning scores P1 L2 L1 S2 A1 S1 E4 S3 E3 E1 E2 
(d) Simple payback period S2 S1 S3 L1 A1 L2 P1 E1 E2 E4 E3 
(e) NPV L2 L1 S2 A1 S1 S3 E2 E1 E3 E4 P1 
(f) IRR S2 S1 S3 L1 A1 L2 P1 E1 E2 E4 E3 

a Shaded ECMs show the optimum points. 
 

Table 8. ECMs in order for the sample department store building. 
Sorting scheme ECMs in ordera 

 1 2 3 4 5 6 7 8 9 10 11 
(a) Energy cost saving P1 L2 L1 A1 S2 S1 E2 E3 E4 E1 S3 
(b) Investment cost S2 S1 S3 E1 A1 L1 E3 E2 E4 L2 P1 
(c) Earning scores P1 L2 L1 A1 S2 S1 E2 E3 E4 E1 S3 
(d) Simple payback period S2 S1 S3 L1 A1 L2 E1 E3 E2 P1 E4 
(e) NPV L2 L1 A1 S2 S1 E2 E3 S3 E1 E4 P1 
(f) IRR S2 S1 S3 L1 A1 L2 E1 E3 E2 P1 E4 

a Shaded ECMs show the optimum points. 
 

Table 9. ECMs in order for the sample hotel building. 
Sorting scheme ECMs in ordera 

 1 2 3 4 5 6 7 8 9 10 11 
(a) Energy cost saving P1 A1 L2 L1 E3 S1 E2 E1 S2 E4 S3 
(b) Investment cost S1 S2 S3 A1 L1 E1 E4 E2 E3 L2 P1 
(c) Earning scores P1 A1 L2 L1 E3 S1 E2 E1 S2 E4 S3 
(d) Simple payback period S1 S2 S3 A1 L1 L2 E1 E3 E2 E4 P1 
(e) NPV A1 L2 L1 S1 E3 E1 E2 S2 S3 E4 P1 
(f) IRR S1 S2 S3 A1 L1 L2 E1 E3 E2 E4 P1 

a Shaded ECMs show the optimum points. 
 
 From Figure 2, it can be seen that for the sample office building the optimum scores when 
applying the ECM sorting schemes of energy cost saving, investment cost, earning scores, simple 
payback period, NPV, and IRR were found to be 110.33, 109.29, 110.33, 111.15, 109.29, and 111.15 
points, respectively. The maximum and minimum scores were different by only 1.70%. The Building 
EQ level of all cases was C. The investment cost per scoring point at the optimum scores were found 
to be 84,681.80, 91,491.20, 84,681.80, 74,321.72, 91,491.20, and 74,321.72 Baht/point, respectively. 
The difference between the maximum and minimum investment cost per scoring point was calculated 
to be 23.10%. 
 It can be drawn further from Table 7 and Figure 2 that if the sorting schemes were related to 
money, i.e., investment cost, payback period, NPV, and IRR, the ECMs would be sorted in a similar 
order and the investment cost would be gradually increased as the ECMs were sequentially 
implemented as shown in Figures 2(b), 2(c), 2(e), and 2(f). But if the energy saving or performance 
scores were the priority and needed to gain as much as it could since the beginning, it had to be traded 
off with high investment cost since the beginning as well which can be seen from Figures 2(a) and 
2(d). For the cases in this study, the decisive ECM was P1, the installation of solar photovoltaic 
panels, which required high investment cost but also yielded high saving. 
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                                                   (a)                                                                        (b) 

 

             (c)                                                                       (d) 

                                         

           (e)                                                               (f) 

Figure 2. Accumulative investment cost and Building EQ scores from different ECM sorting schemes 
for the sample office building (a) energy cost saving (b) investment cost (c) earning scores (d) simple 

payback period (e) NPV (f) IRR. 
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                                             (a)                                                                        (b) 

 
                                             (c)                                                                       (d) 

   
                                            (e)                                                                       (f) 

Figure 3. Accumulative investment cost and Building EQ scores from different ECM sorting schemes 
for the sample department store building (a) energy cost saving (b) investment cost (c) earning scores 

(d) simple payback period (e) NPV (f) IRR. 
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                     (c)                                                                         (d) 

     
(e)                                                             (f) 

 
Figure 4. Accumulative investment cost and Building EQ scores from different ECM sorting schemes 
for the sample hotel building (a) energy cost saving (b) investment cost (c) earning scores (d) simple 

payback period (e) NPV (f) IRR. 
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 From Table 8 and Figure 3, it can be noticed that for the sample department store building the 
optimum scores when applying the 6 ECM sorting schemes were found to be 47.02, 45.21, 47.02, 
45.96, 45.21, and 45.96 points, respectively. The maximum and minimum scores were different by 
only 4.00%. The Building EQ level of all cases was A-. The investment cost per scoring point at the 
optimum scores were found to be 415,328.96, 447,944.29, 415,328.96, 431,330.11, 447,944.29, and 
431,330.11 Baht/point, respectively. The difference between the maximum and minimum investment 
cost per scoring point was found to be only 7.85%. The observations on the trend of the investment 
cost and the performance scores as the ECMs were implemented one after another were similar to 
those mentioned for the sample office building.  
 From Table 9 and Figure 4, it can be seen that for the sample hotel building the optimum 
scores when applying the 6 ECM sorting schemes were found to be 214.63, 210.17, 214.63, 210.17, 
210.17, and 210.17 points, respectively. The maximum and minimum scores were different by only 
2.12%. The Building EQ level of all cases was F. The investment cost per scoring point at the 
optimum scores were found to be 37,811.99, 40,268.78, 37,811.99, 40,268.78, 40,268.78, and 
40,268.78 Baht/point, respectively. The difference between the maximum and minimum investment 
cost per scoring point was found to be only 6.50%. The observations on the trend of the investment 
cost and the performance scores as the ECMs were implemented one after another were similar to 
those mentioned for the sample office building and the sample department store building.  
 When considering the results from all 3 sample buildings, it was found that the optimum 
building performance scores were almost the same no matter how the ECMs were sorted in order. This 
finding is very useful because ones can implement ECMs in any order knowing that at the end the 
optimum building performance scores would be about the same. Another important finding from this 
study is that if ones want to implement ECMs to earn high energy saving or high scores since the 
beginning they have to realize that it requires high investment since the beginning in return.  
 
4. Conclusion 
In this study, the optimum building performance scores when applying different ECM sorting schemes 
were investigated to see if they would be about the same or not. Six sorting schemes, which are energy 
cost saving (descending order), investment cost (ascending order), earning scores (descending order), 
simple payback period (ascending order), NPV (descending order), and IRR (descending order), were 
tested. An office building, a department store building, and a hotel building were chosen to be the 
sample buildings. ASHRAE’s Building EQ was selected to be the building performance scoring 
system. It was found that ECMs could be sorted with any sorting schemes up to the priority set by the 
building owner, the optimum performance scores would finally be about the same. Moreover, it was 
found that if high energy saving or high scores are needed from the beginning, high investment is also 
needed from the beginning in exchange as well. 
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Abstract. Nowadays, power and heat generation systems pay an important role in all economic 
sectors. These systems are mainly based on combustion reaction and operated under the second 
law of thermodynamics. A conventional boilers, a main component of heat and power generators, 
have thermal efficiency in the range of 70 to 85 , mainly owing to they have flue gas heat loss. 
This paper proposes a novel type of boiler, called a Direct-fired Porous-medium Boiler (DPB). 
Due to being operated without flue gas heat loss, its thermal efficiency cloud be approximately 
close to 100 . The steam produced from the proposed boiler  however, is not pure water steam. 
It is the composite gases of steam and combustion-product-gases. This paper aims at presenting 
the working concept and reporting the experimental results on the performance of the proposed 
boiler. The experiments of various operating parameters were performed and collected data were 
used for the performance analysis. The experimental results demonstrated that the proposed 
boiler can be operated as well as the conceptual design and then it is promising. It can be possibly 
further developed to be a high efficiency boiler by means of reducing or suppressing the surface 
heat loss with better insulator and/or refractory lined. 

The 8th TSME International Conference on Mechanical Engineering 
  12-15 December 2017 

Bangkok, Thailand 
 
     
ETM0004   
The full paper is published in IOP Conference Series: Material Science and 
Engineering by IOP Publishing (https://conferenceseries.iop.org). 
 
 
 

835



 
 
 
 
 
 

Possibility study of gasifier ith a ial circulating flue gas for 
reducing tar 

T. Poo adin*, M. Polsongkram and P. Khantikomol  

Renewable Energy Technology Research aboratory (RTER) 
Department of Mechanical Engineering, aculty of Engineering and Architecture, 
Ra amangala University of Technology Isan,  
744 Suranarai Rd., Muang, Nakhonratchasima 30000, Thailand 

* Corresponding Author: poowadin@yahoo.com 

Abstract. This present research article aims to study the possibility of gasification by axial core 
flue gas circulating kiln and find the efficiency of syngas production. An axial core flue gas 
circulating tube was installed in the center of the updraft gasifier in purposing of tar reducing. In 
the present study, the eucalyptus wood chip 4, 8, and 10 kg with the moisture content 16  were 
examined. Several type-K thermocouples were employed to measure the temperatures at preheat, 
combustion, reduction, pyrolysis, drying, and gas outlet zone. The results showed that the 
temperatures in the combustion and the reduction zone of the kiln with the axial core flue gas 
recirculating were lower than the kiln without the core owing to installing the core would reduce 
the combustion zone area in biomass burning. bviously, the temperature in the pyrolysis and 
drying zone were nearly the same as both with and without the core. In consideration of syngas 
components, it was found that C  production from the gasifier with the core was higher than the 
gasifier without the core about 25 . ther gases, however, were almost same. The syngas 
production efficiency obtained from the gasifier with the core decreased with increasing the mass 
of biomass. It showed that the highest efficiency was 30  at 4 kg supplying biomass. In 
comparison, the efficiencies of both the kilns with and without the core were not different. or 
li uid product, the amount of li uid decreased about 47.23  comparing with the gasifier without 
the core. 
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Abstract. Numerical investigation has been performed on the flows around a rotating disk in a 
cylindrical casing. The sizes of the disk and the casing are finite, and the flow field has a radial 
clearance and an axial clearance. Taylor-Couette type flow develops in the radial clearance while 
the rotor-stator cavity flow appears in the axial clearance, and the interaction of the flows in 
these clearances makes complex flow developments. The flow structures are classified into some 
types including normal and anomalous modes in the radial clearance and circular and polygonal 
vortices in the axial clearance. The effect of the acceleration rate of the disk is estimated and it 
is found that the gradual increase of the disk angular velocity tends to form circular vortices in 
the normal mode. 
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Abstract. In order to enhance the quality of recycled metal, it is important to remove 
impurities from waste material. In this paper, oily cutting chips disposed of by metalworking 
factories are degreased using superheated steam. The degreasing system processes oily waste 
material continuously under an inert gas atmosphere. An aluminum cutting chip with water-
soluble cutting oil disposed from a lace was introduced as a waste material. The degreasing rate 
depends on the steam temperature, flow rates of waste material and steam, and processing time. 
In this paper, a demonstration of an oily waste metal degreasing system using superheated 
steam is constructed, and the influence of steam flow rate on the degreasing rate and energy 
consumption are experimentally evaluated. As a result, the target adhesion rate, that is less than 
1%, was satisfied sufficiently, and the influence of the steam flow rate on the degreasing 
performance was evaluated. 

1.  Introduction 
The recycling stream for waste material has become a serious issue for the sustainable development of 
industry and human activity. Waste metal recycling consists of several processes such as scrap 
collection, compression into bricks, melting and ingot production. Some solid-state recycling systems 
have been proposed to reduce energy consumption, recycling process and costs [1, 2]. Oily waste 
metal cutting chips disposed of by metalworking factories is usually melted directly by an electric 
steelmaking furnace or a blast furnace. However, conventional recycling of cutting chips and scraps 
produced in the industry has several disadvantages in terms of the adhesion rate of oil and energy 
consumption. These methods result in low quality metal overall, because an ingredient included in the 
oil acts as an impurity. Therefore, it is important to remove oil from the waste material. There are 
some possible methods of removing oil from oily metal waste, such as centrifugal separation, or 
chemical dissolution. A centrifugal separation method cannot remove oil well enough from metal 
because cutting chips have a complex shape. On the other hand, if oil is removed with chemicals, the 
oil is dissolved into a chemical substance and it is then difficult to separate the oil from the chemical 
agent. In addition, it is also difficult to dispose of liquid waste that includes a chemical substance from 
an environmentally-conscious standpoint. Accordingly, the systems using superheated steam have 
been very useful in waste processing. Superheated steam is introduced to improve the quality of 
recycled waste metal disposed of by metalworking factories [3-5]. The steam evaporates waste oil 
from oily cutting chips and removes it from the metal.  
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Superheated steam is a very popular heat source for industrial and municipal applications such as 
power generation, air conditioning and boilers. It is an inert gas, and this kind of steam creates several 
industrial advantages for flammable waste material processing. Superheated steam is generated by 
heating saturated steam until it reaches 100 ºC or higher [6, 7]. Generally, superheated steam shifts to 
a higher efficiency at around 170 ºC, and is a better fit for industrial applications such as drying 
moisture materials compared to the efficiency of hot air at the same temperature [8, 9]. The 
performance and thermal efficiency of superheated steam improves as the steam temperature increases. 
The influence of steam temperature on the degreasing performance has already been investigated [10]. 
However, as a matter of course, the energy consumption for the process increases as well as the 
process temperature increases.  

In this paper, a steam circulation-type degreasing system is constructed and the oily aluminum 
cutting chips were processed. The oily aluminum cutting chips were discharged from lace in a metal 
working factory. The influence of superheated steam flow rate in degreasing systems on the adhesion 
rate of oil to waste metal is experimentally examined. The energy consumption supplied to the 
processing chamber where steam will be heated to the target process temperature will be affected by 
the steam flow rate. The flow rate is set to two steps. The system’s energy consumption and the 
adhesion rate of oil are evaluated and compared for each experimental condition. 

2.  System configuration, experimental apparatus and procedure 
The superheated steam degreasing demonstration system employed in this experiment is shown in 
figure 1. The system configuration designed for the degreasing system using superheated steam is 
shown in figure 1(a). The system consists of a superheated steam generator (Fuji Electric; IHSS-05), a 
screw conveyor, a processing chamber with induction heating (Fuji Electric; HFR200C7K-2), a 
cyclone, an oil-steam separator, a high pressure blower (Showa Denki; KSB-H07BGHT), a reheater 
with induction heating (Fuji Electric; HFR5.0C11K-2), a vortex flowmeter (Oval; VXT1040-N11G-
1016C) with a flow straightening device installed upstream of a flowmeter, and valves. These pieces 
of equipment were connected with piping. Here, induction heating was applied to heat the superheated 
steam and waste materials. 

While the superheated steam passes through the processing chamber, oily waste metal is heated 
higher than the evaporation temperature of cutting oil, while the oil is evaporated under the inert gas 
field. The pressure inside the processing chamber is almost equivalent to the ambient pressure. Then 
the mixed gas flows out from the chamber and passes through a cyclone for dust extraction. In the 
steam circulation-type system, only the evaporated oil is condensed in the oil-steam separator, and 
steam passes through the separator in a superheated state. Here, the steam temperature is maintained at 
a temperature greater than 100 ºC. The steam is pressurized using a high pressure blower and heated 
again by the reheater. After that, the heated steam passes through a flowmeter and flows into the 
processing chamber when the system is operated in a steady state condition, while the steam that 
comes from the generator is closed off. In this case, latent heat of the water used to generate steam is 
not consumed. Finally, the superheated steam can be repeatedly circulated in the degreasing system.  

Typical local temperatures in the system are measured by K-type sheath thermocouples and 
recorded by a multi-channel data logger (HIOKI; 8422-50). The steam temperature inside the 
processing chamber is an averaged temperature of four local steam temperatures in the chamber. 
Electric consumption of each piece of equipment is measured by clamp-type power meter (HIOKI; 
3169-01). 

Figure 1(b) shows a photo of the demonstration system. The size of the processing chamber is 
300A (12B) in diameter, 1,000 mm length, and made of magnetic SUS430. The oil-steam separator 
consists of a radiator to cool steam and two laminated metal screens to trap oil mist. There are steam 
agitators inside a reheater. The ducts and equipment are covered with a thick layer of heat-insulation 
material. The waste material is aluminum cutting chips which were discharged from a lace, as shown 
in figure 1(c). Water-soluble cutting oil without water dilution adheres to the cutting chips. This waste 
material has a complex shape and encloses waste oil in the gaps. 
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Before introducing steam to the degreasing system, the steam passage is heated to more than 100 
ºC with hot gas in order to prevent the condensation of steam in the equipment and ducts. Hot gas is 
generated by induction heating and duct heaters, and the gas is circulated by a blower. Then, the 
processing chamber and steam passage are displaced by superheated steam, which comes from the 
superheated steam generator. After that, the superheated steam that comes from the generator is closed 
off, and steam circulates inside the system. Then, the oily waste material flows into a processing 
chamber. Mass flow rate and processing time of waste material are controlled by revolutions of a 
screw conveyor and a rotary kiln inside a chamber. The steam temperature inside a processing 
chamber is controlled by an induction heater installed to the processing chamber. Heat loss from the 
ducts is avoided by controlling the duct heaters. The practical operation process will be shown in 
Section 3 with a local temperature progression. 
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(a) System configuration of degreasing system using superheated steam 
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(b) Photo of demonstration system                              (c) Example of oily waste metal 
 

Figure 1. Superheated steam degreasing demonstration system. 
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3.  Experimental results and discussion 

3.1.  Experimental conditions and results 
The typical progression of local temperatures at each position in the degreasing system is shown in 
figure 2. Experimental conditions are decided based on the preliminary experiment as shown in table 
1. The operation temperature is decided to be 450 ºC class. Higher temperature operation is desirable 
for the degreasing. However, the waste metal, that is aluminum cutting chips, will melt at around 500 
ºC. The steam flow rate chosen here depends on the specification of the vortex flowmeter which can 
be applied to high temperature steam. The mass flow rate of metal and the processing time result in 
optimum test outcomes from the preliminary experiments by changing the revolutions of a screw 
conveyor and a rotary kiln. Mass flow rate of oil is set to 10% of waste metal. Waste metal disposed 
from metal working factory generally includes around 10% waste oil. 

 

Lo
ca

l t
em

pe
ra

tu
re

 T
[ºC

 ]

System ON
Time t [min]

Steam generator ON

0

100

200

300

400

500

0 30 60 90 120 150

Steam generator OFF
&

Waste material flow in

Steam flow in

E
st

im
at

io
n

Superheated steam generator exit
Processing chamber inlet
Processing chamber inside
Processing chamber exit
Oil-steam separator inlet
Oil-steam separator exit
Reheater inlet
Reheater exitLo

ca
l t

em
pe

ra
tu

re
 T

[ºC
 ]

System ON
Time t [min]

Steam generator ON

0

100

200

300

400

500

0 30 60 90 120 150

Steam generator OFF
&

Waste material flow in

Steam flow in

E
st

im
at

io
n

Lo
ca

l t
em

pe
ra

tu
re

 T
[ºC

 ]

System ON
Time t [min]

Steam generator ON

0

100

200

300

400

500

0 30 60 90 120 150

Steam generator OFF
&

Waste material flow in

Steam flow in

E
st

im
at

io
n

Superheated steam generator exit
Processing chamber inlet
Processing chamber inside
Processing chamber exit
Oil-steam separator inlet
Oil-steam separator exit
Reheater inlet
Reheater exit

Superheated steam generator exit
Processing chamber inlet
Processing chamber inside
Processing chamber exit
Oil-steam separator inlet
Oil-steam separator exit
Reheater inlet
Reheater exit

 
 

(a) TP = 450 ºC, QS = 27 m3/h class 
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(b) TP = 450 ºC, QS = 40 m3/h class 
 

Figure 2. Progressions of local temperature in each position. 
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Table 1. Experimental conditions. 

Target process temperature TP (ºC) 450 
Target steam volume flow rate QS (m3/h) 27 40 
Mass flow rate of metal MM (kg/s) 12.7x10-3 13.7x10-3 
Mass flow rate of oil MO (kg/s) 1.27x10-3  1.37x10-3 
Estimated processing time of oily metal in the chamber tC (min) 6.0 

 
At the beginning of the experiment, each piece of equipment and the ducts were heated by hot air 

in order to prevent condensation of the superheated steam inside the system. The electric consumption 
of each piece of equipment was set the same, except for the induction heating of the processing 
chamber. The air temperature in the system increased gradually. It took about 40 minutes to heat the 
system to over 100 ºC, which is the evaporating temperature of water. Then, the superheated steam 
generator was started and steam was introduced into the system. Here, the temperature of the steam 
exiting the superheated steam generator was around 350 ºC. After the air, which contains oxygen, was 
displaced from the processing chamber by superheated steam, the steam generator is stopped and 
steam is circulated inside the system by switching the valve. In this case, superheated steam was 
circulated inside the system by blower. Then, the waste material flowed into the processing chamber, 
and the degreasing was started.  

Local temperature and electric consumption were estimated from extracted data for 30 minutes in 
the steady state condition, as shown in figure 2. Average local temperatures at the steady state 
condition are shown in table 2. The pressure inside the processing chamber was almost equivalent to 
the ambient pressure. 
 

Table 2. Average local temperatures at the steady state condition in each operation condition. 

Steam volume flow rate class (m3/h) QS 27 40 
Steam volume flow rate (m3/h) QSr 27.1 37.5 
Superheated steam generator exit (ºC)  closed 
Processing chamber inlet (ºC)  251 237 
Processing chamber inside (ºC) TPr 456 452 
Processing chamber exit (ºC)  369 367 
Oil-steam separator inlet (ºC)  256 270 
Oil-steam separator exit (ºC)  165 181 
Reheater inlet (ºC)  126 136 
Reheater exit (ºC)  233 221 

 
During the degreasing process, the average temperature inside the processing chamber was 

maintained at around 450 ºC. The lowest steam temperature was kept over 100 ºC during the 
degreasing operation. Additionally, the steam temperature at the oil-steam separator exit was kept at 
around 150 ºC because the specification of evaporation temperature of the cutting oil is around 150 - 
250 ºC.  

The influence of the steam flow rate on system performance was evaluated in terms of its electric 
consumption and the adhesion rate of oil. 
 
3.2. System performance of degreasing conditions 
The degreasing performances were compared. Table 3 and figure 3 show the adhesion rates of oil to 
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waste metal at each operation flow rate. The rates, before]  and after] , were estimated for before and 
after processing by equations (1) and (2), respectively. 
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]                                                                    (2) 

 
Here, U  and wU  are bulk densities of the metal without oil, while oilU  and degU  represent the bulk 

densities of the waste metal including oil. wU  was estimated by washing the waste material with water 
after degreasing, in order to estimate only the mass of the metal. The waste material before and after 
processing are put into a container with a fixed capacity, and their weights were measured with a 
balance. The weights are measured three times in each step. Then, the bulk densities are estimated by 
the weight and its capacity. The waste metal was slightly compressed during the processing, because 
the waste metal was transported in a rotary kiln. Therefore, the bulk densities of the waste material 
after degreasing increase rather than those obtained from before processing, and the accuracy of the 
balance influences the bulk density. Therefore, the adhesion rate of the oil must be individually 
estimated before and after the processing. 

Initial adhesion rates were set at around 10% in these experiments. After the degreasing, the rate 
decreased to 0 - 0.2% under each condition. The final target of the adhesion rate of oil is set to be less 
than 1% and was achieved by these experiments. This target is difficult to achieve by compression or 
centrifugal separation methods.  
 

Table 3. Bulk density and adhesion rate of waste material in each condition. 

Steam volume flow rate QSr (m3/h) 27.1 37.5 
Process temperature TPr (ºC) 459 455 
Metal U  (kg/m3) 582 540 
Oily metal oilU  (kg/m3) 640 594 
Degreased metal degU  (kg/m3) 580 557 

Metal (After washing) wU  (kg/m3) 580 556 
Initial adhesion rate before]  (%) 10.0 10.0 
Degreased adhesion rate after]  (%) 0.0 0.2 
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Figure 3. Adhesion rates of oil in each condition. 
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Estimates of electric consumption from each operation temperature were compared. Table 4 and 

figure 4 show the amount of electric consumption in the steady state condition in each flow rate 
condition. The electric consumption for the high pressure blower, micro-heater heating for the ducts, 
conveyance systems, and supplementary equipment were set the same under each condition. 
Supplementary equipment refers to the screw conveyor, rotary kiln in the processing chamber, and 
steam agitator in the reheater. Therefore, the differences in electric consumption between these 
conditions are thought to have been caused by induction heating of steam, because the mass flow rates 
of the waste were almost the same, as shown in table 1. 
 

Table 4. Electric consumption in steady state condition. 

Steam volume flow rate QSr (m3/h) 27.1 37.5 
Process temperature TPr (ºC) 459 455 
Induction heating for Processing chamber (kW) 10.2 11.0 
Induction heating for reheater (kW) 2.8 
Blower (kW) 0.2 
Duct heaters (kW) 1.0 
Supplement equipment (kW) 0.2 
Total E (kW) 14.4 15.2 
Specific energy consumption (kWh/kg) 0.27 0.34 
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Figure 4. Electric consumption in steady state condition. 
 

The energy consumption of induction heating for the processing chamber was increased to 
maintain the mean temperature Tpr in the chamber. About 70% of the total energy is consumed by 
induction heating installed in the processing chamber. The electric consumption of induction heating 
for the processing chamber increases less than 10% even though the steam flow rate increases by 
approximately 40%. The influence of the steam flow rate on the electric consumption is relatively 
small, but increases. As a result, electric consumption is decreased as the steam flow rate decreases, 
because the steam temperature in the system is almost the same. The specific energy consumption 
decreases as the steam flow rate decreases, too. 

4. Conclusion 
The performance of a practical steam circulation-type superheated steam degreasing system was 
evaluated for several steam flow rates. Here, the performance was evaluated based on the adhesion 
rate of oil and the specific energy consumption for the waste material. The adhesion rate is reduced 
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considerably in each experiment and the target rate was well satisfied. The steam flow rate in the 
processing chamber does not strongly influence the energy consumption. However, the reduction of 
the steam flow rate suggests a reduction of energy consumption. 

The adhesion rate of the oil after degreasing is influenced by process temperature, mass flow rates 
of steam and waste material, and processing time. Therefore, it is important to harmonize these 
relations for the optimum operation.  
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 Abstract. lameless combustion is a recently developed combustion system, which provides 
zero emission product. This phenomenon re uires auto-ignition by supplying high-temperature 
air with low oxygen concentration. The flame is vanished and colorless. Temperature of the 
flameless combustion is less than that of a conventional case, where N x reactions can be well 
suppressed. To design a flameless combustor, the computational fluid dynamics (C D) is 
employed. The designed air-and-fuel in ection method can be applied with the turbulent and non-
premixed models. Due to the fact that nature of turbulent non-premixed combustion is based on 
molecular randomness, inappropriate mesh type can lead to significant numerical errors. 
Therefore, this research aims to numerically investigate the effects of mesh type on flameless 
combustion characteristics, which is a primary step of design process. Different meshes, i.e. 
tetrahedral, hexagonal are selected. Boundary conditions are 5  of oxygen and 900 K of air-
inlet temperature for the flameless combustion, and 21  of oxygen and 300 K of air-inlet 
temperature for the conventional case. The results are finally presented and discussed in terms 
of velocity streamlines, and contours of turbulent kinetic energy and viscosity, temperature, and 
combustion products. 
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Abstract. This paper studies about the aerodynamic transition phenomenon and corresponding 
flow field characteristics in the near wake region of a finite wing at low Reynolds numbers by 
conducting the wind tunnel experiment, and the aerodynamic characteristics including the lift 
and drag coefficient are measured by a six-component force/moment balance. The experiment 
result shows that the aerodynamic characteristics would be different after the transition 
happens, and this phenomenon varies with the Reynolds number and angle of attack. 
Furthermore, the hysteresis phenomenon would happen near when the model is approached to 
stall. For the flow field measurement, the hot-wire anemometer is applied to measure the near-
wake velocity profiles at the centerline of wing model. The mean velocity profiles in the near 
wake region indicate the upstream surface flow is separated or reattached at low angle of attack 
at different Reynolds number, and the spectral analysis is also employed to uncover the 
coherent structure in the near wake region. From the analysis result, a dominant peak is 
observed before transition, and it broadens with the formation of laminar separation bubble. 
Also, two different flow fields are measured under hysteresis loop at the same angle of attack 
and their Strouhal numbers are 0.80 and 0.18, respectively. 

1.  Introduction 
For recent decades, the airfoil aerodynamic properties and flow structures at low Reynolds number 
(Re) have been widely studied. The major topics are the aerodynamic characteristics such as lift and 
drag coefficients; and the flow structure of upper surface and near-wake region. For aerodynamic 
characteristics, the performance is obviously different from higher Reynolds number due to the 
transition phenomenon occurs on the wing surface flow field. Therefore, the traditional aerodynamic 
concepts are not applicable. For low Reynolds number issue, there are three kinds of classified flow 
properties. The “subcritical mode“ defines as the Re less than 4×104, and the boundary layer flow on 
the leeside of the wing behaves laminar and the laminar separation would occur without any 
reattachment under the adverse pressure gradient. The “supercritical mode“ defines as Re>5×105, and 
the flow field on the leeside of wing will behave from transition to turbulence before flow separation. 
The laminar separation bubble is the main characteristics and its forming and breaking will naturally 
affect the flow behavior and aerodynamic loading. The definition of “critical mode” is the Re between 
4×104 and 5×105, and the flow structure is the most complicated. Flow passing through airfoils at this 
region will suffer laminar-to-turbulent transition, and both laminar separation and flow reattachment 
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may occur, where the clear laminar separation bubble could be observed. Therefore, the evolution of 
laminar separation bubble generates “hysteresis phenomenon” on wing aerodynamic characteristics 
[1]. Aerodynamic characteristics within the hysteresis phenomenon are the direct consequence of the 
evolution of laminar separation bubble on the critical mode of Re and affected by the round-nosed, 
thick and cambered airfoil at Re>3×105 [1, 2]. For the lift and drag coefficients, McMaster and 
Henderson pointed out that the aerodynamic performances such as Clmax, Cdmin and (Cl/Cd)max for 
airfoils will deteriorate as Reynolds number decreases [3], which implied that flow field around 
airfoils has transition phenomena. 

The first section is about the lift/drag measurement of an aspect ratio 4 rectangular wing at critical 
mode in a low speed wind tunnel, and analyzes the lift coefficient (CL) and lift-to-drag ratio (L/D) with 
angle of attack (AOA) to verify the formation or breakdown of the laminar separation bubble. The 
second past is about the structure of near-wake flow. The flow structure behind airfoil is investigated 
via flow velocity measurement include wake mean velocity profiles and the power spectra of 
fluctuating velocity. The main goal is to study the formation, evolution and characteristics of flow 
behavior at transition condition. 
 

2.  Experimental apparatus 

2.1.  Low Speed Wind Tunnel 
The horizontal, open-type low speed wind tunnel in National Cheng Kung University is shown in 
Figure 1. Five anti-turbulence fine mesh screens are installed at the inlet and the contraction ratio is 9 
to 1. The cross-section area of test section is 1440mm (long) × 1200mm (wide) × 914mm (high). The 
free stream velocity in the test section varies from 4 to 20 m/s, and the turbulence intensity is less than 
0.2% for free stream velocity greater than 6 m/s and the highest turbulence level is 0.45% for lowest 
attainable free stream velocity. 
 

 
Figure 1. Low speed wind tunnel 

2.2.  Force and moment measurement system 
The force and moment measurement system consists of a six-component, strain-gage type force 
balance shown in Figure 2 to measure the forces and moments of the test models. The fully limited 
loading ranges of the force balance are 5 kg in Z axial component (lift force) and 3 kg in X axial 
component (drag force), while the range in Y direction’s pitch moment is 0.025 kg-m. The output 
voltages of each component after amplification are then fed into a personal computer (PC) through an 

848



 
 
 
 
 
 

analog/digital (A/D) converter for further analysis. The digitized data are then converted into the real 
force/moment data via the linear coupling matrix shown in Eq. (1) as the relationship for force and 
moment measurement in six-component strain-gage data. The values of “ V” are the voltage 
differences measured by Wave-book 512 A/D converter, while the elements of the 6×6 transition 
matrix are obtained from the force/moment calibration system. Therefore, the desired forces (Fx and Fy) 
and moment (Mz) can be easily calculated by this equation. 
 

 
Figure 2. Force and moment measurement system 
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2.3.  Velocity measurement system 
The flow velocity measurement system is schematically shown in Figure 3. A cross type hot-wire 
probe is installed on a three-axis traversing mechanism driven by the step motors, and the wires are 
connected to two sets of DANTEC 55M01 hot-wire anemometer, which has the frequency response up 
to 40 kHz. All the measured signals are transmitted into a PC through an A/D converter.  
 

 
Figure 3. Velocity measurement system 
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2.4.  Test model 
The test model is shown in Figure 4, and the airfoil is NACA 633-018 with 18% of maximum 
thickness ratio at the 35% chord station. The platform of model is rectangle, the chord length is 15cm, 
and aspect ratio is 4. The model has two types, including smooth surface and rough surface. The 
aerodynamic performs of different surfaces are examined in the force and moment experiments. The 
stream-wise (U) and transverse (V) flow velocities are measured in the downstream of near wake 
regions of wing with variation of AOA. 
 

 
Figure 4. Test model and airfoil section 

 

2.5.  Uncertainty analysis 
The statistical analysis scheme called Student’s t distribution is employed for the experimental data’s 
uncertainty analysis [4]. This scheme is developed by William S. Gosset in 1908 who supposed a 
random sample of number n with mean , sample mean and standard distribution , shown in Eq. (2). 
According to the characteristics of Student’s t distribution, the larger the degree of freedom is, the 
closer the t-density to the normal density. Then the experimental data quantity can be warranted. 
 

 ;n
xt

ND
P

V
�

  (2) 

 
A desirable quantity Xi obtained from measurement is usually expressed as Eq. (3), where Xi,measured 
denotes the measured value, and Xi denotes the uncertainty interval. 
 

 ,i i measured iX X XG r  (3) 

 
The mean purpose of wind tunnel experiments intend to measure the stationary aerodynamic force and 
moment coefficients for a given combination of controlling variables (Re, ). For each (Re, ), the mean 
values of data record (ݔҧ) as well as its uncertainty (ο�ത) for force F and moment M in three directions will 

be computed as follows where ߪ௫ ൌ ටଵ

σ ሺݔ െ ҧሻଶேݔ
ୀଵ  and n = N-1. 
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In the present study, the significant level of accuracy is considered to be 95% confidence interval which 
is equal to 0.95. For example, if the experiments are conducted seven times, the random variable tn;  is t 
distribution with n degrees of freedom which will be easily to calculate using Eq. (2) and the value of tn;  
is approaching to 2.447. Eq. (5) can be replaced by Eq. (6), which is used to compute the confidence 
interval. Figure 5 and Figure 6 illustrate one of the results of uncertainty analysis in CL and CD for Re = 
1.4×105 at increasing region. 
 

 
Figure 5. Uncertainty analysis of CL with AOA of smooth-surfaced model at Re=1.4×105 

 

 
Figure 6. Uncertainty analysis of CD with AOA of smooth-surfaced model at Re = 1.4×105 
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3.  Experimental Results and Discussion 

3.1.  General observation of lift coefficient 
According the measurement result in Figure 7 to 9, the lift behaves asymmetrically within the AOA 
from -3° to +3°. Because of symmetry of the NACA 633-018 airfoil, the lift is supposedly in portion of 
AOA and the asymmetric behavior shouldn’t occur. However, this phenomenon is not observed at 
Re=1.2×105for smooth surface model, and Re=1×105 for rough surface model. It may imply that 
asymmetry is so unstable and sensitive to environmental disturbances such as turbulence intensity or 
roughness effect. This phenomenon is also observed by Mueller with experiments for the same series 
of airfoil [5]. 

When AOA increases to 7°, the lift coefficient curve dramatically inclines and accompanies with the 
formation and breakdown of the laminar separation bubble. It explains the flow around the airfoil is 
under laminar separation without flow reattachment. For the result of Re > 1.2×105 in Figure 9, the CLα 
is constant and it means the smooth and rough surfaced models all suffer flow reattachment and the 
separation bubble exists on the leeside of model surface before AOA=10°. The only difference 
between smooth and rough surface is the existence of hysteresis phenomenon. 

The model is nearly stalled when the AOA >11°, the leading edge stall has an abrupt flow separation 
from a small laminar separation bubble breakdown, and causes a sharp decrease of lift. The clockwise 
hysteresis loop could be observed on lift coefficient profiles of smooth-surfaced model. However, the 
loop can’t be observed on -surfaced model. 

 

 
Figure 7. Variation of CL with AOA at Re = 8×104 
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Figure 8. Variation of CL with AOA at Re = 1×105 

 

 
Figure 9. Variation of CL with AOA at Re = 1.2×105 

 

3.2.  Reynolds number effect 
The lift coefficient (CL) of AOA=5° and 10° at different Reynolds number is shown in Figure 10. The 
lift coefficient of rough-surfaced model is larger than smooth-surfaced model at the Re from 9×104 to 
1.1×105 of AOA=5° and 6×104 to 7×104 of AOA = 10°. The reason of lift coefficient increase is the 
formation of laminar separation bubble because the flow over rough-surfaced model is forced to transit 
from laminar to turbulence earlier than smooth-surfaced model. In addition to the lift and drag 
coefficients, the lift-to-drag ratio is also a very important aerodynamic characteristic parameter. Figure 
11 depicts the (L/D)max for smooth and rough-surfaced model with respect to Re. The rough-surfaced 
model performs better than the smooth-surfaced model before the transition happens. 
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Figure 10. Variation of CL with Re at AOA = 5° and 10° 

 

 
Figure 11. Variation of (L/D)max with Re 

3.3.  Mean velocity profiles 
As transition phenomenon can be observed from the aerodynamic characteristics change, airfoil 
produces zero lift at AOA=0° and drag is too small to be measured. Therefore, the velocity 
measurement is necessary to study the flow structure of near-wake region form x/c = 1.2 to 3 and the 
results are shown in Figure 12 to 14. At Re > 1×105, wake of large scale dominated the flow field. In 
contrast, the wake region narrowed and the center descended along the streamwise direction with the 
AOA increase at Re > 1×105. As the inherently-unstable separated shear layer suffers laminar-to-
turbulent transition, it can reattach to the airfoil surface at higher Re. In contrast, the separated shear 
layer fails to reattach at lower Re, and a wide wake is formed [6]. 
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Figure 12. Velocity profiles of near-wake region at Re=8×104 

 
Figure 13. Velocity profiles of near-wake region at Re = 1×105 

 
Figure 14. Velocity profiles of near-wake region at Re=1.2×105 
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3.4.  Coherent structures in Wake 
In order to understand the Reynolds number effect on the shedding frequency of the near-wake region, 
the spectral analysis of flow measurement and the maximum root-mean-square velocity of each 
streamwise location are applied to analyze its power spectrum, and determine the frequencies of the 
fundamental disturbances. Since spectra of the vertical fluctuating velocity component are more 
sensitive to frequency-center activity than the streamwise velocity component, the cross-wire probe 
should be employed to investigate the coherent structures development behind the wake. 

The spectra of the vertical velocity component of smooth-surfaced model for Re=1×105 are 
displayed in Figure 15 to 17. In Figure 8, the force measurement result shows there is a clockwise 
hysteresis loop between AOA=15° to 16° for smooth-surfaced model. To verify the loop range, the 
power spectrum analysis is employed, and the amplitude of each spectrum is stepped by 20 dB at the 
previous upstream location. With AOA=15° at increasing region, the peak broadens and is at higher 
frequency. It shows the flow field on the upper surface is still reattached and formed lots of small-
scale vortices, and the coherent structures in wake region became weak. Therefore, 6 dB energy decay 
is defined as the frequency bandwidth. With AOA=15° at decreasing region, an unambiguous peak is 
observed at each downstream location which is attributed to large-scale vortex shedding alternatively. 
With AOA=16°, the flow had separated, so the power spectra and characteristic frequency are similar 
with the decreasing region at AOA=15°. 
 

 
Figure 15. Power spectra of near-wake region for Re=1×105 at AOA=15°(increasing region) 
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Figure 16. Power spectra of near-wake region for Re=1×105 at AOA=15°(decreasing region) 

 

 
Figure 17. Power spectra of near-wake region for Re=1×105 at AOA=16° 

 
The spectra of the vertical velocity component of rough surface for Re=1×105 are shown in Figure 18 
to 20. From the result in Figure 8, the hysteresis loop size would reduce of rough-surfaced model. 
With AOA=14° at increasing region, the peak is not so wide, and the frequency is much lower than 
smooth surface since the flow suffers the transition process. With AOA=14° at decreasing region, there 
is also an unambiguous peak at downstream location, and the characteristic frequency is similar with 
smooth surface. With AOA=15°, the model stalled, so power spectra and characteristic frequency are 
similar to the decreasing region. 
 

857



 
 
 
 
 
 

 
Figure 18. Power spectra of near-wake region for Re=1×105 at AOA=14°(increasing region) 

 
Figure 19. Power spectra of near-wake region for Re=1×105 at AOA=14°(decreasing region) 
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Figure 20. Power spectra of near-wake region for Re=1×105 at AOA=15° 

  
The Strouhal Number with its corresponding Reynolds number is shown in Figure 21. At increasing 
region with AOA = 15°, the Strouhal number is about 0.8 with the increase of Reynolds number. At 
decreasing region with AOA = 15°, Strouhal number is still a constant, but it’s much smaller. 
Moreover, the value of 0.18 is closed to the Strouhal number of the cylinder, 0.21 [6]. The flow field 
of the stalled model is not reattached, so it suggests that the wing behaves similar to a bluff body. 
Huang and Lin [7] studied vortex shedding in the wake of NACA 0012 airfoil at low Reynolds 
numbers, and concluded the Strouhal number is an exponential function of AOA. Also, Roshko [8] 
observed when AOA increased to about 15°, the Strouhal number would decrease to the value of 0.12. 
 

 
Figure 21. Variation of Strouhal number with Reynolds number at AOA=15° 

 

4. Conclusion 
This paper experimentally studies about the lift performance and wake flow structures of NACA 633-
018 airfoil at low Reynolds numbers. When Re<9×104, the lift coefficient is negative from AOA=0° to 
3° and sensitive to roughness effect. Therefore, this unusual behaviour can be eliminated by 
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roughening the leeside of wing to induce transition, and the aerodynamic performance would be better 
at transition region. 

At AOA=7°, the lift coefficient suddenly increase and decrease due to the transition from subcritical 
to critical mode. From the force measurement, the transition phenomenon and the hysteresis loop 
range varies with the operating Reynolds number. The required AOA for transition becomes lower as 
Reynolds number increases. Also, the results prove that the roughness surface could reduce the 
hysteresis loop size due to the enhancement of laminar-to-turbulent transition. In addition, wake 
velocity fields can also demonstrate the transition phenomenon. 

A wide wake is formed for AOA=0° and 5° at Reynolds number less than 1×105. In contrast, the 
wake scale is much smaller at higher Reynolds numbers. The transition phenomenon observed from 
force measurement and near-wake flow velocity is comparable. At increasing region, the power 
spectra are similar to that at lower AOA. The flow is still reattached and the coherent structures in 
near-wake region become weak, so the peak is wider and has higher characteristic frequency. At 
decreasing region, the large-scale flow separation has occurred on upper surface, so the ambiguous 
peak could be clearly observed, and the characteristic frequency is lower. After the wing stalls, the 
spectra and characteristic frequency are similar to the decreasing region. 

However, the characteristic frequency of rough-surfaced model at increasing region is lower than 
smooth-surfaced model. This phenomenon proves that the transition process of rough surface happens 
earlier than smooth surface, and it’s comparable with the result of force measurement experiment. The 
strouhal numbers of increasing and decreasing region at AOA=15° are all constant at subcritical mode 
of Reynolds number, but the value of decreasing region is closed to the cylinder because the flow is no 
longer reattached after stall. 
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