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Abstract of thesis presented to the Senate of Universiti Putra Malaysia in fulfillment 
 of the requirement for the degree of Master of Science 

NUMERICAL SIMULATION OF MIXING CHARACTERISTICS OF 
CNG-AIR MIXER FOR DUAL-FUEL VEHICLE 

By 

HASSAN SADAH MUHSSEN 

November 2016 

Chairman  : Siti Ujila Masuri, PhD 
Faculty       : Engineering 

A compressed natural gas (CNG)-air mixer is a device like a carburettor positioned at 
the air intake manifold of the engine to mix CNG with incoming air at proper 
amounts of CNG and air prior to entering the combustion chamber. According to 
literature, the best design of CNG-air mixer is one that is able to meet the conditions 
of 1) supply the engine with a homogeneous mixture of CNG and air, 2) with air and 
CNG with the required air fuel ratio (AFR), and 3) without reduction of the air intake 
manifold size. The homogeneous mixture occurs when the uniformity index (UI) of 
methane mass fraction (MCh4) =1.0. From previous studies, there is no design of 
CNG-air mixer which could satisfy all the above three conditions at the same time. 

This research carried out a computational fluid dynamics (CFD) study to design a 
CNG-air mixer for CNG-diesel dual fuel (DDF) engine. The objectives of this study 
were to examine the performance of existing Secondary Fuel Premixing Controller 
(SFPMC) commercial mixer and modify it in terms of air fuel ratio (AFR) and CNG-
air mixture homogeneity (CAMH).  

The validity and reliability procedures of the simulation results were carried out 
using the grid independent test, and verification by comparing the results with the 
literature. 

Results from simulation indicated that the original mixer (model 1) was unable to 
control AFR due to the shaft design of the control valve. Furthermore, this mixer 
could not provide a homogeneous mixture of CNG and air due to the mixer’s internal 
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design, position and directions of the CNG holes. Therefore, the mixer design was 
modified in terms of AFR and CNG-air mixture homogeneity. Design modification 
of the control valve shaft was the first method to control AFR, while the second 
modification involved removing the control valve and also assuming that the gas 
flow rate is controlled by the electronic flow controller and electronic control unit 
(ECU). For the mixture homogeneity, there were 10 alternative designs that were 
tested (models 2-11) to achieve the desired design. The uniformity index (UI) of 
methane mass fraction (MCh4) was the approach used to quantify CNG spread on the 
mixer outlet. The UI of MCh4 represents how MCh4 varies over a plane surface, where 
a value of 0 and 1 indicate the lowest and highest uniformity of gas spread, 
respectively. Based on the results obtained from mixer models 1-11, it can be 
concluded that models 8 and 11 showed a superior performance in terms of UI. The 
minimum UI of MCh4 at the outlet of these two mixer models was not less than 0.96 
at various engine speeds of 1000, 1500, 2000, 3000, and 3600 rpm, and 0.87 at 
various AFRs of 10, 17.2, 20, 30, and 40. On the other hand, at the outlet of original 
mixer, the maximum UI of MCh4 was not higher than 0.57 at various engine speeds, 
and 0.58 at various AFRs. In terms of AFR, the optimized mixer with a new control 
valve shaft showed better controlling of AFR at the various engine speeds compared 
with the original mixer. 
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Abstrak tesis yang dikemukakan kepada Senat Universiti Putra Malaysia sebagai 
memenuhi keperluan untuk ijazah Sarjana Sains 

SIMULASI BERANGKA CIRI-AM MENCAMPUR PENGADUN CNG-
UDARA UNTUK KENDERAAN DWI-BAHAN BAKAR  

Oleh 

HASSAN SADAH MUHSSEN 

November 2016 

Pengerusi    :   Siti Ujila Masuri, PhD 
Fakulti         :  Kejuruteraan 

Pengadun gas asli termampat (CNG)-udara adalah alat seperti karburetor yang 
diletakkan di pancarongga pengambilan udara enjin untuk mencampur CNG dengan 
udara masuk pada jumlah CNG dan udara yang sesuai sebelum memasuki kebuk 
pembakaran. Menurut literatur, reka bentuk yang paling sesuai untuk pengadun 
CNG-udara adalah sesuatu yang dapat memenuhi syarat-syarat 1) membekalkan 
enjin dengan campuran homogen CNG dan udara, 2) dengan udara dan CNG pada 
nisbah udara bahan bakar  yang diperlukan  (AFR), dan 3) tanpa pengurangan saiz 
pancarongga pengambilan udara. Campuran yang homogen berlaku apabila indeks 
keseragaman (UI) bagi pecahan jisim metana (MCh4) =1.0. Dari kajian sebelum ini, 
tidak ada reka bentuk pengadun CNG-udara yang boleh memenuhi kesemua tiga-tiga 
syarat di atas secara serentak. 

Kajian ini adalah satu kajian menggunakan pengkomputeran dinamik bendalir (CFD) 
untuk mereka-bentuk pengadun CNG-udara bagi enjin CNG-diesel dwi-bahan bakar 
(DDF). Objektif kajian ini adalah untuk mengkaji prestasi pengadun dagangan 
Pengawal Pra-Adunan Bahan Bakar Sekunder yang sedia ada dan mengubahsuainya 
dari segi nisbah udara bahan bakar (AFR) dan kehomogenan campuran CNG-udara 
(CAMH). 

Prosedur kesahan dan kebolehpercayaan bagi keputusan simulasi telah dijalankan 
menggunakan grid ujian bebas, dan penentusahan oleh perbandingan keputusan 
dengan literatur. 

Keputusan daripada simulasi menunjukkan bahawa pengadun asal (model 1) tidak 
dapat mengawal AFR disebabkan oleh reka bentuk shaf injap kawalan yang tidak 
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sesuai. Tambahan pula, pengadun ini tidak dapat menyediakan campuran homogen 
CNG dan udara disebabkan oleh reka bentuk dalaman, kedudukan dan arah lubang 
CNG. Oleh itu, reka bentuk pengadun telah diubahsuai dari segi AFR dan 
kehomogenan campuran CNG-udara. Pengubahsuaian reka bentuk shaf injap 
kawalan adalah kaedah pertama untuk mengawal AFR, manakala pengubahsuaian 
kedua melibatkan mengeluarkan injap kawalan dan juga menganggap bahawa kadar 
aliran gas dikawal oleh pengawal elektronik aliran serta unit kawalan elektronik 
(ECU). Untuk kehomogenan campuran, terdapat 10 reka bentuk alternatif yang diuji 
(model 2-11) untuk mencapai reka bentuk yang dikehendaki. Indeks keseragaman 
(UI) bagi pecahan jisim metana (MCh4) adalah pendekatan yang digunakan untuk 
mengukur agihan CNG pada saluran keluar pengadun. UI MCh4 mewakili bagaimana 
MCh4 berbeza agihannya di atas sesuatu permukaan, yang mana nilai 0 dan 1 masing-
masing menunjukkan keseragaman bagi penyebaran gas yang paling rendah dan 
paling tinggi. Berdasarkan keputusan yang diperolehi  daripada model pengadun 1-
11, dapat disimpulkan bahawa model 8 dan 11 menunjukkan prestasi yang lebih baik 
dari segi UI. UI minimum MCh4 di saluran keluar kedua-dua model pengadun 
tersebut tidak kurang daripada 0.96 pada pelbagai kelajuan enjin di paras 1000, 1500, 
2000, 3000, dan 3600 rpm, dan 0.87 di pelbagai AFRs iaitu 10, 17.2, 20, 30, dan 40. 
Sebaliknya, di saluran keluar pengadun asal, UI maksimum MCh4 tidak melebihi  
0.57 pada pelbagai kelajuan enjin, dan 0.58 pada pelbagai AFRs. Dari segi AFR, 
pengadun yang dioptimumkan dengan shaf injap kawalan baru menunjukkan 
pengawalan AFR yang lebih baik pada pelbagai kelajuan enjin berbanding dengan 
pengadun asal. 
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TDC Top dead centre 
UHC Unburned hydrocarbon 
UI Uniformity index 
λ Relative air fuel ratio 



©
 C

O
P
Y
R
IG

H
T U

P
M

1 

 

CHAPTER 1 

 
1 INTRODUCTION 

 Background 1.1

High thermal efficiency, durability, low carbon dioxide emission, reliability, high 
torque, and fuel economy are the factors that have made the diesel engines the 
preferred choice for passenger transport, trucks, and power generation operations 
(Chintala & Subramanian, 2013). In contrast, high localized temperature and 
combustion with heterogeneous air-fuel mixture have made the diesel engine 
produce a high level of nitrogen oxides emission and particulate matter emission 
(Chintala & Subramanian, 2013). Previous investigations have shown that people are 
prone to heart and lung diseases when exposed to exhaust particulate matter emission 
(Azad, Uddin, & Alam, 2012; Chintala & Subramanian, 2013). Many types of 
alternative fuels like alcohol, CNG, LPG, biogas, producer gas, and hydrogen were 
studied widely in the literature (Lata, Misra, & Medhekar, 2012). The factors such as 
high auto-ignition temperature, clean nature of combustion, and high availability at 
attractive prices make natural gas a good alternative fuel for diesel and gasoline 
engines (R. G. R. Papagiannakis et al., 2010). Compressed natural gas (CNG) is one 
of the natural gas forms, with some properties that make it an attractive alternative 
fuel for diesel fuel such as high octane number, high hydrogen to carbon rate, and 
leaner burn due to wide ignition limit (Kamil, Rahman, & Bakar, 2011).  

Although CNG plays a significant role in reducing combustion emissions, the 
problems of high rate of NOx and PM (particulate matter) emissions have been taken 
into account in recent times (T. F. Yusaf, Buttsworth, Saleh, & Yousif, 2010). CNG-
diesel dual fuel (DDF) system has been developed to decrease NOx and particulate 
matter emissions of diesel engines (Chintala & Subramanian, 2013; N. Kapilan, 
2010; T Yusaf, Baker, Hamawand, & Noor, 2013). The work principle of the DDF 
engine is represented by the burning amount of the premixed CNG-air mixture by 
injecting a small amount of diesel “pilot” fuel inside the engine combustion chamber 
near the end of the compression stroke (Khan, Yasmin, & Shakoor, 2015b). CNG-air 
mixer is used to convert the diesel engine to DDF engine without more engine 
modifications. The main purpose of the mixer is to obtain a homogeneous mixture 
and suitable ratios of air and CNG as required by the engine (Abagnale et al., 2014; 
Chang, Yaacob, & Mohsin, 2007; Gorjibandpy & Sangsereki, 2010; Talal Yusaf & 
Yusoff, 2000). Venturi mixer, throttle body injection mixer (TBIM), venturi 
mixjector, and secondary fuel pre-mixing controller (SFPMC) are the devices that 
are used to mix the CNG and air prior to entering the engine combustion chamber.  

All these mixing devices have been investigated extensively except the latter type, 
which is SFPMC. From the results of investigation of mixing devices except the 
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SFPMC, there was no mixer found that is optimized to provide a homogeneous 
CNG-air mixture (HCAM) at various engine speeds and various AFR without 
throttling engine air inlet. SFPMC mixer can be investigated and developed for a 
CNG-dual fuel diesel engine. Hence, this study focused on the modeling, testing and 
improving the mixing quality of CNG-air mixture in SFPMC mixer. 

 Problem Statement 1.2

All the CNG-air mixing devices like venturi mixer, venturi mixjector and throttle 
body injection mixer (TBIM) have been much investigated except the secondary fuel 
pre-mixing controller (SFPMC). The results of previous studies on the venturi 
showed a weakness in its performance in terms of CNG-air mixture homogeneity 
(CAMH) and AFR controlling at various engine speeds. In the venturi mixer the gas 
is rich at the wall regions and lean at the axial region; also the mixer should be long 
enough to provide homogenous mixture of CNG and air. Moreover, AFR is 
controlled by mixer design not as required by the engine due to stationary parts of the 
venturi mixer (MM & MRM, 2008; Mohsin, 2008; Ramasamy, 2006; T Yusaf et al., 
2013; Talal Yusaf & Yusoff, 2000). For these two reasons, TBIM and venturi 
mixjector were the two suggested mixers to improve the CAMH and AFR 
controlling. TBIM is workable only with engine with throttle body and the CAMH 
depended on the butterfly valve position and gas injection frequency (Chang et al., 
2007; Mohsin, 2008). On the other hand, venturi mixjector is a venturi mixer which 
uses electronic gas injectors to control AFR. Although this mixer controlled AFR and 
improved engine performance, but it is still venturi shaped which chokes the engine 
air intake. Moreover, CAMH occurs at intake manifold and the mixing is not 
completed at the mixer outlet (Supee, Shafeez, et al., 2014). Therefore, there is a 
need for analytical study of SFPMC mixer to work with 3.168 liter diesel engine. 

 Objectives 1.3

The objectives of this study are: 

1. To examine the performance of existing secondary fuel pre mixing controller 
(SFPMC) commercial mixer in terms of AFR and CNG-air mixture 
homogeneity (CAMH). 

2. To improve the design of the mixer by: 

(a) Provide a homogeneous CNG-air mixture by keeping uniformity index (UI) 
of methane mass fraction (MCh4) at the outlet of new mixer higher than 85% 
at various engine speeds and various AFRs. 
 

(b) Design two new mixers in terms of controlling AFR; one with control valve 
(assuming the gas flowrate is mechanically controlled), and one without 
control valve (assuming the gas flowrate is electronically controlled). 
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 Scope 1.4

The scope of the study is as follows: 
1. SFPMC mixer is designed for 4-cyinders, 4-stroke, and 3.168 litter capacity 

diesel engine. 
2. Engine operating at steady state with varied engine speeds 1000, 1500, 2000, 

3000, and 3600 rpm. 
3. Various AFR operations from rich (AFR = 10), to stoichiometric (AFR = 17.2) 

and to lean (AFR = 20, 30, and 40). 
4. Initial mixer dimensions are taken from real commercial mixer. 
5. Design two new mixers; one with control valve (to control gas flowrate 

mechanically), and one without control valve (to control gas flowrate 
electronically). 

6. Using computational fluid dynamics (CFD) as analysis tool to investigate the 
performance of the mixer. 

7. Since this study is focused on the fluid flow pattern inside the mixer, control 
valve mechanism (in mixer with control valve) and the flow controller (in mixer 
without control valve) are not a part of this study. 

 Significance of research 1.5

From the two primary objectives of study, the designed and best modified CNG-air 
mixer for DDF engine will be presented and selected. This mixer provides a 
homogeneous mixture of CNG and air with required AFR. Moreover, this mixer does 
not reduce air intake manifold to avoid engine power drop.  

The correct strategies in this research to obtain the best design of the mixer in term of 
mixing homogeneity could be followed as a guide for mixer design. Furthermore, 
controlling gas flowrate mechanically by modified CNG-air mixer could be used as a 
guide for designing fluids flow control systems. 

In addition, this research summarizes the techniques of using CFD simulation results 
to visualize and quantify of mixing homogeneity level of the mixture components. 

 Thesis Organization 1.6

Chapter 2 reviews the literature on the diesel dual fuel engine, characteristics of 
CNG as alternative fuel, the effects of AFR and mixture homogeneity on the engine 
performance, methods to show and quantify mixture homogeneity, types of CNG-air 
mixer and its performance in terms of AFR and homogeneity of CNG-air mixture, 
and finally the use of CFD as an analysis tool. 
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Chapter 3 describes the methodology used to model and modify the design of 
SFPMC real commercial mixer, and the setting up of the simulation software 
(ANSYS FLUENT) to examine the original mixer and the suggested alternative 
designs in terms of AFR and homogeneity of CNG-air mixture. 

Chapter 4 presents the results and discussions on the effect of mixer design on AFR 
and the homogeneity of CNG-air mixture (HCAM). It begins by showing the effect 
of the original mixer design on the AFR and mixture homogeneity. After that, this 
chapter shows the comparison between the original mixer and the 10 suggested 
alternative designs in terms of CNG-air mixture homogeneity. Then, this chapter 
shows the results of a comparison between original mixer and the best two designs in 
terms of AFR and CNG-air mixture homogeneity. 

Chapter 5 provides the general conclusions and the recommendations for future 
related studies. 

  



©
 C

O
P
Y
R
IG

H
T U

P
M

122 

 

REFERENCES 

Abagnale, C., Cameretti, M. C., De Simio, L., Gambino, M., Iannaccone, S., & 
Tuccillo, R. (2014). Combined numerical-experimental study of dual fuel 
diesel engine. Energy Procedia, 45, 721-730.  

Abo-Serie, E., Özgür, M., & Altinşik, K (2015). Computational Analysis of 
Methane-Air Venturi Mixer for Optimum Design.  

Agency, I. E. (2011). World Energy Outlook (978 92 64 12413 4). 
https://www.iea.org/publications/freepublications/publication/WEO2011_WE
B.pdf 

Al-Saadi, A., Abdulwahab, A., & Bin Aris, I. (2015). CNG-diesel dual fuel engine: A 

review on emissions and alternative fuels. Paper presented at the Control 
Conference (ASCC), 2015 10th Asian. 

Anil, T., Ravi, S., Shashikanth, M., Tewari, P., & Rajan, N. (2006). CFD Analysis of 

a Mixture Flow in a Producer Gas Carburetor. Paper presented at the 
International Conference On Computational Fluid Dynamics, Acoustics, Heat 
Transfer and Electromagnetics CFEMATCON-06. 

Aslam, M., Masjuki, H., Kalam, M., Abdesselam, H., Mahlia, T., & Amalina, M. 
(2006). An experimental investigation of CNG as an alternative fuel for a 
retrofitted gasoline vehicle. Fuel, 85(5), 717-724.  

Azad, A. K., Uddin, S. M. A., & Alam, M. M. (2012). a Comprehensive Study of Di 
Diesel Engine Performance With Vegetable Oil: As Alternative Bio-Fuel 
Source of Energy. International Jounral of Automotive and Mechanical 

Engineering, 5(June), 576-586.  

Badr, O., Karim, G., & Liu, B. (1999). An examination of the flame spread limits in 
a dual fuel engine. Applied Thermal Engineering, 19(10), 1071-1080.  

Bedoya, I. D., Arrieta, A. A., & Cadavid, F. J. (2009). Effects of mixing system and 
pilot fuel quality on diesel–biogas dual fuel engine performance. Bioresource 

technology, 100(24), 6624-6629.  

Bergman, T. L., Incropera, F. P., & Lavine, A. S. (2011). Fundamentals of heat and 

mass transfer: John Wiley & Sons. 

https://www.iea.org/publications/freepublications/publication/WEO2011_WEB.pdf
https://www.iea.org/publications/freepublications/publication/WEO2011_WEB.pdf


©
 C

O
P
Y
R
IG

H
T U

P
M

123 

 

Bora, B. J., Debnath, B. K., Gupta, N., Sahoo, N., & Saha, U. (2013). Investigation 
on the flow behaviour of a venturi type gas mixer designed for dual fuel 
diesel engines. Int. J. Emerging Technol. Adv. Eng, 3(3).  

Cedigaz. (2014). Annual Surveys 2014-Natural Gas in the World 2014.   
http://www.cedigaz.org/ 

Chaichan, M. T. (2014). Combustion of Dual Fuel Type Natural Gas/Liquid Diesel 
Fuel in Compression Ignition Engine.  

Chang, Y. S., Yaacob, Z., & Mohsin, R. (2007). Computational Fluid Dynamics 
Simulation of Injection Mixer for CNG Engines: WCECS. 

Chintala, V., & Subramanian, K. (2013). A CFD (computational fluid dynamics) 
study for optimization of gas injector orientation for performance 
improvement of a dual-fuel diesel engine. Energy, 57, 709-721.  

Coffield, D., & Shepherd, D. (1987). Tutorial guide to Unix sockets for network 
communications. Computer Communications, 10(1), 21-29.  

Dahake, M., Patil, S., & Patil, S. (2016). Performance and Emission Improvement 
through Optimization of Venturi Type Gas Mixer for CNG Engines.  

Danardono, D., Kim, K.-S., Lee, S.-Y., & Lee, J.-H. (2011). Optimization the design 
of venturi gas mixer for syngas engine using three-dimensional CFD 
modeling. Journal of mechanical science and technology, 25(9), 2285-2296.  

de Castro, J. A. S., de Oliveira, T. F., & Quintero, C. H. L. (2012). Numerical 
Analysis and Optimization of Mixers.  

Devarajan, R., & Samykano, M. (2010). Evaluation of a two stroke compressed 
natural gas mixer design by simulation and experimental techniques.  

Economides, M. J., & Wood, D. A. (2009). The state of natural gas. Journal of 

Natural Gas Science and Engineering, 1(1), 1-13.  

Ehsan, M. (2006). Effect of spark advance on a gas run automotive spark ignition 
engine. J. Chem. Eng, 24(1), 42-49.  

http://www.cedigaz.org/


©
 C

O
P
Y
R
IG

H
T U

P
M

124 

 

Europe, N. (2014). Worldwide NGV statistics. 
http://www.ngvaeurope.eu/worldwide-ngv-statistics 

FLUENT, A. (2012a). 14.5 Theory Guide. ANSYS Inc., Canonsburg, PA.  

FLUENT, A. (2012b). 14.5 User’s Guide FLUENT Inc., Lebanon, NH. 

Fotouhi, A., & Montazeri, G. M. (2011). An investigation on vehicle’s fuel 
consumption and exhaust emissions in different driving conditions. 
International Journal of Environmental Research, 6(1), 61-70.  

Geankoplis, C. J. (1995). transport-processes-and-unit-operations. 

Global, N. (2013). Current Natural Gas Vehicle Statistics | NGV Global 
Knowledgebase.   http://www.iangv.org/current-ngv-stats/ 

Global, P. (2015). BP statistical review of world energy. 
http://www.bp.com/content/dam/bp/pdf/energy-economics/statistical-review-
2015/bp-statistical-review-of-world-energy-2015-full-report.pdf 

Gorjibandpy, M., & Sangsereki, M. K. (2010). Computational investigation of air-
gas venturi mixer for powered bi-fuel diesel engine. World Academy of 

Science, Engineering and Technology, 71.  

Guibet, J.-C. (1997). Fuels and Engines-Technology, Energy and Environment, Vol. 
1 & 2. Technip, Paris, latest edition.  

Happel, J., & Brenner, H. (2012). Low Reynolds number hydrodynamics: with 

special applications to particulate media (Vol. 1): Springer Science & 
Business Media. 

Heywood, J. B. (1988). Internal combustion engine fundamentals (Vol. 930): 
Mcgraw-hill New York. 

Hirsch, C. (2007). Numerical Computation of Internal and External Flows: The 

Fundamentals of Computational Fluid Dynamics: The Fundamentals of 

Computational Fluid Dynamics: Butterworth-Heinemann. 

http://www.ngvaeurope.eu/worldwide-ngv-statistics
http://www.iangv.org/current-ngv-stats/
http://www.bp.com/content/dam/bp/pdf/energy-economics/statistical-review-2015/bp-statistical-review-of-world-energy-2015-full-report.pdf
http://www.bp.com/content/dam/bp/pdf/energy-economics/statistical-review-2015/bp-statistical-review-of-world-energy-2015-full-report.pdf


©
 C

O
P
Y
R
IG

H
T U

P
M

125 

 

Hussein Adel Mahmood, N. M. Adam., B. B. Sahari and S.U. Masuri. (2016). 
Investigation On The Air-Gas Characteristics Of Air-Gas Mixer Designed 
For Dual Fuel-Engines. International Journal of Control Theory and 
Applications, 9(30), 195-216. 

Jayaratne, E., Ristovski, Z., Morawska, L., & Meyer, N. K. (2010). Carbon dioxide 
emissions from diesel and compressed natural gas buses during acceleration. 
Transportation Research Part D: Transport and Environment, 15(5), 247-
253.  

Jemni, M., Kantchev, G., & Abid, M. (2012). Intake manifold design effect on air 
fuel mixing and flow for an LPG heavy duty engine. International Journal of 

Energy and Environment, 3(1), 61e72.  

Kakaee, A.-H., & Paykani, A. (2013). Research and development of natural-gas 
fueled engines in Iran. Renewable and Sustainable Energy Reviews, 26, 805-
821.  

Kakaee, A.-H., Paykani, A., & Ghajar, M. (2014). The influence of fuel composition 
on the combustion and emission characteristics of natural gas fueled engines. 
Renewable and Sustainable Energy Reviews, 38, 64-78.  

Kamil, M., Rahman, M., & Bakar, R. A. (2011). Performance evaluation of external 
mixture formation strategy in hydrogen fueled engine. Journal of Mechanical 

Engineering and Sciences, 1, 87-98.  

Karavalakis, G., Hajbabaei, M., Durbin, T. D., Johnson, K. C., Zheng, Z., & Miller, 
W. J. (2013). The effect of natural gas composition on the regulated 
emissions, gaseous toxic pollutants, and ultrafine particle number emissions 
from a refuse hauler vehicle. Energy, 50, 280-291.  

Karim, G., & Khan, M. (1968). Examination of effective rates of combustion heat 
release in a dual-fuel engine. Journal of Mechanical Engineering Science, 

10(1), 13-23.  

Karim, G. A. (1980). A review of combustion processes in the dual fuel engine-the 
gas diesel engine. Progress in Energy and Combustion Science, 6(3), 277-
285.  



©
 C

O
P
Y
R
IG

H
T U

P
M

126 

 

Khan, M. I., Yasmin, T., & Shakoor, A. (2015a). International experience with 
compressed natural gas (CNG) as environmental friendly fuel. Energy 

Systems, 6(4), 507-531.  

Khan, M. I., Yasmin, T., & Shakoor, A. (2015b). Technical overview of compressed 
natural gas (CNG) as a transportation fuel. Renewable and Sustainable 

Energy Reviews, 51, 785-797.  

Kim, J., Kim, H., Yoon, S., & Sa, S. (2008). Effect of intake valve swirl on fuel-gas 
mixing and subsequent combustion in a CAI engine. International journal of 

automotive technology, 9(6), 649-657.  

Kumar, D. (2012). Studies on improvement of intake manifold for compressed 

natural gas engine. THAPAR UNIVERSITY.    

Lata, D., Misra, A., & Medhekar, S. (2012). Effect of hydrogen and LPG addition on 
the efficiency and emissions of a dual fuel diesel engine. International 

Journal of Hydrogen Energy, 37(7), 6084-6096.  

Leap, A. (2013). Computational Fluid Dynamics (CFD). Tips & Tricks: Estimating 

the First Cell Height for correct Y+. 
http://www.computationalfluiddynamics.com.au/tips-tricks-cfd-estimate-first-
cell-height/ 

Liu, J., Yang, F., Wang, H., Ouyang, M., & Hao, S. (2013). Effects of pilot fuel 
quantity on the emissions characteristics of a CNG/diesel dual fuel engine 
with optimized pilot injection timing. Applied Energy, 110, 201-206.  

Liu, J., Yao, A., & Yao, C. (2015). Effects of diesel injection pressure on the 
performance and emissions of a HD common-rail diesel engine fueled with 
diesel/methanol dual fuel. Fuel, 140, 192-200.  

Mahmood, H. A., Adam, N. M., Sahari, B., & Masuri, S. (2016). Investigation on the 
Air-Gas Characteristics of Air-Gas Mixer Designed for Bi-Engines. 
International Journal of Applied Engineering Research, 11(12), 7786-7794. 

Malaysia, G. (2016). Safety Data Sheet, Natural Gas. 
http://www.gasmalaysia.com/images/download/safety-datasheet/NaturalGas-
May2015(Rev.5).pdf 

http://www.computationalfluiddynamics.com.au/tips-tricks-cfd-estimate-first-cell-height/
http://www.computationalfluiddynamics.com.au/tips-tricks-cfd-estimate-first-cell-height/
http://www.gasmalaysia.com/images/download/safety-datasheet/NaturalGas-May2015(Rev.5).pdf
http://www.gasmalaysia.com/images/download/safety-datasheet/NaturalGas-May2015(Rev.5).pdf


©
 C

O
P
Y
R
IG

H
T U

P
M

127 

 

Malenshek, M., & Olsen, D. B. (2009). Methane number testing of alternative 
gaseous fuels. Fuel, 88(4), 650-656. 
http://dx.doi.org/10.1016/j.fuel.2008.08.020 

Mardani, B. (2004). Development of Intake System for Improvement of Performance 
of Compressed Natural Gas Spark Ignition Engine. Doctor of Philosophy of 

Engineering (Mechanical), Faculty of Mechanical Engineering, University 

Technology Malaysia, 14.  

Maxwell, T. T., & Jones, J. C. (1995). Alternative fuels: emissions, economics, and 
performance.  

MM, N., & MRM, R. (2008). Design and Simulate Mixing of Compressed Natural 
Gas with Air in a Mixing Device.  

Mohamad, T. I., Yusoff, A., Abdullah, S., Jermy, M., Harrison, M., & Geok, H. H. 
(2010). The combustion and performance of a converted direct injection 
compressed natural gas engine using spark plug fuel injector. SAE Technical 

Paper, 32-0078.  

Mohsin, R., Yaacob, Z., & Y., C. (2008). Review of mixture formation unit for CNG 
motorcycle. Journal of Chemical and Natural Resources Engineering, 1-7.  

N. Kapilan. (2010). Improvement of performance of dual fuel engine operated at part 
load. International Journal of Automotive and Mechanical Engineering 

(IJAME), 2, 200-210. 

Nejadkoorki, F., & Baroutian, S. (2011). Forecasting extreme PM10 concentrations 
using artificial neural networks. International Journal of Environmental 

Research, 6(1), 277-284.  

Noor, M., Kadirgama, K., Devarajan, R., Rejab, M., Zuki, N., & Yusaf, T. (2008). 
Development of a high pressure compressed natural gas mixer for a 1.5 litre 

CNG-diesel dual engine. Paper presented at the Proceedings of the National 
Conference on Design and Concurrent Engineering (DECON) 2008. 

Pace, S., & Zho, G. (2009). Air-to-fuel and dual-fuel ratio control of an internal 
combustion engine. SAE Int. J. Eng, 2(2), 245-253.  

http://dx.doi.org/10.1016/j.fuel.2008.08.020


©
 C

O
P
Y
R
IG

H
T U

P
M

128 

 

Pang, J. X., Qu, D. W., Lu, X., & Liu, G. Y. (2013). Experimental Research on the 

Effect of Excess Air Ratio on Turbocharged Lean-Burned CNG Engine. Paper 
presented at the Advanced Materials Research. 

Papagiannakis, R., & Hountalas, D. (2003). Experimental investigation concerning 
the effect of natural gas percentage on performance and emissions of a DI 
dual fuel diesel engine. Applied Thermal Engineering, 23(3), 353-365.  

Papagiannakis, R., & Hountalas, D. (2004). Combustion and exhaust emission 
characteristics of a dual fuel compression ignition engine operated with pilot 
diesel fuel and natural gas. Energy conversion and management, 45(18), 
2971-2987.  

Papagiannakis, R. G. R., Kotsiopoulos, P. N. P., Zannis, T. C., Yfantis, E. a., 
Hountalas, D. T., & Rakopoulos, C. D. (2010). Theoretical study of the 
effects of engine parameters on performance and emissions of a pilot ignited 
natural gas diesel engine. Energy, 35(2), 1129-1138.  

Parra-Santos, T., Pérez-Domínguez, J., Szasz, R.-Z., & Castro-Ruiz, F. (2015). An 
isothermal analysis of curved-vane and flat-vane swirlers for burners. 
Engineering Computations, 32(3), 668-686.  

Pulkrabek, W. W. (2004). Engineering fundamentals of the internal combustion 

engine (Vol. 249): Pearson Prentice Hall New Jersey. 

Ramasamy, D. (2006). Development of a compressed natural gas (CNG) mixer for a 

two stroke internal combustion engine. (Masters of Engineering), Universiti 
Teknologi Malaysia.   (TP761.C65 D48 2006) 

Reddy, R., & Reddy, P. (2014). Analysis of Producer Gas Carburetor for Different 
Air-Fuel Ratios Using CFD. Journal of Research in Engineering and 

Technology, 3.  

Sahoo, B., Sahoo, N., & Saha, U. (2009). Effect of engine parameters and type of 
gaseous fuel on the performance of dual-fuel gas diesel engines-A critical 
review. Renewable and Sustainable Energy Reviews, 13(6), 1151-1184.  

Saidur, R., Jahirul, M., Moutushi, T., Imtiaz, H., & Masjuki, H. (2007). Effect of 
partial substitution of diesel fuel by natural gas on performance parameters of 
a four-cylinder diesel engine. Proceedings of the Institution of Mechanical 

Engineers, Part A: Journal of Power and Energy, 221(1), 1-10.  



©
 C

O
P
Y
R
IG

H
T U

P
M

129 

 

Sera, M. A., Bakar, R. A., & Leong, S. K. (2003). CNG engine performance 

improvement strategy through advanced intake system (0148-7191). 
Retrieved from  

Sharma, H., Singh, S., & Goel, R. (2014). CFD analysis of the natural gas based 
carburetor for a two stroke spark ignition engine. Int. J. Mech. Eng. & Rob. 

Res.  

Srinivas, K., & Fletcher, C. (2002). Computational techniques for fluid dynamics: a 

solutions manual: Springer Science & Business Media. 

Srinivas, K., & Fletcher, C. A. J. (1992). Computational Techniques for Fluid 

Dynamics. 

Stelmasiak, Z. (2004). Combustion with low NOx and smokeless in a dual-fuel diesel 
engine fuelled with natural gas as main fuel. Journal of KONES Internal 

Combustion Engines, 11(3-4).  

Supee, A., Mohsin, R., Majid, Z., & Raiz, M. (2014). Effects of Compressed Natural 
Gas (CNG) Injector Position on Intake Manifold towards Diesel-CNG Dual 
Fuel (DDF) Engine Performance. Jurnal Teknologi, 70(1).  

Supee, A., Shafeez, M., Mohsin, R., & Majid, Z. (2014). Performance of Diesel-
Compressed Natural Gas (CNG) Dual Fuel (DDF) Engine via CNG-Air 
Venturi Mixjector Application. Arabian Journal for Science and Engineering, 

39(10), 7335-7344.  

SUTAR, M. P. (2015). Cfd Optimization of Venturi Mixer Design in Bi-Fuel Gas 

Engines. Paper presented at the IRF International Conference. 
http://iraj.in/up_proc/pdf/138-143020187105-09.pdf.  

United States Environmental Protection, A. (2007). Automobile Emissions: An 

Overview. https://www3.epa.gov/otaq/consumer/05-autos.pdf 

Versteeg, H. K., & Malalasekera, W. (2007). An introduction to computational fluid 

dynamics: the finite volume method: Pearson Education. 

Vongsateanchai, S., Rakdee, C., Vinaisompan, W., & Seanglum, N. (2011). 
Secondary Fuel Premixing Controller for an Air Intake Manifold of a 
Combustion Engine: Google Patents. 

http://iraj.in/up_proc/pdf/138-143020187105-09.pdf
https://www3.epa.gov/otaq/consumer/05-autos.pdf


©
 C

O
P
Y
R
IG

H
T U

P
M

130 

 

Wei, L., & Geng, P. (2016). A review on natural gas/diesel dual fuel combustion, 
emissions and performance. Fuel Processing Technology, 142, 264-278.  

Wei, L., Yao, C., Wang, Q., Pan, W., & Han, G. (2015). Combustion and emission 
characteristics of a turbocharged diesel engine using high premixed ratio of 
methanol and diesel fuel. Fuel, 140, 156-163.  

Weltens, H., Bressler, H., Terres, F., Neumaier, H., & Rammoser, D. (1993). 
Optimisation of catalytic converter gas flow distribution by CFD prediction 
(0148-7191). 

Yaacob, Z., & Abdul Majid, Z. (1998). Natural gas motorcycle.  

Yaacob, Z., Majid, Z. A., Piau, M. P. K. L., & Long, O. H. (1999). A study on 
exhaust emission, performance and lubricating oil effects on natural gas 
motorcycle. 

Yeap Beng Hi, A. b. M., Zulkefli bin Yaacob. (2001). Computational Investigation 
of Air-fuel Mixing System for Natural Gas Powered Motorcycle: Universiti 
Teknologi Malaysia. Malaysia: M. Eng. 

Yusaf, T., Baker, P., Hamawand, I., & Noor, M. (2013). Effect of compressed natural 
gas mixing on the engine performance and emissions. International Journal 

of Automotive and Mechanical Engineering, 8, 1416-1429.  

Yusaf, T., & Yusoff, M. Z. (2000). Development of a 3D CFD model to investigate 

the effect of the mixing quality on the CNG-diesel engine performance. Paper 
presented at the Proceedings of the International Conference and Exhibition 
and Natural Gas Vehicles. 

Yusaf, T. F., Buttsworth, D., Saleh, K. H., & Yousif, B. (2010). CNG-diesel engine 
performance and exhaust emission analysis with the aid of artificial neural 
network. Applied Energy, 87(5), 1661-1669.  

  
  



©
 C

O
P
Y
R
IG

H
T U

P
M

137 

 

LIST OF PUBLICATIONS 

Hassan S. Muhssen, S.U. Masuri, B.B Sahari, A.A. Hairuddin, Computational Fluid 
Dynamics Investigation of Air-Gas Pre Mixing Controller Mixer Designed 
For CNG-Diesel Dual-Fuel Engines. (Submitted to: International Journal of 
Automotive and Mechanical Engineering (IJAME)). 

Submitted Patent under the Title of Secondary Fuel-Air Mixer for Internal 
Combustion Engine and Fuel Burner. Application No: PI201703422 



©
 C

O
P
Y
R
IG

H
T U

P
M

 
 

UNIVERSITI PUTRA MALAYSIA 
 

STATUS CONFIRMATION FOR THESIS / PROJECT REPORT AND COPYRIGHT 
 

ACADEMIC SESSION :  
 

 
TITLE OF THESIS / PROJECT REPORT : 
 
NUMERICAL SIMULATION OF MIXING CHARACTERISTICS OF CNG-AIR MIXER FOR 
DUAL-FUEL VEHICLE 
 
 
 
NAME OF STUDENT :  HASSAN SADAH MUHSSEN 
 

I acknowledge that the copyright and other intellectual property in the thesis/project report 

belonged to Universiti Putra Malaysia and I agree to allow this thesis/project report to be placed at 

the library under the following terms: 
 
1. This thesis/project report is the property of Universiti Putra Malaysia. 

 
2. The library of Universiti Putra Malaysia has the right to make copies for educational 

purposes only. 

 
3. The library of Universiti Putra Malaysia is allowed to make copies of this thesis for academic 

exchange. 

 
I declare that this thesis is classified as : 
                                  
*Please tick (√ ) 
 

CONFIDENTIAL (Contain confidential information under Official Secret  
Act 1972). 

 
RESTRICTED (Contains restricted information as specified by the  

organization/institution where research was done). 
 

OPEN ACCESS I agree that my thesis/project report to be published  
as hard copy or online open access. 

 
This thesis is submitted for : 
 

PATENT Embargo from_____________ until ______________  
(date) (date) 

 
Approved by: 

 
 
_____________________ _________________________________________  
(Signature of Student) (Signature of Chairman of Supervisory Committee)  
New IC No/ Passport No.: Name: 
 
Date : Date : 
 
[Note : If the thesis is CONFIDENTIAL or RESTRICTED, please attach with the letter from 
the organization/institution with period and reasons for confidentially or restricted. ] 


	table.pdf
	LIST OF ABBREVIATIONS
	LIST OF APPENDICES
	1 INTRODUCTION
	1
	1.1 Background
	1.2 Problem Statement
	1.3 Objectives
	1.4 Scope
	1.5 Significance of research
	1.6 Thesis Organization

	2 LITERATURE REVIEW
	2
	2.1 Compressed Natural Gas (CNG) as an Alternative Fuel
	2.1.1 Characteristics and Composition
	2.1.2 Availability
	2.1.3 Economic Aspect
	2.1.4 Natural Gas Vehicles Growth and Worldwide Distribution

	2.2 Engine Emission Types
	2.3 Natural Gas-Diesel Dual Fuel
	2.4 Air Fuel Ratio (AFR)
	2.4.1 Effect of AFR on Engine Performance and Emissions

	2.5 Effect of CNG-Air Mixture Homogeneity on the Engine Performance
	2.6 Methods to Evaluate Mixture Homogeneity
	2.6.1 Uniformity Index
	2.6.2 Color Contours
	2.6.3 Mass fraction
	2.6.4 Quantity on Line

	2.7 CNG-Air Mixer
	2.7.1 Venturi mixer
	2.7.2 Throttle Body Injection Mixer (TBIM)
	2.7.3 Venturi Mixjector
	2.7.4 CNG Premixing Controller

	2.8 Computational Fluid Dynamics (CFD) Analysis
	2.8.1 Introduction
	2.8.2 Accuracy of CFD

	2.9 Closure

	3 METHODOLOGY
	1
	3
	3.1 Introduction
	3.2 Conceptual Design of Mixer
	3.3 Procedure of Mixer Design
	3.4 Verification
	3.5 Computational Fluid Dynamics (CFD)
	3.5.1 Mesh generation
	3.5.1.1 Mesh independence analysis

	3.5.2 Conservation Equations
	3.5.2.1 Mass Conservation Equation
	3.5.2.2 Momentum Conservation Equation
	3.5.2.3 Energy Conservation Equation
	3.5.2.4 Turbulent model

	3.5.3 Phenomena Simulated
	3.5.3.1 Mixing flow without reaction
	3.5.3.2 Species transport
	3.5.3.3 Incompressible flow
	3.5.3.4 Steady state flow

	3.5.4 ANSYS FLUENT solver setting
	3.5.5 Segregate and Discretization
	3.5.6 Residuals converging
	3.5.7 Boundary conditions
	3.5.7.1 Air inlet
	3.5.7.2 Flow rate at the outlet
	3.5.7.3 Methane Inlet

	3.5.8 Simulation Stages of the Mixer
	3.5.8.1 Performance Investigation of Original Mixer
	3.5.8.2 Design Modification and Test in Terms of CNG-Air Mixture Homogeneity
	3.5.8.3 Test Original Mixer and Best Design among Models 2-11 under Various Engine Speeds and Various AFR
	3.5.8.3.1 Testing Original and Best Design among Models 2-11 under Various Engine Speeds
	3.5.8.3.2 Testing Original Mixer and Best Design among Models 2-11 under Various AFR

	3.5.8.4 Design Optimization in Terms of AFR
	3.5.8.4.1 Methane Flow Controlled by Control Valve
	3.5.8.4.2 Methane Flow Controlled by ECU




	4 RESULTS AND DISCUSSIONS
	2
	4
	4.1 Calibration and Verification
	4.2 Performance Investigation of Original Mixer
	4.2.1 Mixer design modification and test in terms of CNG-air mixture homogeneity
	4.2.1.1 Test mixer models 1, 8, and 11 under various engine speeds and various AFR
	4.2.1.1.1 Test under various engine speeds
	4.2.1.1.2 Test under various AFR



	4.3 Design Optimization in Terms of AFR
	4.3.1 Design modification to control the gas flow by control valve
	4.3.2 Design modification assuming the gas flow is controlled by ECU


	5 CONCLUSION AND RECOMMENDATIONS
	3
	5
	5.1 Conclusion
	5.2 Recommendations

	REFERENCES
	6 APENDICES
	LIST OF PUBLICATIONS

	1.pdf
	LIST OF ABBREVIATIONS
	LIST OF APPENDICES
	1 INTRODUCTION
	1
	1.1 Background
	1.2 Problem Statement
	1.3 Objectives
	1.4 Scope
	1.5 Significance of research
	1.6 Thesis Organization

	2 LITERATURE REVIEW
	2
	2.1 Compressed Natural Gas (CNG) as an Alternative Fuel
	2.1.1 Characteristics and Composition
	2.1.2 Availability
	2.1.3 Economic Aspect
	2.1.4 Natural Gas Vehicles Growth and Worldwide Distribution

	2.2 Engine Emission Types
	2.3 Natural Gas-Diesel Dual Fuel
	2.4 Air Fuel Ratio (AFR)
	2.4.1 Effect of AFR on Engine Performance and Emissions

	2.5 Effect of CNG-Air Mixture Homogeneity on the Engine Performance
	2.6 Methods to Evaluate Mixture Homogeneity
	2.6.1 Uniformity Index
	2.6.2 Color Contours
	2.6.3 Mass fraction
	2.6.4 Quantity on Line

	2.7 CNG-Air Mixer
	2.7.1 Venturi mixer
	2.7.2 Throttle Body Injection Mixer (TBIM)
	2.7.3 Venturi Mixjector
	2.7.4 CNG Premixing Controller

	2.8 Computational Fluid Dynamics (CFD) Analysis
	2.8.1 Introduction
	2.8.2 Accuracy of CFD

	2.9 Closure

	3 METHODOLOGY
	1
	3
	3.1 Introduction
	3.2 Conceptual Design of Mixer
	3.3 Procedure of Mixer Design
	3.4 Verification
	3.5 Computational Fluid Dynamics (CFD)
	3.5.1 Mesh generation
	3.5.1.1 Mesh independence analysis

	3.5.2 Conservation Equations
	3.5.2.1 Mass Conservation Equation
	3.5.2.2 Momentum Conservation Equation
	3.5.2.3 Energy Conservation Equation
	3.5.2.4 Turbulent model

	3.5.3 Phenomena Simulated
	3.5.3.1 Mixing flow without reaction
	3.5.3.2 Species transport
	3.5.3.3 Incompressible flow
	3.5.3.4 Steady state flow

	3.5.4 ANSYS FLUENT solver setting
	3.5.5 Segregate and Discretization
	3.5.6 Residuals converging
	3.5.7 Boundary conditions
	3.5.7.1 Air inlet
	3.5.7.2 Flow rate at the outlet
	3.5.7.3 Methane Inlet

	3.5.8 Simulation Stages of the Mixer
	3.5.8.1 Performance Investigation of Original Mixer
	3.5.8.2 Design Modification and Test in Terms of CNG-Air Mixture Homogeneity
	3.5.8.3 Test Original Mixer and Best Design among Models 2-11 under Various Engine Speeds and Various AFR
	3.5.8.3.1 Testing Original and Best Design among Models 2-11 under Various Engine Speeds
	3.5.8.3.2 Testing Original Mixer and Best Design among Models 2-11 under Various AFR

	3.5.8.4 Design Optimization in Terms of AFR
	3.5.8.4.1 Methane Flow Controlled by Control Valve
	3.5.8.4.2 Methane Flow Controlled by ECU




	4 RESULTS AND DISCUSSIONS
	2
	4
	4.1 Calibration and Verification
	4.2 Performance Investigation of Original Mixer
	4.2.1 Mixer design modification and test in terms of CNG-air mixture homogeneity
	4.2.1.1 Test mixer models 1, 8, and 11 under various engine speeds and various AFR
	4.2.1.1.1 Test under various engine speeds
	4.2.1.1.2 Test under various AFR



	4.3 Design Optimization in Terms of AFR
	4.3.1 Design modification to control the gas flow by control valve
	4.3.2 Design modification assuming the gas flow is controlled by ECU


	5 CONCLUSION AND RECOMMENDATIONS
	3
	5
	5.1 Conclusion
	5.2 Recommendations

	REFERENCES
	6 APENDICES
	LIST OF PUBLICATIONS

	Blank Page
	BODY.pdf
	LIST OF ABBREVIATIONS
	LIST OF APPENDICES
	1 INTRODUCTION
	1
	1.1 Background
	1.2 Problem Statement
	1.3 Objectives
	1.4 Scope
	1.5 Significance of research
	1.6 Thesis Organization

	2 LITERATURE REVIEW
	2
	2.1 Compressed Natural Gas (CNG) as an Alternative Fuel
	2.1.1 Characteristics and Composition
	2.1.2 Availability
	2.1.3 Economic Aspect
	2.1.4 Natural Gas Vehicles Growth and Worldwide Distribution

	2.2 Engine Emission Types
	2.3 Natural Gas-Diesel Dual Fuel
	2.4 Air Fuel Ratio (AFR)
	2.4.1 Effect of AFR on Engine Performance and Emissions

	2.5 Effect of CNG-Air Mixture Homogeneity on the Engine Performance
	2.6 Methods to Evaluate Mixture Homogeneity
	2.6.1 Uniformity Index
	2.6.2 Color Contours
	2.6.3 Mass fraction
	2.6.4 Quantity on Line

	2.7 CNG-Air Mixer
	2.7.1 Venturi mixer
	2.7.2 Throttle Body Injection Mixer (TBIM)
	2.7.3 Venturi Mixjector
	2.7.4 CNG Premixing Controller

	2.8 Computational Fluid Dynamics (CFD) Analysis
	2.8.1 Introduction
	2.8.2 Accuracy of CFD

	2.9 Closure

	3 METHODOLOGY
	1
	3
	3.1 Introduction
	3.2 Conceptual Design of Mixer
	3.3 Procedure of Mixer Design
	3.4 Verification
	3.5 Computational Fluid Dynamics (CFD)
	3.5.1 Mesh generation
	3.5.1.1 Mesh independence analysis

	3.5.2 Conservation Equations
	3.5.2.1 Mass Conservation Equation
	3.5.2.2 Momentum Conservation Equation
	3.5.2.3 Energy Conservation Equation
	3.5.2.4 Turbulent model

	3.5.3 Phenomena Simulated
	3.5.3.1 Mixing flow without reaction
	3.5.3.2 Species transport
	3.5.3.3 Incompressible flow
	3.5.3.4 Steady state flow

	3.5.4 ANSYS FLUENT solver setting
	3.5.5 Segregate and Discretization
	3.5.6 Residuals converging
	3.5.7 Boundary conditions
	3.5.7.1 Air inlet
	3.5.7.2 Flow rate at the outlet
	3.5.7.3 Methane Inlet

	3.5.8 Simulation Stages of the Mixer
	3.5.8.1 Performance Investigation of Original Mixer
	3.5.8.2 Design Modification and Test in Terms of CNG-Air Mixture Homogeneity
	3.5.8.3 Test Original Mixer and Best Design among Models 2-11 under Various Engine Speeds and Various AFR
	3.5.8.3.1 Testing Original and Best Design among Models 2-11 under Various Engine Speeds
	3.5.8.3.2 Testing Original Mixer and Best Design among Models 2-11 under Various AFR

	3.5.8.4 Design Optimization in Terms of AFR
	3.5.8.4.1 Methane Flow Controlled by Control Valve
	3.5.8.4.2 Methane Flow Controlled by ECU




	4 RESULTS AND DISCUSSIONS
	2
	4
	4.1 Calibration and Verification
	4.2 Performance Investigation of Original Mixer
	4.2.1 Mixer design modification and test in terms of CNG-air mixture homogeneity
	4.2.1.1 Test mixer models 1, 8, and 11 under various engine speeds and various AFR
	4.2.1.1.1 Test under various engine speeds
	4.2.1.1.2 Test under various AFR



	4.3 Design Optimization in Terms of AFR
	4.3.1 Design modification to control the gas flow by control valve
	4.3.2 Design modification assuming the gas flow is controlled by ECU


	5 CONCLUSION AND RECOMMENDATIONS
	3
	5
	5.1 Conclusion
	5.2 Recommendations

	REFERENCES
	6 APENDICES
	LIST OF PUBLICATIONS




