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ABSTRACT 

  The increasing of global energy demand and stringent pollution regulations have 

promoted research on alternative fuels. Hydrogen has played a big role in automobile and it 

is a clean energy that does not produce any pollution. Therefore, this research would like to 

study the combustion characteristics of dilute Hydrogen-Air mixture in constant volume 

combustion chamber (CVCC) in wide length of equivalence ratio, swirl intensity from difference 

initial pressures, chamber temperature and position of spark plug. The results of this study 

are maximum combustion pressure, mass fraction burn rate, combustion duration, 

combustion delay and lean burn limit. Schlieren technics and high speed video camera are 

used in order to take the video files of swirl intensity and combustion phenomena. 

 The combustion efficiency was increased by increasing initial temperature and swirl 

intensity. In lean burn limit condition, high swirl intensity is more efficient with center ignition 

conditions but sidewall ignition is suitable for low swirl intensity.  
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CHAPTER 1 

INTRODUCTION 
 

1.1 Background 

From Exxon Mobil Corporation and IEA (International Energy Agency) reports, World 

energy consumption has been increasing year by year continuously. In 2030, the energy 

demand rise significantly especially in transportation section. The problem that should be 

concerned is the fossil fuel will be empty in the near future because of the energy majority 

sources are come from crude oil and fossil fuel. Moreover, in the environmental issues, the 

ministry of energy, USA announces that the global temperature and also the intensity of 

carbon dioxide in the atmosphere have been glowing continuously. It difficult to said that the 

new technology of internal combustion engine can improve the aforementioned issues. 

 

 

Figure 1.1: World energy demand from Exxon Mobil Corporation 
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Figure 1.2: World energy demand from IEA 

 

 

(a) 
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(b) 

Figure 1.3: Announcement from Ministry of Energy, USA (a) Global temperature and (b) 

Amount of Carbon dioxide  

 

 One of solution to reduce fossil fuel consumption emissions is using the alternative 

fuel that can provide higher combustion efficiency than the conventional fossil fuel. Hydrogen 

(H2), one of challenging in alternative fuel that call “Clean energy” because it produce only 

stream (H2O) after combustion. It can be reduce the amount of greenhouse gases that release 

to environment[1]. Hence, in this research, Hydrogen was used to investigate to study the 

combustion phenomena and optimize main parameter that effect on the combustion 

efficiency. 

 Focusing on global impact, hydrogen can produce not only from water with water 

electrolysis process to separate H2 from H2O but also stream reforming process from methane 

(CH4), bio-fermentation process from biomass and bio-photolysis process from algae.  
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Table 1: Hydrogen properties compared with CNG and gasoline [2] 

 

 

 The technical review from Sandia National Laboratory shows that Hydrogen has lots 

of benefit properties compared with Compressed Natural Gas (CNG) and Gasoline such as Hi-

speed flame velocity occurs in combustion phenomena to get high performance and 

combustion efficiency. It has highest heating value per unit of mass to provide the highest 

combustion performance and efficiency. Knocking can be avoided because of hydrogen has 

auto-ignition temperature higher than any fuels compared. And also, hydrogen has the widest 

length of equivalence ratio that means it can combust in ultra-lean condition to reduce the 

fuel consumption. 

In this study, the effect of swirl intensity and position of spark plug was investigated in 

hydrogen combustion in constant volume combustion chamber which is the combustion 

simulator equipment. The structure is similar to the real engine combustion chamber in case 

of compression stroke but it does not have the piston movement [3] [4]. The pressure analysis 

data from pressure transducer can be collected. Combustion delay, combustion duration, 
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mass fraction burn rate and lean burn limit were analyzed. The high speed video camera with 

schlieren method was used to observe flame propagation during the combustion phenomena. 

 

1.2 Objectives 

1.2.1. To study and analyze the main parameter that has the effect for hydrogen 

combustion 

1.2.2. To optimize parameters to get the highest efficiency 

1.2.3. To provide technical combustion information 
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CHAPTER 2 

LITERATURE REVIEWS 

2.1 Introduction 

Hydrogen combustion has been recognized as mean of both improving engine 
efficiency with no exhaust emissions. However, there are many factors that affect to the 
combustion process, such as equivalence ratio, initial temperature, swirl intensity, ignition 
position, ambient temperature and pressure etc. Consequently, control combustion stability 
of this combustion has been challenging. In view of the wide range of investigation to improve 
combustion stability and efficiency, the literature reviews will be focused on influence of the 
equivalence ratio and the swirl intensities that effect on the combustion characteristics. 

In this chapter, the reviewed papers will be presented the fundamental of hydrogen 
combustion and their strategies including definition of combustion characteristics in constant 
volume combustion chamber, parameters that cause to hydrogen combustion phenomena 
and visualized technique to support flame propagation analysis. Finally, In order to improve 
combustion stability, influenced parameters were considered. 

 

2.2 Combustion characteristics in constant volume combustion chamber 

For combustion analysis, the real engine has many parameters that affect to the 
combustion characteristics such as manifold design, valve shape and duration, piston 
geometry, and etc. In the recent years, many researchers try to avoid that undesirable effects 
and concentrate on only the fuel and combustion within combustion chamber. Experimental 
studies which carry on the constant volume combustion chamber may easier control 
parameter than that the real engine. The word “Constant Volume Combustion Chamber” or 
“CVCC” was first introduced in 2002 by publication of Jeonghoon Song and Dae Hee Lee [5]. 
The experimental setup of their study was shown in Figure 2.1(a). In the year 2004, Kihyung 
Lee et al [6]. Study the effect of mixture stratification in a constant volume combustion 
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chamber. In this study, the experimental apparatus were more complicated than that the 
previous as shown in Figure 2.1(b). 

 

(a) 

 

(b) 

Figure 2.1: Experimental setup of Constant volume combustion chamber (a) first time 
introduced by J.Song and D.Lee, 2002 (b) revised experiment by Kihyung Lee et al, 2004  
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The majority components in the constant volume combustion chamber were pressure 
transducer or data acquisition system, it is useful tool for analyzing the combustion behavior 
and another was the quartz glasses for combustion flame visualization. Also, high speed video 
camera and temperature sensor may be demanded.  

2.3 Effect of equivalence ratio on hydrogen combustion 

 The equivalence ratio is the relative ratio between actual air/fuel ratio and calculated 
air/fuel ratio. If the equivalence ratio equal to 1, it is stoichiometric ratio. The calculated 
air/fuel ratio can calculate by using chemical equation. 

 

2𝐻2 +  (𝑂2 + 3.76𝑁2)  → 2𝐻2𝑂 + 3.76𝑁2   (1) 

 

 The effect of equivalence ratio on hydrogen combustion was introduced in 2012 by 
Xinghua Liu, Zhiqiang Fan, Fushui Liu, Jiangang Jiu and Ruwei Wang from China [7]. They 
studied hydrogen combustion in constant volume combustion chamber by investigated the 
effect of equivalence ratio and initial pressure. 

 

Figure 2.2: Schematic diagram of hydrogen combustion in CVCC by Xinghua Liu, Zhiqiang 
Fan, Fushui Liu, Jiangang Jiu and Ruwei Wang 
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 Figure 2.2 shows the schematic diagram of researcher from Beijing Institute of 
technology in China. The researcher used CVCC to avoid the uncontrolled parameters. They 
designed the ignition point to locate in top of CVCC to make a condition that similar to real 
engine. The results of combustion characteristics in figure 2.3 were shown in type of flame 
propagation by using Schlieren technique with high speed video camera. When increasing the 
equivalence ratio the speed of combustion or combustion duration was higher than low 
equivalence ratio conditions. 

 

Figure 2.3: The results of flame propagation by varied equivalence ratio and compared it in 
unit of time after ignition. 

 

 The researcher explained that when increased the equivalence ratio, the combustion 
pressure increased. Also the flame propagation shown the difference combustion speed that 
higher equivalence ratio, higher flame speed. 
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2.4 Mass fraction burn rate and combustion duration 

The mass fraction burn rate of fuel-air mixture was calculated from the measured 
combustion pressure profile under the assumption that the pressure in the combustion 
chamber corresponds to the mass fraction burnt [5],[8] 

 

𝑀𝑓(𝑡) =  
𝑃(𝑡)−𝑃𝑖

𝑃𝑚𝑎𝑥−𝑃𝑖
               (2) 

 

Where Pi  and Pmax are the initial pressure and maximum pressures respectively. The duration 
of flame-kernel development in other word, combustion delay ( 0% 10%t t ) was defined the 
period of time from ignition process to burning of 10% of mass [9] [10], and the combustion 
duration was defined as the time period beginning from after 10% burning of mass and ending 
after burning of 90%. The time tmax is the period from ignition to complete burning of the 
entire mixture (100%) in the combustion chamber.  

 

Figure 2.4: Definition of combustion duration and combustion delay 
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For clearly understand, the definition of combustion duration and combustion delay 
were shown in graph of measured pressure data in figure 2.4. Naoki Shiraishi et al.[11] and 
Kihyung Lee et al [6] give the definition of ignition-combustion interval as elapsed time from 
start of ignition to start of combustion can be defined as ignition delay.  

2.5 Lean flammability and ignition limit. 

 The combustion limit to be considered in spark ignition engine was separated into two 
types. First type is lean flammability limit and another is lean ignition limit [ Quad A. (1976) ]. 
In spark ignition engine, spark plug was discharged to emit the energy to initiate the chemical 
reaction between fuel and air to become burnt. 

 Lean flammability limit (LFL), is the leanest air-fuel mixture condition that can sustain 
flame propagation, and should be independent of ignition source and combustion vessel 
geometry [ Coward H. et al.(1952)]. In the spark ignition engine, lean limit commonly referred 
to as the lean misfire limit (LML) that means misfire results when the concentration of fuel is 
over lean in mixtures and it does not ignite, does not burn completely, or burns with such 
low flame speeds that blow down occurs before combustion is complete. 

 Lean ignition limit is defined by minimum external energy that must be supplied to 
critical volume to raise the mixture to its minimum ignition temperature [ Chigier N.(1981) ]. 

 The exact definition of the lean misfire limit is difficult to explain because an engine 
can operate in a stable mode with temporary misfire at a certain air-fuel ratio. Since, there 
were variety of other methods to indirectly measure and define the lean misfire limit (LML). 
Selected definitions of LML found in the literature are specified amount of hydrocarbon or 
carbon monoxide content in exhaust gases [ Shimoto G. (1978) ] , the number of audible 
misfires counted over a time period [ Chaster K. (1977) ] or variation of mean effective pressure 
or indicated mean effective pressure [Winsor R. (1973)]. Because cylinder pressure and exhaust 
gas content are most easily measured, the majority of work relating to lean combustion has 
adopted definitions using either or both measurements. When relating air-fuel ratio to cylinder 
pressure or exhaust gas content as the air-fuel ratio increases from stoichiometric, a point is 
reach where variations increase sharply, which is approximately the lean misfire limit. 

http://dict.longdo.com/search/elapsed%20time
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(a) 

 

(b) 
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(c) 

Figure 2.5: Lean limit investigation base on coefficient of variation (a) Lewis Flight propulsion 
Lab (1959) (b) Y.Li and H.Zhao “Development of fuel stratification spark ignition 

engine”(2005) and (c) Jinhua W. et al “Study of cyclic variations of direct injection 
combustion fueled with natural gas-hydrogen blend using a constant volume vessel”(2008). 

 

Figure 2.5 show some of literature result for investigating the lean miss fire limit. From 
all of displayed result, the lean limit investigation, were based on coefficient of variation of 
indicated mean effective pressure but was not define the certain number of variation as the 
lean limit. However, In Jinhua Wang’s study [12] , the researcher had set the 20% variation as 
the lean limit point. 

 

2.6 Cyclic of variation (CoV) 

Cyclic variations in the combustion process are caused by variations in mixture motion 
within the cylinder at the time of spark cycle-by-cycle, variations in the amounts of air and 
fuel fed to the cylinder each cycle, and variations in the mixing of fresh mixture and residual 



14 
 

gases within the cylinder each cycle, especially in the vicinity of the spark plug. Variations 
between cylinders are caused by differences in these same phenomena, cylinder-to-cylinder 

As the mixture becomes leaner with excess air or more dilute with a higher burned 
gas fraction from residual gases or exhaust gas recycle, the magnitude of cycle-by-cycle 
combustion variations increases.  

Cycle-by-cycle combustion variations are evident from the beginning of the 
combustion process. Analysis of flame photographs from many engine cycles taken in special 
research engines with windows in the combustion chamber has shown that dispersion in the 
fraction of the combustion chamber volume inflamed is present from the start of combustion. 
Dispersion in burning rate is also evident throughout the combustion process. Three factors 
have been found to influence this dispersion 

1. The variation in gas motion in the cylinder during combustion, cycle-by-cycle 

2. The variation in the amounts of fuel, air, and recycled exhaust gas supplied to a 
given cylinder each cycle 

3. Variations in mixture composition within the cylinder each cycle-especially, near the 
spark plug-due to variations in mixing between air-fuel, recycled exhaust gas, and residual gas 

The useful statistics tool for lean limit investigation is coefficient of variation (CoV). 
These parameter can be calculated directly from pressure history data. The peak pressure 
and indicated mean effective pressure were counted and converted to CoV by follow formula.  
[ Heywood J.B. (1998) P.413-423] 

xCoV 100%x

x


 

           (3) 

Where, 

1

1 N

i

i

x x
N 

 
          

(4) 
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and the standard deviation 

 
2

1

N

i

i
x

x x

N
 






     (5) 

 

2.7 Schlieren photography technique 

 There are many methods to derive and measure the flame velocity. The four famous 
method that apply in combustion research were 

1. Bunsen-burner method 
2. Transparent-tube method 
3. Soap-bubble method 
4. Constant-volume bomb method 

For the first method, Flame will be stationary during combustion while three methods 
remaining were observed the propagation flame or non-stationary. In Soap-bubble method, 
high speed video camera was need. Thus, it’s very complicated than two first method. The 
constant-volume bomb method was the most complicated method apply to flame 
propagation measurement due to this method have to know both rate of pressure rise and 
rate of flame area expansion in the same time. However, flame area expansion rate can be 
investigated by using direct-photograph or particle-tracking technique. 
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Figure 2.6: Deflagration wave structure 

 

Even though the direct-photograph technique cannot get the high accuracy but it was 
the easiest technique to collect the flame shapes and also its sizes compare with another 
technique. This technique will observed the luminous region in luminous zone due to thermal 
radiation from hot gas from the combustion. However, the intensity of this luminous region 
was too much because it occurs toward to the post flame. Moreover, the luminous zone was 
too far from the unburned mixture region as shown in figure 2.7. This conflict to the burning 
velocity definition. Consider in deflagration wave in combustion process which is shown in 
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figure 2.6. Definition of burning velocity is relation velocity of flame expansion rate to the 
velocity unburned mixture. Thus, flame surface that use to measure the burning velocity 
should be the flame surface that occur close to the unburned mixture (x=0) as shown in figure 
2.6 and figure 2.7 

 

 

Figure 2.7: Flame region that recorded with different direct-photograph technique 

 

For resolve that problem, special photography technique was developed. First is 
shadow graph technique, second is Schlieren technique and third is Interferograph technique. 
All of these technique were developed base on the two physical concept, Different of density 
within flame due to variation of temperature gradient and species, and different of reflexive 
index within reaction flame. Thus, when the light pass thought the flame, light from the light 
source will be reflex and this reflexive light will travel with longer distance compare with non-
reflected light. Consequently, different time assume from different distance will be developed 
to principal operation of Interferograph technique. Schlieren technique will show the flame 
that be responded to the density gradient while the Shadowgraph technique will show the 
flame that be responded to the second derivative of density. Assume that the density of 
flame depend only on the temperature ( 1

T
  ). So, Shadowgraph image will display the 
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flame edge that dT
dx

is maximum or close to inflexion point while the Schlieren technique 

image will show the flame edge that 
2

2

d T

dx
is maximum. These region were very close to the 

unburned region as shown in Error! Reference source not found.. Therefore, flame surface 
that be observed from Schlieren photograph technique is the most appropriate method for 
using to flame speed calculation even its apparatus was more complicated than Shadowgraph 
or Interferograph technique. 
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CHAPTER 3 

EXPERIMENTAL APPARATUS AND PROCEDURE 
 

3.1 Experimental apparatus 

 

 
Figure 3.1: Schematic diagram of experimental apparatus 

 

 Figure 3.1 show the schematic diagram of experimental apparatus which used in this 
research. It has seven sections, the constant volume combustion chamber, hydrogen supply 
system, air supply system, ignition system, temperature control system, controller module 
and pressure transducer system. 
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3.1.1 Hydrogen supply system 

 

 

Figure 3.2: Hydrogen supply system 

 

 The hydrogen supply system as shown in Figure 3.2 was feed from hydrogen tank with 
high ultra-purity 99.999%. Then passing through the hydrogen pressure regulator. To avoid the 
accident, hydrogen pressure should set as low as possible and it was set at 1.0 bar. Also 
hydrogen flashback arrestor was used to reduce the risk of causing harm. Electric solenoid 
valve which work by electrical signal from controller used to open or close amount of 
hydrogen from calculation. The coupling connecter was used to cut off the hydrogen 
supplying line before the combustion process. 

 

 

Figure 3.3: Hydrogen flashback arrestor 
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 Flashback arrestor from WITT model RF 53 N/H was used to protect single cylinders, 
outlet points or pipelines and can be used for almost all technical gases. By combination of 
established safety elements flashback arrestors provide protection against flashbacks and 
backfire. Flashback arrestors also prevent the formation of dangerous gas mixtures within the 
pipeline. 

3.1.2. Air supply system 

 

 
Figure 3.4: Air supply system 

 

 The air supply system as shown in Figure 3.4 consist of air compressor that can 
pressurized up to 10 bar. Second, pressure regulator included air dryer and air filter used to 
adjust the air pressure before charge to the constant volume combustion chamber and also 
used to vary the differential swirl intensity. Finally, High pressure solenoid valve which worked 
by electrical signal from controller. It used to open or close the air pressured from pressure 
regulator which passed through the check valve to avoid the incidental accident of back 
pressure from explosion gas in the constant volume combustion chamber. 
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3.1.3. Temperature control system 

 

 

Figure 3.5: Two band of heater attached to the combustion chamber 

 

 For study in hydrogen combustion in constant volume combustion chamber, the 
heater and temperature control system were used realize the initial temperature close to real 
engine [13]. Another thing is the combustion product, stream was attached to quartz glass, so 
it is difficult to capture photo and video via high speed video camera. The temperature 
controller was controlled the temperature over 100 degree Celsius to burn stream that 
overlay at the quartz glass. 

 

 

Figure 3.6: Temperature indicator and controller 
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 The position to measure air temperature for this study is inside of combustion 
chamber. The K type of thermocouple was equipped to this system. To avoid the effect of 
chamber temperature, this type of thermocouple was isolate with graphite along length. So 
it can measured temperature only at the tip that located inside of combustion chamber. 
Moreover, the temperature indicator was showed both target temperature and operation 
temperature. 

3.1.4. Driver and controlled module 

 

 

Figure 3.7: Schematic diagram of driver and controlled module system 

 

 Figure 3.7 show the schematic diagram of driver and controller module. The operation 
input power came from 2 sources separated that are 12V from battery and 5V from computer. 
The power from 12V battery was used to operate hydrogen solenoid, air solenoid, ignition 
system and also for high speed video camera. Shield cable was used to interface the 
command digital signal from computer to driver module. 
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Figure 3.8: Computer controller program for hydrogen rich-lean calibration 

 

 In this experiment, equivalence ratio was one of parameter for varied. So Equivalence 
was calculated by partial pressure from chemical equation. This program was use to convert 
partial pressure to injection duration. Initial pressure of hydrogen was fixed at 1 bar of gauge 
pressure then set target pressure to the calibration program. After that, injected hydrogen to 
combustion chamber, the gauge pressure inside combustion chamber was measured by 
pressure sensor. Finally, when pressure reached to target pressure, injection duration was 
resulted. 
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Figure 3.9: Computer controller program for driver module 

 

 This figure 3.9 shows computer program to control 4 devices (hydrogen solenoid, air 
solenoid, ignition system high speed video camera signal) in hydrogen combustion process. 
The program was designed to input the on/off duration time for each device individually. 
Hydrogen was injected to combustion chamber first then air was injected. Ignition signal and 
high speed video camera signal were commanded in the same time to capture combustion 
phenomena when hydrogen-air combustion was started. 
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Figure 3.10: Driver module 

 

 For driver module in this experiment, Opto-isolator type was used because it is the 
fastest signal interfacing. It has back signal isolator, so the high voltage back from ignition coil 
can be avoided. This driver used to convert 5V signal from computer to 12V for 4 channel 
devices. 

3.1.5. Data acquisition system 

 

 

Figure 3.11: Pressure sensor 
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When analyzing the hydrogen combustion characteristics in constant volume 
combustion chamber, high quality of combustion pressure data was necessary to collect. In 
this study, the pressure transducer from KISTLER model 6057 ASP which can operate with high 
pressure up to 250 bar and can be resist temperature up to 300 degree Celsius was chosen. 
Sampling rate that set through this experiment was set at 10,000 data/second. 

 DEWETRON DEWE-5000 in figure 3.12 is a charge amplifier which was used to collect 
the signal data from pressure sensor in unit of coulomb and convert to voltage. The data can 
be exploded in form of Microsoft Excel that can be processed to figure and chart via computer. 

 

 

Figure 3.12: DEWETRON DEWE-5000 
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3.1.6. Schlieren photography setup 

 

 

Figure 3.13: Layout of Schlieren photography system 

 

 The Schlieren photography was very useful device for combustion phenomena and 
flame propagation analysis. The gradient density of burnt and unburnt mixture in combustion 
chamber were measured by high speed video camera directly. The combustion density was 
respond to combustion pressure, combustion temperature and boundary of reaction zone. 
Therefore, Schlieren photography technique which closely related to gradient density was 
chosen. 

 Schlieren photography system consist of three main equipment. First of all is light 
source which generate high intensity light pass through combustion chamber. Second, two 
spherical mirrors for reflected light direct to the object. Third, knife edge, used to focus only 
detail of density of an object. 
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Figure 3.14: Real experimental layout of Schlieren photography 

 

 Figure 3.14 and 3.15 show Schlieren photography system with laser alignment to avoid 
distortion of image of this experiment. 
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Figure 3.15: Real alignment of Schlieren photography system 

 

 

Figure 3.16: The example image that reflected from spherical mirror  
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3.1.7. High speed video camera 

 

 

Figure 3.17: Photron SA3 high speed video camera 

 

 

Figure 3.18: Real experiment image from high speed video camera 
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 The model of high speed video camera, Photron FASTCAM SA3 with fix focal length 
lens (50 mm. and f=1.4) and 1.4x adapter ring were used in this study. It is a monochrome 
video camera which can record 12,000 fps at 384 x 288 pixels resolution. Triggering mode in 
this experiment was set at 3 msec before start of combustion in all condition. Figure 3.18 
shows the example display on laptop that was used to observe and operate the high speed 
video camera separately because it has to use much of transfer rate and avoid the 
interference to the command program. The software program of Photron FASTCAM camera 
was shown in figure 3.19 that shows the camera setting and user viewer. 

 

 

Figure 3.19: Photron FASTCAM software shows the camera setting and real time viewer 
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3.1.8. Constant Volume Combustion Chamber (CVCC) 

 

 

Figure 3.20: Real experimental equipment of CVCC 

 

 In this study, the experiment was used a Constant Volume Combustion Chamber 
(CVCC) instead of real engine. The main reason is CVCC can control and fix many parameters. 
The real engine can make many fluctuation error to disturb the combustion characteristics. 
Figure 3.20 shows Constant Volume Combustion Chamber with measuring devices in this 
study. In hydrogen supply line, electrical solenoid valve was used to open or close by digital 
signal from computer program. Mechanical ball valve and quick coupling was used to close 
and release the hydrogen line before combustion to avoid the accident that back combustion 
pressure cause explosion to hydrogen tank. Air supply line, this experiment was fixed initial 
pressure of air at 5 bar thus, 6 bar pressure gauge was used to measure the real pressure of 
air before injected to CVCC.  Air injection was controlled by electrical solenoid valve that 
commanded from computer program. Both hydrogen and air supply line can avoid the 
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explosion gas from CVCC by using mechanical check valve. Furthermore, spark plug, exhaust 
valve were necessary for this study. 

 

 

Figure 3.21: Air swirl and spark plug position 

 

 Swirl intensity is one of parameters in this study. The swirl port tangential hole drilled 
from side surface of combustion chamber. It can injected air into CVCC with tangent direction 
to make swirl inside CVCC. Another device is spark plug. In this study, two positions of spark 
plug (center/side) were one of varying parameters. 

 The dimension of CVCC as shown in figure 3.22 has 70 mm. of inner diameter and 100 
mm. of length. So, the volume of CVCC is 384.84 cc. that similar to one cylinder of small 
conventional engine [14]. 
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Figure 3.22: Dimension of CVCC 

 

 When designing CVCC, it have to ensure that CVCC can bear to the maximum 
combustion pressure to avoid damage and dangerous to people. The simulation process must 
use to guarantee. From maximum pressure calculation at equivalence ratio equal to 1 [15] 
[16], 69 bar is a result. But for more safety, 80 bar was used to simulate with CAE simulation 
program. 

 CVCC was separated into two parts, main chamber and chamber lid with quartz glass. 
Main chamber and chamber lid were material designed with ASTM A283 steel grade D or steel 
SS400 which has a yield strength at 230 MPa. The results were shown in Figure 3.23 and 3.24 
that show the maximum stress of main chamber equal to 26.9 MPa and 47.2 MPa for chamber 
lid with quartz glass. So, the safety factor were 8.55 and 4.87 for main chamber and chamber 
lid with quartz glass respectively. 
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Figure 3.23: CAE simulation result of main chamber 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.24: CAE simulation result of chamber lid with quartz glass 
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 In order to observe flame propagation, quartz glass is transparent material that was 
chosen in this study. For safety to the quartz glass, graphite gasket was used to attach between 
quartz and steel devices (main chamber and chamber lid) in order to support the explosion 
impact of two side of CVCC. Moreover, graphite gasket acted like sealer to prevent combustion 
leakage and can resist high temperature up to 1650 degree Celsius.  

3.1.9. Ignition system 

 

  

Figure 3.25: directional Ignition coil and spark plug 

 

Hydrogen-Air combustion in this study have to ignite mixture by spark ignition process 
like Spark Ignition engine (SI engine). So, the conventional ignition coil from Denso and spark 
plug from NGK CR8E were chosen for this study as shown in figure 3.25. The ignition system is 
one of varying parameters that has two position of ignition points (center and side wall ignition) 
as shown in figure 3.26 and 3.27. For center ignition condition, two of spark plug were 
electrode extended to the center of CVCC. One side spark plug was used as anode while 
another one was cathode. Another condition is side wall ignition that spark plug located at 
top of CVCC and has both anode and cathode by itself. 
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Figure 3.26: Spark plug for center ignition 

 

 

Figure 3.27: Two varying conditions of ignition point (center and side wall) 

 



39 
 

3.2 Experimental conditions 

 In hydrogen combustion, it has many para meter that affected to the combustion 
behaviors. The author need to fix and control many parameters and observe only in 
equivalence ratio, initial temperature, swirl intensity and position of spark plug that effected 
to hydrogen combustion characteristics. The fixed and variable parameters were shown in 
table 2. 

 

Table 2: Experimental conditions 

Experimental parameters Conditions 

Initial pressure (bar) 5 

Hydrogen supply pressure (bar) 1 

Ignition coil charge time (msec) 3 

Hydrogen – Air interval (sec) 5 

Air – ignition interval (msec) 35 

Air injection duration (sec) 1.8 

Initial temperature (Celsius) 85, 95, 105 

Equivalence ratio 0.2, 0.3, 0.4, 0.5 

Hydrogen injection duration (msec) 266, 612, 1278, 5814 

Swirl intensity in ∆P (bar) 1, 2, 3, 4 

Swirl intensity in velocity (m/s) 5.73, 6.50, 7.54, 8.10 

Position of spark plug Center and Side wall 
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 From the experimental condition in table 2, initial temperature were varied by 85, 95 
and 105 degree Celsius to investigate the effect of pre-ignition temperature on hydrogen 
combustion behavior. Equivalence ratio is one of parameters to study its effect to the 
combustion characteristics. Because of the properties of hydrogen, it can be combusted with 
ultra-lean condition. So, the lean condition with 0.2, 0.3, 0.4 and 0.5 of equivalence ratio were 
chosen. Four conditions of Turbulence flow inside CVCC was assumed as swirl intensity by 
varying the differential pressure between air injected and inner chamber pressure. Another 
variable parameter is the spark plug position. Density of hydrogen and air are very different, 
the mixture may discriminate as layer. Thus, changing the ignition point was an investigated 
parameter. 

 

3.3 Experimental procedure 

 3.3.1 Swirl setup 

 Swirl intensity in this study was varied by adjusting the differential pressure between 
air input pressure and inner chamber pressure. The definition of this parameter was shown in 
figure 3.28 

 

 

Figure 3.28: Swirl setup definition 



41 
 

 For swirl intensity condition, this testing was separated into two stages. First stage, after 
hydrogen was injected to CVCC, air was input to make a pre-stage of pressure. Last stage, air 
pressure at 5 bar was follow to CVCC for 1.8 second for ensure that CVCC was filled with air 
at 5 bar. 

 With utilizing of Schlieren photography and high speed video camera, air motion image 
can be to investigate the air velocity in all of swirl intensity conditions. In this experiment, air 
velocity was measured by putting the powder particle into CVCC and using computer program 
to track the motion speed of shadowgraph video.  

 

 

(a) 
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(b) 

Figure 3.29: (a) Shadowgraph image of swirl intensity (b) grid pixel for air velocity 
measurement 

 

 Figure 3.29 show the air motion image that was taken by Photron FASTCAM SA3 high 
speed camera with Schlieren photography technique. Photron FASTCAM Analysis was used to 
investigate the air velocity by locking the three points of powder particle and tracking the 
motion of it that rotated inside CVCC. The results of air velocity were averaged from three 
tracking point as an average air velocity in unit of m/s as shown in figure 3.30 
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Figure 3.30: Air velocity that was resulted by Photron FASTCAM Analysis program 

 

 The result as shown in figure 3.30, it can be make a trend line to make an average 
velocity while the time still continue. The swirl velocity was deteriorated but the air velocity 
in real engine still high. Thus, this study have to select the time after solenoid valve closed 
as fast as possible [18]. Therefore, the timing at 35 msec after solenoid valve closed was 
chosen. Because of before 35 msec, the raw data so scattered [13]. 

 

Table 3: Swirl intensity to air velocity conversion 

Swirl intensity by differential pressure (bar) Air velocity (m/s) 

1 5.73 

2 6.50 

3 7.54 

4 8.10 
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 3.3.2 Equivalence ratio calibration 

 This experiment was tested in constant volume combustion chamber. The initial air 
pressure was fixed. Thus, the amount of hydrogen was controlled by partial pressure 
calculation with balanced chemical equation because density of hydrogen is too low to 
measure in unit of mass. 

 

2𝐻2 +  (𝑂2 + 3.76𝑁2)  → 2𝐻2𝑂 + 3.76𝑁2      (1) 

 

𝑃 =  𝑃1 +  𝑃2     (2) 

 

𝑥𝑖 =  
𝑃𝑖

𝑃
=  

𝑛𝑖

𝑛
     (3) 

 

𝑃𝑖 =  𝑥𝑖 . 𝑃      (4) 
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Figure 3.31: Result of partial pressure calculated from chemical equation 

 

 The result of partial pressure was shown in figure 3.31. But actually, hydrogen and air 
have another parameter that call compressibility factor (Z) in the real gas equation. 

𝑃𝑉 = 𝑍𝑛𝑅𝑇     (5) 
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Figure 3.32: Exact result of hydrogen partial pressure 

 

Table 4: Hydrogen partial pressure compared with equivalence ratio 

Equivalence ratio Partial pressure (bar) 

0.1 0.20110 

0.2 0.38720 

0.3 0.55931 

0.4 0.71941 

0.5 0.86817 

  

 The exact result after calculated with real gas equation were shown in figure 3.32 and 
explained in detail in table 4. 
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 For easier for testing in this experiment, equivalence ratio was investigated by 
controlled the injection duration. Thus, hydrogen partial pressure was calibrated into injection 
duration time by using computer program. 

 

 

Figure 3.33: Calibration program for hydrogen injection duration 

 

 Figure 3.33 shows the computer program that was used to investigate injection 
duration. By input the target pressure that comes from calculation, program would opened 
the injection valve then counting duration time that hydrogen pressure rising reached to the 
target pressure. 
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Figure 3.34: Injection duration result from calibration program 

 

Table 5: Hydrogen injection duration compared with equivalence ratio 

Equivalence ratio Injection duration (msec) 

0.1 118 

0.2 266 

0.3 612 

0.4 1278 

0.5 5814 

 

 Figure 3.34 and table 5 were shown the calibration result that came from computer 
program. 
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 3.3.3 Timing sequence 

 

 

Figure 3.35: Experimentally sequential signal 

 

 All of sequential signal were controlled by computer program. Hydrogen was injected 
in the first stage then low pressure air was injected to make a pre-stage after that high pressure 
air at 5 bar was injected to make swirl intensity. From the swirl investigation, combustion 
should start at 35 msec after high pressure air injected but the ignition coil used charge time 
for 3 msec. so the ignition signal was commanded at 32 msec after the air-solenoid closed 
and also the signal for high speed video camera was commanded together. 
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Figure 3.36: Sequential signal controller program 

 

 The controller program was designed to control 4 channels and 5 stages (hydrogen, 
low pressure air, high pressure air, ignition coil and high speed video camera). The interval 
input was added to this program in every stage of testing sequent. 

 3.3.4 Lean burn limit investigation 

 The important thing of fuel-air combustion is stability and low consumption. Lean burn 
limit is leanest fuel-air mixture that can sustain the flame stability. This experiment was 
investigated the minimum equivalence ratio that can be ignited at certain pressure and 
temperature. Lean burn limit was defined by reaching the maximum acceptable the value of 
coefficient of variation on maximum combustion pressure. Figure 3.37 shows the definition of 
lean burn limit used in this study. The condition were collected the lean burn limit and 
maximum result of CoV at 20% of maximum combustion pressure. 
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Figure 3.37: Example data of lean burn limit 

 

 3.3.5 Mass fraction burn rate and combustion duration 

 

Figure 3.38: Combustion duration was defined from 10% to 90% of mass fraction burnt 
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 Mass fraction burn rate was calculated from real combustion pressure compared with 
maximum combustion pressure as shown in equation 6 

 

𝑀𝑓(𝑡) =  
𝑃(𝑡)−𝑃𝑖

𝑃𝑚𝑎𝑥−𝑃𝑖
    (6) 

 

Where P(t) is the combustion pressure at interested time, Pi is the initial pressure and Pmax is 
the maximum combustion pressure. 

 3.3.6 Combustion delay 

 In this experiment, combustion delay is one of the main result that was investigated. 
To find that which parameters was effected to the speed of start of combustion, the result of 
mass fraction burn rate in the figure 3.38 also used to define from start of ignition to 10% of 
combustion pressure [10]. 
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CHAPTER 4 

RESULTS AND DISCUSSIONS 
 

4.1 Effect of initial temperature 

 

 

Figure 4.1: Effect of initial temperature to hydrogen combustion 

 

 This result as shown in figure 4.1 is the effect of initial temperature in the case of 
equivalence ratio = 0.25 and low swirl intensity. The result shows that when increase the 
initial temperature from 85 to 105 degree Celsius, the maximum combustion pressure was 
increased from 14.87 to 16.21 bar. Also, the combustion delay was decreased from 144 to 69 
msec respectively. This can implied that when the initial temperature increasing, the energy 
before ignition was increased. Hydrogen-air can be burnt faster than low initial temperature. 
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4.2 Effect of equivalence ratio 

 

 

(a) 

 

 

(b) 

Figure 4.2: Effect of equivalence ratio (a) center ignition and (b) sidewall ignition 



55 
 

 Equivalence ratio is the ratio between actual air/hydrogen ratio divided by 
stoichiometric air/hydrogen ratio. If increase equivalence ratio, amount of hydrogen will be 
increase. Thus when increasing the equivalence ratio means increasing input energy. The 
results as shown in figure 4.2 (a) and (b) show the conditions of fixed 3 bar of swirl intensity, 
varied equivalence ratio and changed the position of spark plug. Maximum combustion 
pressure increased and combustion delay decreased while increasing equivalence ratio. 

 

4.3 Effect of swirl intensity on combustion pressure 

 The definition of swirl intensity in this experiment was mentioned in the previous 
chapter. Differential pressure was investigated to define the intensity of swirl as tangential 
velocity. For variation of swirl intensity, differential intake pressure were varied from 1 bar to 
4 bar while results of tangential velocity were 5.73, 6.50, 7.54 and 8.10 m/s respectively. 

 4.3.1 Equivalence ratio = 0.2 

 

 

(a) 
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(b) 

Figure 4.3: Effect of swirl intensity on equivalence ratio = 0.2 (a) center ignition and (b) 
sidewall ignition 

 

 Figure 4.3 show the combustion pressure of hydrogen (a) center ignition and (b) 
sidewall ignition in the conditions of equivalence ratio equal to 0.2 and varied swirl intensity 
from differential pressure equal to 1 bar to 4 bar. The results explained that at the same 
equivalence ratio but increased swirl intensity, the maximum combustion pressure were 
increased and the combustion delay were decreased. In the case of center ignition, the 
maximum combustion pressure were 11.33, 12.25, 12.84 and 14.25 bar while the maximum 
combustion pressure of sidewall ignition were 10.05, 12.46, 12.89 and 14.12 bar during the 
variation of swirl intensity of 1, 2, 3 and 4 bar respectively. 
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4.3.2 Equivalence ratio = 0.3 

 

 

(a) 

 

(b) 

Figure 4.4: Effect of swirl intensity on equivalence ratio = 0.3 (a) center ignition and (b) 
sidewall ignition 
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Figure 4.4 show the combustion pressure of hydrogen (a) center ignition and (b) 
sidewall ignition in the conditions of equivalence ratio equal to 0.3 and varied swirl intensity 
from differential pressure equal to 1 bar to 4 bar. The results explained that at the same 
equivalence ratio but increased swirl intensity, the maximum combustion pressure were 
increased and the combustion delay were decreased. In the case of center ignition, the 
maximum combustion pressure were 17.92, 18.01, 18.26 and 18.85 bar while the maximum 
combustion pressure of sidewall ignition were 17.55, 17.83, 18.79 and 19.30 bar during the 
variation of swirl intensity of 1, 2, 3 and 4 bar respectively. 

 4.3.3 Equivalence ratio = 0.4 

 

 

(a) 
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(b) 

Figure 4.5: Effect of swirl intensity on equivalence ratio = 0.4 (a) center ignition and (b) 
sidewall ignition 

 

Figure 4.5 show the combustion pressure of hydrogen (a) center ignition and (b) 
sidewall ignition in the conditions of equivalence ratio equal to 0.4 and varied swirl intensity 
from differential pressure equal to 1 bar to 4 bar. The results explained that at the same 
equivalence ratio but increased swirl intensity, the maximum combustion pressure were 
increased and the combustion delay were decreased. In the case of center ignition, the 
maximum combustion pressure were 20.78, 21.54, 22.00 and 22.07 bar while the maximum 
combustion pressure of sidewall ignition were 20.44, 21.28, 21.81 and 22.42 bar during the 
variation of swirl intensity of 1, 2, 3 and 4 bar respectively. 
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4.3.3 Equivalence ratio = 0.5 

 

 

(a) 

 

(b) 

 Figure 4.6: Effect of swirl intensity on equivalence ratio = 0.5 (a) center ignition and 
(b) sidewall ignition 
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Figure 4.6 show the combustion pressure of hydrogen (a) center ignition and (b) 
sidewall ignition in the conditions of equivalence ratio equal to 0.5 and varied swirl intensity 
from differential pressure equal to 1 bar to 4 bar. The results explained that at the same 
equivalence ratio but increased swirl intensity, the maximum combustion pressure were 
increased and the combustion delay were decreased. In the case of center ignition, the 
maximum combustion pressure were 24.42, 24.89, 24.25 and 24.41 bar while the maximum 
combustion pressure of sidewall ignition were 23.11, 23.25, 24.08 and 24.45 bar during the 
variation of swirl intensity of 1, 2, 3 and 4 bar respectively. 

 

4.4 Effect of swirl intensity on mass fraction burn rate 

 Mass fraction burn rate can explain in easy knowledge that it is rate of pressure rise 
from start of ignition to the maximum combustion pressure. If the mass fraction burn rate 
become faster, combustion efficiency and performance will be increased. 

 4.4.1 Equivalence ratio = 0.2 

 

 

Figure 4.7: Mass fraction burn rate of hydrogen combustion with equivalence ration = 0.2 
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 The results of mass fraction burn rate was shown in figure 4.7. This conditions were 
tested with equivalence ratio equal to 0.2 and the various parameters were swirl intensity and 
position of spark plug. 

 The results show that when increased swirl intensity, mass fraction burn rate increased. 
But when change the position of spark plug from center ignition to sidewall ignition, mass 
fraction burn a little bit decreased. The results in condition of center ignition were 632, 540, 
429 and 296 msec while sidewall were 854, 537, 452 and 347 msec by varied swirl intensity 
from 1 bar to 4 bar respectively. 

 4.4.2 Equivalence ratio = 0.3 

 

 

Figure 4.8: Mass fraction burn rate of hydrogen combustion with equivalence ration = 0.3 

 

 The results of mass fraction burn rate was shown in figure 4.8. This conditions were 
tested with equivalence ratio equal to 0.3 and the various parameters were swirl intensity and 
position of spark plug. 
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 The results show that when increased swirl intensity, mass fraction burn rate increased. 
But when change the position of spark plug from center ignition to sidewall ignition, mass 
fraction burn a little bit decreased. The results in condition of center ignition were 81, 79, 72 
and 61 msec while sidewall were 91, 99, 77 and 73 msec by varied swirl intensity from 1 bar 
to 4 bar respectively. 

 4.4.3 Equivalence ratio = 0.4 

 

 

Figure 4.9: Mass fraction burn rate of hydrogen combustion with equivalence ration = 0.4 

 

 The results of mass fraction burn rate was shown in figure 4.9. This conditions were 
tested with equivalence ratio equal to 0.4 and the various parameters were swirl intensity and 
position of spark plug. 

 The results show that when increased swirl intensity, mass fraction burn rate a little 
bit increased. But when change the position of spark plug from center ignition to sidewall 
ignition, mass fraction burn a little bit decreased. The results in condition of center ignition 
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were 29, 28, 24 and 22 msec while sidewall were 33, 30, 28 and 26 msec by varied swirl 
intensity from 1 bar to 4 bar respectively. 

4.4.4 Equivalence ratio = 0.5 

 

 

Figure 4.10: Mass fraction burn rate of hydrogen combustion with equivalence ration = 0.5 

 

 The results of mass fraction burn rate was shown in figure 4.10. This conditions were 
tested with equivalence ratio equal to 0.5 and the various parameters were swirl intensity and 
position of spark plug. 

 The results show that when increased swirl intensity, mass fraction burn rate not be 
significant increased. But when change the position of spark plug from center ignition to 
sidewall ignition, mass fraction burn a little bit decreased. The results in condition of center 
ignition were 14, 13, 11 and 11 msec while sidewall were 17, 17, 17 and 17 msec by varied 
swirl intensity from 1 bar to 4 bar respectively. 
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(a) 

 

(b) 

Figure 4.11: The comparison of flame propagation in conditions of equivalence ratio = 0.2 
(a) center ignition and (b) sidewall ignition 
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(a) 

 

(b) 

Figure 4.12: The comparison of flame propagation in conditions of equivalence ratio = 0.3 
(a) center ignition and (b) sidewall ignition 
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(a) 

 

(b) 

Figure 4.13: The comparison of flame propagation in conditions of equivalence ratio = 0.4 
(a) center ignition and (b) sidewall ignition 
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(a) 

 

(b) 

Figure 4.14: The comparison of flame propagation in conditions of equivalence ratio = 0.5 
(a) center ignition and (b) sidewall ignition 
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4.5 Effect of swirl intensity on combustion duration 

 From quantitative analysis, combustion duration may be taken into account by using 
mass fraction burn rate data. From the mass fraction burned, flame development period and 
combustion duration are defined as the duration period of 10% and 90 % mass fraction 
burned respectively. 

 

 

(a) 
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(b) 

Figure 4.15: The results of combustion duration with variation of equivalence ratio, swirl 
intensity and (a) center ignition and (b) sidewall ignition 

 Figure 4.15 show the results of combustion duration of hydrogen in condition of 
equivalence ratio, swirl intensity and position of spark plug variation. The trend of graph can 
show that when increase the swirl intensity, it can be reduced the combustion duration in all 
of equivalence ratio variation. Especially in lean conditions, swirl intensity has more effected 
to improve combustion efficiency. 

 For center ignition, the most effect occurs in lean burn condition at 0.2 of equivalence 
ratio. When increasing swirl intensity, combustion duration was decreased up to 65.89% that 
from 364.4 msec to 124.3 msec. For sidewall ignition, the most effect also occurs in lean burn 
condition at 0.2 of equivalence ratio. The result of reduction of combustion duration was up 
to 58.48% that from 392.6 msec to 163 msec. 

  The reason of swirl intensity that caused to combustion duration is the mixture 
formation. In low speed of air velocity, the mixture of hydrogen-air cannot be a homogeneous 
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so rich-lean layer can be appears inside CVCC. Thus the combustion efficiency was lower than 
high speed of air velocity that increasing chance to interact between hydrogen and air. 

4.6 Effect of swirl intensity on combustion delay 

 Combustion delay means the responsibility or activated time after spark plug was 
sparked. In this study, combustion delay was measured from start of ignition to 10% of mass 
fraction burn rate. 

 

 

(a) 
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(b) 

Figure 4.16: The results of combustion delay with variation of equivalence ratio, swirl 
intensity and (a) center ignition and (b) sidewall ignition 

 

Figure 4.16 show the results of combustion Delay of hydrogen in condition of 
equivalence ratio, swirl intensity and position of spark plug variation. Almost results of 
combustion delay did not change much while variated the swirl intensity except in lean burn 
conditions.  

The important results were presented in lean condition at 0.2 of equivalence ratio 
with ignition position both center ignition and sidewall ignition as well. In center ignition 
conditions, the combustion delay was decreased of 43.75% that from 211.9 msec to 119.2 
msec. And also, the results of sidewall ignition was decreased of 49.45% that from 280.7 msec 
to 141.9 msec. 

The possibility to be ignite faster is the interaction chance between fuel and oxygen 
in air. When increase swirl intensity means increase the opportunity of reaction of hydrogen 
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to be burnt. Whereas in middle and high of equivalence ratio, the density of hydrogen is much 
enough. Therefore, the delay time of start of ignition just was a little bit difference. 

4.7 Effect of swirl intensity on lean burn limit 

 

 

Figure 4.17: The combustion stability in lean burn conditions of center ignition 
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Figure 4.18: The combustion stability in lean burn conditions of sidewall ignition 

 

 Lean burn limit was measured by stability of maximum combustion pressure. Figure 
4.17 and 4.18 show the variation of peak pressure that were analyzed by data acquisition in 
both center ignition and sidewall ignition as well. In this study, author focused on the variation 
of maximum combustion pressure that not over 20%. 
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Figure 4.19: The lean burn limit result of all conditions including swirl intensity and ignition 
position 

 

 The results of lean burn limit were shown in figure 4.19 that the author separated into 
two conditions. Firstly, the results of lean burn limit of center ignition, which were increased 
while increased the swirl intensity. In contrast, the second results of lean burn limit of sidewall 
ignition were decreased while increased the swirl intensity. 

 Lean burn limit of center ignition condition were 0.087, 0.093, 0.096 and 0.100 but in 
the sidewall ignition condition were 0.111, 0.101, 0.100 and 0.098 while the differential 
pressure of swirl intensity were 1, 2, 3 and 4 bar respectively. 

 The results show the inversion of lean burn limit between center ignition and sidewall 
ignition. Hydrogen and air have different density. Therefore, when increasing swirl intensity, 
the tangential force was took the higher density of mixture went to center of combustion 
chamber means that the amount of air was appeared around the center spark plug. Thus, the 
possibility of hydrogen combustion was decreased. In the other hand, amount of hydrogen 
was appeared around ring side of CVCC. Therefore, the hydrogen combustion with sidewall 
ignition had opportunity to ignite more than center ignition while the swirl intensity increasing. 
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Figure 4.20 Flame propagation of hydrogen lean burn limit combustion 

 

 As the results, it can confirm that swirl intensity hardly affect to hydrogen combustion 
behaviors to improve the combustion efficiency and also the combustion stability as well 
included maximum combustion pressure, mass fraction burn rate, combustion duration, 
combustion delay and also especially in lean burn limit conditions that effected to both 
behaviors increase and decrease the lean limit of hydrogen combustion. 
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CHAPTER  5 

CONCLUSIONS 
 

The combustion characteristics of hydrogen were investigated by using constant 
volume combustion chamber. Following conclusions can be drawn. 

5.1. From the result of hydrogen combustion while increasing the initial temperature, 
the combustion efficiency such as maximum combustion pressure, combustion 
duration and etc. were improved to be high. The combustion process has to use 
the activation energy to react between hydrogen and oxygen. Therefore, when 
increased the initial temperature, mixture does not need activation energy so 
much to be burnt. Thus, peak pressure and combustion speed were improved. 

5.2. In the variation of equivalence ratio conditions, as basic knowledge of combustion, 
the hydrogen combustion characteristics was increased in both performance and 
efficiency when increasing amount of hydrogen. Figure 4.2 show the maximum 
combustion pressure increased 89.84% and 86.04% in case of center and sidewall 
ignition respectively. Moreover, combustion duration were shorten up to 98.06% 
while increasing equivalence ratio from 0.2 to 0.5. The reason of this phenomenon 
came from the power input of hydrogen. When increasing equivalence ratio, the 
power input also increased. Therefore, the combustion result were mentioned.  

5.3. From these results of mass fraction burn rate, it demonstrates that high swirl 
intensity may accelerate the beginning of combustion period and reduce time of 
heat loss in early stage of the combustion. 

5.4. From CoV of lean burn limit investigation results, it found that appropriate 
equivalence ratio that the mixture can be make the stable combustion (low CoV) 
even the swirl intensities were changed can be found at ɸ > 0.087 for center 
ignition and ɸ > 0.098 for sidewall ignition 

5.5. Because of swirl intensity can improve the mixture distribution performance. These 
phenomena may be discussed that atomization of hydrogen was accelerated by 
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the increase of the turbulence intensity. Under low swirl condition, hydrogen 
formed layer on the top of cylinder wall surface because of hydrogen density that 
so different compared with air. In other word, swirl intensity can directly affects to 
the lean burn limit by diffusing amount of hydrogen and air to increase the degree 
of homogeneous mixture formation.  

5.6. In very lean conditions such as ɸ 0.2 and 0.3, swirl intensity also affected to the 
hydrogen combustion characteristics. Figure 4.3 and 4.4 show the different results 
that turbulent flow can increase chance of reaction between hydrogen and air. 
Thus the combustion efficiency (maximum combustion pressure, combustion 
duration and combustion delay) was increased. 

5.7. Increasing of rate of turbulence flow can improve the delay time to start of 
combustion but in the condition of swirl intensity = 2 bar, the result is divergent 
that affected from characteristics of aerodynamics of turbulence flow inside CVCC. 

5.8. Flame propagation that were shown in figure 4.11 can confirm that the burning 
speed in each case of swirl flow were different. High turbulent affected to 
combustion speed that combustion flame can fulfill combustion chamber faster 
than low turbulent intensity. 

5.9. Position of spark plug compared between center position and sidewall position, 
this parameter cannot affect to the hydrogen combustion phenomena so much. 
Although the combustion delay of sidewall conditions were a little bit longer 
because the thermal radiation to the atmosphere but the maximum combustion 
pressure were similar since the amount of mixture that enough for ignite in 
everywhere inside CVCC.  

5.10. Another result that directly related to the ignition position is lean burn limit of 
hydrogen. The result of lean burn limit show the inversion of combustion stability 
when changed swirl intensity conditions. Amount of air was went to center of 
combustion chamber by tangential force but hydrogen was went to the outside 
that because of the density of itself. Therefore center ignition was suitable for low 
turbulent flow but sidewall ignition with high swirl intensity is become more 
effective combustion. 
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For better understanding of hydrogen combustion phenomena, further studies should 
include advanced method to identify the consistency of the swirl intensities and mixture 
formation distribution and consider the relationship between burning rate and swirl strength. 
Also should use some advanced technique to confirm the equivalence ratio that came from 
calculation. 
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Appendix A: Material specification 

 

Steel for constant volume combustion chamber 

 
http://www.matweb.com  

 

 

 

 

 

 

 

 

http://www.matweb.com/
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Quartz glass specification 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Specifications Unit Value 

Specific gravity g/cm2 2.21 

Hardness Mhos scale 5-7 

Rapture strength Mpa 800-1000 

Compressive stress Mpa 60-700 

Young’s Modulus 20 °C Gpa 77.8 

Young’s Modulus 50 °C Gpa 82 

Young’s Modulus 900 °C Gpa 85 

Possion ratio  0.17 

Rigid index 900 C Gpa 36.9 

Speed of longinal wave m/s 5.72x10-3 
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Graphite gasket detail 
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Data acquisition system 
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Pressure sensor 
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Hydrogen quality 
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Flashback arrestor 
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Hydrogen pressure regulator 
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Electronic Opto-Isolate driver 
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Appendix B: Controller block diagram 

 

Partial pressure calibration program 
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Experimentally sequential program 
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Appendix C: Publications 
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Introduction

Hydrogen is the new alternative fuel to replace the 

conventional fuel that will be empty in the near future. The 

combustion product of it is only steam. So, zero emissions 
can be appear.

6



Introduction

Benefit of Hydrogen:

- Hi-speed Flame velocity

- Wide range of equivalence ratio for possible combustion

(because of small size of hydrogen molecule resulting in more homogenous mixture) 

- High Heating value (combustion) and Difficult to Auto ignition 

(due to strong bonding of hydrogen molecule)

-Low consumption

(because of high heating value per unit of mass)

Properties Hydrogen CNG Gasoline

Density (kg/m³) 0.0824 0.72 730
Flammability limits (volume % in air) 4-75 4.3-15 1.4-7.6
Flammability limits (Ø) 0.1-7.1 0.4-1.6 0.7-4
Autoignition temperature in air (K) 858 723 550
Flame velocity (m/s) 1.85 0.38 0.42
Adiabatic Flame temperature (K) 2480 2214 2580
Stoichiometric air/fuel mass ratio 35.52 14.49 14.7
Lower heating value (MJ/kg) 119.7 45.8 44.79
Heat of combustion (MJ/kgair) 3.37 2.9 2.83

7

* Technical Review of Hydrogen-fueled Internal Combustion Engines, Sandia National Laboratory
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Literature Review



Study of cyclic variations of direct-injection 

combustion fueled with natural gas hydrogen 

blends using a constant volume vessel
JinhuaWang et.al (2008) 

17

The definition of lean limit that 

use in this study. In this figure, the 

data of 20 cycles of each 

condition were collected for 

investigate the lean limit and 

maximum acceptable value of 
CoV was 20%.

Literature Review
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Objective

- To study and analyze the main parameter 

that has the effect for hydrogen 

combustion

- To optimize parameters to get the highest  

efficiency 

- To provide technical combustion 
information



Contents

- Introduction

- Literature review

- Objective

- Experimental setup

- Results

- Conclusions

20



21

Experimental Setup
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Dimension of CVCC

Inner Diameter : 70 mm.

Length             : 100 mm.

Volume            : 385 cc.

Experimental Setup (CVCC Design)
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From calculation = 6.9 MPa

Experimental Setup (CVCC Design)



Maximum Stress : 26.9 MPa , Safety Factor = 8.55
24

26.9 MPa

Experimental Setup (CVCC Design)



Maximum Stress : 47.2 MPa , Safety Factor is 4.87
25

47.2 MPa

Experimental Setup (CVCC Design)
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Experimental Setup (CVCC Design)
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Experimental Setup (Device Design)
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Experimental Setup (Heater Calculation)
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Experimental Setup (Device Design)
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4 Conditions :

* Gauge pressure

Intake

Experimental Setup (Swirl intensity calibration)
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Schlieren technique and Hi-speed video camera

Experimental Setup (Swirl intensity calibration)
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Experimental Setup (Swirl intensity calibration)
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4 bar = 8.10 m/s

3 bar = 7.54 m/s

2 bar = 6.50 m/s

1 bar = 5.73 m/s

*@ 35 msec

Experimental Setup (Swirl intensity calibration)
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Experimental Setup (Swirl intensity calibration)



Equivalence Ratio Calculation from the Partial Pressure

1 2P P P 

i i
i

P n
x

P n
 

.i iP x P

2 2 2 2 22 ( 3.76 ) 2 3.76H O N H O N   
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Experimental Setup (Partial pressure calibration)



Initial Pressure = 0.5 MPa 36

∅ = 0.1 ; 𝑃𝐻2 = 0.201 𝑏𝑎𝑟

∅ = 0.2 ; 𝑃𝐻2 = 0.387 𝑏𝑎𝑟

∅ = 0.3 ; 𝑃𝐻2 = 0.559 𝑏𝑎𝑟

∅ = 0.4 ; 𝑃𝐻2 = 0.719 𝑏𝑎𝑟

∅ = 0.5 ; 𝑃𝐻2 = 0.868 𝑏𝑎𝑟
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Experimental Setup (Partial pressure calibration)
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Real gas equation : Compressibility factor

𝑧𝑎𝑖𝑟 @ 5 𝑏𝑎𝑟 = 1.0008

𝑧𝐻2 @ 0.201 𝑏𝑎𝑟 = 1.0005209

𝑧𝐻2 @ 0.387 𝑏𝑎𝑟 = 1.0005402

𝑧𝐻2 @ 0.559 𝑏𝑎𝑟 = 1.0005623

𝑧𝐻2 @ 0.719 𝑏𝑎𝑟 = 1.0005747

𝑧𝐻2 @ 0.868 𝑏𝑎𝑟 = 1.0005902

Experimental Setup (Partial pressure calibration)
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∅ = 0.1 ; 𝑃𝐻2 = 0.201 → 0.20110 𝑏𝑎𝑟

∅ = 0.2 ; 𝑃𝐻2 = 0.387 → 0.38720 𝑏𝑎𝑟

∅ = 0.3 ; 𝑃𝐻2 = 0.559 → 0.55931 𝑏𝑎𝑟

∅ = 0.4 ; 𝑃𝐻2 = 0.719 → 0.71941 𝑏𝑎𝑟

∅ = 0.5 ; 𝑃𝐻2 = 0.868 → 0.86817 𝑏𝑎𝑟
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Experimental Setup (Partial pressure calibration)



40

∅ = 0.1 ; t = 118 𝑚𝑠
∅ = 0.2 ; t = 266 𝑚𝑠
∅ = 0.3 ; t = 612 𝑚𝑠 @ 1.0 𝑏𝑎𝑟
∅ = 0.4 ; t = 1278 𝑚𝑠
∅ = 0.5 ; t = 5814 𝑚𝑠

Experimental Setup (Partial pressure calibration)
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Experimental Setup (Spark plug  positions)
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Voltage

Time
0 ms 35 ms

Hydrogen

Air
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Camera

Experimental Setup (Experimental sequential)
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Experimental Setup (Experimental sequential)
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Results (Effect of chamber temperature)

45

∅ = 0.25

Low swirl

Maximum combustion pressure were 14.87, 15.37, 15.48 and 16.21 bar

Combustion delay were 144, 100, 95 and 69 msec
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Results (Effect of equivalence ratio)
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Results (Effect swirl intensity and spark plug positions)
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Results (Effect swirl intensity and spark plug positions)
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Results (Effect swirl intensity and spark plug positions)
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Results (Effect swirl intensity and spark plug positions)
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Results (Effect swirl intensity and spark plug positions)
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Results (Effect swirl intensity and spark plug positions)
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Results (Effect swirl intensity and spark plug positions)
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Results (Effect swirl intensity and spark plug positions)
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Results (Effect swirl intensity and spark plug positions)
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Results (Effect swirl intensity and spark plug positions)
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Results (Effect swirl intensity and spark plug positions)
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Results (Effect swirl intensity and spark plug positions)
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Results (Effect swirl intensity and spark plug positions)
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Results (Effect swirl intensity and spark plug positions)
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Results (Effect swirl intensity and spark plug positions)



62

Results (Effect swirl intensity and spark plug positions)
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Results (Mass Fraction Burn Rate)
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Results (Mass Fraction Burn Rate)
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Results (Mass Fraction Burn Rate)
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Results (Mass Fraction Burn Rate)



67

Results (Combustion Duration)



68

Results (Combustion Duration)
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Results (Combustion Delay)
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Results (Combustion Delay)
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Results (Combustion Phenomena)
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Results (Cyclic of  Variation)
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Results (Cyclic of  Variation)



74

Results (Lean Burn Limit)
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Results (Lean Burn Limit)



Contents

- Introduction

- Literature review

- Objective

- Experimental setup

- Results

- Conclusions

76



77

Conclusions

- When increasing the chamber temperature, the

maximum combustion pressure rise rate was increased

while the combustion delay was decreased. The high

temperature before combustion acts as catalyst for

reaction between hydrogen and oxygen in air. Hence,

the combustion will arise faster than low chamber

temperature.

- Increasing the equivalence ratio means increasing the

power input. Therefore the maximum combustion

pressure rise rate is higher and also combustion delay

is shorter when compared with low equivalence ratio.
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Conclusions

- In lean conditions such as ɸ 0.2 and 0.3, swirl intensity

also affected to the hydrogen combustion

characteristics. Turbulent flow can increase chance of

reaction between hydrogen and air. Thus the combustion

efficiency (maximum combustion pressure, combustion

duration and combustion delay) was increased.

- When changing the ignition position to sidewall position,

the combustion delay is longer than center ignition.

Because of the thermal radiation of side wall to

atmosphere and also from the flame explosion that in

the flame center ignition can expand faster than sidewall

ignition.
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Conclusions

- From CoV of lean burn limit investigation results, it found

that appropriate equivalence ratio that the mixture can be

make the stable combustion (low CoV) even the swirl

intensities were changed can be found at ɸ > 0.087 for center

ignition and ɸ > 0.098 for sidewall ignition

- The ignition position directly related to lean burn limit of

hydrogen. The result of lean burn limit show the inversion of

combustion stability. When changing swirl intensity

conditions, amount of air was went to center of combustion

chamber by tangential force but hydrogen was went to the

outside that because of the density of itself. Therefore center

ignition was suitable for low turbulent flow but sidewall

ignition with high swirl intensity is become more effective

combustion.
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