
Abstract
Hydrogen fuel is a potential energy source for vehicles in the future. 
The emission of this fuel complies with the stringent policies issued by 
the International Energy Agency (IEA). Researchers have nominated 
the hydrogen compression ignition engine in an argon atmosphere as 
one of the ways to enhance power output and volumetric efficiency in 
the midst of pre-ignition and knock problems. Since this type of 
research is still in the initial stage, numerical studies have become the 
best method for researchers to obtain data on hydrogen fuel combustion 
in an argon-oxygen atmosphere. The purpose of this study was to 
validate the simulation results with the experimental data, investigate 
the combustion characteristics of hydrogen fuel in an argon-oxygen 
atmosphere, and to study the effects of the initial temperature and 
injection pressure on the combustion process. In this research, 
CONVERGE CFD software was used for the simulation process. 
When the ambient temperature increased, there was a decrease in the 
pressure but an increase in the heat release rate. On the other hand, 
when the injection pressure was increased, the in-cylinder pressure and 
the heat release rate decreased slightly.
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Introduction
Hydrogen has been studied extensively as a renewable fuel for 
internal combustion engines. It has the capacity to resolve a lot of 
problems related to fuels, such as environmental issues and energy 
sustainability. The stringent policies of the International Energy 
Agency (IEA) [1] have motivated researchers to conduct detailed 
studies on hydrogen fuel. The wide flammability range of hydrogen is 
one of the main advantages of using this fuel in internal combustion 
engines. This characteristic makes it possible for engines to operate at 
high efficiency and to minimize NOx emissions [2, 3]. However, the 

low ignition energy of hydrogen fuel encourages irregular 
combustion problems such as pre-ignition, knocking, and backfire [4, 
5, 6, 7]. Direct injection is the most promising strategy for meeting 
the requirements and solving such problems. In particular, the risk of 
backfire and the loss of volumetric efficiency due to the low density 
of hydrogen gas can be eliminated, thus allowing the generation of 
the same or a higher power density compared with conventional 
petrol engines. Due to the limitation of the compression ratio, spark 
ignition (SI) engines are only applicable for small power units and 
such engines are not practicable for larger output power units such as 
ships, heavy machinery and other stationary power supplies which 
are normally worked by compression ignition (CI) engines [8]. This 
situation has attracted researchers to study the potential of hydrogen 
as a fuel in CI engines. However, the main challenge for researchers 
is to handle the high auto-ignition temperature of hydrogen [9,10]. It 
has been discovered that it is hard to operate a hydrogen compression 
ignition engine due to its harsh combustion, which results in a long 
ignition delay and knocking even with a very high compression ratio 
(ε = 29), and unsatisfactory combustion occurs even though a pilot 
injection is used [11]. This situation makes it difficult for the 
hydrogen combustion process to take place in the engine compared to 
other conventional fuels. Due to this problem, some researchers used 
hydrogen as a secondary fuel for engines in order to enhance the 
thermal efficiency and to reduce the emission of gases such as NOx, 
CO, HC and CO2 [9, 12]. However, the approach does not fully 
utilize the advantages of hydrogen fuel since the combustion product 
produces harmful gases, and the diesel fuel that is used together with 
the hydrogen does not fully support the energy sustainability policy. 
The potential of hydrogen fuel should be fully utilized in internal 
combustion engines to produce clean and efficient energy. For this 
reason, a mono-atomic noble gas, argon, with a low specific heat (Cp) 
was introduced into the engine in order to enhance the in-cylinder 
temperature and to allow hydrogen to be ignited. Moreover, the high 
specific heat ratio (κ) of argon will theoretically increase the thermal 
efficiency and simultaneously eliminate the formation of NOx that is 

Simulation of the Effect of Initial Temperature and Fuel 
Injection Pressure on Hydrogen Combustion Characteristics 
in Argon-Oxygen Compression Ignition Engine

2016-01-2227

Published 10/17/2016

Nik Muhammad Hafiz, Mohd Radzi Abu Mansor, and Wan Mohd Faizal Wan Mahmood
Universiti Kebangsaan Malaysia

Masahiro Shioji
Kyoto Univ

CITATION: Hafiz, N., Mansor, M., Wan Mahmood, W., and Shioji, M., "Simulation of the Effect of Initial Temperature and Fuel 
Injection Pressure on Hydrogen Combustion Characteristics in Argon-Oxygen Compression Ignition Engine," SAE Technical Paper 
2016-01-2227, 2016, doi:10.4271/2016-01-2227.

Copyright © 2016 SAE International

Downloaded from SAE International by Masahiro Shioji, Saturday, September 30, 2017



produced during the combustion of hydrogen with normal air in an 
internal combustion engine. The efficiency of an engine for an ideal 
diesel cycle can be written as a function of the compression ratio (r), 
the cut-off ratio (rc) and the specific heat ratio (κ) of the in-cylinder 
gas [13], as shown in equation (1).

(1)

Argon gas has been widely used in the electronic, medical, and 
chemical industries. It is inexpensive compared to other available 
noble gases, and is easily and readily obtainable as a by-product of 
cryogenic air separation in the production of liquid oxygen and liquid 
nitrogen on a large industrial scale. In engine applications, however, 
the storage and portability of an adequate mass of hydrogen for 
practical applications remain one of the most difficult problems to be 
overcome. The purpose of this study was to investigate the 
combustion characteristics of hydrogen in an argon-oxygen 
atmosphere by using CONVERGE simulation software. This method 
was chosen in order to enable the study to be carried out easily 
without changing the actual engine geometry. In this study, the 
pressure p, average temperature Tave, and heat release rate were 
investigated and the data obtained were compared with the 
experimental data obtained by previous researchers [14].

Methodology
A numerical study was conducted for this research to generate results 
based on the YANMAR NF19SK engine parameters. The same 
engine model was used by Rey [14] to perform his experimental 
study with the same research background. The CONVERGE software 
used for this study is a revolutionary computational fluid dynamics 
(CFD) program that eliminates the grid generation bottleneck from 
the simulation process. CONVERGE was developed with the CFD 
program to produce a transient or steady-state flow with complex 
geometries. It was appropriate to use it for both engine and non-
engine simulations. CONVERGE will automatically generate a 
perfectly orthogonal, structured grid at runtime based on simple 
user-defined grid control parameters. The software comes with 
Adaptive Mesh Refinement (AMR) that can be applied to the velocity 
field or any scalar field to automatically increase the resolution, when 
or where it is needed. In order to maintain reasonable runtimes for 
calculation, the maximum number of cells can be specified by the 
user. The AMR algorithm prioritizes and adds the resolution where it 
is needed the most [15].

The simulation was run on a direct injection compression ignition 
(DICI) engine, with an injection pressure and start of injection (SOI) 
for hydrogen gas fuel fixed at 8 MPa and 710 °CA (10° BTDC), 
respectively. The calculations were carried out on a closed system 
from the intake valve closure (IVC) at 540 °CA to the exhaust valve 
open (EVO) at 900 °CA. The engine geometry used in the simulation 
is shown in Figure 1. A numerical grid was designed to model the 
geometry of the engine, and it contained a minimum of 500,000 cells. 
Table 1 shows the details of the specifications for the base model 
engine, while Figure 2 shows the workflow of the study. The engine 
geometry, which was designed using 3D CAD software, was exported 
to CONVERGE for the case set-up process.

Figure 1. Engine geometry

For validation purposes, the simulation process was conducted with 
the same conditions that were set up in the experimental process by 
Rey [14] with the initial temperature Ti = 400K and the fuel injection 
pressure pj = 8 MPa. The results obtained by simulation for the 
in-cylinder pressure, temperature and the calculated rate of heat 
release were compared with the experimental results. After the 
validation process, the simulation progressed with different 
parameters in order to investigate the combustion characteristics of 
the hydrogen fuel in an argon-oxygen atmosphere. Initial 
temperatures (Ti) of 380K, 400K and 420K were used in this study to 
investigate the effects of the initial temperature. Later, different 
injection pressures (pj) of 8 and 6 MPa were used to inject the same 
mass of fuel to study the effects of the injection pressure. The 
detailed specifications and boundary conditions for this study are 
shown in Table 1 and Table 2, respectively.

Table 1. Engine specifications

Table 2. Boundary conditions
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Figure 2. Simulation workflow

Gas Simulation
The Redlich-Kwong equation of state was selected for the gas 
simulation model. The momentum and mass transport were solved 
for both the compressible and incompressible flows. For the 
compressible flows, an equation of state was also required to couple 
the density, pressure and temperature. The equation for this model is 
shown in Equation (2).

(2)

where

vc is critical volume,

Tc is the critical temperature,

Pc is the critical pressure,

α is attractive forces between molecules,

β is volume of the molecules

Combustion Modelling
The SAGE combustion model, which comes with the CONVERGE 
CFD software, was selected as the combustion model for this research. 
The advantage of the SAGE model is that it includes the detailed 
chemistry for combustion applications. With the detailed chemical 

kinetics, the SAGE model allows the application of combustion 
simulations with a set of CHEMKIN formatted input files. CHEMKIN 
is the standard format for defining chemical mechanisms.

In the SAGE combustion model, the chemical reaction mechanism is 
a set of elementary reactions that describe in detail the overall 
chemical reaction. The combustion of different fuels can be modelled 
by changing the mechanism of the data for each fuel (e.g., there are 
mechanisms for iso-octane, gasoline, n-heptane, natural gas, etc.). 
The SAGE detailed chemistry solver is able to calculate the reaction 
rate for each elementary reaction, while the CFD solves the transport 
equations. SAGE, along with AMR and an accurate mechanism, can 
be used for the modelling of many combustion regimes such as 
ignition, premixed, and mixing-controlled combustion. In SAGE, the 
forward rate coefficient is expressed by the Arrhenius form:

(3)

where Ar is pre-exponential factor, br is the temperature exponent, Er 
is the activation energy, and Ru is the universal gas constant.

Turbulence Modelling
Turbulence significantly increases the mixing rate of momentum, 
energy, and species. For many applications, such as internal 
combustion engines, turbulence is vital in order to ensure an accurate 
simulation. Turbulence-enhanced mixing is a convective process that 
results from the presence of turbulent eddies in the flow. These 
turbulent eddies occur at many length scales. If the discretized 
domain (grid) does not resolve the smallest eddy length scales present 
in the flow, then the enhanced mixing effects of the turbulence will 
not be entirely accounted for in the CFD simulation. With the current 
computational power, it is not practicable to resolve all the turbulent 
scales in typical CFD simulations; therefore, a turbulence model may 
be needed to account for the additional mixing.

In this research, the Reynolds-averaged Navier-Stokes (RANS) 
equations were selected for the turbulence modelling. The approach 
of this model was to solve the averaged quantities of turbulent 
motion. This approach does not require large computing resources 
and has been the backbone of industrial CFD applications for several 
decades due to its modest computing requirements [16, 17].

Validation of Simulation Process
The simulation set-up for this research used the same parameters as 
the experimental study performed by Rey [14] and therefore, the 
simulation results for this research were also compared with the 
experimental results. The details concerning the engine geometry, 
specifications, boundaries and initial conditions for the simulation are 
shown in Table 1 and Table 2. The experimental result for the initial 
temperature, Ti at 400K was selected for comparison with the 
simulation result. Figure 3 shows the average pressure and 
temperature obtained during the combustion of hydrogen fuel in an 
argon-oxygen atmosphere. Before the hydrogen fuel was injected at 
710 °CA, the pressure and temperature generated in the combustion 
chamber showed the same trend but the values were different for both 
the simulation and experimental results. The differences were 
because the heat transfer that occurred during the experiment reduced 
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the temperature generated during the compression stroke. Therefore, 
even though the fuel was injected at the same degree of crank angle, 
the simulation and experimental results for the ambient temperature 
and pressure were different [18, 19]. Figure 3 shows the pressure and 
average temperature obtained for both the simulation and the 
experimental study.

Figure 3. Pressure and temperature result for experimental and simulation

After the fuel injection process at 710 °CA, the ignition delay, τ that 
was obtained from the simulation was shorter than the experimental 
result. The lower ambient temperature generated in the experimental 
study affected the ignition delay [20] between the two methods of 
study. Therefore, the curves for the pressure and temperature after the 
start of injection (SOI) showed different values but a similar trend.

Results & Discussion
In this research, the combination of argon and oxygen was studied as 
a replacement for air in hydrogen fuel combustion. During the 
validation process, the results of the simulation were compared with 
the experimental results. Different values of pressure and temperature 
generated during the compression stroke resulted in different 
characteristics of combustion. The glass window installed at the 
engine for visual purposes during the experimental process resulted 
in heat transfer and caused the differences in the obtained results. The 
simulation was carried out with a normal setup without the 
installation of a glass window at the engine.

Comparison between Simulation and Experimental 
Result
Figure 4 shows the pattern of the heat release rate between the 
simulation and the experimental study. The higher ambient 
temperature obtained in the simulation process induced a shorter 
ignition delay during fuel combustion. Moreover, the shorter ignition 
delay did not encourage the oxygen and hydrogen to mix well in the 
combustion chamber, thus preventing premix combustion during the 
process [19]. An almost similar observation was reported in a study 
by Mansor et al. [21], which concluded that higher ambient 
temperatures (above 1,000K) will shorten the ignition delay, resulting 
in progressive diffusion combustion with a lower rate of heat release.

The results obtained for the pressure were similar. On the other hand, 
there was a discrepancy in terms of the temperature. This 
phenomenon was predicted to be due to the heat transfer process that 
occurred during the actual experiment. It is believed that the glass 

window installed on top of the cylinder head to enable the flame to be 
observed during the experimental process contributed to the heat 
transfer by means of radiation and convection [22].

Figure 4. Rate of heat release for experimental and simulation studies

In-Cylinder Pressure, Temperature and Heat Release 
Rate of Hydrogen Fuel in Argon-Oxygen Atmosphere
After the validation process, the characteristics of the hydrogen fuel 
combustion in an argon-oxygen atmosphere were discussed in detail 
based on the simulation results. The calculations were carried out in a 
closed system from the intake valve closure (IVC) at 540 °CA to the 
exhaust valve open (EVO) at 900 °CA. Figure 5 shows the in-
cylinder pressure against the crank angle. From 540 °CA to 710 °CA, 
the in-cylinder pressure that was generated gradually increased with 
decreasing cylinder volume. When the hydrogen fuel was injected 
from 710 °CA to 715 °CA, the in-cylinder pressure increased 
dramatically due to the increasing temperature and equivalence ratio, 
ϕ as a result of the fuel combustion taking place in the combustion 
chamber [18]. During the simulation process, the maximum pressure 
of 4.49 MPa was obtained at 720 °CA, which was at the moment of 
TDC. This condition occurred due to two main factors, namely the 
impact of fuel combustion and also the effect of the change in 
volume. In contrast to the compression process, the in-cylinder 
pressure decreased with an increase in volume during the expansion 
stroke [19].

The in-cylinder temperature against the crank angle for hydrogen 
combustion is also shown in Figure 5. The initial temperature, Ti for 
the simulation was set at 400K. Similar to the pressure, the 
temperature gradually increased by reason of the decreasing 
in-cylinder volume and the effect of the increased pressure. During 
the injection period at 710 °CA to 715 °CA, the ambient 
temperature in the combustion chamber reached 1,216K , which 
already exceeded the auto-ignition value of hydrogen fuel [9, 20]. 
This condition was appropriate for the hydrogen to spontaneously 
ignite once it was injected into the combustion chamber. Therefore, 
the in-cylinder temperature increased drastically due to the 
combustion process. The temperature reached its peak value of 
1,508K at 721 °CA just after the piston reached the point of TDC. 
Later, the temperature decreased accordingly with the decrease in 
pressure during the expansion stroke.
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Figure 5. Characteristics of hydrogen combustion in an argon-oxygen atmosphere

The heat release rate results in Figure 5 show that the hydrogen 
burned immediately on diffusion combustion after the fuel injection. 
The short ignition delay limited the mixing together of the oxygen 
and fuel, thus preventing pre-mix combustion during the process [23, 
24]. This was because the combustion occurred under lean 
conditions, whereby a small amount of hydrogen was injected into 
the chamber with the temperature exceeding the auto-ignition value. 
An almost similar observation was reported by Tang et al. [25], who 
mentioned that when the hydrogen fraction was less than 70%, the 
ignition delay strongly followed the Arrhenius equation for 
temperature dependence. With a low equivalence ratio, the ignition 
delay was significantly decreased. It is understood that the peak heat 
release rate of 50.94 [J/°CA] occurred at 714 °CA. The shorter 
ignition delay induced diffusion combustion and reduced the 
maximum value of the heat release rate [21].

Figure 6 shows the development of hydrogen combustion in a 
compression ignition engine. The combustion was visualized with 
Ensight software at intervals of 4 °CA starting from 711 °CA to 731 °CA. 
This range was selected in order to investigate the combustion process 
from the beginning of the fuel injection until the flame hit the cylinder 
wall. As mentioned earlier, the fuel combustion occurred immediately 
after the start of injection. The flame immediately hit the cylinder head 
and the piston due to the small space remaining in combustion chamber 
caused by the late injection. The flame propagated accordingly until it hit 
the cylinder wall at 731 °CA. The maximum temperature was achieved 
at 720 °CA due the effects of the chemical energy from the combustion 
and the high pressure obtained at the TDC.

Figure 6. Propagation of flame of hydrogen fuel combustion in argon-
oxygen atmosphere.

Effect of Initial Temperature
To investigate the effect of initial temperature on the combustion of 
hydrogen in an argon-oxygen atmosphere, three different 
temperatures, 380K, 400K, and 420K were studied. Figure 7 shows 
the results of the effect of the initial temperature, Ti on the in-cylinder 
pressure and in-cylinder temperature. The combustion occurred with 
the same trend, though at different initial temperatures. The highest 
pressure obtained at an initial temperature of 380K was 4.53 MPa, at 
400K was 4.49 MPa, and at 420K was 4.46 MPa. The higher initial 
temperature generated a slightly lower pressure during the 
combustion. This phenomenon was due to the progressive diffusion 
combustion that occurred at an early stage before the TDC for the 
higher initial temperature. Even though combustion at the higher 
initial temperature generated a high heat release rate due to the 
chemical process factor, combustion at an early stage in the 
combustion chambers with a bigger volume suppressed the upward 
motion of the piston during the compression stroke, thereby 
preventing the system from producing a high pressure. This was 
proven by the heat release rate graph shown in Figure 8. The highest 
ambient temperature obtained for the initial temperature of 380K was 
1,446K, for 400K was 1,508K, and for 420K was 1,571K. The higher 
initial temperature led to a higher ambient temperature and produced 
a high heat release rate for combustion. As mentioned earlier, the 
operating conditions of the engine at the early stage of combustion 
for the higher initial temperature controlled the overall pressure 
produced during the process.
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Figure 7. Effect of pressure and temperature for different initial temperatures

Figure 8 shows the heat release rate obtained for the combustion at 
different initial temperatures. The highest rates obtained for the initial 
temperatures of 380K, 400K and 420K were 50.34, 50.94, and 52.62 
[J/°CA], respectively. Compared to the pre-mix combustion stage, the 
controlled mixing combustion produced higher heat release rates for 
all the different initial temperature conditions. The short ignition 
delay limited the progressive pre-mix combustion process. From the 
results, it was understood that the heat release rates obtained for 
different initial temperatures occurred with the same trend in the 
graph curve.

Figure 8. Effect of heat release rate for different initial temperatures

Effect of Fuel Injection Pressure
In order to investigate the combustion characteristic of hydrogen 
fuel combustion in the argon-oxygen atmosphere, the effect of 
injection pressure pj also being investigated. The injection pressure 
pj at 6 MPa and 8 MPa has been observed at Ti 380K, 400K, and 
420K. The result of pressure, temperature and heat release rate was 
plotted into the graph and compared with each other. Figure 9 
shows the comparison of pressure and temperature obtained in 
simulation result for different fuel injection pressure. For the case 

of this study, by changing the injection pressure it only gives a 
minimum impact to the combustion process. This effect is applied 
to all Ti for this simulation set-up. Small impact of injection 
pressure due to combustion was conducted under a lean condition 
with control of mass flow and injection duration. Therefore, a small 
amount of fuel injected with high pressure condition does not affect 
the characteristic of the combustion process.

Figure 9. Effect of pressure and temperature for different injection pressures

Figure 10 shows the heat release rate obtained for pj 6 MPa and 8 
MPa at Ti 380K, 400K, and 420K. Similar to pressure and 
temperature, the rate of heat release generates same curve trend even 
though in both different initial temperature and injection pressure. 
The maximum value of heat release obtained in high initial 
temperature is higher than the value obtained in low initial 
temperature. However, for the effect of injection pressure, lower 
injection pressure pj 6 MPa produce higher heat rate compared to 
higher injection pressure pj 8 MPa. The heat release rate is lower for 
pj 8 MPa due to lesser air entrainment [26].
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Figure 10. Effect of heat release rate for different injection pressures

Conclusions
In this research, the characteristics of hydrogen combustion in an 
argon-oxygen medium were studied. From the simulation results, it 
can be concluded that: - 

1. The fuel injected at SOI at 710 °CA from the cylinder wall 
reached the opposite wall at 731 °CA. 

2. Increasing the initial temperature will increase the in-cylinder 
temperature but will result in a decrease in pressure. 

3. A higher initial temperature will lead to a higher ambient 
temperature and an increase in the rate of heat release.
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