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From an ecological aspect, the hydrogen has all properties to be a very good fuel 
for internal combustion engines. However the high combustion speed, as well as 
the possibility of backfire, is inconvenient properties of port injection. In this paper, 
the influence of the injection timing on the internal combustion engine working 
cycle parameters (pressure and temperature) was investigated deeply. The investi-
gation, of the injection timing influence on the internal combustion engine working 
cycle parameters, was performed numerically by application of ANSYS software. It 
was observed the geometry of the real engine with added pre chamber, in order of 
layer mixture formation and pressure damping, because of high combustion speed. 
The results are presented for four cases with different injection timing and the same 
spark timing. By earlier injection, the time for mixing rise as well as the possibility 
of homogenization and uniform mixture creation, in pre chamber and cylinder. This 
claim it is confirmed on the basis of obtaining pressure and pressure rise gradient, 
which are growing with earlier injection, because of hydrogen combustion charac-
teristics in stoichiometric mixture. The higher pressures as well as the surface un-
der the diagram are positive from the aspect of the engine efficiency. However, with 
the earlier injection, the values of the pressure rise gradient are higher than for 
the classic Diesel engine. This means that this phenomena can cause brutal engine 
work from the aspect of mechanical stresses. However the value of the maximum 
pressure is smaller than this in a Diesel engine, this is due to added pre chamber, 
which has decreased the compression ratio.
Key words: hydrogen, pressure, injection timing, internal combustion engine, 

ANSYS, pre chamber, pressure rise gradient

Introduction

By returning to the beginning of vehicles production, it can be seen that the first ve-
hicles were produced as electric. However, over the time, the electric drive train was replaced 
with the internal combustion (IC) engines, which are far better engines from the aspect of the 
performances. But it is a fact that electric vehicles are currently considered as the future in the 
automotive industry. However, for now the IC engine is still the drive train for almost all mobile 
systems. The reason for this is simplicity of construction that has been improved during the 
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decades in the past. Also, the crucial point is the production price, which is far lower than what 
is needed to produce the electric drive train. Besides the mentioned problems, there are other 
obstacles for electric vehicles, for example, from the beginning of their manufacturing, the ma-
jor problem was the driving radius. The main problem is the capacity of batteries, more accurate 
in the energy that can be stored in batteries. On first look, the hybrid vehicle can overcome this 
problem, because it has an IC engine as help for batteries charging. However, it should be taken 
into the consideration the performances of hybrid vehicles, as well as that hybrid vehicle have 
two drive trains for maintaining, which increase the costs. The costs of the maintaining of the 
electric part of the drive train and IC engine are requiring to drive at least 50000 km per year, 
in order to pay off such vehicle [1].

The other aspect that should be observed, the influence of drive trains on the environ-
ment. At first glance, the electric vehicle seems like something clean, which not pollutes the en-
vironment. However, it should think about, what is the source to produce the electric energy that 
is necessary to charge the batteries. It is a well-known fact that power plants have a negative 
influence on the environment, so the application of electric vehicles is just the dislocation of the 
pollution. Besides that, rarely which country will have enough production of electric energy for 
charging, when all vehicles will be replaced with electric [2]. 

The country with the most electric vehicles is the Norway [3]. However, it should not 
forget that the Norway is leading in the world with production of the electric energy from the 
hydro and wind power [4]. By that it can be said that electric vehicles in Norway really repre-
sented the practical solution and clean replacement for vehicles that use IC engines.

By analyzing mentioned facts, the IC engine still represents the best variant. However, 
the major problem is not the engine, but the oil that is used for fuel production, and which is 
exploited in huge amounts. It is a well-known fact that the oil formation is necessary and it is 
takes very long period. Because of this reason, there exist information, the oil will disappear in 
next 50 years. But also expectations were the same before 50 years. However, one is for sure, 
the oil will disappear. When, nobody knows for sure, because every day technology progress 
allows further exploitation, but this result with jumps in oil price [5]. 

The oil price as well as the possibility of the oil disappearing, represents the problem 
for IC engines sustainability. Because of this it should think about some alternatives.

The alternative that does not include the electric vehicles is the usage of some new fuel, 
which can be convenient fuel for IC engine. One of the alternative fuels that can be taken into the 
consideration is the hydrogen. The hydrogen represents gaseous fuel, and as such is very conve-
nient from the aspect of mixing, as well as for winter conditions, because there is not exist neces-
sity for the vaporization. As well the good advantage of the hydrogen usage can be the ecology. 

The essential point for automotive engineers that work in the IC engines field is the 
ecology issue. The most importance is given to the CO, CO2, NOx, and unburned HC. In three 
of these four components there is carbon. Carbon is a component that can be found in almost 
all fuels, gasoline, diesel, LPG, methane, but not in hydrogen. Hydrogen as substance, in its 
chemical composition does not have carbon, which means that all components that have carbon 
can be reduced to the minimum value. The only carbon components can be found from oil that 
is used for lubrication. 

This paper will be dedicated to modify the IC engine to work with the hydrogen. It 
will be considered the influence of the injection timing on the working cycle, and this investiga-
tion will be performed numerically. The engine that is considered is basically the experimental a 
Diesel engine that is already modified as multi-process, which means that is can work as diesel, 
and as a gasoline engine. 
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The Diesel engines are considered as one of the greatest polluters, their sustainability 
is endangered [6]. Pavlos and Taku [6] considered, which effect will be accomplished by using 
the hydrogen as additive at the conventional Diesel engine. They concluded that the hydrogen 
as substance without carbon will effect on reduction on all components that consists carbon. 
However, the hydrogen has high energy, and the maximum temperatures that will occur during 
the combustion process are higher. As a result of this phenomenon, the concentration of NOx 
will be raised, which are one of the biggest problems for cars with Diesel engines. As the solu-
tion for this problem, it was mentioned that the possibility of use exhaust gas re-circulation 
(EGR) in order to reduce the combustion speed and maximum temperature as well. The same 
conclusions can be found in the research of Saravanan et al. [7]. More accurately, they have 
also found that if the hydrogen is used as additive, all carbon will be reduced, and of course 
the concentration of the NOx will rise. They have performed their research on the naturally as-
pirated Diesel engine, where the hydrogen is injected into the intake port. The similar research 
is performed by Tsolakis et al. [8]. The interesting fact from this research paper and previous 
one is that by adding a minor amount of the hydrogen, it can be accomplished the reduction 
of NOx and particulate matters (PM). However, with increasing the amount of hydrogen, the 
concentrations of those two-components rise too. The significant reduction of PM and 5.5% 
NOx was noticed by Pana et al. [9]. They performed their work using the truck Diesel engine. It 
was accomplished the reduction of the 5.5% NOx by using the 3.9% of hydrogen. The 3.9% of 
hydrogen represented the percentage of the entire energy value that has been imported into the 
engine cycle, trough diesel and hydrogen. Also, Miyamoto et al. [10] accomplished the reduc-
tion of the NOx by applying the EGR. This was earlier mentioned as the possibility by Pavlos 
and Taku [6]. There are other researchers studied the problem from a different point of view, 
Christodoulou and Megaritis [11]. Besides hydrogen, they have also used nitrogen as additive. 
The amount of those two gases was from 2-8 vol.%. The use of hydrogen was given the results 
as previous researches, while by usage of the nitrogen, the concentration of the PM increased, 
while NOx is reduced.

One of the oldest research’s in the subject of the hydrogen usage is performed by Das 
[12], where he stated that the hydrogen is a better fuel for gasoline engines, because of the auto 
ignition temperature, that is around 848 K. The technical analysis of the hydrogen usage for the 
gasoline engine is has been performed by Srinivasana and Subramanian [13]. The similar as for 
the Diesel engine, they concluded that by adding the hydrogen as the additive it can be accom-
plished the reduction of toxic components. Also, the gasoline engine can be easy modified for 
the work with the hydrogen. One of the biggest problems with port injection is the possibility 
of backfire, because of possible formation of HHO that can be autoignited very easily. Zhen-
zhong et al. [14] investigated the possibility of hydrogen usage based on the numerical analysis. 
Analysis has been performed for gasoline engine with port injection. The types of injections are 
tested, with one and with two injectors in the intake port, which are separated one from another 
in the direction of the intake port axis. They concluded that better characteristics, from aspect 
of mixture homogenization and indicating power, can be achieved by using the two injectors. 
Soria et al. [15] made comparison between the hydrogen and ethanol in mixture with gasoline. 
They concluded that in order to obtain better results in the performances, it is necessary to 
set-up the spark timing and air fuel ratio in dependence from fuel mixture. The spark timing is 
crucial because those fuels have great differences in combustion speeds. 

Based on the available literature, it can be concluded, that the main purpose of the hy-
drogen usage for Diesel engines, is to reduce the toxic components in the exhaust gasses. There 
are not too many researchers that have investigated the application of the hydrogen in Diesel 
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engines, from the aspect of the engine working cycle. However, the application and the analysis 
of the characteristics have been performed for gasoline engines, because they considered the 
better solution when used the hydrogen. 

In this paper, numerical analysis was achieved of the engine working cycle. As the 
fuel that will be used only is hydrogen. The aim of this analysis is to investigate the influence 
of injection timing on the engine working cycle. Also the analysis that is presented in the paper 
represents the investigation before the experiment on the real engine. It was made the develop-
ment on real experimental multi-process engine. Based on the development, it was manufac-
tured pre chamber, which by overall dimensions corresponds to the engine injector. This pre 
chamber should minimize problems that can occur due to hydrogen combustion speed. More 
accurately, the pre chamber should have damping effect. Furthermore, it was performed deep 
analysis for a stoichiometric mixture of the hydrogen and air. Also by injection the pre chamber, 
the possibility of backfire is excluded.

The 3-D model

Numerical analyses represent the modern replacement for mathematical models and 
calculations that were often used earlier, during the development of new or improvement of 
existing products. One of their advantages is a visualization of the simulated process, as well as 
the reduced time for obtaining results. Therefore, the numerical analyses are widely accepted 
in the scientific researches, as well as in all engineering fields of industry. The first step before 
starting with the numerical analyses, it should develop the 3-D model that corresponds to the 
specific product. For this paper, it is chosen the experimental IC engine, which is by origin 
Diesel engine, but, which is modified as multi-process. The multi-process engine is developed, 
that can work as diesel and as well as a gasoline engine. Also exist the possibility of using the 
alcohol fuels, as well LPG. It will be used the 3-D model to achieve the numerical analysis, 
which corresponds to the multi-process engine in gasoline mode, with an added pre chamber 
for operating with hydrogen as shown in fig. 1.

Figure 1. (a) The 3-D model and (b) the 3-D model prepared for FLUENT

The added pre chamber by overall dimensions corresponds to the diesel injector, so 
the mounting is the same as for diesel injector of the existing engine. Earlier it was mentioned 
that geometry is corresponds to the multi-process engine. In order to work as a gasoline en-
gine, in the intake port exists place for gasoline injector, which can be seen in the fig. 1. This is 
included in developed 3-D model to get the same geometry as experimental engine. It is very 
important to include such modifications, because of air-flow in the intake port, which direct 
influence on the cylinder charge. Also, it can be seen in this figure the inside look of the pre 
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chamber. The pre chamber consists the place for the spark plug as well as for the gasoline direct 
injection (GDI) injector. The seat of the injector is not included in the geometry, because it is 
not a part of the working space. With added pre chamber, the compression volume of the engine 
will be bigger, which means that have changes in geometrical characteristics of the engine. The 
geometrical characteristics of the IC engine with the added pre chamber are given in tab. 1.

After developing the 3-D model for FLUENT, it is necessary to select the suitable 
mesh for the model. The selected type of the element is tetrahedron, fig. 2.

Figure 2. The mesh of IC engine

The reason select this type of element is the best selection of the complex shapes of 
the intake port and valve seats. The number of elements is 467635, and the number of nodes is 
95881.

Boundary conditions

In this section, the boundary conditions will 
define based on the experimental data that are ob-
tained from the experimental multi-process engine 
in gasoline mode [16], where the experiment was 
performed according to the Europe stationary cy-
cle, which consist 13 modes. For boundary condi-
tions, it was chosen the mode 10. This is the most 
rigorous mode that is performed during the exper-
iment, more accurate the mode at the highest en-
gine speed and the highest engine load. The boundary conditions that are used for the numerical 
analysis are given in tab. 2.

Of course it is necessary to take into the consideration, that the lower calorific value 
of the hydrogen is different from the lower calorific value of the gasoline. For stoichiometric 
mixture of 1 kg of the gasoline, it will need 14.7 kg of air. When hydrogen is used, this is will 
be a little bit different. The amount of the hydrogen in the stoichiometric mixture with air is 
29.53%vol. [17]. The mass amount of hydrogen can be calculated [18, 19]:

RpV m T= (1)

By applying the eq. (1) on the hydrogen and the air, the mass ratio between the hydro-
gen and the air was found 33.6. More accurate for the stoichiometric mixture of 1 kg of hydro-
gen, it is necessary needs 33.6 kg of air. By comparison, between the hydrogen and the gasoline, 
it can be seen that the amount of the air for the hydrogen is much higher than for the gasoline. 

Table 1. Geometrical characteristics  
of the modified IC engine

Name Value
Bore, [mm] 85
Stroke, [mm] 80
Connection rod length, [mm] 145
Compression ratio 10.3
Stroke volume, [mm3] 454000
Compression volume, [mm] 49000

Table 2. Boundary conditions
Name Value

Engine speed, [rpm] 2692
Air/fuel ratio, [–] 1
Intake port temperature, [K] 312
Ambient temperature, [K] 304
Ambient pressure, [bar] 0.994
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The reason for this is the great difference in lower 
calorific value, which has value for the gasoline 
around 44850 kJ/kg, and for the hydrogen around 
120080 kJ/kg.

For last input data, it is necessary to get the 
valve lift profile. The valve lift profile is very im-
portant, because it contains the direct influence 
on air-flowing into the cylinder, and by that on 
cylinder charge. So, it can be said, that the exact 
and correct valve lift profile is necessary for most 
accurate results. The valve lift profile is given in 
fig. 3.

The geometrical characteristics of valve 
mechanism are given in tab. 3.

Table 3. Geometrical characteristics of valve mechanism
Intake valve Exhaust valve

Valve diameter, [mm] 30 27.5
Valve lift, [mm] 9.75 10
Valve opening, [°CS] 16 bTDC 40 aTDC
Valve closing, [°CS] 40 °CS bTDC 16 aTDC

Analyses have been performed for four different cases, with the same spark timing for 
all selected cases. In this analysis, the only influence of injection parameters on the working 
cycle will be observed. The injection and spark parameters are given in tab. 4.

Table 4. Injection and spark parameters
1st case 2nd case 3rd case 4th case

Injection pressure, [bar] 100 100 100 100
Injection timing, [°CS] 15 bTDC 30 bTDC 70 bTDC 140 bTDC
Injection duration, [°CS] 20 20 20 20
Injector position In pre chamber In pre chamber In pre chamber In pre chamber
Spark timing, [°CS] 5 bTDC 5 bTDC 5 bTDC 5 bTDC
Number of spark plugs 1 1 1 1
Spark plug position In pre chamber In pre chamber In pre chamber In pre chamber

It can be seen from tab. 4, that only parameter that changes is the hydrogen injection 
timing in pre chamber. The hydrogen is known by high combustion speed. But this is not the 
only characteristic. The hydrogen, as well has very wide flammability boarders. More accurate-
ly, the hydrogen can be combusted in mixture with air, in boarders from 4-75% [17]. The inter-
esting fact is that the highest combustion speed appears in stoichiometric mixture, while this is 
not the case for rich and lean mixture [20]. It can be noticed that by varying the injection timing, 
it can get different time for mixture homogenization. Based on this outcome, it can be obtained 
different air/fuel mixture ratios in pre chamber and cylinder. Because of high combustion speed, 
the spark timing was always set up at 5 °CS bTDC. This was done in order to get always peek 
pressure aTDC, which is crucial for properly engine work. 

Figure 3. Valve lift profile
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Results and discussions

In this section will present the results of the IC engine working cycle with the hydro-
gen based on the input data that discussed in the previous section. The first step in the analysis 
is selected the intake valve opening, and at the end the exhaust valve opening was selected. In 
other words, all analyses were performed for only three strokes and for combustion process: 
intake stroke, compression stroke, combustion process and for the power stroke. The exhaust 
stroke was not taken into the consideration.

In the first case, the injection started at 15 °CS bTDC, this means that until the spark 
timing, the only half of the injection process is finished. Which means that is not injected entire 
amount of fuel, but it will be in period of 10 °CS simultaneously injection and combustion. It is 
important to mention in this analysis; the mixture in pre chamber is very rich and in the cylinder 
is very lean. 

In the second case, injection started at 30 °CS bTDC. This means that the entire amount 
of fuel is injected and 5 °CS for mixing. The time for the mixing is a little bit longer, but not 
enough for mixture equalization. This is because the mixture in pre chamber is little bit leaner, but 
is still very rich and in cylinder still very lean, but a little bit richer than in the first case. 

In the third case, as the beginning of the injection, the 70 °CS bTDC was selected. It 
was got after injection of the entire amount of fuel 45 °CS more for mixing before the spark 
and ignition. It can be said that in this case, it was much longer time for mixing, and this case 
should be showing a significant differences in the results. This is because of the time of mixing 
that is now longer, the mixture in the cylinder will be richer, and in pre chamber will be leaner. 
Of course, its logic to conclude that the mixture will still be richer in pre chamber than in the 
cylinder. 

The injection timing for the fourth case is defined at 140 °CS bTDC. This moment 
was selected with purpose, where this is the moment of intake valve closing. Also the pressure 
in the cylinder is still low. In this case, after injection and before ignition, it has stayed 115 °CS 
for mixing, homogenization and creation of uniform mixture. In this situation, the mixture in 
pre chamber and cylinder will be stoichiometric or very close to it. This will be proved trough 
high combustion speed, or in selected case trough high cylinder pressure increasing. 

The advantage of the numerical analysis is the visualization of the simulated process. 
This smoothing cannot be accomplished by using the mathematical models. Specifically for this 
research paper, it was selected to show the simulation for the working cycle with the hydrogen. 
The contours of the results are shown in tab. 5,  
where the results presented every 45 °CS with 
the beginning at TDC, and the results for TDC 
during the combustion process are given for ev-
ery 5 °CS.

It can be seen from the results that the tem-
perature contours for the first case, where the val-
ues of the maximum temperature is found 2776 
K. In general, the range of temperature for all four 
cases is found 2752-2924 K as shown in fig. 4.

The results for the maximum temperature 
of the fourth case were logical; a little bit lower 
was obtained for third case and the lowest for the 
second case. It's interested that the temperature 
in the first case was not lower than in the second 

Figure 4. The variation of temperatures 
during the combustion
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Table 5. Simulation of the IC engine working cycle with the hydrogen

360 °CS 405 °CS 450 °CS

495 °CS 540 °CS 585 °CS

630 °CS 675 °CS 705 °CS

710 °CS 715 °CS 720 °CS

725 °CS 730 °CS 735 °CS

740 °CS 785 °CS 830 °CS
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case. The most probable reason for this result is because the time interval for mixing between 
first and second case is not too high. However, with increasing the time period for homoge-
nization, the maximum temperature rise. Also, it was found in all cases that the temperature 
before the ignition is not above 848 K [12], which means that there don't exist possibility of 
auto ignition. 

However, the pressure in the cylinder is 
may be the best for the results analysis. It can be 
noticed in fig. 5 the cylinder pressure curves for 
all four cases.

The results of the cylinder pressure proved 
the earlier claim. By earlier injection, when in-
creasing the time for mixture homogenization, 
the pressure will grow quickly. This confirms 
that the combustion speed is high in the area of 
stoichiometric mixture. Because of this result, 
the pressure growth increased. Most important 
parameter for the cylinder pressure analysis is 
the maximum value of pressure and its position 
as lists in tab. 6.

Table 6. Value and the position of the maximum pressure
1st case 2nd case 3rd case 4th case

Maximum pressure value, [bar] 21.3 24.4 29.1 41.3
Position of the maximal pressure, [°CS] 2 aTDC 2 aTDC 5 aTDC 1 aTDC

The position of the maximum pressure is 
always aTDC, which is very good. The more 
accurate, the position of the maximum pres-
sure should not appear at TDC, because this can 
cause destruction of the engine. Owing to this, 
the spark timing is purposely defined very close 
to the TDC due to the high combustion speed. 
Based on the pressure result, it can be conclud-
ed that the better performances can be obtained 
by earlier injection. However, the position of the 
maximum pressure is still very close to the TDC, 
where the pressure increased rapidly. In order to 
analyze this situation, the results of the pressure 
rise gradient are shown in fig. 6.

The maximum values of the pressure rise 
gradient for selected cases are:
 – 1st Case 2.3 bar/°CS
 – 2nd Case 2.4 bar/°CS
 – 3rd Case 3.9 bar/°CS
 – 4th Case 7.4 bar/°CS

In the experimental results from the multi-process engine, the maximum value of the 
pressure rise gradient for the gasoline mode in observed mode is 1.3 bar/°CS, and for diesel 

Figure 5. The variation of cylinder pressure

Figure 6. Pressure rise gradient
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mode is 5.6 bar/°CS. The comparison was made between the results for hydrogen with the 
experimental. It can be concluded that the pressure rise gradient in the case of the hydrogen 
is always higher with respect to the experimental results for the gasoline mode. But in respect 
to the diesel mode, it is higher only for fourth case where pressure rise gradient has value  
7.4 bar/°CS. This value is 32% higher than the diesel mode. This can produce brutal engine 
work from the aspect of mechanical loads. However, the maximum pressure is much lower than 
those obtained for the diesel, but when added pre chamber, the compression ratio decreased.

Conclusions and remarks

In the paper, it was presented a new development for IC engine, and the analysis was 
performed for the working cycle with the hydrogen as a fuel. This new development is not 
something new geometrically, but represents a new approach for using the gaseous fuels, with 
injection pressure, which is a lot higher than injection pressure of usually used systems for gas 
injection. For this new approach, the pre chamber was added. The pre chamber is constructed 
to have the external dimensions as the fuel injector. Also, the pre chamber has the place for 
GDI injector and for a spark plug. This included technology for injection and ignition systems 
that are much cheaper than injection system for modern diesel engines. Because of chemical 
composition of hydrogen as fuel, carbon components in exhaust emission will be reduced. The 
only carbon that can appear is from oil that is used for engine lubrication. The temperatures 
during the combustion were high, which means that are accomplished conditions for NOx for-
mation that agreed with the results of other researches. However, it is much easier to work on 
the reduction of only one-component. With earlier injection, the pressure grown as well as the 
pressure rise gradient. According to the early injection, the brutal work of the engine can be 
caused. Also, it is obviously found that the surface beneath the pressure curve grown, although 
the exhaust stroke is not included in the simulation. This means that the engine efficiency will 
rise with earlier injection. This assumption should be considered for future research, in order to 
choose the best injection and spark parameters for engine work optimization.
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Nomenclature 
°CS – crank shaft degree
m – mass, [kg]
P  – pressure, [Pa]
R – gas constant, [Jkg–1K–1]
T – temperature, [K]

V  – volume, [m3]

Acronyms

GDI  – gasoline direct injection
IC   – internal combustion
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