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Abstract: During the past decade, considerable effort has been made to introduce alternative energy sources
for use in conventional diesel and gasoline engines. Many researchers have attempted to use hydrogen as a fuel
in the diesel engine due to its ability to reduce pollutant emissions, such as carbon monoxide and unburned
hydrocarbons. With the rapid increase in computational capabilities, 3D computational fluid dynamics CFD
codes become essential tools for practical design, control and optimization of hydrogen engines. In the present
study, detailed chemical kinetic reactions with twenty nine steps of hydrogen oxidation with additional nitrogen
oxidation reactions were coupled with AVL FIRE® code to study combustion processes in a diesel engine using
hydrogen as the fuel. Moreover, a spark ignition model built by C++ program was incorporated into the AVL
FIRE® software to simulate the hydrogen ignition behavior. The model was validated by the experimental
results and employed to examine important parameters that have significant effects onthe engine performance.
The simulation results show that the variations of peak in-cylinder pressure, heat release rate, brake thermal
efficiency, ignition delay, combustion duration, and NO emissions reasonably agree with the experimental
findings. In order to reduce NOx emission an exhaust gas recirculation (EGR) system has been employed in the
engine model. The computations are consistent with the hypothesis that gas cylinder temperature decreases with
adding EGR and that the decrease in gas cylinder temperature results in the reduction in NO emissions.
Keywords: detailed chemical kinetics for hydrogen, AVL FIRE®, spark ignition engine, hydrogen engine and
exhaust gas recirculation (EGR), emissions.
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I.  Introduction

Due to the rapid depletion of fossil fuels and their detrimental effect on the environment, many
researchers have put considerable effort into developing and introducing alternative transportation fuels to
replace conventional fuels, such as gasoline and diesel [1]. Hydrogen is one of the most promising alternative
fuels for internal combustion (IC) engines due to its positive effects and its limited number of negative effects.
In the absence of carbon and sulfur the hydrogen-operated engine produces water as its main combustion
product. It does not produce significant amounts of carbon monoxide (CO), hydrocarbon (HC), smoke, sulphur
oxides (SOy), or carbon dioxide (CO,). The only undesirable emissions are the nitrogen oxides (NOy),
specifically nitric oxide (NO) and nitrogen dioxide (NO,). This high level of NOy is due to the high combustion
temperature in hydrogen-fuelled engines[2].Some of the important properties of hydrogen are given in Table 1
[3-6].

Hydrogen has a wide flammability range in comparison with all other fuels. Hydrogen also has a high
flame speed. This means that hydrogen engines can more closely approach the thermodynamically ideal engine
cycle. The higher flame speed results in a high rate of pressure rise in hydrogen fueled engines; therefore,
combustion is almost instantaneous. The higher flame speed and wider flammability limits make hydrogen
engines more efficient in stop-and-start driving. The high burning rate of hydrogen produces high pressures and
temperatures during combustion in chamber combustion when operating in near-stoichiometric mixtures. This
may lead to high exhaust emissions of oxides of nitrogen.

Hydrogen has very low ignition energy. The ignition energy required to ignite the hydrogen is very
low, which allows hydrogen engine to ignite lean mixtures and ensures prompt ignition. However, the low
ignition energy leads to uncontrolled pre-ignition/backfire problems [7, 8]. Hydrogen’s high diffusivity quickly
spreads fuel leaks, therefore reducing the explosion hazards associated with hydrogen engine operation.
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Hydrogen has a very low density. This means that the hydrogen engine needs a tank of very large volume to
store enough hydrogen to give the vehicle an adequate driving range.

Hydrogen’s high auto-ignition temperature (858°K) makes hydrogen more suitable as a fuel for spark
ignition (SI) engines [9-12] than for IC engines. However, the hydrogen cannot be used directly in a diesel
engine, because it is very difficult to ignite hydrogen just by the compression process, due to its auto-ignition
temperature (858°K) being so much higher than that of diesel fuel (525°K) [13]. Therefore, some sources of
ignition (spark plugs, glow plugs, or pilot fuel [14-24]) have to be generated inside the combustion chamber to
ensure the ignition of hydrogen.

Today, Computational Fluid Dynamics (CFD) has become an essential tool in the process of designing
and developing engineering devices. In the past few decades, the 3D CFD code has become a commonly used
tool to gain a better knowledge about the combustion processes inside the engine cylinder. CFD offers
successful assessment of newtechnologies, e. g., new fuel preparation methods, new combustion concepts,
and/or alternative fuels. With the recent development of computer processors and the expansion of allowable
memory, researchers and engineers are now able to integrate detailed chemical kinetics with a computational
fluid dynamics (CFD) code to simulate IC engines.

Background and Motivation

To achieve the maximum advantages of hydrogen with the above distinctive properties, exhaustive
research is required for the development of fuel-specific combustion and emission models. Advanced control
approaches and operating strategies to reduce NOx emissions at high loads are also required. These efforts have
the potential to produce more efficient and lower emission hydrogen engines that surpass the current fossil fuel-
burning IC engines.

During the past few years, numerous researchers have made an effort to use hydrogen as fuel
compression ignition engines[25]. Some researchers have used diesel as an ignition source to ignite hydrogen
[19-22], and others have used glow plugs or spark plugs as an ignition source. Homan et al. [14] carried out
experiments on a diesel engine converted for hydrogen operation without providing a timed ignition system. A
glow plug and a multiple-strike spark plug were tested as ignition sources. It was found that glow plug ignition
was an attractive way to operate hydrogen-fueled engines with direct cylinder injection late in the compression
stroke. Welch et al. [16] performed hydrogen injection investigations using a glow plug for ignition assist and
found that the use of hydrogen provided higher power than the same engine could provide on diesel. Wong [23]
tried using a ceramic part as a glow plug to retain heat as the ignition source. Many statistical studies have
focused on using three-dimensional computational fluid dynamics (CFD) tools to understand the in-cylinder
flow field and mixing process [24, 26-31].Rakopoulos et al. [29, 30] have recently developed combustion
model, which is incorporated in an in-house CFD code using RNG k-¢ turbulence model for the simulation of a
hydrogen spark-ignition engine. That model is composed of various sub-models used for the simulation of
combustion of conventional fuels in SI engines; it has been adjusted for simulation of hydrogen combustion
engine. They have investigated the combustion processes inside cylinder, especially with varying equivalence
ratios. Kosmadakis et al. [31] have investigated the variation of EGR rates in that model in order to decrease the
exhaust nitrogen oxides emissions.

Few studies have also focused on integrated chemical kinetics details with CFD code [32-34]. AVL
FIRE® is one type of three-dimensional CFD engine simulation software. AVL FIRE® software has been
widely used in predicting the performance of diesel engines. Some studies have investigated and reported on the
integration of detailed diesel chemical kinetics with the AVL FIRE® CFD code [35,36].

In the present model, detailed chemical kinetic reactions for hydrogen oxidation with additional
nitrogen oxidation reactions were combined with the AVL FIRE® CFD code using k-zeta turbulence model to
run a hydrogen-fuelled diesel engine. Also, a spark ignition model was built using C++ programming and
incorporated into the AVL FIRE® software to simulate the hydrogen ignition behavior.

An advantage of this model is the FIRE General Gas Phase Reactions Module was used for simulation
of spark-ignition engines that run on either hydrogen fuel or conventional fuels, contrary to what it is done in
most existing engines models.

Computational Method

AVL FIRE® presents a general species transport model to allow the implementation of a detailed
kinetic model [35]. FIRE® solves species transport equations for aarbitrary number of chemical species. The
species mass conservation equation is expressed as :
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Wherew; is the mass fraction, S, is the source term of species i by taking into account homogeneous
chemical reactions,o,; is the stress tenser, and u is the viscosity. Based on parameters extracted from a
database, the physical properties (viscosity, density, specific heat, diffusion coefficient, thermal conductivity)
shown in the equation above are calculated for each species and for gas mixtures by using the chemical kinetic
databases (CHEMKINT™),

The chemistry effect (level of elementary reactions) is taken into account such that at the beginning of
each CFD time step (At), a single zone reactor model is calculated for each computational cell. At the latest
CFD time step for the properties (pressure, volume, temperature), the following conservation equations are
integrated by the model for the time step (At), considering the volume cell as a function of time {V = V(t)}.
The species conservation equation is computed using:

aw;
P ¢

= Miwi (2)

Where M; is the molecular weight of ith species, and w; is the molar species production rate. In this
case, only the source term, S, , is taken into account due to the homogeneity assumption. The energy
conservation equation is expressed as:
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On the left-hand side, the first term represents the temporal change of energy content, and the second
term represents the volume work. The terms on the right-hand side represent the consideration of the change of
inner energy due to production and consumption of chemical species. By using an interface to the CHEMKIN™
libraries, the molar species production rates, w;, can be calculated, and the source terms can be calculated by
neglecting any effect of turbulence/mixing on the chemical reaction as follows:
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Where the superscripts n and n+1 indicate the first and the last values of the single zone reactor model.

Keeping the source terms constant for the following CFD time step is the most important advantage of this
approach because it makes the CFD simulation 100 percent conservative, fast, and valid.
The following approach considers the effects of both mixing and chemical kinetics by assuming that the reaction
rate is determined via a kinetic time scale t;;, (an equilibrium assumption under perfect mixed conditions) and
turbulent time scale t.,, (an eddy break up assumption). Furthermore, it assumes that the equilibrium
concentration of the fuel is zero and the kinetic time scale is equal to the scale used for the fuel for all the
species. By taking these assumptions into account, the above equation becomes
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The turbulent time scale t,,,, can be calculated using the following:

k
Turb = Gy g (8)

The variable f is a delay coefficient that uses to simulate the influence of turbulence on combustion after ignition
has occurred [37] and can be calculated as:

1—e™
= 9
f 0.632 ®)
_ Whyo0 = Wy,
"= 1 —_ WN2 (10)

In this study the k-zeta-f model was chosen. This model recently developed by Hanjalic, Popovac and
Hadziabdic [38]. For IC-engine flows the k-z-f model leads to more accurate results than the much simpler two-
equation eddy viscosity models of the k-e type by simultaneously exhibiting a high degree of numerical
robustness. This model is based on Durbin’s elliptic relaxation concept, which solves a transport equation for

2 J— J—
the velocity scales ratio { = ”Tinstead of the equation for vZ[38]. Thev? is the velocity scale and k is the

turbulence kinetic energy. Durbin’s model is described in [39].The FIRE General Gas Phase Reactions Module
was used to enable the simulations of kinetic problems.The detailed chemical Kkinetics for hydrogen was
integrated with the AVL FIRE® multidimensional CFD code to convert a diesel engine to a hydrogen engine.
The detailed chemical kinetic reactions for hydrogen consist of 20 steps with additional oxidation reactions
involving nitrogen, [40]. The CHEMKIN chemistry solver was integrated into the AVL FIRE® code for solving
the chemistry during multidimensional engine simulation. The AVL FIRE® code provides CHEMKIN the
species and thermodynamic information of each computation cell, and the CHEMKIN utilities return the new
species information and energy release after solving for the chemistry, the detailed chemistry modeling scheme
shown in the figure 1.

User-function was applied to use the spark ignition model. A spark ignition model was built using C++
programming and incorporated into the AVL FIRE® software to simulate the hydrogen ignition behavior.The
piston geometry and computational grid used for the simulations are shown in Figure 2. It was built up using the
commercial CFD tool AVL ESEDiesel. The computational domain consists of one sectionof the modeled engine
cylinder, which was used for simulations between inlet valve closing (IVC) and exhaust valve opening (EVO).
This means that only the closed volume part of the engine cycle is computed. The mesh was composed of about
12960 computational cells with mesh size was 3.33 x3.33x3.56 mm and nodes number 14167. The convergence
criterion is either maximum number of iterations 60 or reduction of residuals as 0.01 whichever achieves first.

Il. Results And Discussions

The operating conditions of the hydrogen IC engine modeled and simulated in this investigation were
chosen similar to the independent study by Subramanian et al. [41] because their reported test conditions and
experimental data were well documented. Specifications of the spark-ignition hydrogen engine used in this
computational study are listed in Table 2.The initial operating conditions of engine are listed in Table 3.Two
cases were selected to study engine combustion and to predict the in-cylinder emissions formation process.
These selected cases were at brake power of 7.4 kW and 2 kW with equivalence ratio of 0.84 and 0.3
respectively.

Brake Thermal Efficiency

Variations of brake thermal efficiency with brake power are depicted in Fig. 3. The brake thermal
efficiency increased as the brake power increased.The predicted brake thermal efficiency for two cases, at
abrake power of 2 kW (¢ = 0.3) and 7.4 kW (¢ = 0.84), are in good agreement with the experimental data
collected. The maximum brake thermal efficiency was nearly 30 % with brake power of 7.4 kW (¢ = 0.84)
compared to 19 % for brake power of 2 kW (¢ = 0.3). The main reason of high brake thermal efficiency at high
brake power is because at higher brake power outputs, flame speed increases as the equivalence ratio increases
and therefore nearly constant volume combustion is achieved with hydrogen, which results in higher brake
thermal efficiency.Ignition timing also had a significant influence on the thermal brake power. For the case with
an equivalence ratio of 0.84, the spark time was 5 BTDC (Before Top Dead Center), while with an equivalence
ratio of 0.3, it was 42 BTDC.With an equivalence ratio of 0.3, the spark time occurred too early BTDC. Hence a
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large amount of gas was burned while the piston was still going up as illustratedin the Fig. 14, thisprocess will
contribute to decrease the network produced and hence leading to reduction in the efficiency.

In-Cylinder Pressure

Cylinder pressure variations with crank angle as well as with relative cylinder volume are shown in
Figures 4 and 5 for an equivalence ratio of 0.84. The peak pressure for the hydrogen engine in the present model
was approximately 55bar, fairly comparable with the corresponding experimental values of 50 bar [41]. The P-V
diagramalso indicatesthat the heat addition process in the hydrogen engine takes place at a nearly constant
volume, similar to the Otto cycle, due to a much faster combustion.

Figuredalso illustrates the predicted in-cylinder pressure as a function with a crank angle foran
equivalence ratio of 0.3. At thisequivalence ratio, the peak pressure was lower than that at anequivalence ratio of
0.84. As the equivalence ratio (or brake power) increased, both the peak pressure and the rate of pressure
increased as depicted in Fig. 6. The peak pressure was found to increase almost linearly with equivalence ratio
(or brake power). This is because the flame speed increasedas the equivalence ratio (orbrake power)
increasedand the time required to complete the combustion decreased.The predicted peak pressure was in good
agreement with the experimental data collected at a brake power of 2 kW (¢ = 0.3). Several simple differences
occurred at a maximum brake power of 7.4 kW (¢ = 0.84).

A contour plot of in-cylinder pressure during the combustion process is illustrated in Fig. 7. At an
equivalence ratio of 0.3(at 2 kW), the peak pressure occurred at 8° ATDC (After Top Dead Center)compared to
6° ATDC forequivalence ratio of 0.84 (at 7.4 kW).The pressure rate at an equivalence ratio of 0.84 was (4
bar/deg) higher(0.8 bar/deg) than that at an equivalence ratio of 0.3, as shown in the figure. At TDC (Top Dead
Center), the pressure was about 2.96 bar for equivalence ratio of 0.3 (2 kW), while it was 2 bar forequivalence
ratio of 0.84 (7.4 kW) as shown in figure. Immediately after TDC, the rate of pressure rises drastically for case
of equivalence ratio of 0.84and becomes higher than that at equivalence ratio of 0.3. Than after crank angle of 8°
ATDC and 6° ATDC, the pressure start to decline during expansion stroke for equivalence ratio of 0.3 and 0.84
cases respectively. The pressure rate agreed with Subramanian’sexperiments [41].

Variation of Heat Release With Crank Angles

Fig. 8 illustrates the predicted heat release ratesas a function of crank angle for the maximum
equivalence ratio of 0.84. Thepredicted peak heat release in the hydrogen engine was 83 J/deg. The results
indicate that hydrogen’s faster burning speed produces a relatively high rate of heat release in a small time
interval.Several of the simple divergences that occurred in predicting the heat release rate (HRR) could have
been caused either bydeficiencies in the computer models or differences in the boundary conditions between the
simulations and the experiments.

Emissions

Nitric oxide is the only emission produced by hydrogen engines. Any carbonemissions (e.g., CO, CO,
and HC) will be very little. Thus they are omitted in emission discussions.Fig. 9 illustrates both the predicted
and the measured NO emissions as a function of brake power (orequivalence ratio). These NO emissions were
almost negligible below an equivalence ratio of 0.55 (or 5 kW). When the equivalence ratio increased beyond
this value, suddenly the NO emission rapidly increase and reach a peak value of approximately 9500 ppm at an
equivalence ratio of 0.84 (at 7.4 kW). ThisNO was formed primarily as a result of the following reactions:

Nzo +0= N2 + 02 (Rl)
N,O+O=NO+NO (R2)
N,O +H=N,+ OH (R3)
N,O +OH=N,+HO, (R4)
N,O+M=N,+0O+M (R5)
The other path to NO, formation can be described by reactions R6, R7, and R8, typically known as the
extended Zel’dovich mechanism:

N,+O=N+NO (R6)
N+0O,=NO+0 (R7)
N+OH=NO+H (R8)

Normally, these three reactions are only important at high temperatures because radicals O and OH are
created in high temperature gases.

Fig.10illustrates the NO emission at an equivalence ratio of 0.3. Here the NO reaches its maximum
value and is essentially “frozen” at that value, and does not change during the remainder of the expansion
stroke. The CFD also confirmed that, as the equivalence ratio decreased, the oxygen concentrations increased.
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When the mixture was leaned (¢ = 0.3), the oxygen concentrations increased and the in parallel cylinder
temperature decreased. Thus, the NO emissions decreased. These emissions are influenced, primarily, by a
reduction in temperature rather than the availability ofO,.

Fig. 11depicts the NO emissions at an equivalence ratio of 0.84. Herethe peak in NO occurs near the
spark-plug where the local temperature is very high (at flame region). It then begins to decline as the crank
angle increases during expansion stroke. As result to decline in-cylinder temperature, the rate of NO
decomposition rapidly decreases, so after crank angle of 50 AIT (After Ignition Time), the NO Kinetics is
effectively frozen, that because after 50° AIT, the rates of (R6 ), (R7), and (R8) become small and the
concentration of NO remains almost constant during the remainder of the expansion stroke.

An exhaust gas recirculation (EGR) system was used to reduce NO emissions. For hydrocarbon fuels,
the EGR rate is generally calculated from a molar CO2 balance. For hydrogen engines, however, this cannot be
used as no CO2 emissions occur. Three methods are available that can calculate the amount of EGR ina
hydrogen engine[42]. The first is based upon a volume balance in the mixing section of exhaust gases and fresh
air. The second method uses a molar balance of O, and third one uses a molar balance of H,O. The third method
was used in this study.

The information in Fig. 12 suggests that at fullbrake power, the peak NO was7500 ppm and 288
ppmbyadding 5 % EGR and 15 % EGR respectively, compared to 9500 ppm without EGR. It is generally
known that there are two reasons to reduce NO by EGR. The first of them is the reduction of combustion
temperature. The addition of exhaust gases to the intake charge increases the amount of combustion-
accompanying gases, which in turn increases the heat capacity and lowers the cylinder combustion temperature.
The second effect is the reduction of oxygen concentration in the intake charge, which restrains the generation
of NO.

The CFD results are consistent with the hypothesis that both gas cylinder temperature and oxygen
concentrations decreasewhen EGR is added.The decrease in gas cylinder temperature and oxygen concentration
results in the reduction in NO emission as shown in fig. 13. The temperature contour also indicates that with 15
% EGR, the temperature near the combustion cylinder’s sides was very low. This low temperature may be due
to the slow propagation of the flame with EGR level. The simulations of NO emissions conducted in this study
agree with the experimental data of Subramanian et al. [41] on a single hydrogen engine. It alsoagree with
simulations conducted with GT-power software and presented byVudumuet al. [42].Finally, should also be
noticed that the oxygen concentration in the exhaust gas was gradually reduced as the equivalence ratio for
hydrogen engine was increased.

Ignition Delay And Combustion Duration

The ignition delay is defined as the length of time (or crank angle interval) between instant of spark and
the inflammation of the air-fuel mixture (release of the first 5 percent of total heat energy). The combustion
duration is the crank angle covered for 5 to 90 percent of the total heat release.

The CFD results confirm that the ignition delay decreases as the equivalence ratio increases, as
depicted in fig. 14. It can be observed that operating at an equivalence ratio of 0.3 (lean mixtures), the ignition
delay was 12 crank angles compared to 6 crank angles at equivalence ratio of 0.84. This is may be due to
increase in energy input and mixture reactivity with increasing equivalence ratio, which advances the ignition
time.

Figures (7) and (8) indicate that the combustion duration for the two cases. At an equivalence ratio of
0.3 (Fig. 7), the combustion duration was longer than the combustion duration at an equivalence ratio of 0.84
(Fig. 8). At an equivalence ratio of 0.3, the flame covered the entire cylinder at a crank angle of 67° AIT (see
Fig. 7), however, for an equivalence ratio of 0.84, the flame covered the entire cylinder at 30° AIT (see Fig. 8).
This might be due to that the less thermal energy liberated from the leaner mixture which increases the ignition
delay and slows the flame propagation. This results were agreed with observations of Rakopoulos et al. [29, 30].
The combustion duration also increased as the EGR level increased. As shown in Fig 12 that for the 5 % EGR
level case, the flame has covered the whole combustion chamber at crank angle of 30 AIT. At that moment the
NO mass fraction has its peak value, and starts to decrease afterwards. However with the 15 % EGR level case,
the burning velocity is very low, since at crank angle of 30 AIT, the flame still propagates. This results were
agreed with observations of Kosmadakis et al. [31].

I11. Conclusions
The CFD simulation work carried out using AVL FIRE software for an IC Engine fueled with hydrogen gas
with varying brake power resulted the following conclusion:
e Model results showed good agreements with the experimental results for peak cylinder pressure, heat
release, brake thermal efficiency, NO emission, ignition delay, and combustion duration.
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NO emissions were negligible at lower equivalence ratios but, beyond an equivalence ratio of 0.55, NO

sharply increased.

The CFD results confirmed that gas cylinder temperature decreased with EGR and that the decrease in gas
cylinder temperature resulted in the reduction in NO emissions.

The combustion duration and ignition delay became longer as the mixture was made leaner.

Thus present model investigation on a single cylinder hydrogen engine has proved to be viable approach to
study combustion parameters and emissions in-cylinder for hydrogen fuelled IC engine. This is expected to

lead to improved designs of hydrogen engines.
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Figure 1 detailed chemistry modeling scheme

Figure 2 Computational mesh (50 sectors, 12960 cells)
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Figure 10 NO, O2 and temperature contour during combustion process at equivalence ratio of 0.3
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Figure 11 NO , O2 and temperature contour during combustion process at equivalence ratio of 0.84
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Figure 14 Temperature contour during combustion process shows the ignition delaywithequivalence

ratios
Table 1 Properties of hydrogen in comparison with diesel and gasoline.
Properties Hydrogen Gasoline Diesel
Auto igntition temperature (K) 858 550 530
Minimum ignition energy (mJ) 0.02 0.24 -
Flammability limitsin air (vol. %) 4-75 1-7 -
Net heating value ( MJ/kg) 119.9 44.79 42.2
Stoichiometric air/fuel (mass) 34.3 14.7 14.5
Density at ambient(kg/m”3) 0.083 730 824
Quenching gap in NTP air(cm) 0.064 0.2 -
Stoichiometric flame speed (m/s) 2.65-3.25 0.37-0.43 0.3
Table 2Specifications of the IC engine modeled
Fuel Hydrogen
Number of cylinders 1
Bore x Stroke 85 x 95 mm
Displacement volume 530 cm”3
Compression ratio 9:1
Engine speed 2500 rpm
Table 3 Initial operating conditions of engine
Start angle 540
End angle 850
Piston surface temperature 423 K
EGR % 15 %
Swirl ratio 1.2
Turbulence model k-zeta-f model
Turbulence kinetic energy 2 m?/s?
Turbulence length scale 0.0045 m
Initial temperature 330 K
Initial pressure 1 bar
Computational time step 0.25 deg.
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