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ABSTRACT 

In order to develop design guidelines for optimum operations of internal 

combustion engines fueled with alternative fuels, a comprehensive understanding 

combustion behavior and the pollutant formation inside the cylinder are needed.  The first 

part of this thesis aimed to numerically study the engine performance and in-cylinder 

pollutant formation in a spark ignition engine fueled with hydrogen. Advanced simulations 

were performed using multi- dimensional software AVL FIRE coupled with CHEMKIN. 

The detailed chemical reactions with 29 steps of hydrogen oxidation with additional 

nitrogen oxidation reactions were also employed. Formation rates of nitrogen oxides (NOx) 

within the engine were accurately predicted using the extended Zeldovich mechanism with 

parameters adjusted for a carbon-free fuel. The computational results were first validated 

against experimental results with different equivalence ratios and then employed to 

examine a spark-ignition engine fueled with hydrogen under different operating conditions. 

Strategies that could have significant effects on the engine performance and emissions, 

such as exhaust gas recirculation (EGR) and ignition timing were also investigated. 

Furthermore, the maximization of engine power and minimization of NOx emissions were 

considered as conflicting objectives for preliminary optimization. Finally, a skeletal 

reaction mechanism was developed to include the reaction kinetics of diesel and hydrogen 

fuel mixtures to investigate in-cylinder combustion processes of such a dual fuel 

compression-ignition engine. The model was then employed to examine the effects of 

exhaust gas recirculation (EGR) and N2 dilution on NOx emissions. 
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1. INTRODUCTION 

Due to the depletion of fossil fuels and environmental degradation in recent years, 

there is considerable global effort to ensure continued availability of supplies of 

hydrocarbon fuels and to reduce exhaust emissions from all combustion devices, 

particularly internal combustion engines. Many studies by a number of research groups 

worldwide have focused attention on alternative transportation fuels to replace or 

supplement hydrocarbon fuels. In this regard, hydrogen is considered one of the most 

promising alternate fuels due to its clean burning characteristics and better overall 

performance as compared to hydrocarbons fuel. 

The hydrogen has numerous excellent combustion characteristics when burned in internal 

combustion (IC). Hydrogen’s composition does not include any carbon specie. This means 

that a hydrogen engine does not produce toxic products, such as hydrocarbons (HC), carbon 

monoxide (CO), and carbon dioxide (CO2); instead, its main products are water (H2O) and 

nitrogen oxide (NOx). Hydrogen has a wide flammability range in comparison with all 

other fuels. This is a significant advantage that permits the use of an ultra-lean mixture. 

Generally, fuel economy will be greater when an IC engine is run with a lean mixture. 

Hydrogen has a very low ignition energy. The amount of energy needed to ignite hydrogen 

is less than that needed for conventional fuels. This permits hydrogen engines to ignite lean 

mixtures and ensures prompt ignition. 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 auto-ignition temperature of 

hydrogen is very high (858°K). This permits hydrogen to be more suitable as a fuel for 

spark ignition (SI) engines. Moreover, hydrogen’s high auto-ignition temperature 

encourages the use of larger compression ratios, such as the ones prevalent in diesel 

engines. 

Hydrogen-fueled IC engines also have negative aspects that need to emphasis on 

them and suggest the technologies for overcoming on these challenges. Increasing the 

equivalence ratio for a higher power demand increases NOx emissions, which are higher 

than those from conventional engines. Due to hydrogen’s lower ignition energy, the hot 
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gases and hot spots in the cylinder, such as deposits, residual gas, exhaust valves, spark 

plugs, etc., can serve as sources of ignition, generating problems of pre-ignition (undesired 

ignition) and backfire. The pre-ignition can be prevented by using dilution techniques, such 

as exhaust gas recirculation (EGR); charge dilution by inert gases, such as helium (He) and 

nitrogen (N2); and by water (H2O) injection. Hydrogen has a very low density. This result 

in two problems when it is used in an internal combustion engine: (1) a very large volume 

is required to store enough hydrogen to give an adequate running time for the vehicle, and 

(2) the low energy density of a hydrogen-air mixture reduces the power output of the 

hydrogen-fueled engine. Hydrogen has a small quenching distance, smaller than other 

conventional fuels. Consequently, this allows flame propagation nearer to the cylinder 

walls before they extinguish than is possible with other fuels. The smaller quenching 

distance can also increase the chance for backfire. Hydrogen has very high diffusivity. This 

ability to disperse in air is advantageous for the formation of a uniform mixture of fuel and 

air, and to curb the problem of hydrogen leaks. 

Hydrogen can be adapted to power both spark ignition (SI) and compression 

ignition (CI) engines. In SI engines, hydrogen can be used directly as the sole fuel. 

However  in the case of a CI engine, hydrogen cannot be used directly, because it is very 

difficult to ignite it by only the compression process due to its auto-ignition temperature 

(858 K) being so much higher than that of diesel fuel (525 K) . Therefore, some auxiliary 

ignition sources (spark plugs, glow plugs, or pilot fuel) have to be used inside the CI engine 

combustion chamber to ensure the ignition of hydrogen. Hydrogen can also be used in 

compression ignition (CI) engines under dual-fuel combustion mode with H2 

supplemented into the intake air. In dual-fuel engines, the combustion of gaseous fuel with 

high ignition temperature such as H2 is achieved with the ignition of a fuel with low ignition 

temperature such as diesel. 

Numerous experiments have been established on IC fueled with hydrogen to 

investigated and understand the in-cylinder combustion processes under different operating 

conditions. However, there are difficult to obtain better knowledge about the in-cylinder 

combustion processes and pollutant experimentally. Also reduce the development costs 

and minimizing the time is needed with experimental investigations. In the past few years 

numerous studies focused on how to create an engine models in order to obtain an insight 
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into the complex phenomena in-cylinder processes, and furthermore optimize engines 

development. 

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 new 

technologies, 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. 

The layout of the dissertation is as follows. The first part investigates in-cylinder 

combustion processes in a SI engine using a 3D Model with Chemical Kinetics. The model 

was validated by the experimental results and employed to examine important parameters 

that have significant effects on the engine performance. The second part investigates in-

cylinder combustion processes in a diesel engine fueled with hydrogen using a 3D Model 

with Chemical Kinetics. The model was then employed to examine the effects of exhaust 

gas recirculation (EGR) and N2 dilution on NOX emissions. 
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I. COMPUTATIONAL INVESTIGATION OF IN-CYLINDER 

COMBUSTION CHARACTERISTICS AND EMISSION                              

OF HYDROGEN IC ENGINE USING A 3D MODEL                             

WITH CHEMICAL KINETICS 

Hassan A. Khairallah and Umit O. Koylu  

Department of Mechanical and Aerospace Engineering, Missouri University of Science 

and Technology, Rolla, MO 65409 USA. 

 

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 CFD 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 model to simulate 

the hydrogen ignition behavior. The NO formation within the engine was computed using 

the extended Zel’dovic mechanism with parameters adjusted for a carbon-free fuel such as 

hydrogen. The model was validated by the experimental results and employed to examine 

important parameters that have significant effects on the engine performance. The 

simulation results show that the variations of peak in-cylinder pressure, heat release rate, 

brake thermal efficiency, flame development period, combustion duration, and NO 

emissions reasonably agree with the experimental findings. In order to reduce NOx 
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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 NOx emissions. 

KEYWORDS: chemical kinetics, spark ignition engine, hydrogen engine and exhaust 

gas recirculation (EGR), emissions. 

 

 

Corresponding Author: Umit O. Koylu* , Tel: (001) 573-341-6601, E-mail:  

koyluu@mst.edu 

 

1. 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 (SOX), or carbon dioxide 

(CO2). The only undesirable emissions are the nitrogen oxides (NOx), specifically nitric 

oxide (NO) and nitrogen dioxide (NO2). This high level of NOx is due to the high 

combustion temperature in hydrogen-fuelled engines.2 Hydrogen has good properties as a 

fuel for internal combustion engines.3-5 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 

mailto:koyluu@mst.edu
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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 

will lead to high exhaust emissions of oxides of nitrogen. 

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.6,7  Hydrogen’s high 

diffusivity quickly spreads fuel leaks, therefore reducing the explosion hazards associated 

with hydrogen engine operation. 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 it more suitable as a fuel 

for spark ignition (SI) engines8-10 than for compression ignition engines (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).11 Therefore, 

some sources of ignition (spark plugs, glow plugs, or pilot fuel),12-18 have to be generated 

inside the combustion chamber to ensure the ignition of hydrogen. 

 

2. BACKGROUND AND MOTIVATION 

During the past few years, numerous researchers have made an effort to use 

hydrogen as fuel compression ignition engines. Some researchers have used diesel as an 

ignition source to ignite hydrogen,14-16,18,19 and others have used glow plugs or spark plugs 

as an ignition source. Homan et al.12 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.13 performed hydrogen injection 

investigations using a glow plug for ignition assist and found that the use of hydrogen 
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provided higher power than the same engine could provide on diesel. Wong17 has tried 

using a ceramic part as a glow plug to retain heat as the ignition source.  

Several experiments have been established on SI engine fueled with hydrogen to 

investigated and understand the in-cylinder combustion processes under different operating 

conditions. Lee et al. 20 conducted that flame propagation under the stoichiometric 

condition was faster than that under the lean mixture condition. They also found that the 

flame kernel was made at the central area near the spark plug. Tang et al. 21, 22 investigated 

the shape of flame kernel in hydrogen–air mixture ignited through a spark plug. The results 

showed that at 0.1 MPa, the shape of flame kernel was found as a disk whose diameter 

increases with crank angles. However, there are difficult to obtain better knowledge about 

the in-cylinder combustion processes and pollutant experimentally. Also reduce the 

development costs and minimizing the time is needed with experimental investigations. In 

the past few years numerous studies focused on how to create an engine models in order to 

obtain an insight into the complex phenomena in-cylinder processes, and furthermore 

optimize engines development. 

Moreover, 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 new technologies, 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. Many statistical studies have focused on using three-dimensional computational 

fluid dynamics (CFD) tools to understand the in-cylinder flow field and mixing process.23-

30 Rakopoulos et al.23,26,27 have recently developed combustion model, which is 

incorporated in an in-house CFD code using RNG k-ɛ 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 
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processes inside cylinder, especially with varying equivalence ratios. Kosmadakis et al.28 

have investigated the variation of EGR rates in that model in order to decrease the exhaust 

nitrogen oxides emissions. Many studies have also focused on integrated chemical kinetics 

details with CFD code.30-33 AVL FIRE® software has been widely used in predicting the 

performance of diesel engines.32,33 However, few studies have investigated and reported 

on hydrogen using chemical kinetics.  

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-ζ-f turbulence model to run a hydrogen-fuelled diesel engine. Also, a spark 

ignition model was built using C++ programming and incorporated into the model 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. The present simulation provides better knowledge about the in-cylinder 

combustion processes that are difficult to determine experimentally.  

3. COMPUTATIONAL METHOD 

AVL FIRE® presents a general species transport model to allow the 

implementation of a detailed kinetic model.31 FIRE® solves species transport equations for 

an arbitrary number of chemical species. The species mass conservation equation is 

expressed as: 

 

 

Where 𝑤𝑖 is the mass fraction, S𝑤𝑖
 is the source term of species i by taking into 

account homogeneous chemical reactions, σci is the stress tenser, and  𝜇 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 

𝜕(𝜌𝑤𝑖)

𝜕𝑡
+

𝜕

𝜕𝑥𝑘

(𝜌(𝑈𝑘 − 𝑈𝛿𝑘)𝑤𝑖) =
𝜕

𝜕𝑥𝑘
((𝜌𝐷𝑖 +

𝜇

𝜎𝑐𝑖
)

𝜕

𝜕𝑥𝑘
) + 𝑆𝑤𝑖

 

𝑎𝑡 𝑆𝑤𝑖
= 𝑟𝑖 

(1)
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calculated for each species and for gas mixtures by using the chemical kinetic databases 

(CHEMKIN™).  

The chemistry effect (level of elementary reactions) is taken into account such that 

at the beginning of each CFD time step (∆t), 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 (∆t), considering the volume cell as a function of time {V = V(t)}. The species 

conservation equation is computed using: 

𝜌
𝜕𝑤𝑖

𝜕𝑡
= 𝑀𝑖𝜔𝑖 (2) 

Here 𝑀𝑖 is the molecular weight of ith species, and 𝜔𝑖 is the molar species 

production rate. In this case, only the source term, 𝑆𝑤𝑖
, is taken into account due to the 

homogeneity assumption. The energy conservation equation is expressed as:   

                      𝜌𝑐𝑣
𝜕𝑇

𝜕𝑡
+

𝑃

𝑉

𝜕𝑉

𝜕𝑡
= − ∑ 𝑢𝑖𝑀𝑖𝜔𝑖

𝑁𝑦

𝑖=1
 

         

(3)     

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, 𝜔𝑖, can be calculated, and the source terms can be 

calculated by neglecting any effect of turbulence/mixing on the chemical reaction as 

follows: 

                          𝑟𝑖 =
𝜌𝑛+1𝑤𝑖

𝑛+1−𝜌𝑛𝑤𝑖
𝑛

∆𝑡
            (4) 

Here 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.  
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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 𝜏𝑘𝑖𝑛 (an equilibrium 

assumption under perfect mixed conditions) and turbulent time scale 𝜏𝑡𝑢𝑟𝑏 (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: 

 

 

 

 

 

 

 

 

The turbulent time scale 𝜏𝑡𝑢𝑟𝑏 can be calculated using the following:  

𝜏𝑡𝑢𝑟𝑏 = 𝐶𝑡

𝑘

𝜀
             (8) 

The variable f is a delay coefficient that uses to simulate the influence of turbulence on 

combustion after ignition has occurred34 and can be calculated as: 

 

 

 

In this study the k-zeta-f model was chosen. This model recently developed by 

Hanjalic et al.35 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 

𝑟𝑖 =
𝜏𝑘𝑖𝑛

𝜏𝑘𝑖𝑛 + 𝑓𝜏𝑡𝑢𝑟𝑏
 
𝜌𝑛+1𝑤𝑖

𝑛+1 − 𝜌𝑛𝑤𝑖
𝑛

∆𝑡
           (5)      

𝜏𝑘𝑖𝑛,𝑖 = ∆𝑡 
𝜌𝑛+1𝑤𝑖

𝑛+1

𝜌𝑛+1𝑤𝑖
𝑛+1 − 𝜌𝑛𝑤𝑖

𝑛         (6) 

𝜏𝑘𝑖𝑛 = max  (𝜏𝑘𝑖𝑛,𝑓 , 𝜏𝑘𝑖𝑛,𝐶𝑂)      (7) 

  

  
𝑓 =  

1 −  𝑒−𝑟

0.632
         (9) 

𝑟 =  
𝑤𝑐𝑜2  −  𝑤𝐻2𝑂 −  𝑤𝑐𝑜 − 𝑤𝐻2

1 − 𝑤𝑁2

 
            (10) 
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relaxation concept, which solves a transport equation for the velocity scales ratio   ζ =
v2̅̅̅̅

k
     

instead of the equation for v2̅̅ ̅ .35 The  v2̅̅ ̅ is the velocity scale and k is the turbulence kinetic 

energy. Durbin’s model is described in refereance.36 The detailed chemical kinetics for 

hydrogen was integrated with the multidimensional CFD code to investigate SI engine 

fueled with hydrogen. The detailed chemical kinetic reactions for hydrogen consist of 29 

steps with additional oxidation reactions involving nitrogen.37 The CHEMKIN chemistry 

solver was integrated into the CFD 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 FIRE 

internal interpreter first reads the user’s symbolic description of the reaction mechanism. 

It then extracts thermodynamic information for the species involved from the 

Thermodynamic Database. The FIRE General Gas Phase Reactions Module was used to 

enable the simulations of kinetic problems, 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 model to simulate the 

hydrogen ignition behavior. The piston geometry and computational grid used for the 

simulations were built up using the commercial CFD tool AVL ESEDiesel. The mesh was 

composed of about 12960 computational cells with mesh size was 3.33 ×3.33×3.56 mm 

and nodes number 14167.  An et al.44 considered the effect of mesh size in detail and 

showed that 3.4 mm was sufficient for typical IC engine. Wang et al45. also used similar 

mesh size for reasonable spatial resolution.  

The convergence criterion is either maximum number of iterations 60 or reduction 

of residuals as 0.01 whichever achieves first. In this paper, the boundary conditions were 

as follows: the piston temperature was 423 K, cylinder liner temperature was 423 K, and 

cylinder head temperature was 453 K. The computational domain consists of one section 

of 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 spark plug located in the center of cylinder head.  The 
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spark duration is equal to 4.5 oCA (almost 1.33 ms). The computational time step used for 

simulation, during the compression stroke was 1 oCA. However during the combustion 

period, the time step was further decreased and becomes equal to 0.25 oCA. This occurs in 

order to increase the accuracy of the computational results. 

4. 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.4 because 

their reported test conditions and experimental data were well documented. Specifications 

for the spark-ignition hydrogen engine used in this computational study and engine’s initial 

operating conditions are listed in Table 1. The spark-timing was set to its MBT (Minimum 

advance for best torque) value, and the engine speed was kept constant at 2500 rpm. 

4.1. A comparison between hydrogen and gasoline IC engines 

Before a comparison to experimental data, the computational model for hydrogen 

engine was first compared to the computational model for gasoline engine with the same 

geometry and operating conditions. The spark-timing is set to their MBT value (5 oCA 

BTDC for hydrogen and 18 oCA BTDC for gasoline), and the engine speed was kept 

constant at 2500 rpm. This exercise revealed the general features of a hydrogen engine 

relative to a traditional engine. Figure 2 illustrate the variation of cylinder pressure versus 

crank angle for both types of engines at full load. As expected, in comparison to the 

gasoline engine, the hydrogen engine had both a higher rate of pressure rise and a higher 

maximum pressure in the cylinder than did the gasoline engine because the hydrogen had 

a significantly higher burning speed. The peak pressure for hydrogen was advanced by 3º 

crank angle as compared to the peak pressure for gasoline because the hydrogen undergoes 

instantaneous combustion.  

Additionally, the flame development period (time interval between instant of spark 

and the inflammation of the air-fuel mixture) and combustion duration, for the hydrogen 

and gasoline engines under identical operating conditions are compared in terms of crank 

angle. The flame development period and combustion duration for the hydrogen engine 

were 6º and 27º crank angles respectively. On the other hand, for the gasoline engine, the 
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flame development period and combustion duration were recorded as 12º and 60º crank 

angles respectively. The faster ignition and shorter combustion duration were responsible 

for the optimal spark timing (MBT) to be close to the top dead center (5 oCA BTDC) for 

hydrogen and to be 18 oCA BTDC for gasoline operation. Figure 3 shows in-cylinder 

temperature profiles as the flame propagates out from the spark plug, depicting how the 

flame propagates inside the cylinder after the ignition timing for hydrogen and gasoline. 

At the start of the ignition, the flame kernel shape was found as a disk whose diameter 

increases with time, which agrees with Tang et al.21,22 It is seen that hydrogen has shorter 

burn compared to that of gasoline, wherein the flame covered the entire cylinder at a crank 

angle of 16 oCA AIT (After Ignition Time). However, for gasoline at a crank angle of 24º 

AIT the flame is still propagating. This is due to higher flame speed of hydrogen, which is 

five times that of gasoline, and the wider flammability range of hydrogen compared to 

gasoline. This leads to faster burning velocity of hydrogen and an extended flame limit 

than gasoline, which can achieve a shorter burning duration and a more complete burning. 

4.2. Model validation-comparison of simulations to experiments 

Several engine combustion cases were studied, and an in-cylinder emissions 

formation process and engine performance were predicted. The simulations provide values 

of indicated work (Wi), indicated mean effective pressure (IMEP) and indicated power (Pi), 

which was calculated from in-cylinder pressure trace as following equations:  

 

 

 

              𝐼𝑀𝐸𝑃 (𝑘𝑃𝑎) =  
1

𝑉𝑑
∫ 𝑝𝑑𝑉

𝐸𝑉𝑂

𝐼𝑉𝐶

              (12) 

 

𝑃𝑖  (𝑘𝑊) =
𝑊𝑖  . 𝑁

2 × 60
             (13) 

 

                 𝑊𝑖 (𝑘𝑗) =  ∫ 𝑝𝑑𝑉

𝐸𝑉𝑂

𝐼𝑉𝐶

 

                 (11) 
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Indicated thermal efficiency (ITE) would be a more relevant comparison as this 

study was more concerned with the combustion process instead of the power transmission. 

The experimental data4 were obtained for brake thermal efficiency (after friction) instead 

of indicated thermal efficiency (before friction). To compute brake thermal efficiency of 

the hydrogen engine, the Chen-Flynn friction model 46 has been used as shown in the 

following equation:  

 

 𝐹𝑀𝐸𝑃 (𝑘𝑃𝑎) = 0.7 + 0.008 × 𝑃max _𝑐𝑦𝑙𝑖𝑛𝑑𝑟 + 0.21 × 𝑆�̅� + 0.0015 × 𝑆�̅�
2 

(14) 

 

So friction power (𝑃𝑓) was calculated as follows:  

 

          𝑃𝑓 (𝑘𝑊) =  
𝐹𝑀𝐸𝑃 × 𝑉𝑑  × 𝑁

2 × 60
 

                        (15) 

where 𝑁 is engine speed (rpm),  𝑆�̅� is mean piston speed (m/s) and  𝑉𝑑 is 

displacement volume (m3). Then the brake power (𝑃𝑏) was obtained as the difference in 

between indicated power (𝑃𝑖) and the friction power (𝑃𝑓). Table 2 shows validated model 

results against independent experiments for performance and engine out exhausts. It was 

found that the peak pressure increase almost linearly with equivalence ratio (or brake 

power) as shown in the table, which were in agreement with one dimensional model 

reported by Vudumu et al.46 This is because the flame speed increased as both the 

equivalence ratio (and brake power) increased and the time required completing the 

combustion decreased. The predicted peak pressure was in good agreement with the 

experimental data collected at equivalence ratios of 0.3 and 0.55. However the predicted 

results were 5 % higher than the experiments at equivalence ratio of 0.84. 

From the table was observed that the brake thermal efficiency increased as the 

equivalence ratio increased. The brake thermal efficiency of an engine is defined as the 

ratio of the engine brake power to the input fuel energy.  

 

                          ηBTE =
𝑃𝑏

(�̇�𝑓.ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑛 × 𝐶𝑉ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑛)
 

                        (16)  
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Here  �̇�𝑓.ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑛 is hydrogen flow rate (kg/s) and  𝐶𝑉ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑛  is the lower heating 

value of hydrogen fuel (kg/kJ) with a value of 120 MJ/kg. The maximum brake thermal 

efficiency was nearly 30 % at an equivalence ratio of 0.84 (7.4 kW) and 19 % at 0.3 

equivalence ratio (2 kW).   At high brake power 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.  

The predicted heat release rates as a function with the crank angle for hydrogen and 

gasoline operation at maximum are illustrated in Fig. 4. The predicted peak heat release in 

the hydrogen operation was higher (83 J/deg) compared to gasoline operation. These results 

indicate that hydrogen’s faster burning speed produces a relatively high rate of heat release 

within a small time interval. Several of the simple divergences that occurred in predicting 

the heat release rate (HRR) could have been caused either by deficiencies in the computer 

models or differences in the boundary conditions between the simulations and the 

experiments. 

In-cylinder temperature profiles, as the flame propagated out from the spark plug 

with different equivalence ratios (0.84, 0.55, and 0.3) are illustrated in Fig. 7. The 

equivalence ratio had a significant influence on the flame propagation. The highest flame 

intensity was obtained at  ɸ = 0.84, where the flame covered the entire combustion chamber 

at a crank angle of 16 oCA AIT. The flame’s intensity was weaker at ɸ = 0.55 than it was 

at φ = 0.84. Here the flame covered the entire combustion chamber at a crank angle of 24 

oCA AIT. The flame’s intensity was very weak at ɸ = 0.3, since at a crank angle of 32 oCA 

AIT the flame still propagates towards the chamber walls. This might be caused due to 

lesser thermal energy liberated from the leaner mixture which increases the flame 

development period and slows the flame propagation. These results were in agreement with 

experimental observations reported by Lee et al.20 and with numerical observations 

reported by Rakopoulos et al.26,27. 

The undesirable emission produced by hydrogen engines only the nitric oxide. 

Any carbon emissions (e.g., CO, CO2 and HC) will be very little. Thus, they are omitted 

in emission discussions. The NO formation can be described by reactions R6, R7, and 

R8. These reactions are typically known as the extended Zel’dovich mechanism: 
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N2 + O = N + NO              (R1) 

N + O2 = NO + O              (R2) 

N + OH = NO + H            (R3) 

In general, these three reactions are only important at high temperatures because, the 

radicals O and OH are created in high temperature gases. 

The other path to formation NO can be described by reactions the following 

reactions: 

N2O + O = N2 + O2          (R4) 

N2O + O = NO + NO       (R5) 

N2O + H = N2 + OH         (R8) 

N2O + OH = N2 + HO2     (R7) 

N2O + M = N2 + O + M     (R8) 

The nitrogen reaction constants which were used in reference37, were derived for 

hydrocarbon fuels, and so their accuracy not well to predict quantitative results for 

hydrogen-fuelled engines. In the present study the chemical reaction constants for extended 

Zel’dovic mechanism (R1, R2 and R3) was adjusted for a carbon-free fuel, where the 

constants in reference38 have been applied to predict the NOx emissions for hydrogen-

fuelled engines. The Table 3 shows the chemical reaction constants used for NO 

calculations with both the hydrocarbon fuel and the carbon-free fuel. As depicted in Table 

4, with carbon-free fuel, the predicted results were more accurate compared with that at 

hydrocarbon fuel. Where the difference between experiment and computation with free 

carbon were approximately 0.26% and 2.22%, while with hydrocarbon were 22.2% and 

62% for equivalence ratios of 0.84 and 0.55 respectively. 

The one important scope of the present computational was to provide a better 

understanding of the NO emissions production, in association with the mean in-cylinder 

gas temperature and oxygen availability at the same instants of time. Figure 6 shows the 

changes of NO, O2, N2O and OH concentrations depending on crank angle, for three 
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equivalence ratios at 0.84, 0.55 and 0.3. The CFD results confirmed that, as the equivalence 

ratio decreased, the oxygen concentrations increased, and the in parallel cylinder 

temperature decreased. Thus, the NO emissions decreased as illustrated in the contour plot. 

The NO formation was influenced, primarily, by a reduction in temperature rather than the 

availability of O2. For equivalence ratio of 0.84, NO formation occurred near the spark-

plug where the local temperature was very high (at flame region), and start to diffuse inside 

the cylinder until reached its maximum.  Then can be observed that NO began to decline 

as the crank angle increased during the expansion stroke. As result of the decline in-

cylinder temperature, the rate of NO decomposition rapidly decreases, and after crank 

angle of 50 oCA AIT, the NO kinetics was effectively frozen. It is due to the rates of R1, 

R2 and R3 becoming small after 50 oCA AIT.  For equivalence ratios of 0.55, the NO 

formation shows a similar trend at equivalence ratio of 0.84, where it formed near spark 

plug and reached its maximum than start to decline, but less diffusion inside the cylinder, 

where its concentration just observed at the center of cylinder compared to that at 

equivalence ratio of 0.84. For an equivalence ratio of 0.3, the NO formation reaches its 

maximum value and was essentially “frozen” at that value, and does not change during the 

remainder of the expansion stroke. The simulations of NO emissions conducted in this 

study agree with the experimental data of Subramanian et al.4 on a single hydrogen engine. 

Also figure 6 shows N2O and OH formation. These species was selected as the most 

important for driving the NO formation.39 The formation of both species increased as 

equivalence ratio increases. For an equivalence ratio of 0.84, the peak N2O formation 

occurred at crank angle of 20 oCA AIT. Immediately after 20 oCA AIT, more N2O formed 

was converted to NO by the reaction N2O + O = NO + NO, due to the high activation 

energy of this reaction.40 For an equivalence ratio of 0.55, it observed that the peak N2O 

formation occurred at crank angle of 30 oCA AIT, this is may be due to longer flame 

development period period and combustion duration.  Also it observed that OH radical has 

strong influence on combustion presses and NO formation. As equivalence ratio increased 

the in-cylinder temperature increases, and that leading to create the OH radical.  As shown 

in figure 6, that with three different equivalence ratio (0.84, 0.55 and 0.3), the OH radical 

gradually decreased as the crank angle increased during the expansion stroke; hence, the 
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rate of HO decomposition rapidly increased and that lead to enhance produce the NO via  

N+OH = NO+H reaction. 

After its development and validation, the computational model could be employed 

to investigate various aspects of hydrogen engines which have a major effect on engine 

performance and emission. One possibility is to use the model to study the effect of exhaust 

gas recirculation (EGR) and ignition timing on engine performance and NOx emissions. 

4.3. Effect of exhaust gas recirculation (EGR) on engine performance and emission. 

One of the methods to decreasing the exhaust nitrogen oxides (NOx), is the use of 

exhaust gas recirculation (EGR). An exhaust gas recirculation system was used to reduce 

NO emissions. The EGR rate of hydrocarbon fuels was generally calculated from a molar 

CO2 balance. However, this cannot be used for hydrogen engines as no CO2 emissions 

occur. Three methods are available that can calculate the amount of EGR in a hydrogen 

engine.41 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 O2 and third one uses a molar 

balance of H2O. The third method was used in this study, the mass fraction of EGR (EGR 

%) is defined as the mass flow of EGR (ṁEGR) divided by the mass flows of EGR, fresh 

air and fuel (�̇�𝐸𝐺𝑅 + �̇�𝑎𝑖𝑟 + �̇�𝐻2
) : 

 

          𝐸𝐺𝑅 % =  
�̇�𝐸𝐺𝑅

�̇�𝐸𝐺𝑅 + �̇�𝑎𝑖𝑟 + �̇�𝐻2

 
                                     (17) 

The information in Table 5 suggests that at equivalence ratio of 0.84 and constant 

ignition timing at 5 oCA BTDC, the peak NO was 5600 ppm and 313 ppm with addition of 

5 % EGR and 15 % EGR respectively in comparison to 7620 ppm without EGR. It is 

generally known that the main reasons to formulation the NOx emissions are high in-

cylinder temperature and oxygen availability. Recirculating a portion of the exhaust gases 

back into the intake manifold, is a convenient way to decrease in-cylinder oxygen, at the 

same time to increases the amount of combustion-accompanying gases, which in turn 

increases the heat capacity, and hence to lower in-cylinder temperatures for the same 
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amount of heat addition. This will reduce NOx emissions, the possibility of pre-ignition, 

knock, and backfire. 

The CFD results are consistent with the hypothesis that gas cylinder temperature 

decrease when EGR was added. The decrease in gas cylinder temperature results in the 

reduction in NO emission as illustrated in Fig. 7. From the figure it is observed that for the 

5% EGR, the flame has covered the whole combustion chamber at 30 oCA AIT. At that 

moment the NO formation has its peak value, and starts to decrease as crank angle 

increased during expansion stroke until reached its final value 5600 as shown in the Table 

5. This is due to reduction in in-cylinder temperature, which leads to decrease the rate of 

reactions R1, R2 and R3. For 15% EGR, the flame propagation velocity was lower than 

that at 5% EGR, since at 30 oCA AIT the flame still propagates towards the chamber walls, 

and the local temperature is very low especially near to the sides of cylinder. This led to 

produced small amount of NO in cylinder’s center. These results were agreed with 

observations of  Kosmadakis et al.28
 It is observed that with 5% EGR the N2O and OH 

formation higher than that at 15% EGR. The N2O was primarily formed by the reactions 

of molecular nitrogen with some radicals, with N2O+M = N2+O+M dominating. With 

EGR, there is less O2 in the oxidizer, and thus less O radicals to react with N2 to form N2O. 

Then part of the formed N2O start to decline and converting to NO primarily by the reaction 

N2O+O = 2NO. 

In general, as EGR percentage increases the in-cylinder temperature decrease, 

hence there are more OH radical inside the cylinder with 5% EGR compared to 15% EGR 

operation, because the OH radical is created in high temperature gases. However, with 5% 

EGR the almost of the OH will oxidize N and convert to NO according to N + OH = NO 

+ H reaction, just 7.5% of OH formation (318.4 ppm) will remain and exhausted as out 

emission, contrary to what occurs with 15% EGR, where 50% of OH formation (403 ppm) 

will remain and exhausted as shown in the Table 5.  

The performance of the engine, in terms of IMEP, indicated efficiency and 

indicated power are shown as a function of EGR percentage in the Table 5. As expected, 

the IMEP, indicated efficiency and indicated power was decreased by increase EGR. This 

may be due to the fact that the amount of fresh oxygen available for combustion gets 
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decreased due to replacement by exhaust gas, which lead to combustion degradation and 

changes in intake charge. With the increase in EGR, the combustion is expected to occur 

later, and consequently lower the in-cylinder peak pressure and temperature, and hence the 

engine power decreases and IMEP take values from 100 kPa down to 50 kPa with 15% 

EGR. Also as Table 5 shows, when EGR rate was high (15%), the indicated efficiency 

decrease. The main cause for decreasing the indicated efficiency are attributed to increased 

combustion duration and no time for a constant volume combustion close to TDC.27 

4.4. Effect of ignition timing on engine performance and emission. 

Also in the present study after validated with experiments, the effect of ignition 

timing has been investigated, because the spark timing is another parameter that has a major 

effect on engine performance and emission. According to experiments data the ignition 

timing was 5 oCA BTDC at full load (7.4 kW). As shown from the Table 5, that with 

ignition timing of 10 oCA BTDC, the NO formation was high, where it was 9470 ppm 

compared to 7600 ppm and 2020 ppm at 5 oCA BTDC and 5 oCA ATDC respectively. This 

is because as ignition timing was advanced relative to the TDC, the combustion occurs 

earlier and consequently increase the in-cylinder peak pressure and temperature, thus 

increases NO formation.42,43 Figure 8 shows the effect of ignition timing on in-cylinder 

NO, N2O and OH formation, with two different ignition timing at 10 oCA BTDC and at 5 

oCA ATDC. At ignition timing of 10 oCA BTDC, the in-cylinder NO, N2O and OH 

formation have similar trends to that at 5 oCA BTDC which were observed in Figure 6. As 

ignition timing was advanced, there is increase in in-cylinder temperature and enough time 

to complete combustion, which leads to created high O and OH radicals close to TDC, and 

consequently the O radical will react with nitrogen and produce N2O early, and reached its 

peak value at crank angle of 20 oCA AIT, than after that crank angle, the N2O start to 

decline and converting to NO via of N2O+O = 2NO, and just 25%  of N2O formation (1.23 

ppm) will remain and exhausted as shown in the Table 5. The OH formation have similar 

trends, it reached its peak value and start to decline and oxidize N to NO, and just 20% of 

N2O formation (88 ppm) will remain and exhausted. 

Table 5 presents the predicted results of the engine power, IMEP and indicated 

thermal efficiency with different ignition timing. The operation at ignition timing of 10 
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oCA BTDC showed the highest value in IMEP was 1008 kPa compared to 722 kPa and 

656.6 kPa with 5 oCA BTDC and 5 oCA ATDC respectively. The lower power and 

indicated thermal efficiency were achieved at ignition timing of 5 oCA ATDC. Because as 

ignition timing was retard, most of the combustion occurs when the piston is moving down 

and, in this case, the power and the thermal efficiency decrease.43 

5. SUMMARY AND CONCLUSIONS 

In this study, the CFD simulation work carried out using AVL FIRE software for 

an IC Engine fueled with hydrogen at three equivalence ratios at MBT timing and constant 

engine speed (2500 rpm). A detailed reaction mechanism was developed to include the 

chemical kinetics of twenty nine steps of hydrogen oxidation and eight nitrogen oxidation 

reactions. The extended Zel’dovic mechanism was adjusted for a carbon-free fuel to 

quantitatively predict the NOx emissions.  

The computational predictions were compared to independent and well 

documented experimental data, in order to evaluate accuracy and suitability for widespread 

implementation. To understand the general features of a SI engine fueled with hydrogen 

relative to a traditional engine, the computational model for hydrogen engine was first 

compared to the computational model for gasoline engine with the same geometry and 

operating conditions. As expected, the hydrogen engine had both a higher rate of pressure 

rise and a higher maximum pressure in the cylinder, because the hydrogen had a 

significantly higher burning speed compared to the gasoline engine operation. The model 

results (engine performance   and exhaust nitric oxide emissions) have been compared with 

the experimental data and showed a good agreement. The NOx predicted was more 

accurate with reaction constants which were derived for carbon-free fuel compared with 

that at hydrocarbon fuel.  

Once validated, the model provides an insight into the combustion and pollutant 

formation processes occurring in inside the cylinder. Also after the validation, the 

computational model was employed to quantify the effect of (EGR) exhaust gas 

recirculation and ignition timing on engine performance and emission. EGR and retard 

ignition timing were found to be an effective method to reduce NOX. However, a 
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remarkable reduction of engine power output and thermal efficiency with increase EGR 

ratio, and showed a similar trend when retarding ignition timing. This reveals that the 

adjusting EGR ratios and ignition timings are needed to optimize the performance and NOx 

emission. 
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Table 1 Specifications of the IC engine modeled 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 2 Simulations validated 

 

 

 

 

 

 

 

 

 

 

Fuel Hydrogen 

Number of cylinders 1 

Bore × Stroke 85 × 95 mm 

Displacement volume 530 cm3 

Compression ratio 9:1 

Engine speed 2500 rpm 

Initial operating conditions of engine 

Start angle (BTDC) 540 degree 

End angle (ATDC) 850 degree 

Piston surface temperature 423 K 

EGR levels 5 % and 15 % 

Swirl ratio 1.2 

Turbulence model k-ζ-f model 

Turbulence kinetic energy 2 m2/s2 

Turbulence length scale 4.5 mm 

Initial temperature 330 K 

Initial pressure 1 bar 

   Simulation Experimental 

Φ = 0.84 Φ = 0.55 Φ = 0.3 Φ = 0.84 Φ = 0.55 Φ = 0.3 

Peak pressure (bar) 52.3 40.2 32 50 39.5 32 

Brake power (kW) 7.37 5 2 7.4 5 2 

Brake thermal eff. (%) 28 26 16.8 27 26 17 

NO (ppm) 7620 500 11.9 7600 489 0 
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Table 3 Chemical reaction constants used for NO 

 

 

 

 

 

 

 

 

 

 

Table 4 Compared of NO emissions with different chemical reaction constant at different 

equivalence ratio 

 

 

 

 

 

 

 

 

𝑘 = 𝐴. 𝑇𝑏 . 𝑒(
−𝐸
𝑅𝑇

) 

 Reaction A b E 

Hydrocarbon fuel 

R1 3.270E+12 0.3 0 

R2 6.400E+09 1 6280 

R3 7.333E+13 0 1120 

Carbon-free fuel 

R1 2.700E+13 0 1500 

R2 9.000E+09 1 27200 

R3 3.600E+13 0 1600 

 0% EGR 5% EGR 15% EGR 

Ignition timing 10BTDC MBT 5 ATDC MBT MBT 

Peak pressure  (bar) 60.2 52.2 45 40 24 

Indicate Power (kW) 11.13 7.9 7.25 6.8 5.7 

Indicate thermal eff. (%) 41.5 29.7 27.1 25.4 22 

IMEP (KPA) 1008 722.1 656.6 617 525 

NO   (ppm) 9470 7620 2020 7500 313 

OH   (ppm) 88 105.81 315.3 318.4 403 

N2O  (ppm) 1.2 1 0.6 0.5 0.3 
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Table 4 Computed the engine performance and out emissions at different EGR level and 

ignition timing with equivalence ratio 0.84 

 

 

  

 Φ = 0.84 Φ = 0.55 Φ = 0.3 

Experimental 7600 500 0 

NO (ppm)  - Hydrocarbon fuel 9500 950 19 

NO (ppm) - Carbon-free 7620 489 11.9 
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Figure 1 Detailed chemistry modeling scheme 

 

 

 

 

 

 

 

 

 

 

 

Figure 2 Variation in cylinder pressure as crank angle varies 
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Figure 3 Flame developed for the hydrogen and gasoline examined 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4 Variation in heat release as crank angle varies for hydrogen and gasoline 

operation at full load 
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Figure 5 Hydrogen flame developed for the three equivalence ratios examined 
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Figure 6 NO, O2 mass fraction and temperature during combustion process for three 

equivalence ratios 
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Figure 7 NO, N2O and OH mass fraction and temperature during combustion process 

with 5 % EGR and 15 % EGR 

 

 

 

 

 



34 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8 NO, N2O and OH mass fraction and temperature during combustion process 

with, ignition timing at 10o BTDC and 5o ATDC 
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II. INFLUENCE OF IGNITION TIMING AND EGR ON THE NOx      

EMISSION AND THE PERFORMANCE OF AN SI ENGINE            

FUELED WITH HYDROGEN 

 

 

 

  

 

 

 

ABSTRACT 

Exhaust gas recirculation (EGR) and ignition timing have strong effects on engine 

performance and exhaust emissions. In the present study, detailed chemical reactions with 

29 steps of hydrogen oxidation with additional nitrogen oxidation reactions were coupled 

with an advanced CFD code to investigate the engine performance and emission 

characteristics of a SI engine fueled with hydrogen. The NOx formation within the engine 

was computed using the extended Zeldovich mechanism with parameters adjusted for a 

carbon-free fuel such as hydrogen. The computational results were validated against 

experimental results with equivalence ratio of 0.84 and fixed ignition timing at crank angle 

of 5º BTDC (before top dead center). The simulations were then employed to examine the 

effects of EGR and ignition timing on the engine performance and NOx formation and 

emission. The EGR ratio was varied between 5% and 15% while the ignition timings 

considered were 5º, 10º, 15º, and 20º BTDC. It was found that NOx emission increased 

with advancing the ignition timing away from TDC while the indicated engine power 

showed an increasing trend with further advancing the ignition timing. Higher indicated 

mean effective pressure (IMEP) and indicated thermal efficiency were obtained with an 

advanced ignition timing of 20º BTDC. The model was also run with three different EGR 

ratios of 5%, 10% and 15% with fixed ignition timing at 5º BTDC. The simulation results 

quantified the reduction in NOx and the indicated engine power with the increase in the 

EGR ratio. The computations were consistent with the hypothesis that the combustion 

Hassan A. Khairallah 
Department of Mechanical and 

Aerospace Engineering           
Missouri University of Science        

and Technology 
Rolla, MO, USA 

 

Warren S. Vaz  
Department of Mechanical and 

Aerospace Engineering           
Missouri University of Science        

and Technology 
Rolla, MO, USA 

Umit O. Koylu 
Department of Mechanical and 

Aerospace Engineering           
Missouri University of Science        

and Technology 
Rolla, MO, USA 

 



36 

 

 

duration increases with the EGR ratio. Finally, the maximization   of engine   power and 

minimization of NOx emissions were considered as conflicting objectives. The    different   

data    points were plotted in the objective space. Using the concept of “knee”, (5º BTDC, 

0% EGR) was selected as the optimal operating point representing the best trade-off 

between maximum engine power and minimum NOx emissions. 

KEYWORDS: Spark-ignition engine, hydrogen, ignition timing, exhaust gas 

recirculation, CFD, knee. 

 

1. Introduction 

Due to the acceleration of depletion and pollution of fossil fuels in recent years, 

many studies have been conducted to address the growing concerns about shortage of fossil 

fuel supply as well as reduction in greenhouse gas emissions. Hydrogen is considered as 

one of the most promising alternative fuels for internal combustion (IC) engines due to its 

unique combustion characteristics, especially when compared to other alternative fuels like 

biodiesel, CNG, LPG, and ethanol. Hydrogen can be adapted to power both spark ignition 

(SI) and compression ignition (CI) engines. In SI engines, hydrogen can be used directly 

as the sole fuel, but in the case of a CI engine, hydrogen cannot be used directly, because 

it is very difficult to ignite it by only the compression process due to its auto-ignition 

temperature (858 K) being so much higher than that of diesel fuel (525 K) [1]. Therefore, 

some auxiliary ignition sources (spark plugs, glow plugs, or pilot fuel) [2-5] have to be 

used inside the CI engine combustion chamber to ensure the ignition of hydrogen.  

Hydrogen has interesting properties as a fuel for internal combustion engines [6-8]. 

It has the widest flammability range in comparison to all other fuels, and this allows a 

hydrogen engine to run a lean mixture at a high efficiency. This can also lead to reduced 

NOX at equivalence ratios lower than about 0.5 [9, 10]. The ignition energy required to 

ignite the hydrogen is very low, which allows a hydrogen engine to ignite lean mixtures 

and ensures prompt ignition even with a relatively weak spark. Due to the higher flame 

speed of hydrogen, the combustion duration of hydrogen-air mixture is significantly shorter 

relative to other fuel-air mixtures. Hydrogen is a carbon-free fuel, so hydrogen engines do 



37 

 

 

not produce any carbon dioxide or carbon-based emissions. Nitrogen oxides (NOx) are the 

only undesirable emissions. Numerous studies on internal combustion engines using 

hydrogen as a fuel have been undertaken in recent years. Within this field, experimental 

and numerical investigations have been constructed in order to investigate the combustion 

process and the performance of an SI engine fueled with hydrogen under different 

operating conditions and strategies. Many studies have been performed to investigate the 

effects of exhaust gas recirculation (EGR) on engine performance and NOx emission [11-

15]. While the EGR technique was found to be very effective in reducing the NOx emission. 

It has an adverse effect on the engine power. Several studies also focused on the effects of 

ignition timing on power and NOx [16-18,12] because the relatively high flame speed of 

hydrogen makes a hydrogen engine more sensitive to the ignition timing for both power as 

well NOx emission. On advancing the ignition timing, the engine power output increases 

significantly, but NOx emissions also increase. However, few studies reported the effects 

of combining the ignition timing with EGR on NOx emission and engine power output. 

Erjiang et al. [19] investigated the effect of ignition timing and EGR ratio on the 

performance and emissions of an SI engine fueled with natural gas-hydrogen mixtures. 

They reported that advancing the ignition timing at a specified EGR ratio increased the 

engine power. However, a remarkable increase in NOx emission was observed. Therefore, 

the optimization of ignition timing and EGR can lead to an improvement for an SI engine. 

Computational fluid dynamics (CFD) has become an essential tool in the process 

of designing and developing engineering devices. In the past few decades, 3D CFD code 

has become a commonly used tool to gain better knowledge about the combustion 

processes inside the engine cylinder.  CFD offers successful assessment of new 

technologies, e.g. fuel preparation methods, combustion concepts, especially for alternative 

fuels. With the recent development in computer processors and the expansion of allowable 

memory, researchers and engineers are now able to integrate detailed chemical kinetics 

with CFD code to simulate IC engines.  Many statistical studies have focused on using 3D 

CFD tools to understand the in-cylinder flow field and mixing process [20-23]. 
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2. Methodology 

In the present study, hydrogen chemical reactions with 29 steps of hydrogen 

oxidation with additional nitrogen oxidation reactions were coupled with 3D CFD software 

AVL FIRE® to validate the predicted engine performance and NOx emission results 

against independent experimental data. Extended Zeldovich model to predict the NO 

formation with carbon-free fuel constants was adapted. The simulations were then 

employed to examine the effects of combing the ignition timing with EGR on the engine 

performance and NOx formation which the cylinder and emission from the engine exhaust. 

3. Computational methods 

Simulations were conducted using 3D CFD software AVL FIRE® coupled with the 

detailed chemical kinetics for hydrogen. The detailed chemical kinetic reactions for 

hydrogen consist of 29 steps with additional oxidation reactions involving nitrogen [24]. 

NO formation can be described by reactions R1, R2, and R8. These reactions are typically 

known as the extended Zeldovich mechanism. 

N2 + O = N + NO              (R1) 

N + O2 = NO + O              (R2) 

N + OH = NO + H            (R3) 

In general, these three reactions are only important at high temperatures because 

the radicals O and OH are created in high-temperature gases. The other path to NO 

formation can be described by the following reactions. 

N2O + O = N2 + O2          (R4) 

N2O + O = NO + NO       (R5) 

N2O + H = N2 + OH         (R8) 

N2O + OH = N2 + HO2     (R7) 

N2O + M = N2 + O + M     (R8) 

The nitrogen reaction constants that were used in reference [24] were derived for 

hydrocarbon fuels, so they may not be suited to predict quantitative results for hydrogen-



39 

 

 

fueled engines. In the present study, the chemical reaction constants for the extended 

Zeldovich mechanism (R1, R2, and R3) were adjusted for a carbon-free fuel. The constants 

in reference [25] have been applied to predict the NOx emissions for hydrogen-fueled 

engines. The Table 1 shows the chemical reaction constants used for NO calculations with 

both the hydrocarbon fuel and the carbon-free fuel. 

The CHEMKIN chemistry solver was integrated into the CFD code for solving the 

chemistry during multidimensional engine simulations. The AVL FIRE® code provides 

CHEMKIN with the species and thermodynamic information of each computational cell. 

The CHEMKIN utilities return the new species information and energy release after 

solving for the chemistry. The FIRE® internal interpreter first reads the user’s symbolic 

description of the reaction mechanism. It then extracts thermodynamic information for the 

species involved from the Thermodynamic Database. The FIRE® General Gas Phase 

Reactions Module was used to enable the simulation of kinetic problems, the detailed 

chemistry modeling scheme shown in the figure 1. 

A user-supplied function was applied to incorporate the SI model. The model was 

built using C++ and incorporated into the model to simulate the hydrogen ignition 

behavior. The piston geometry and computational grid used for the simulations were built 

using the commercial CFD tool AVL ESEDiesel. An et al. [26] considered the effect of 

mesh size in detail and showed that 3.4 mm was sufficient for a typical IC engine. Wang 

et al [27] also used similar mesh size for reasonable spatial resolution. The convergence 

criterion was either maximum number of iterations (60) or reduction of residuals (0.01), 

whichever was achieved first. In this paper, the boundary conditions were as follows: the 

piston temperature was 423 K, the cylinder liner temperature was 423 K, and cylinder head 

temperature was 453 K. The computational domain consisted of one section of the modeled 

engine cylinder, which was used for simulations between the inlet valve closing (IVC) and 

the exhaust valve opening (EVO). This meant that only the closed volume part of the engine 

cycle was computed. The spark plug located in the center of the cylinder head.  The spark 

duration was 4.5º (almost 1.33 ms). The computational time step used for simulation during 

the compression stroke was 1º. However, during the combustion period, the time step was 

further decreased to 0.25º, in order to increase the accuracy of the computational results. 
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The simulations provided values for indicated work  (𝑊𝑖 ) indicated mean effective 

pressure (IMEP), indicated thermal efficiency (%), and indicated power ( 𝑃𝑖  ). These were 

calculated from in-cylinder pressure traces as follows. 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

Here �̇�𝑓.ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑛 is the hydrogen flow rate (kg/s) and 𝐶𝑉ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑛  is the lower heating value 

of hydrogen (kg/kJ) with a value of 120 MJ/kg. 

 

4. Results and discussion 

The operating conditions of the hydrogen IC engine in this investigation were 

chosen similar to the independent study by Subramanian et al. [28] because their reported 

test conditions and experimental data were well documented. Specifications for the SI 

hydrogen engine used in this computational study and the engine’s initial operating 

conditions are listed in Table 2. 

 

                 𝑊𝑖  (𝑘𝑗) =  ∫ 𝑝𝑑𝑉

𝐸𝑉𝑂

𝐼𝑉𝐶

                           (1) 

      𝐼𝑀𝐸𝑃 (𝑘𝑝𝑎) =  
1

𝑉𝑑

∫ 𝑝𝑑𝑉

𝐸𝑉𝑂

𝐼𝑉𝐶

               (2)               

 

 

 

 

         𝑃𝑖  (𝑘𝑊) =
𝑊𝑖   . 𝑁

2 × 60
                     (3) 

         ηITE =
𝑃𝑖

(�̇�𝑓.ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑛 × 𝐶𝑉ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑛)
          (4)       
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4.1 Model validation: comparison of simulations to experiments 

Table 3 shows the validated model results against independent experiments for 

engine performance and exhausts emissions. It was found that the peak pressure increased 

almost linearly with the equivalence ratio (or brake power) as shown in the table. This is 

because the flame speed increased as the equivalence ratio increased and the time required 

to complete the combustion decreased. The predicted peak pressure was in good agreement 

with the experimental data collected at equivalence ratios of 0.3 and 0.55. The predicted 

results were only 3% higher than the experiments at an equivalence ratio of 0.84. From the 

table, it was observed that the brake thermal efficiency increased as the equivalence ratio 

increased. The brake thermal efficiency of an engine is defined as the ratio of the engine 

brake power to the input fuel energy. The maximum brake thermal efficiency was nearly 

30% at an equivalence ratio of 0.84 (7.4 kW) and 19% at an equivalence ratio of 0.3 (2 

kW). At high brake power, the flame speed increases as the equivalence ratio increases and 

therefore nearly constant-volume combustion can be achieved with hydrogen, resulting in 

higher brake thermal efficiency. The only undesirable emission produced by hydrogen 

engines is NOx. Any carbon emissions (e.g. CO, CO2, and HC) will be very little. As the 

equivalence ratio decreased, the oxygen concentration increased, and the in-parallel 

cylinder temperature decreased. Hence, the NOx emitted from the engine decreased, as 

shown in Table 3. 

The Table 4 shows the chemical reaction constants used for NO calculations with 

both the hydrocarbon fuel and the carbon-free fuel. As depicted in Table 4, the predicted 

NO emissions were more accurate with the kinetic parameters from carbon-free fuels, 

compared to ones obtained for hydrocarbon fuels. The difference between experiments and 

computations with carbon-free fuel was approximately 0.26% and 2.22%, while it was 

22.2% and 62% for equivalence ratios of 0.84 and 0.55, respectively with hydrocarbon 

fuel. In general, the computational results showed good agreements with the experimental 

results for peak pressure, brake thermal efficiency, NOx emissions with different 

equivalence ratios at constant engine speed. 
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4.2 Effect of EGR and ignition timing on engine performance and emissions 

After its development and validation, the computational model was employed to 

investigate various aspects of an SI engine fueled with hydrogen. It was used to examine 

the effects of the combination of the ignition timing and EGR on the engine performance 

and NOx formation and emission. The operation with an equivalence ratio of 0.84 was 

selected to study those effects.  

Figure 2 illustrates the variation of indicated mean effective pressure (IMEP) with 

ignition timing for different EGR levels. IMEP is a parameter that is a response of the 

engine’s working capability and therefore a measure of the effectiveness of a given 

displacement volume in producing network. The results showed that IMEP decreased with 

an increase in the EGR level because the addition of EGR led to the decrease in the amount 

of air and fuel in the cylinder along with the flame propagation speed. It was also observed 

that the IMEP increased with advancing the ignition timing. However, the effect of late 

ignition timing (relative to TDC) on IMEP was clearly more than that of early ignition. 

Figure 3 illustrates the variation of indicated thermal efficiency with ignition timing 

for different EGR levels. The indicated thermal efficiency decreased with an increase in 

the EGR level. This is attributed to the decreased combustion work (i.e. indicated work) 

with EGR addition. The decreased combustion work is a consequence of combustion 

degradation due to lower combustion temperatures. The figure also reveals that the 

indicated thermal efficiency highly depends on ignition timing. The indicated thermal 

efficiency increased with advanced ignition timing, similar to the way the IMEP increased. 

The increase of the indicated thermal efficiency with advanced ignition timing can be 

explained by the fact that combustion occurs earlier increases the in-cylinder peak pressure 

and temperature, and consequently increases the indicated thermal efficiency. 

Figure 4 illustrates NOx emission versus ignition timing for different EGR levels. 

NOx emission decreased with an increase in the EGR level and also increased with the 

advancing of ignition timing. The main reasons for reduction in NOx emissions with EGR 

are reduced oxygen concentration and decreased in-cylinder temperature. The NOx 

increase with advanced ignition timing is attributed to the rise in the in-cylinder pressure 

and temperature with advancing ignition timing during the combustion process. 
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The CFD results were consistent with the hypothesis that combustion duration 

increases with the EGR level increased. Figure 5 illustrates the in-cylinder temperature 

profiles, as the flame propagates out from the spark plug with different EGR levels (0%, 

5%, 10%, and 15% EGR) with a fixed ignition timing of 5º BTDC. As seen from the figure, 

without EGR, the flame propagates very fast and covered entire the cylinder at a crank 

angle of 25º AIT (After Ignition Timing), while at the same crank angle with 10% and 15% 

EGR, the flame is still propagating. This is because, with the increase of the EGR ratio, the 

specific heat capacity increases and the in-cylinder temperature are decreases [29]. This 

will lead to a decrease in the mixture burning velocity and an increase in the combustion 

duration. 

The present computational methods provide a better understanding of the NO 

formation, in relation to the mean in-cylinder gas temperature and oxygen availability at 

the same instants of time. In Figure 5, the spatial distributions of NO, O2, and the 

temperatures inside the cylinder are shown at crank angles of 15º, 20º, and 25º AIT for 

three EGR levels. The CFD results confirmed that, as EGR increased, the oxygen 

concentration as well as the in-cylinder gas temperature decreased. Hence, the formation 

of NO reduced. The NO formation was shown in the central region of the cylinder near the 

spark plug where the local temperature was very high (in the flame region) [20], and then 

it started to diffuse throughout the cylinder until it reached its maximum. Without EGR 

operation, the rate of NO formation was very fast compared with EGR operations, due to 

high in-cylinder pressure and temperature, and hence the rates of R1, R2 and R3 became 

high. As seen in the figure without EGR operations at 20 oCA AIT, the NO covered a 

significant portion of the cylinder compared to EGR operations at the same crank angle. 

Figure 6 illustrates the in-cylinder temperature profiles, as the flame propagated out 

from the spark plug with different EGR levels (5%, 10%, and 15% EGR) and with different 

ignition timings of 5º, 10º, and 20º BTDC. The decrease in burning velocity with advanced 

ignition timing was observed in agreement with [19]. Also, it could be seen that the effect 

of advancing the ignition timing on the burning velocity becames more obvious at 

advancing the ignition to 20º BTDC. 
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As shown in Figure 6, for an ignition timing of 20º BTDC with 5% and 10% EGR, 

the burning velocity was very high since the flame covered whole the cylinder at 25º AIT. 

For 15% EGR, just a few crank angle degrees were required for the entire combustion 

process. As expected, an increase in burning velocity leads to reduction of the combustion 

duration. On the contrary, for an ignition timing of 5º BTDC and 10º BTDC, at 25º AIT, 

the flame still propagates towards the chamber walls and more crank angle degrees are 

required for the whole combustion process. This was especially visible especially for 15% 

EGR with an ignition timing of 5º BTDC. Advancing the ignition timing causes 

combustion to occur early in the cycle that in turn, moves the peak pressure closer to TDC 

increases the temperature during the combustion process, and hence, increases the burning 

velocity. 

In Figure 7, the spatial distribution of NO concentration inside the combustion 

chamber was shown at crank angles of 15º, 20º, and 25º AIT for three levels of EGR with 

different ignition timings. The formation rate of NO, decreased as the EGR level was 

increased. By advancing the ignition timing, NO formation was increased, as discussed 

above in Figure 4. NO formation occurred near the spark plug where the local temperature 

was very high. And, as observed in Figure 7, with an ignition timing of 5º BTDC, the region 

where NO was actually formed became significantly restricted as the EGR level was 

increased. With further advancement of the ignition timing, the in-cylinder temperature 

increases during the combustion process and that leads to the extended the region of NO 

towards the chamber walls. 

5. Selection of the optimal operating point 

In the preceding section, the effects of EGR and ignition timing on the engine 

power, NOx emissions, efficiency, and IMEP were considered. The engine power, NOx 

emissions, and efficiency are typical optimization objectives [30-32]. In general, it is 

desirable to increase the engine power and efficiency while reducing the NOx emissions. 

In the present study, the decision variables that affect these objectives are EGR and the 

ignition timing. However, if the three objectives are plotted against each other, it becomes 

evident that improving the engine power also improves (increases) the efficiency whereas 
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improving the engine power worsens (increases) the NOx emissions. Therefore, engine 

power and efficiency are correlated objectives, but engine power and NOx are conflicting 

objectives. Figure 8shows a plot of the engine power and the NOx emissions. Each EGR 

series has four points representing the four ignition timing values. It can be seen that there 

is a general trend that, as the power increases, so does the NOx. However, when Point A is 

compared with Point B, it can be seen that the latter has a lower engine power as well as a 

higher NOx value. This is called a dominated solution [33]. After discarding all such 

solutions, the concept of “knee” [34] was applied to choose the best operating point from 

amongst the non-dominated solutions. This point represents the best trade-off between 

power and NOx: it is not extreme as either objective and moving from this point to either 

the preceding point or the succeeding point causes the least increase in NOx for the 

corresponding gain in power compared to doing so for any other point. The knee point for 

Figure 8 is (7.9 kW, 7620 ppm), corresponding to 0% EGR and an ignition timing of 5º 

BTDC 

6. Conclusions  

The combined effects of the ignition timing with EGR on the combustion 

characteristics and NO formation in a spark ignition engine fueled with hydrogen were 

numerically investigated through advanced CFD calculations in this paper. The 

conclusions from this work are summarized as follows: 

1. The present model successfully demonstrated the capability of describing a 

hydrogen-fueled IC engine with different ignition timings and EGR levels. 

2. The IMEP and indicated thermal efficiency decreased with an increase in the 

EGR level. The effect of ignition timing on IMEP and indicated thermal 

efficiency was clearer at late ignition timing compared to early ignition. 

3. NOx emission decreased with an increase in the EGR level while it increased 

with advancement of the ignition timing. 

4. The combustion duration decreased with the advancing of ignition timing and 

increased with the increase of the EGR level. 
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It should be noted that there is a need to investigate the effect of combing the 

ignition timing with other important parameters such as engine speed and equivalence ratio 

and to find an optimized range of operation conditions.  
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Table 1 Chemical reaction constants used for NO calculations 

 

 

  

 

 

 

 

 

 

Table 2  Specifications of the IC engine modeled 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

𝑘 = 𝐴. 𝑇𝑏 . 𝑒(
−𝐸
𝑅𝑇

)
 

 Reaction A b E 

Hydrocarbon fuel 

R1 3.270E+12 0.3 0 

R2 6.400E+09 1 6280 

R3 7.333E+13 0 1120 

Carbon-free fuel 

R1 2.700E+13 0 1500 

R2 9.000E+09 1 27200 

R3 3.600E+13 0 1600 

Fuel Hydrogen 

Number of cylinders 1 

Bore × Stroke 85 × 95 mm 

Displacement volume 530 cm3 

Compression ratio 9:1 

Engine speed 2500 rpm 

Initial operating conditions 

Start angle (BTDC) 540 degrees 

End angle (ATDC) 850 degrees 

Piston surface temperature 423 K 

EGR levels 5 %, 10% and 15 % 

Turbulence model k-ζ-f model 

Turbulence kinetic energy 2 m2/s2 

Turbulence length scale 4.5 mm 

Initial temperature 330 K 

Initial pressure 1 bar 
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Table 3 Validation of simulation results 

 

 

  

 

 

 

 

 

 

Table 4 Compared of NO emissions with different chemical reaction constant at different 

equivalence ratio 

 

 

 

 

 

 

 

 

 

 

 

 

  

   Simulation Experimental 

Equivalence ratio 0.84 0.55 0.3 0.84 0.55 0.3 

Peak pressure (bar) 52.3 40.2 32 50 39.5 32 

Brake power (kW) 7.37 5 2 7.4 5 2 

Brake thermal eff. (%) 28 26 16.8 27 26 17 

NO (ppm) 7620 500 11.9 7600 489 0 

 
Equivalence ratio 

0.84 0.55 0.3 

Experimental 7600 500 0 

NO (ppm) Hydrocarbon fuel 9500 950 19 

NO (ppm) Carbon-free 7620 489 11.9 
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Figure 1 Detailed chemistry modeling scheme 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2 Variation of IMEP with ignition timing for various EGR levels 
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Figure 3 Variation of indicated thermal efficiency with ignition timings for various level 

of EGR 

 

  

 

 

 

 

 

 

 

 

 

 

 

Figure 4 Variation of nitrogen oxides with ignition timing for various EGR levels 
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Figure 5 Variation of NO with O2 and temperature under different level of EGR with 

ignition timing of 5 OCA BTDC 
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Figure 6 The development of average temperature under different level of EGR with 

various ignition timing 
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Figure 7 The development of NO mass fraction under different level of EGR with various 

ignition timing 
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Figure 8 Engine power versus NO emissions for different operating conditions (EGR and 

ignition timing) with the best knee point being Point A. 
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ABSTRACT 

During the past decade, considerable efforts have been made to introduce 

alternative fuels for use in conventional diesel and gasoline engines. There is significant 

interest in adding hydrogen to a diesel engine to reduce emissions and improve efficiency. 

With the rapid increase in computational capabilities, computational fluid dynamics (CFD) 

codes have become essential tools for the design, control, and optimization of dual fuel 

engines. In the present study, a reduced chemical kinetics mechanism, consisting of 52 

reactions and 29 chemical species for n-heptane fuel combustion, was incorporated with 

detailed chemical kinetics consisting of 29 reactions for hydrogen including additional 

nitrogen oxidation. This reaction mechanism was coupled with a 3D CFD model based on 

AVL FIRE software to investigate the performance and emission characteristics of a diesel 

engine with low amounts of hydrogen addition. Hydrogen was introduced at percentages 

of 37.5 %, 50 % 90 % by volume and compared our results with base fuel operation. The 

model was validated by the experimental results and then employed to examine important 

parameters that have significant effects on the engine performance. The simulation results 

showed that the variations of brake thermal efficiency, CO2, CO and NOX emissions 

reasonably agree with the experimental findings. NOX emissions and exhaust gas 
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temperature increased with the rise in brake power for hydrogen-diesel mixtures. The CFD 

results quantified the degree of dependence of NOX emissions on the average combustion 

temperature. The results also quantified that CO and CO2 emissions decreased when adding 

hydrogen in diesel engine because the addition of hydrogen leads to reduction in the 

injected amount of diesel fuel that results in CO and CO2 formation. 

1. Introduction 

Due to the depletion of fossil fuels and environmental degradation in recent years, 

there is considerable global effort to ensure continued availability of supplies of 

hydrocarbon fuels and to reduce exhaust emissions from all combustion devices, 

particularly internal combustion engines. Many studies by a number of research groups 

worldwide have focused attention on alternative transportation fuels to replace or 

supplement hydrocarbon fuels [1-4]. In this regard, hydrogen is considered one of the most 

promising alternate fuels due to its clean burning characteristics and better overall 

performance as compared to diesel. Some of the important properties of hydrogen are given 

in Table 1 [5, 6]. Hydrogen has a wide flammability range in comparison with all other 

fuels. As a result, hydrogen can be used in running an engine on a lean mixture that allows 

for greater fuel economy due to a more complete combustion of the fuel. Additionally, it 

allows for lower combustion temperature and hence decreases the amount of NOx. The 

ignition energy required to ignite the hydrogen is also very low, which allows hydrogen 

engine to ignite lean mixtures and ensures prompt ignition even with a relatively weak 

spark. Although hydrogen has been mainly used in spark ignition engine applications it has 

capability to use in diesel engine, however it is very difficult to ignite it by only the 

compression process because the hydrogen has an appreciably lower cetane number than 

diesel fuel [6], and therefore it requires an ignition source such as spark plugs, glow plugs, 

or pilot fuel.  

Various studies on internal combustion engines have been focused on substitution 

of diesel fuel by hydrogen to protect the global environment and to restore fossil fuels. The 

addition of H2 to the intake air of diesel engines has shown to substantially reduce the 

emissions of CO, HC, CO2, and particulate matters (PM). However, the addition of 
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relatively large amount of H2 can significantly increase the emissions of NOx [7] due to its 

high adiabatic flame temperature. Saravanan et al. [8, 9] have investigated and reported 

some studies using a DI diesel engine with hydrogen in the dual fuel mode. In general, they 

observed that a significant improvement in thermal efficiency and reduction in CO2, CO 

and hydrocarbon (HC) emissions could be obtained under certain operating conditions by 

running a diesel engine in the dual fuel mode using hydrogen. Ghazal [10] investigated 

hydrogen-diesel co-combustion in a diesel engine. The results showed that, the hydrogen 

doses as enrichment to the diesel fuel can be improved engine performance and reduce 

emissions compared to the neat diesel operation. Köse and  Ciniviz [11] carried out an 

experimental study to investigate the performance and emission characteristics of the diesel 

engine with hydrogen added to the intake air at rates of 2.5%, 5% and 7.5% as volume. 

Their results indicated that engine power for dual fuel mode increased averagely as 6.8%, 

12.4% and 17% at  2.5 %, 5 % and 7.5 % H2, respectively compared with pure diesel mode. 

HC, CO2 and CO emissions for all additional hydrogen rates were decreased while NOx 

was increased compared to pure diesel at full load. Similar conclusions were also drawn 

by [12, 13] who investigated the performance and emission characteristics of a diesel 

engine with hydrogen addition. They demonstrated that the HC, CO2 and CO emissions 

could be reduced significantly by introducing amounts of hydrogen. They also observed 

that the NOx emission increased with the additional hydrogen. Several studies have been 

demonstrated that exhaust gas recirculation (EGR), N2 dilution and late injection timing 

were promising techniques to achieve substantial reduction of NOX from diesel-hydrogen 

dual fuel engine [14-16]. 

Talibi et al. [17] reported a reduction in the particulates, CO and THC emissions 

when H2 was used as a secondary fuel in a diesel engine. However, it was found a slight 

increase in CO2 emissions with hydrogen addition, with fixed diesel fuel injection periods, 

which they ascribed to this factor; the addition of H2 displaces some of the intake air and 

the subsequent oxidation of H2 to water vapor, since the water vapor is condensed through 

cooling cycle to produce CO2. 

Zhou et al. [18] experimentally investigated the performance of regulated and 

unregulated emissions of a diesel engine with hydrogen addition. They concluded that 
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hydrogen addition also had the potential to reduce unregulated emissions, such as olefins 

(C2H4 and C3H6), BTX (C6H6, C7H8, and C8H10) and acetaldehyde (CH3CHO). 

Numerous experiments have been established on dual fuel engine to investigated 

and understand the in-cylinder combustion processes under different operating conditions 

[19]. However, there are difficult to obtain better knowledge about the in-cylinder 

combustion processes and pollutant experimentally. Also reduce the development costs 

and minimizing the time is needed with experimental investigations. In the past few years 

numerous studies focused on how to create an engine models in order to obtain an insight 

into the complex phenomena in-cylinder processes, and furthermore optimize engines 

development. 

Computational fluid dynamics (CFD) has considered a powerful numerical tool to 

simulation of many processes in industry. It provides deeper understanding of what is 

happening inside the combustion cylinder. Consequently it will give the ability to predict 

the performance of new designs with much less time and costs compered to experimental 

investigation. There are some numerical studies have focused on using three-dimensional 

CFD tools to understand the in-cylinder processes in compression ignition engine (CI) 

fueled with hydrogen [20 - 23]. But there are appears much fewer detailed chemical 

reaction model has been developed for the combined combustion of hydrogen and diesel 

[24]. 

In the present work, a reduced reaction mechanism for diesel fuel was incorporated 

with detailed chemical kinetic reactions for hydrogen. This reaction mechanism was 

coupled with the AVL FIRE® CFD code to study the performance, combustion and 

emission characteristics of a hydrogen assisted diesel combustion under various engine 

operating conditions. An advantage of this model is the FIRE General Gas Phase Reactions 

Module was used for simulation of dual fuel engine that run on either diesel/hydrogen 

mixture or diesel with others conventional fuels (methane or gasoline), contrary to what it 

is done in most existing engines models. 
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2. Computational Methods 

An integrated numerical model for diesel dual fuel combustion computations has 

been developed in this study; the numerical models are based on the AVL FIRE code. 

2.1 Governing equations 

Transient equations for the conservation of mass, Momentum and energy were 

solved using AVL FIRE [25]:  

- Mass conservation equation: 
 

 

 

- Momentum conservation Equations (Navier-Stokes): 

On the left hand side, the first term represents the rate of change of the momentum; the 

second one is the net momentum flux through the volume boundary surfaces. On the right 

hand side, the first term represents the volume forces acting on the control volume, the 

second term the pressure gradient forces acting on the control volume, and the third one 

indicates the normal and shear stress tensor actions on the control volume surface, where 

δij is the unit tensor (i.e. i = j then  δij = 1 if i ≠  j   then δij = 0) and   μ is the dynamic 

viscosity coefficient. 

 

- Energy conservation equation: (𝐻=ℎ+ 𝑈^2∕2) 

On the right hand side, the first term represents the work due to body forces; the 

second term is the temporal change of pressure. The third term is work due to external 

forces, where 𝜏𝑖𝑗 is the stress tensor. The last term is the heat influx through conduction. 
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- General transport equations 

 

AVL FIRE® presents a general species transport model to allow the 

implementation of a detailed kinetic model and solves species transport equations for any 

arbitrary number of chemical species. The species mass conservation equation is expressed 

as  

 

 

Where,𝜌, 𝑈𝑗 are density and velocity , 𝑆𝑤𝑖
 is the source term of species by taking 

into account homogeneous chemical reactions,  𝜎𝑐𝑖 is the stress tenser, and  𝜇 is the 

viscosity. Where 𝜑 scalar property (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 (CHEMKIN™).  

In this study the k-zeta-f model was chosen. This model recently developed by 

Hanjalic et al. [26] 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 the velocity scales ratio   ζ =
v2̅̅̅̅

k
   

instead of the equation for v2̅̅ ̅ .34 The  v2̅̅ ̅ is the velocity scale and k is the turbulence kinetic 

energy. Durbin’s model is described in refereance [27]. 

2.2 Chemical reaction mechanism  

A reduced (52 reactions and 29 species) chemical reaction mechanism for n-

Heptane was constructed from a comprehensive detailed n-Heptane mechanism (179 

species and 1642 reactions) [28]. n-Heptane was chosen in this study because its cetane 

number (CN~56) is rather close to that of typical diesel fuels (CN~50).  

𝜕

𝜕𝑡
(𝜌𝜑) +

𝜕

𝜕𝑥𝑗
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𝜕
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The reduced reaction mechanism consisting of 52 reaction steps with 29 chemical 

species for n-Heptane fuel combustion was incorporated with detailed chemical kinetic 

reactions consisting of 29 reactions steps for hydrogen, which includes additional nitrogen 

oxidation reactions [29]. Figure 1 shows the skeletal chemistry mechanism for multi-fuels 

(hydrogen/diesel). The multi-chemical reaction mechanism (89 reactions and 32 species) 

was coupled with a 3D-CFD model based on AVL FIRE® software. 

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 is shown in Figure 

2. The general gas phase reaction module allows the simulation of various types of kinetic 

problems by interfacing property and reaction databases. The recommended way to 

calculate gas phase reactions in FIRE is to use the FIRE internal chemistry interpreter. 

Where the stoichiometries of the reactions and the kinetic Parameters (A, b and E) are 

defined. The reaction rates are calculated in the general form as the following [25]: 

 

where   𝑣  are stoichiometric coefficients and  𝑘   is the chemical symbol for the  𝑘𝑡ℎ  

species.  𝐾  is the total number of gas phase species in the system,  𝐼 is the total number of 

chemical reactions considered. 

The stoichiometric coefficient of species  𝑘  in reaction  𝑖  is defined as the following: 

 

 

The rate of production of species 𝑘 is:  

       ∑ 𝑣𝑘𝑖
,

𝐾

 𝑘=1

 . 𝑘𝑘  ↔  ∑ 𝑣𝑘𝑖
,,  . 𝑘𝑘

𝑘

𝑘=1

                  (𝑖 = 1, … … . . , 𝐼) (5) 

𝑣𝑘𝑖 =  𝑣𝑘𝑖
, −  𝑣𝑘𝑖

,,                                      (6) 
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Where �̇�𝑖   is the reaction rate of reaction  𝑖. 

The forward reaction rate constant  𝑘𝑓𝑖
 is defined by the following Arrhenius temperature 

dependence: 

 

 

 

The piston geometry and computational grid used for the simulations were built up 

using the commercial CFD tool AVL ESEDiesel. The mesh was composed of about 7680 

computational cells with mesh size was 3 ×3×3 mm. 

The convergence criterion is either maximum number of iterations 60 or reduction 

of residuals as 0.01 whichever achieves first. In this paper, the boundary conditions were 

as follows: the piston temperature was 570 K, cylinder liner temperature was 470 K, and 

cylinder head temperature was 570 K. The computational domain consists of one section 

of 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 injector located in the center of cylinder head.  The 

hydrogen was substituted for diesel fuel with verity levels (37.5 %, 50 % and 90 % by 

volume). The injection timing of the pilot diesel (i. e. the crank angle of the start of diesel 

fuel injection) was kept constant as 23o BTDC, and the injection duration was adjusted to 

30 crank angle degrees. The computational time step used for simulation, during the 

compression stroke was 1 oCA. However during the combustion period, the time step was 

further decreased and becomes equal to 0.25 oCA. This occurs in order to increase the 

accuracy of the computational results. 

 

 

�̇�𝑘 =  ∑ 𝑣𝑘𝑖

𝐼

𝑖=1

�̇�𝑖                                  (7) 

𝑘𝑓𝑖
= 𝐴. 𝑇𝑏𝑖 . 𝑒

(
−𝐸
𝑅𝑇

)
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2.3 Analysis procedure 

After collecting the data sets at each diesel–hydrogen dual fuel mode, the dependent 

parameters are calculated according to the following equations: 

- Theoretical combustion of fuel formula is given by; 

 

- The brake thermal efficiency for dual fuel mode is given by: 
 

 

- Specific energy consumption (SEC) was calculated using the following equation 
 

 

here �̇�𝑓.𝑑𝑖𝑒𝑠𝑒𝑙 is the diesel flow rate (kg/s) and 𝐶𝑉𝑑𝑖𝑒𝑠𝑒𝑙  is the lower heating value of diesel 

(kg/kJ). �̇�𝑓.ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑛 is the hydrogen flow rate (kg/s) and 𝐶𝑉ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑛 is the lower heating 

value of hydrogen (kg/kJ). 

 

3. Results and Discussion 

In the present work, a multi-chemical reaction mechanism was implemented using 

3-D computational fluid dynamics (CFD) based on AVL FIRE® and CHEMKIN™ to 

investigate the combustion and emission characteristics of a direct ignition (DI) diesel 

engine with gaseous hydrogen as a fuel and with diesel as the source of ignition. By using 

the experiment data, the model were run with same experiment engine condition at each 

brake power and the results found on good agreement with the experiment results. The 

operating conditions of the diesel engine modeled and simulated in this investigation were 

(1 − 𝑥)𝐶7𝐻16 + 𝑥𝐻2 + 𝑎. (𝑂2 + 3.76𝑁2)   →  𝑦. 𝐶𝑂2 + 𝑧. 𝐻2𝑂 + 𝑛. 𝐶𝑂 + 𝑓. 𝑁𝑂 + 𝑤. 𝑁2  (9)   

 

ηTE =
𝑃𝑜𝑤𝑒𝑟

(�̇�𝑓.𝑑𝑖𝑒𝑠𝑒𝑙 × 𝐶𝑉𝑑𝑖𝑒𝑠𝑒𝑙) + (�̇�𝑓.ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑛 × 𝐶𝑉ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑛)
                (10) 

𝑆𝐸𝐶 =  
(�̇�𝑓.𝑑𝑖𝑒𝑠𝑒𝑙. 𝐶𝑉𝑑𝑖𝑒𝑠𝑒𝑙) +  (�̇�𝑓.ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑛. 𝐶𝑉ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑛)

𝑃𝑜𝑤𝑒𝑟
                               (11) 
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similar to the independent experimental study by Saravanan et al. [30] because their 

reported test conditions and experimental data were well documented. The specifications 

of the compression ignition (CI) engine in this computational study are given in Table 2. 

3.1. Combustion characteristics  

Figure 4 depicts the variation of specific energy consumption with brake power. It 

is seen that the SEC of hydrogen/diesel operation was lower than that of diesel. At full load 

the SEC for hydrogen/diesel operation was 14.22 MJ/kWh compared to diesel, which it 

was 15.41 MJ/kWh at operating conditions. This is due to the premixing of hydrogen fuel 

with air due to its high diffusivity and better mixing with air resulting in complete 

combustion.  Also the SEC decreased gradually with increasing hydrogen level, the 

reduction is more illustrious at higher loads. 

The variation of brake thermal efficiency as function with engine power for 

different ratios of hydrogen was illustrated in Figure 5. The brake thermal efficiency can 

be defined as the ratio of the engine brake power to the input fuel energy. It was observed 

that highest brake thermal efficiency of 27 % was obtained for 37.5 % H2 at full load 

compared to diesel of 22.7 %. The increase in brake thermal efficiency can be attributed to 

hydrogen’s better mixing with air in addition to its faster burning characteristics. The brake 

thermal efficiency increased with increase in hydrogen level, but was limited to avoid 

knocking problem. For 90 % H2 approximately at 2.7 kW, the brake thermal efficiency 

was 27.5 %. The present simulations for the diesel/hydrogen mixture captured this trend 

and agreed well with the experiments reported under the same operating conditions [30, 9]. 

The variation of cylinder pressure as function with crank angle was illustrated in 

Figure 6. It can be seen that the peak cylinder pressure for a hydrogen/diesel mixture (37.5 

% H2 by volume) was higher (103.7 bar) than that for pure diesel (88.4 bar) for the same 

operational conditions. This is due to the higher flame speed of hydrogen which will lead 

to overall faster and more complete combustion, resulting in higher peak pressure, which 

corresponds well with the numerical results in reference [23]. Also the peak pressure 

occurrence in hydrogen/diesel operation is advanced by 3 crank angles compared to the 

peak pressure of diesel at full load. This is may be due to that hydrogen undergoes 

instantaneous combustion compared to diesel. The peak cylinder pressure decreased 
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gradually with increasing hydrogen level due to lean burn operation (equivalence ratio 

decreases) as observed in figure. The peak pressure with 90% H2 takes place definitely 

after TDC; this can be attributed to a longer ignition delay with lean mixture compared to 

37.5 % H2 operation. The ignition delay in diesel engine defined as the time lag between 

the start of diesel injection to start of the combustion. 

Figure 7 displays hydrogen peroxide (H2O2) and hydroxyl (OH) radicals in the form 

of a mass fraction as a function of the crank angle during the combustion process. These 

radicals were selected as the most important for driving the ignition process [31]. H2O2 was 

produced during the compression stroke; then, with the increased temperature, most of the 

H2O2 that had formed began to dissipate and was converted to OH radicals via the reaction 

H2O2 + M = OH + OH + M. This involves the formation of two OH radicals, which 

enhanced the reduced the ignition delay.  As can be seen in figure that the early formation 

time of OH with 37.5% and H2, 50% were observed and hence the combustion occurred 

at 10 BTDC and 5 BTDC respectively, while it was occurred at 4 ATDC with 90% H2.    

3.2. Emissions 

3.2.1 NOX emissions 

Figure 8 illustrates the predicted and measured NOX emissions as a function of 

engine power. It was observed that the NOx emissions increased with the additional power 

for the conditions considered. The NOX emission with 37.5 % H2 operation was 2500 ppm, 

which was higher than that of baseline diesel (2089 ppm) at full load. The main reason for 

the higher concentration of NOx in the hydrogen/diesel operation is the higher combustion 

temperatures compared to those in the pure diesel operation. The high combustion 

temperatures can be explained by the high adiabatic flame temperature and the combustion 

rates of hydrogen. Moreover, the high residence time of the high temperature gases in the 

cylinder led to the production of higher NOx emissions. The model-predicted trends of 

NOx emissions are very similar to the experimental results. Also we can see that as the 

hydrogen level increases, the lean limit of combustion is significantly prolonged, which in 

turn decreases the peak combustion temperature and hence lead to reduce NOX , so the 

lower NOX achieved was 490 ppm with 90 % H2  at engine power of 99 Kw with 

equivalence ratio 0.4. 
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The present computational methods provide a better understanding of the NO 

formation, in relation to oxygen availability and the average in-cylinder temperature at the 

same instants of time. NO is formed mainly as a result of the following reactions:         

N2O + O = N2 + O2          (R1) 

N2O + O = NO + NO       (R2) 

N2O + H = N2 + OH         (R3) 

N2O + OH = N2 + HO2     (R4) 

N2O + M = N2 + O + M     (R5) 

The other path to NOx formation can be described by reactions R6, R7, and R8, 

usually known as the extended Zel’dovich mechanism: 

N2 + O = N + NO              (R6)  

N + O2 = NO + O              (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.  

 Figure 9 displayed the development process of NO mass fraction, oxygen mass 

fraction, and average in-cylinder temperature under three different levels of H2 at various 

crank angles. As can be seen, the formation time of NO delayed with hydrogen increments, 

this is expected due to increase the ignition delay. Where the increase in the hydrogen level 

led to increase in ignition delay due to a high ignition temperature for hydrogen, and also 

the amount of diesel fuel to ignite the premixing of hydrogen with air was reduced and 

resulted in a late start of combustion and hence led to delay NO formation. The other reason 

to delay NO formation time was the lean burn operation with high hydrogen level. The NO 

formation time was shown in the central region of the cylinder near the injector where the 

local temperature was very high (in the flame region), and then it started to diffuse 

throughout the cylinder until it reached its maximum, which corresponds well with the 

numerical results in reference [21, 32]. It can be observed also, that the average in-cylinder 

temperature decreased gradually with increasing hydrogen level due to lean burn operation 
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(equivalence ratio decreases). The local gas temperature becomes more homogeneous with 

90 % H2 as shown in figure. After the in-cylinder temperature reached its maximum for 

three cases (37.5, 50 and 90 %H2) the temperature gradually decreased as the crank angle 

increased during the expansion stroke; hence, the rate of NO decomposition rapidly 

decreased, because the rates of R6, R7, and R8 (Zel'dovich mechanism) became small. 

Consequently, the concentration of NO remained almost frozen and did not change during 

the remainder of the expansion stroke. 

Figure 9 also showed oxygen mass fraction which considered another factor 

contributes to NO formation. Although oxygen mass fraction increased along with the 

enhancement of H2 level, NO formation decreased. This is indicated that the NO formation 

was influenced, primarily, by a reduction in temperature rather than the availability of O2. 

For three cases, it was observed that the oxygen mass fraction began to consume at the 

central area of the cylinder where regions combustion reaction occurs [33], then starts to 

decrease significantly as crank angles increased during combustion processes simultaneous 

with increased in-cylinder temperature and that leads to the extended the region of NO 

towards the chamber walls. 

3.2.2 Carbon monoxide (CO) emissions: 

The variation of carbon monoxide emissions with load is shown in Figure 10. The 

CO level with hydrogen/diesel (37.5 % H2 by volume) operation was 0.05 % by volume, 

which was lower than that of baseline diesel 0.16 % by volume at full load. The CO level 

gradually decreased with increase in the hydrogen level. The CO level is reduced by 30 %, 

40 % and 80 % with 37.5 % H2, 50 % H2 and 90 % H2 by volume respectively as shown 

in Figure. The CO emission decrease with increasing hydrogen level because of the reason 

that hydrogen does not contain any carbon in its structure and also because the addition of 

hydrogen led to reduction in the injected amount of diesel fuel that resulted in CO 

formation.  

3.2.3 Carbon dioxide (CO2) emissions: 

The variation of carbon dioxide emissions with load is shown in Figure 11. The 

CO2 emissions are lower compared to that of baseline diesel, the minimum being 7.9% by 
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volume at full load at the flow rate of hydrogen as 37.5 % by volume as depicted in Figure. 

The CO2 emission in hydrogen is lowered because of better combustion of hydrogen fuel 

and also due to the absence of carbon atom in hydrogen flame. 

The CO2 value is found to be 8 % by volume with 37.5 H2 % by volume. Further 

increase in hydrogen flow rate 50 % H2 and 90 % H2 reduces the CO2 value to 6.6 and 

1.06 by volume respectively as shown in Figure. This is because as H2 is added to the 

intake manifold, the amount of diesel fuel injected is reduced. Many researchers found 

similar results in the literature [13]. 

More demonstrate can be seen in Figure 12 which presents the spatial and temporal 

distribution of the in-cylinder CO and CO2 formations at TDC, 10 o ATDC, 30 oATDC, 

50 oATDC and 70 oATDC for three different modes. As can be seen the CO formation time 

was observed around the burnt region of fuel near the injector for three mode. After that, 

the CO formation region was extended in the cylinders; then, most of the CO formed began 

to decrease with an increase in the crank angle; along with extended  the region of CO2 

towards the cylinder walls. This due to  oxidation of CO to CO2 by OH radical, where the 

key reaction pathway for CO oxidation is CO + OH = CO2 + H, (See R26 in Appendix 1), 

and it was activated by the increased combustion temperature.  

4. Conclusions  

To investigate performance, in-cylinder combustion, and pollutant characteristics of a 

hydrogen-fueled diesel engine, a three-dimensional numerical simulation was employed 

with detailed chemical kinetics. The following conclusions can be drawn from the present 

research: 

 The multi-fuel mechanism successfully predicted NO
x
, CO and CO

2
 emissions in 

the simulated engine over the four engine loads tested. 

 The unwanted emissions were reduced drastically with increase hydrogen. 

 NO
x
 formation was higher with 37.5% hydrogen level, but beyond this level, it 

decreased due to lean burn operation. 
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 An increase in the duration of ignition delay was observed with increase in H2 

addition, which could be attributed to the decreasing O2 concentration in the intake 

charge.  

 The present model successfully demonstrated the capability of describing multi-

fuel combustion operations.  
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Table 1 Properties of hydrogen in comparison with diesel 

 

 

 

 

 

 

 

Table 2 Engine specifications and operation conditions 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Properties Hydrogen Diesel 

Auto-ignition temperature (K) 858 530 

Minimum ignition energy (mJ) 0.02 - 

Flammability limits in air (vol. %) 4-75 - 

Net heating value (MJ/kg) 119.9 42.2 

Stoichiometric  air/fuel (mass) 34.3 14.5 

Density at ambient temperature (kg/m^3) @ 1.01 bar 0.083 824 

Quenching gap in NTP air (cm) 0.064 - 

Stoichiometric flame speed (m/s) 2.65-3.25 0.3 

Engine Specifications 

No. of cylinders 1 

Bore 80 mm 

Stroke 110 mm 

Speed 1500 rpm 

Compression ratio 16.5:1 

Rated output 3.7 kW 

Piston type Flat 

Number of injector holes 4 

Hole diameter 0.000169 m 

Spray angle 160o 

Operating Conditions 

Fuel amounts by volume % 4.83% 

Initial temperature 333 K 

Initial pressure 1 bar 

Start of injection 23o  BTDC 

Duration of injection 30 degrees 
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Figure 1 Skeletal chemistry mechanism for multi-fuels 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2 Detailed chemistry modeling scheme 
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Figure 3 Computational mesh (50 sectors at TDC). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4 Variation of specific energy consumption with brake power at different levels of 

hydrogen 
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Figure 5 Variation of brake thermal efficiency with brake power at different levels of 

hydrogen 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 6 Variation of cylinder pressure with crank angle at different levels of 

hydrogen 
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Figure 7 Variation of H2O2 with OH with three different levels of hydrogen 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8 Variation of oxides of nitrogen with brake power at different levels of hydrogen 
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Figure 9 Variation of NO with O2 and temperature with three different levels of hydrogen  
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 Figure 10 Variation of carbon monoxide with brake power at different levels of 

hydrogen 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11 Variation of carbon dioxide with brake power at different levels of hydrogen 
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Figure 12 Variations of CO and CO2 with three different levels of hydrogen 
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IV. A COMPUTATIONAL STUDY OF IN-CYLINDER NOX REDUCTION 

STRATEGIES FOR A COMPRESSION-IGNITION ENGINE FUELED 

WITH DIESEL/HYDROGEN MIXTURES 

 

 

  

 

 

 

 

ABSTRACT 

Considerable efforts have been made to introduce alternative fuels for use in 

conventional diesel and gasoline engines. There is significant interest in adding hydrogen 

to a diesel engine to reduce emissions and improve efficiency. However, the main 

challenge associated with the use of hydrogen in diesel engines is high nitrogen oxide 

(NOX) emissions. In the present study, a reduced chemical kinetics mechanism, consisting 

of 52 reactions and 29 chemical species for n-heptane fuel combustion, was incorporated 

with detailed chemical kinetics consisting of 29 reactions for hydrogen as well as additional 

nitrogen oxidation. This reaction mechanism was coupled with 3-D advanced CFD 

software to investigate the performance and emission characteristics of a diesel-hydrogen 

dual-fuel engine. Computational results showed good agreements with the experimental 

results for brake thermal efficiency, CO2, CO, and NOX emissions. The model was then 

employed to examine the effects of exhaust gas recirculation (EGR) and N2 dilution on 

NOX emissions. The computational results quantified the reduction in NOX emissions with 

EGR and N2 dilution, and a more remarkable reduction was found with 30% N2 dilution. 

However, in terms of the N2 dilution, a general decreasing trend was observed for both 

NOX and CO2 emissions, while CO emissions increased. In relation to the EGR, the NOX 

emissions decreased while CO2 and CO emissions significantly increased. Additionally, 

the results showed that the indicated mean effective pressure (IMEP) and indicated power 
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decreased as the N2 dilution increased. The same trend was observed for the EGR but the 

reduction was less compared to that of the N2 dilution. 

 

Introduction 

During the past decade, a number of researchers have investigated the replacement 

of hydrocarbon fuels by hydrogen as a technique to improve the performance and emissions 

of internal combustion engines. Numerous studies have reported on the performance of 

spark-ignition (SI) engines with hydrogen-natural gas fuel [1-2] and hydrogen-gasoline 

fuel [3]. Several   researchers   have investigated the replacement of diesel fuel by hydrogen 

in diesel engines for reducing pollutant formations and emissions. The addition of H2 to 

the intake air of diesel engines has been shown to substantially reduce the emissions of CO, 

HC, CO2, and soot. However, as reported by [4], adding a relatively large amount of H2 

could significantly increase the emissions of NOX. The high NOX emissions associated 

with hydrogen addition are probably due to the higher combustion temperatures inside the 

chamber. Saravanan et al. [5-8] have reported studies using hydrogen in the dual-fuel mode 

a DI diesel engine. In general, they observed that a significant improvement in thermal 

efficiency and a reduction in hydrocarbon (HC), CO, and CO2 emissions could be obtained 

under certain operating conditions by running a diesel engine in the dual-fuel mode using 

hydrogen. Zhou et al. [9] experimentally investigated the performance of regulated and 

unregulated emissions of a diesel engine with hydrogen addition. They concluded that 

hydrogen addition also had the potential to reduce unregulated emissions, such as olefins 

(C2H4 and C3H6), BTX (C6H6, C7H8, and C8H10) and acetaldehyde (CH3CHO). An et al. 

[10] also studied the performance and emission characteristics of a dual-fuel 

(hydrogen/diesel) engine. They found that the CO and soot emissions decreased under most 

engine operating conditions due to the “carbon-free” nature of hydrogen, while the NOX 

emissions increased. Sandalci and Karagoz [11] conducted an experimental study on a 

four-stroke, single cylinder diesel engine fueled by hydrogen at different levels. Their 

results indicated that specific CO, CO2, and smoke emissions decreased with increasing 

hydrogen levels. However, specific NOX emissions increased with hydrogen. Singh [12] 
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carried out a numerical analysis to investigate the impact of H2 addition on NO2 emissions 

from an H2-diesel dual-fuel engine using a CFD model integrated with a reduced chemistry 

model as well as a NOX formation model. They showed that the addition of H2 up to 4% 

by volume led to an increase in NO2. Nguyen and Mikami [13] investigated the 

characteristics of combustion noise from a dual-fuel (hydrogen/diesel) engine and reported 

that the diesel engine noise with hydrogen addition was lower than that with diesel fuel 

alone at late diesel-fuel injection timings.  

The main challenges of using hydrogen in an internal combustion (IC) engine in 

the dual-fuel mode with diesel fuel are high in-cylinder peak pressures and temperatures 

that result in greater amounts of NOX emissions and high self-ignition temperatures [14, 

15]. Currently, there are global demands to reduce NOX emissions, which have been 

discharged from IC engines fueled by hydrogen. Several approaches have been applied to 

reduce such emissions. Exhaust gas recirculation (EGR) and N2 dilution techniques were 

very useful in reducing the NOX emission level for dual fuel engine operation with 

hydrogen induction. SinghYadav and Soni [16] used hydrogen in a diesel engine with 10% 

and 20% EGR levels. They showed that, at 80% load, the NOX concentration for hydrogen 

enrichment without EGR was 470 ppm whereas it was 447 ppm with 20% EGR. Bose and 

Maji [17] conducted an experimental study on a single-cylinder compression-ignition 

engine using a hydrogen-diesel blend with exhaust gas recirculation. NOX emissions for 

the hydrogen-diesel operation with 10% and 20% EGR were 760 ppm and 710 ppm, 

respectively, at 80% load, compared to neat diesel fuel at 810 ppm. Christodoulou and 

Megaritis [18, 19] studied the effect of hydrogen/nitrogen blend on the emissions and 

combustion of an HSDI diesel engine. They reported that a great reduction of NOX was 

achieved by nitrogen dilution but this came at the expense of smoke and CO. Roy et al. 

[20] found a dramatic reduction in NOX emissions with certain percentages of N2 dilutions. 

Today, computational fluid dynamics (CFD) has become an essential tool in the 

process of designing and developing engineering devices [21]. Advanced 3-D CFD codes 

have become a common means to gain a better understanding of the complex combustion 

processes inside engine cylinder. CFD offers successful assessment of new technologies, 

e.g., new fuel preparation methods, new combustion concepts, and/or alternative fuels. 
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With the relatively recent development of computer processors and the expansion of 

allowable memory, researchers and engineers are now able to integrate detailed chemical 

kinetics with CFD software to simulate IC engines. Many  studies have investigated and 

reported on the integration of detailed chemical kinetics with the three-dimensional 

computational fluid dynamics (CFD) tools to understand the in-cylinder flow field and 

mixing process [26,27,28]. Few studies have focused on integrated multi-fuel mechanism 

with CFD code to study dual fuel combustion engine [29, 30].  

In the present work, a reduced reaction mechanism consisting of 52 reaction steps 

with 29 chemical species for n-heptane fuel combustion was incorporated with detailed 

chemical kinetic reactions consisting of 29 reaction steps for hydrogen, including 

additional nitrogen oxidation reactions. This reaction mechanism was coupled with the 

AVL FIRE® CFD code to investigate in-cylinder combustion and pollutant characteristics 

in a dual-fuel engine. One focus of this study was to investigate the effects of EGR and N2 

dilution on engine performance and emissions. An advantage of this model is the FIRE® 

General Gas Phase Reactions Module used to simulate a dual-fuel engine that ran on either 

a diesel/hydrogen mixture or diesel with other conventional fuels (methane or gasoline), 

contrary to what occurs in most existing engine models. Also the present computational 

provide a better understanding of the NOx emissions production, in association with the 

mean in-cylinder gas temperature and oxygen availability at the same instants of time. 

Computational Methods  

AVL FIRE® presents a general species transport model to allow the 

implementation of a detailed kinetic model [22] and solves species transport equations for 

any arbitrary number of chemical species. The species mass conservation equation is 

expressed as 

 

 

 

  𝑆𝑤𝑖
= 𝑟𝑖 

 

𝜕(𝜌𝑤𝑖)

𝜕𝑡
+

𝜕

𝜕𝑥𝑘
(𝜌(𝑈𝑘 − 𝑈𝛿𝑘)𝑤𝑖) =

𝜕

𝜕𝑥𝑘
((𝜌𝐷𝑖 +

𝜇

𝜎𝑐𝑖
)

𝜕

𝜕𝑥𝑘
) + 𝑆𝑤𝑖

   (1) 
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here 𝑤𝑖 is the mass fraction, 𝑆𝑤𝑖
 is the source term of species i by taking into account 

homogeneous chemical reactions,  𝜎𝑐𝑖 is the stress tenser, and  𝜇 is the viscosity. The 

thermophysical properties (i.e., viscosity, density, specific heat, diffusion coefficient, 

thermal conductivity) shown in the equation above were calculated for each species and 

for gas mixtures by using the chemical kinetic databases (CHEMKIN™).  The chemistry 

effect (level of elementary reactions) was taken into account such that at the beginning of 

each CFD time step (∆t), a single zone reactor model was calculated for each computational 

cell. At the last CFD time step for the properties (pressure, volume, temperature), the 

following conservation equations were integrated by the model for the time step, 

considering the volume cell as a function of time. The species conservation equation was 

computed using 

 

 

 

here, 𝑀𝑖 is the molecular weight of ith species, and 𝜔𝑖 is the molar production rate of 

species. The source term, 𝑆𝑤𝑖
, was taken into account due to the homogeneity assumption. 

The energy conservation equation was expressed as  

 

 

 

 

On the left-hand side, the first term represents the temporal change of the energy 

content, and the second term represents the volume work. The terms on the right-hand side 

represent the consideration of the change of internal energy due to production and 

consumption of chemical species. By using an interface to the CHEMKIN™ libraries, the 

molar species production rate, 𝜔𝑖, can be calculated, and the source terms can be calculated 

by neglecting any effect of turbulence/mixing on the chemical reaction, as follows: 

 

𝑟𝑖 =
𝜌𝑛+1𝑤𝑖
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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 was the 

most important advantage of this approach because it made the CFD simulation 100% 

conservative, fast, and valid. This approach considered the effects of both mixing and 

chemical kinetics by assuming that the reaction rate was determined via a kinetic time scale 

𝜏𝑘𝑖𝑛 (an equilibrium assumption under perfect mixed conditions) and turbulent time scale 

𝜏𝑡𝑢𝑟𝑏 (an eddy break-up assumption). Furthermore, it was assumed that the equilibrium 

concentration of the fuel wass zero and the kinetic time scale was equal to the scale used 

for the fuel for all species. The time scale of CO was used as a rate-limiting kinetic time 

step if the fuel concentration approached zero. By taking these assumptions into account, 

the above equation becomes 

 

 

 

 

 

 

 

 

 

The turbulent time scale, 𝜏𝑡𝑢𝑟𝑏, was calculated using: 

τturb = Ct

k

ε
 (8) 

 

The variable f is a delay coefficient that is used to simulate the influence of 

turbulence on combustion after ignition has occurred [23], and can be calculated as: 

 

𝑓 =
1 − 𝑒−𝑟

0.632
 

                                         (9) 
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ρn+1wi

n+1 − ρnwi
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 (5) 

𝜏𝑘𝑖𝑛,𝑖 = ∆𝑡 
𝜌𝑛+1𝑤𝑖

𝑛+1

𝜌𝑛+1𝑤𝑖
𝑛+1 − 𝜌𝑛𝑤𝑖

𝑛 
       (6) 

𝜏𝑘𝑖𝑛 = max  (𝜏𝑘𝑖𝑛,𝑓 , 𝜏𝑘𝑖𝑛,𝐶𝑂)      (7) 
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A reduced (52 reactions and 29 species) chemical reaction mechanism for n-

heptane was constructed from a comprehensive detailed mechanism (179 species and 1642 

reactions) [24]. This study uses n-heptane because its cetane number (CN~56) is rather 

close to that of typical diesel fuels (CN~50). This reduced reaction mechanism for n-

heptane fuel combustion was incorporated with detailed chemical kinetic reactions 

consisting of 29 reaction steps for hydrogen, which includes additional nitrogen oxidation 

reactions [24]. The multi-chemical reaction mechanism (89 reactions and 32 species) was 

coupled with a 3-D CFD model based on AVL FIRE® software. The CHEMKIN™ 

chemistry solver was integrated into the AVL FIRE® code for solving the chemistry during 

the multidimensional engine simulation. The piston geometry and computational grid used 

for the simulations are shown in Figure 1. The mesh was composed of about 7680 

computational cells with mesh dimensions of 3.33 × 3.33 × 3.56 mm. 

Results and Discussion 

In the present work, a multi-chemical reaction mechanism was implemented using 

a comprehensive 3-D CFD to investigate the combustion and emission characteristics of a 

direct ignition (DI) diesel engine with gaseous hydrogen as a fuel and with diesel as the 

source of ignition. The hydrogen was substituted for diesel fuel on an energy basis of 

37.5%. By using the experimental data, the model was run at the same engine conditions 

at various brake power. The operating conditions of the diesel engine modeled and 

simulated in this investigation were similar to the independent experimental study by 

Saravanan et al. [8] because their reported test conditions and experimental data were well 

documented. The specifications of the compression-ignition (CI) engine in this 

computational study are given in Table 1. 

 Model Validation 

The brake thermal efficiency can be defined as the ratio of the engine brake power 

to the input fuel energy. The variation of the brake thermal efficiency with the brake power 

            𝑟 =
𝑤𝐶𝑂2

− 𝑤𝐻2𝑂 − 𝑤𝐶𝑂 − 𝑤𝐻2

1 − 𝑤𝑁2

                        (10) 



89 

 

 

is shown in Figure 2 for a diesel/hydrogen mixture. The brake thermal efficiency increased 

with the brake power for the conditions considered. Specifically, the brake thermal 

efficiency reached 27.3% at the highest brake power of about 4 kW. The present 

simulations for the diesel/hydrogen mixture captured this trend and agreed well with the 

experiments reported under the same operating conditions. 

Figure 3 shows the predicted and measured NOX emissions as a function of brake 

power. It was observed that the NOX emissions increased with the additional brake power 

for the conditions considered. The NOX emissions reached 2700 ppm at the highest brake 

power of about 4 kW. In general, the amount of NOX formed in the hydrogen/diesel mixture 

operation was greater than what was formed in the case of pure diesel [6]. The higher 

concentration of NOX in the hydrogen/diesel mixture was mainly the result of the higher 

combustion temperatures compared to those in the pure diesel operation. Moreover, the 

long residence time of the high temperature gases in the cylinder led to the production of 

greater NOX emissions. The model-predicted trends were very similar to the experimental 

results.                                                           

The emissions of carbon monoxide and carbon dioxide were generally reduced in 

the hydrogen-diesel mixture operation compared to what would occur in a conventional 

diesel operation [6, 17]. This was due to the addition of hydrogen, which led to a reduction 

in the amount of diesel (carbon-based fuel injected). Figure 4 shows the variation of carbon 

monoxide with brake power. It was observed that carbon monoxide emissions were almost 

constant below a brake power of approximately 2.9 kW. When the brake power increased 

beyond this value, the CO emissions increased and reached a peak value of around 0.05% 

by volume at the highest brake power of about 3.7 kW.  

Figure 5 illustrates the variation of carbon dioxide with brake power. Carbon 

dioxide increased with the brake power for the conditions considered. In particular, CO2 

reached 8.5% by volume at the highest brake power. The emissions of carbon monoxide 

and carbon dioxide were generally reduced in the hydrogen-diesel mixture operation 

compared to a conventional diesel operation [6, 17]. This was due to the addition of 

hydrogen, which led to a reduction in the amount of diesel (carbon-based fuel injected). 
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 Effect of EGR and N2 Dilution on Engine Performance and Emissions 

After its development and validation, the computational model could be employed 

to investigate various aspects of hydrogen-diesel dual-fuel engines. One possibility is to 

use the model to study the effect of injection time and different compression ratios on 

engine performance and emissions. Another possibility is to computationally study the 

effect of EGR levels and N2 dilution on NOX emissions. In the present study, different 

levels of EGR and N2 dilution were applied. Hydrogen-enriched air was used as the intake 

charge in a diesel engine with 10%, 20%, and 30% EGR or N2 dilution, the hydrogen 

percentage was set at 4.83% by volume. The engine was operated at full load. 

Indicated Thermal Efficiency, Indicated Power, and IMEP .Engine performance 

parameters were obtained using the measured cylinder pressure and engine geometry at a 

constant engine speed. Indicated work (𝑊𝑖), indicated mean effect pressure (IMEP), 

indicated power (IP), and indicated thermal efficiency (ITE) were calculated using the 

measured cylinder pressure versus engine crank angle at different operating conditions, as 

shown in the following equations: 

 

 

 

 

 

 

 

 

 

 

here, 𝑁 is the engine speed (rpm), 𝑆�̅� is the mean piston speed (m/s), and 𝑉𝑑 is the 

displacement volume (m3).  The indicated thermal efficiency was calculated as the ratio 

of the power output from the engine to the combined energy input from both diesel fuel 

and hydrogen, as follows: 

                 𝑊𝑖  (𝑘𝑗) =  ∫ 𝑝𝑑𝑉

𝐸𝑉𝑂

𝐼𝑉𝐶

                    (11) 

              𝐼𝑀𝐸𝑃 (𝑘𝑃𝑎) =  
1

𝑉𝑑

∫ 𝑝𝑑𝑉

𝐸𝑉𝑂

𝐼𝑉𝐶

                 (12)               

  

         𝑃𝑖  (𝑘𝑊) =
𝑊𝑖   . 𝑁

2 × 60
                        (13) 
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As the EGR level increased, the indicated thermal efficiency and indicated power 

decreased. The same trend was observed with the N2 dilution, but the reduction was more 

than occurred with EGR (Table 2). The reductions in the indicated thermal efficiency and 

indicated power with dilution (i.e., EGR or N2) were due to deficiency in the oxygen 

concentration, which had a significant negative effect on combustion; this, in turn, led to a 

decrease in the peak pressure and temperature, resulting in the degradation of the work 

done per cycle. Moreover, the retarded ignition with the N2 dilution (compared to the EGR 

cases) led to more reduction in the indicated thermal efficiency and the indicated power. 

Ignition Delay  

Ignition delay is defined as the period between the start of the diesel injection and 

the inflammation of the air-fuel mixture. Figure 6 shows that the ignition delay without 

dilution was about 13o after injection time (AIT), whereas it was about 18.4o AIT with 

30% EGR, and 25o AIT with a 30% N2 dilution. The reduction in the oxygen availability 

(a dilution effect) increased the specific heat capacity of the in-cylinder mixture (a thermal 

effect). This led to an increase in ignition delay and a reduction in combustion temperature. 

However, the ignition delay with the EGR was shorter than that with the N2 dilution; this 

might be due to the fact that oxygen reduction is the dominant factor in ignition delay rather 

than in specific heat capacity [25].  

In-cylinder Pressure 

Figures 7 and 8 display the variations of in-cylinder pressure as a function of crank 

angle at full load for various EGR levels and N2 dilutions, respectively. In general, the peak 

pressure decreased as the EGR increased. The same trend was observed with N2 dilution 

[17, 18], but the reduction was more than that occurred with EGR. At full load, the lowest 

peak pressure of 90 bar was observed with 30% EGR, compared to the peak pressure of 

ηITE =
𝑃𝑖

(�̇�𝑓,𝑑𝑖𝑒𝑠𝑒𝑙 × 𝐶𝑉𝑑𝑖𝑒𝑠𝑒𝑙) + (�̇�𝑓,𝐻2 × 𝐶𝑉𝐻2)
 

 

      (14) 
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98.5, 103, and 103.6 bar with 20%, 10% and without EGR, respectively (Figure 7). The 

lowest peak pressure of 87 bar was observed with 30% N2, compared to the peak pressure 

of 95.7, 102.3, and 103.6 bar with 20% and 10% and without N2, respectively (Figure 8). 

This reduction in peak pressure was due to the substitution of air by the exhaust gas that 

led to increases in the amount of the combustion-accompanying gases, which in turn 

increased the heat capacity and lowered the in-cylinder pressure and combustion 

temperature. Moreover, the burning velocity decreases when an in-cylinder mixture is 

diluted with exhaust gases, and this also leads to a decrease in peak pressure. Due to the 

increase in the ignition delay with N2 dilution, the peak cylinder pressures for N2 dilution 

occurred after the EGR. 

NOX Emissions 

NO is formed mainly as a result of the following reactions:         

N2O + O = N2 + O2          (R1) 

N2O + O = NO + NO       (R2) 

N2O + H = N2 + OH         (R3) 

N2O + OH = N2 + HO2     (R4) 

N2O + M = N2 + O + M     (R5) 

The other path to NOX formation can be described by reactions R6, R7, and R8, usually 

known as the extended Zel’dovich mechanism [31]: 

N2 + O = N + NO              (R6) 

N + O2 = NO + O              (R7) 

N + OH = NO + H            (R8) 

Normally, these three reactions are only important at high temperatures because 

radicals O and OH are created at high temperatures. 
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Figure 9 displays the variations of NO as a function of crank angle at full load for 

various EGR levels. At full load without EGR, the NO concentration was 2700 ppm (Figure 

2) compared to 1600, 1000, and 900 ppm with 10%, 20% and 30% EGR, respectively. The 

NO emission decreased with an increase in the EGR level. This is due to the presence of 

inert gas in the engine cylinder that replaces the oxygen in the combustion chamber, which 

reduces the peak combustion temperature. As a result of a reduction in both parameters, 

NO reduced drastically with EGR.   

Figure 10 displays variations of NO with N2 dilution levels. The same trend was 

observed with N2 dilution, where NO formation decreased with an increase in the N2 

dilution, but the reduction was comparatively greater with EGR.   At   full load without N2 

dilution, the NO was 2700 ppm (Figure 3) compared to 1500, 900, and 800 ppm with 10%, 

20%, and 30% EGR, respectively. There are two reasons for this reduction in NO: Nitrogen 

dilution replaces the oxygen in the combustion chamber, and there is a retarded ignition 

time with N2 dilution compared to EGR. Hence, there is more reduction in the in-cylinder 

temperature with N2 dilution that leads to a greater reduction in NO. These results were in 

confirmation with observations reported recently [16-19]. 

Figure 11 shows the development process of NO mass fraction, in association with 

the mean in-cylinder gas temperature and oxygen availability at the same instants of time 

for hydrogen-diesel operation without dilution and with dilution by 30 % EGR and 30 % 

N2. It was easy to see that the in-cylinder temperature and oxygen mass fraction gradually 

decreased with dilution operations, and hence NO emissions reduced. As shown in figure 

the formation time of NO delayed with the dilution operations (i.e. EGR and N2), compared 

to that at without dilution. This is may be due to the increase in the ignition delay with 

dilution operation as shown above (Fig. 5). The peak NO value was attained just near the 

top dead center (TDC) in the post-flame region because the temperature and oxygen 

concentration were very high in that region. As observed, the NO formation rate inside the 

cylinder varied with the crank angle that was dependent on the temperature history of each 

crank angle. The temperature and oxygen mass fraction gradually decreased as the crank 

angle increased during the expansion stroke; hence the rate of NO decomposition rapidly 

decreased. This is because the rates of R6, R7, and R8 (Zel'dovich mechanism) became 
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small, due to the reduction in O and OH radicals. With N2 dilution, NO value became very 

small due to combustion retardation, which, in turn, led to reductions in the peak pressure 

and temperature. 

CO and CO2 Emissions 

Figures 12 and 13 display the variations of carbon monoxide as a function of crank 

angle at full load for various EGR levels and N2 dilutions, respectively. In general, CO 

concentration increased with the EGR level. At full load, the CO emission was 0.05% by 

volume without EGR, while it was 0.4%, 0.6%, and 0.73% by volume with 10%, 20%, and 

30% EGR, respectively (Figure 12). The increase in CO concentration was due to the 

deficiency in oxygen concentration and the increased inert gas inside the cylinder with a 

rise in the EGR. As a result, lower oxygen concentrations led to a less complete 

combustion, increasing CO emission.  

CO emission also rose as the N2 dilution level increased, as illustrated in Figure 13, 

but the increase was greater than that of the EGR cases. This is due to the deficiency in 

oxygen concentration and the retarded ignition with the N2 dilution compared to the EGR 

cases. These results were in confirmation with observations reported by [18]. 

Figures 14 and 15 display the variations of carbon dioxide as a function of crank 

angle at full load for various EGR levels and N2 dilutions, respectively. Figure 13 

quantifies the increase in CO2 level with a rise in the EGR level. At full load, the CO2 

emission was 9% by volume without EGR while it was 9.3%, 10.2%, and 11% by volume 

with 10%, 20%, and 30% EGR, respectively (Figure 37). The reason for this increase in 

CO2 was the presence of CO2 in the exhaust gas [16, 17]. 

Carbon dioxide emissions decreased with increasing level of N2 dilution. At full 

load, the CO2 emission was 9% by volume without the N2 dilution, while it was 8.4%, 

7.5%, and 7% by volume with 10%, 20%, and 30% N2 dilution, respectively (Figure 15). 

Figure 16 illustrates iso-counters of CO and CO2 for a hydrogen-diesel mixture with 

30% EGR and 30% N2. These images quantified the evolution of the formed CO and CO2 

along with temperature. It was observed that CO mainly formed around the center of the 

cylinder due to combustion of the pilot fuel and oxidation of the pre-mixture. After that, 
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the CO formation region extended into the cylinder and reached its peak value at around 

12 BTDC with no dilution, 15 BTDC with 30% EGR, and 17 BTDC, with 30% N2. With 

the increase in the crank angle during the expansion stroke, the in-cylinder temperature 

started to decline; then, most of the CO that had formed began to dissipate due to the 

conversion of CO to CO2. This was due to the key reaction pathway for CO oxidation, CO 

+ OH = CO2 + H, which was activated by the increased combustion temperature. Thus, for 

no dilution at the end of the expansion stroke, the temperature was higher compared to the 

EGR and N2 operations, which led to a reduction in CO. Additionally, it could be seen that 

CO2 for the EGR operation covered the entire cylinder at 10 ATDC compared to what 

occurred for no dilution and N2 dilution; this was due to the presence of CO2 in the fresh 

mixture, which explained the higher CO2 with EGR. The significant decrease in CO2 with 

30% N2, this is due to the combined effect of lower pressure and temperature inside the 

cylinder, which lead to the lower conversion ratio of the CO to CO2 and the shift in the 

reaction CO + OH = CO2 + H  toward the reverse direction. 

Conclusions 

To investigate performance, in-cylinder combustion, and pollutant characteristics 

of a hydrogen-fueled diesel engine with EGR and N2 dilution, a three-dimensional 

numerical simulation was employed with detailed chemical kinetics. The following 

conclusions can be drawn from the present research:  

 Computational results showed good agreements with the experimental results for 

brake thermal efficiency, NOX emissions, CO emissions, and CO2 emissions.   

 The present model successfully showed the capability of describing a hydrogen-

fueled diesel engine with EGR or N2 dilution operations. 

 In terms of N2 dilution, the simulation results demonstrated that NOX and CO2 

emissions decreased, while CO emissions increased. 

 In relation to the EGR level, the NOX emissions decreased while the CO2 and CO 

emissions significantly increased. 

 N2 dilution was more efficient in reducing NOX emissions than the EGR method 

because of relatively low in-cylinder temperatures.  
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Table 1 Engine specifications and operating conditions 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 2 Various engine performance parameters 

 

 

 

 

 

 

 

 

  

Engine Specifications 

No. of cylinders 1 

Bore 80 mm 

Stroke 110 mm 

Speed 1500 rpm 

Compression ratio 16.5:1 

Rated output 3.7 kW 

Piston type Flat 

Number of injector holes 4 

Hole diameter 0.000169 m 

Spray angle 160o 

Operating Conditions 

Fuel amounts by volume % 4.83% 

Initial temperature 333 K 

Initial pressure 1 bar 

Start of injection 23o  BTDC 

Duration of injection 30 degrees 

Case Indicated 

power (kW) 

Indicated 

thermal eff. (%) 

IMEP 

(kPa) 

No dilution 7.20 0.57 1129 

10% EGR 6.98 0.51 1010 

20% EGR 6.51 0.47 942 

30% EGR 6.03 0.44 872 

10% N2 6.99 0.51 1011 

20% N2 6.43 0.47 931 

30% N2 5.89 0.43 853 
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Figure 1 Computational mesh (50 sectors at TDC) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2 Variation of brake thermal efficiency with brake power 
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Figure 3 Variation of oxides of nitrogen with brake power 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4 Variation of carbon monoxide with brake power 
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Figure 5 Variation of carbon dioxide with brake power 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6 Ignition delay at no dilution, 30% EGR and, 30% N2 
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Figure 7 Cylinder pressure variations with crank angle for different EGR levels 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8 Cylinder pressure variations with crank angle for different N2 dilution levels 
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Figure 9 NO concentration as function of crank angle for different EGR levels 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10 NO concentration as function of crank angle for different N2 levels 
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Figure 11 Variation of NO with O2 and temperature for no dilution, 30% EGR and 30% 

N2 
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Figure 12 CO concentration as function of crank angle for different EGR levels 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13 CO concentration as function of crank angle for different N2 dilution levels 
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Figure 14 CO2 concentrations as function of crank angle for different EGR levels 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 15 CO2 concentrations as function of crank angle for different N2 dilution levels   
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Figure 16 Variations of CO with O2 and temperature for no dilution, 30% EGR and 30% 

N2  
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2. SUMMARY AND CONCLUSIONS 

The present work aims to numerically study the in-cylinder combustion process, 

emission and engine performance of spark ignition engine (SI) fueled with hydrogen and 

compression ignition engine (CI) with a dual fuel (diesel-hydrogen).  Simulations were 

performed using multi-dimensional software AVL FIRE coupled with CHEMKIN. The 

models have been highly successful in describing the complex in-cylinder combustion 

processes that are often difficult or impossible to understand experimentally.  

In the first part, the model was successfully showed the capability of describing a 

hydrogen-fueled IC engine with different equivalence ratios. Additionally, the pollutant 

model, namely the extended Zeldovich model, was also adapted to be able to quantitatively 

predict the NOx emissions. Once validated, the proposed model provide an insight into the 

in-cylinder combustion and pollutant formation processes occurring in a hydrogen-fuelled 

engine with different ignition timings and various levels of EGR. 

In the second part in this thesis, three-dimensional simulations were conducted to 

numerically study the performance, combustion and emission characteristics of a hydrogen 

assisted diesel engine. A detailed reaction mechanism was developed to include the 

chemical kinetics of diesel and hydrogen. The developed reaction mechanism was 

validated against the experimental results with 0%, 37.5 %, 50 % and 90 % of hydrogen 

induction. Combustion characteristics such as ignition delay, the thermal efficiency, 

specific energy consumption and exhaust emissions (including NOx, CO2, CO and soot) 

were investigated. The model has been applied to examine effects of EGR and N2 dilution 

on the NOx emissions, and it observed that the model has great potential to predict the 

effect of EGR and N2 dilution on NOx emission. The present model successfully shows 
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the capability of describing multi-fuel combustion operations, which provides guidance for 

selecting experimental test conditions. 

The subject for future work will be studies on the effect of combing the ignition timing 

with other important parameters such as engine speed and equivalence ratio and to find an 

optimized range of operation conditions for hydrogen-fueled IC engine.  

In dual fuel engine model (diesel/hydrogen mixture), the future work will be to investigate 

the effect of injection timings on engine performance and emissions. Also future work 

includes optimization of injection parameters such as nozzle geometry and injection 

strategy. 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

APPENDIX A 

REACTION MECHANISM FOR HYDROGEN  
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elements 

h   c    o   n 

end 

 

specie  

H2    H     O2     O    OH    HO2    H2O    H2O   N    N2    NO                                               

end 

 

 

                                          (k = A T**b exp(-E/RT)) 

 

         REACTIONS                          A        b       E 

 

 53. h2    + o2  = oh    + oh           1.700E+13  0.00    47780  

 54. h2    + oh  = h2o   + h            1.170E+09  1.30    3626 

 55. o     + oh  = o2    + h            4.000E+14 -0.50    0.0  

 56. o     + h2  = oh    + h            5.060E+04  2.67    6290 

 57. h     + ho2 = o     + h2o          3.100E+10  0.00    3590 

 58. o     + oh  + M  = ho2   + M       1.000E+16  0.00    0.0 

 59. h     + o2  + M  = ho2   + M       2.800E+18  -.86    0.0     

 60. h     + o2  + o2 = ho2   + o2      2.080E+19 -1.24    0.0 

 61. h     + o2  + h2o= ho2   + h2o     11.26E+18  -.76    0.0 

 62. h     + o2  + n2 = ho2   + n2      2.600E+19 -1.24    0.0 

 63. oh    + ho2      = h2o   + o2      7.500E+12  0.00    0.0 

 64. h     + ho2      = oh    + oh      1.700E+14  0.0     875  

 65. o     + ho2      = o2    + oh      1.400E+13  0.00    1073  

 66. oh    + oh       = o     + h2o     6.000E+08  1.30    0.0  

 67. h     + h   + M  = h2    + M       1.000E+18 -1.00    0.0  

 68. h     + h   + h2 = h2    + h2      9.200E+16 -0.60    0.0  

 69. h     + h   + h2o= h2    + h2o     6.000E+19 -1.25    0.0  

 70. h     + oh  + M  = h2o   + M       1.600E+22 -2.00    0.0  

 71. h     + o   + M  = oh    + M       6.200E+16 -0.60    0.0  

 72. o     + o   + M  = o2    + M       1.890E+13  0.00    -1788  

 73. h     + ho2      = h2    + o2      1.250E+13  0.00    0.0  

 74. ho2   + ho2      = h2o2  + o2      2.000E+12  0.00    0.0  

 75. oh    + oh  (+M) = h2o2 (+M)       7.600E+13  -.37    0.0  

     LoW  /  4.300E+18    -.900  -1700.00/ 

     TRoE/   .7346   94.00  1756.00  5182.00 / 

 76. h2o2  + h        = ho2   + h2      1.600E+12  0.00    3800  

 77. h2o2  + oh       = h2o   + ho2     1.000E+13  0.00    1800  

 78. h2o2  + h        = h2o   + oh      1.000E+13  0.00    3590  

 79. h2o2  + o        = h2o   + o2      8.400E+11  0.00    4260  

 80. h2o2  + o        = oh    + ho2     2.000E+13  0.00    5900  

 81. h2    + ho2      = h2o   + oh      6.500E+11  0.00    18800  

 82. n2o   + o        = n2    + o2      1.400E+12  0.00    10810 

 83. n2o   + o        = no    + no      2.900E+13  0.00    23150 

 84. n2o   + h        = n2    + oh      4.400E+14  0.00    18880   

 85. n2o   + oh       = n2    + ho2     2.000E+12  0.00    21060  

 86. n2o   + M        = n2    + o+ M    1.300E+11  0.00    59620  

 87. n     + no       = n2    + o       3.270E+12  0.30    0.0  

 88. n     + o2       = no    + o       6.400E+09  1.00    6280  
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 89. n     + oh       = no    + h       7.333E+13  0.00    1120  

end 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

APPENDIX B 

REACTION MECHANISM OF HYDROGEN-DIESEL  
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elements 

h   c    o   n 

end 

 

specie  

nc7h16    o2    n2    co2    h2o  co   h2 oh  h2o2  ho2     h      

o           

ch3o    ch2o   hco  ch2  ch3   ch4 c2h3 c2h4  c2h5 c3h4 c3h5 c3h6 

c3h7  

c7h15-2   c7h15o2    c7ket12  c5h11co  n2o  no  n   

end 

 

                                        (k = A T**b exp(-E/RT)) 

  REACTIONS                                A       b        E 

 

 1. nc7h16 + h  = c7h15-2 + h2         4.380e+07  2.0     4760.0 

 2. nc7h16 + oh = c7h15-2 + h2o        9.700e+09  1.3     1690.0 

 3. nc7h16 + ho2= c7h15-2 + h2o2       1.650e+13  0.0    16950.0 

 4. nc7h16 + o2 = c7h15-2 + ho2        2.000e+15  0.0    47380.0 

 5. c7h15-2 + o2 = c7h15o2             1.560e+12  0.0     0.0 

 6. c7h15o2 + o2  = c7ket12 + oh       4.500E+14  0.0   18232.71 

 7. c7ket12      = c5h11co + ch2o + oh  9.530e+14 0.0   4.110e+4 

 8. c5h11co      = c2h4  + c3h7 + co    9.84E+15  0.0   4.02E+04 

 9. c7h15-2      = c2h5 + c2h4  + c3h6  7.045E+14  0.0  3.46E+04 

 10. c3h7        = c2h4 + ch3           9.600e+13  0.0  30950.0 

 11. c3h7        = c3h6 + h             1.250e+14  0.0  36900.0 

 12. c3h6 + ch3  = c3h5 + ch4           9.000e+12  0.0  8480.0 

 13. c3h5 + o2   = c3h4 + ho2           6.000e+11  0.0  10000.0 

 14. c3h4 + oh   = c2h3 + ch2o          1.000e+12  0.0  0.0 

 15. c3h4 + oh   = c2h4 + hco           1.000e+12  0.0  0.0 

 16. ch3   + ho2 = ch3o  + oh           5.000e+13  0.0  0.0  

 17. ch3   + oh  = ch2   + h2o          7.500e+06  2.0  5000 

 18. ch2   + oh  = ch2o  + h            2.500e+13  0.0  0.0 

 19. ch2   + o2  = hco   + oh           4.300e+10  0.0  -500 

 20. ch2   + o2  = co2   + h2           6.900e+11  0.0  500 

 21. ch2   + o2  = co    + h2o          2.000e+10  0.0  -1000 

 22. ch2   + o2  = ch2o  + o            5.000e+13  0.0  9000 

 23. ch2   + o2  = co2   + h     + h    1.600e+12  0.0  1000 

 24. ch2   + o2  = co    + oh    + h    8.600e+10  0.0  -500 

 25. ch3o  + co  = ch3   + co2          1.570e+14  0.0  11800 

 26. co    + oh  = co2   + h            8.987e+07  1.38 5232.877 

 27. o     + oh  = o2    + h            4.000e+14 -0.50 0.0  

 28. h     + ho2 = oh    + oh           1.700e+14  0.0  875 

 29. oh    + oh  = o     + h2o          6.000e+08  1.30 0.0 

 30. h     + o2  + m  = ho2   + m       3.600e+17 -0.72 0.0 

       h2o/21./  co2/5.0/  h2/3.3/  co/2.0/                          

 31. h2o2  + m   = oh    + oh    + m    1.000e+16  0.00 45500 

       h2o/21./  co2/5.0/  h2/3.3/  co/2.0/ 

 32. h2    + oh  = h2o   + h            1.170e+09  1.30 3626 
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 33. ho2   + ho2 = h2o2  + o2           3.000e+12  0.00  0.0 

 34. ch2o  + oh  = hco   + h2o          5.563e+10  1.095 -76.517 

 35. ch2o  + ho2 = hco   + h2o2         3.000e+12  0.00  8000  

 36. hco   + o2  = ho2   + co           3.300e+13 -0.40  0.0  

 37. hco   + m   = h     + co   + m     1.591E+18  0.95  56712.32  

 38. ch3   + ch3o= ch4   + ch2o         4.300e+14  0.00  0.0 

 39. c2h4  + oh  = ch2o  + ch3          6.000e+13  0.0   960 

 40. c2h4  + oh  = c2h3  + h2o          8.020e+13  0.00  5955 

 41. c2h3  + o2  = ch2o  + hco          4.000e+12  0.00  -250 

 42. c2h3  + hco = c2h4  + co           6.034e+13  0.0   0.0 

 43. c2h5  + o2  = c2h4  + ho2          2.000e+10  0.0   -2200 

 44. ch4   + o2  = ch3   + ho2          7.900e+13  0.00  56000 

 45. oh    + ho2 = h2o   + o2           7.50E+12   0.0   0.0 

 46. ch3   + o2  = ch2o  + oh           3.80E+11   0.0   9000 

 47. ch4   + h   = ch3   + h2           6.600e+08  1.60  10840 

 48. ch4   + oh  = ch3   + h2o          1.600e+06  2.10  2460 

 49. ch4   + o   = ch3   + oh           1.020e+09  1.50  8604 

 50. ch4   + ho2 = ch3   + h2o2         9.000e+11  0.00  18700 

 51. ch4   + ch2 = ch3   + ch3          4.000e+12  0.00  -570 

 52. c3h6        = c2h3 + ch3           3.150e+15  0.0   85500 

 53. h2    + o2  = oh    + oh           1.700E+13  0.00    47780  

 54. h2    + oh  = h2o   + h            1.170E+09  1.30    3626 

 55. o     + oh  = o2    + h            4.000E+14 -0.50    0.0  

 56. o     + h2  = oh    + h            5.060E+04  2.67    6290 

 57. h     + ho2 = o     + h2o          3.100E+10  0.00    3590 

 58. o     + oh  + M  = ho2   + M       1.000E+16  0.00    0.0 

 59. h     + o2  + M  = ho2   + M       2.800E+18  -.86    0.0     

 60. h     + o2  + o2 = ho2   + o2      2.080E+19 -1.24    0.0 

 61. h     + o2  + h2o= ho2   + h2o     11.26E+18  -.76    0.0 

 62. h     + o2  + n2 = ho2   + n2      2.600E+19 -1.24    0.0 

 63. oh    + ho2      = h2o   + o2      7.500E+12  0.00    0.0 

 64. h     + ho2      = oh    + oh      1.700E+14  0.0     875  

 65. o     + ho2      = o2    + oh      1.400E+13  0.00    1073  

 66. oh    + oh       = o     + h2o     6.000E+08  1.30    0.0  

 67. h     + h   + M  = h2    + M       1.000E+18 -1.00    0.0  

 68. h     + h   + h2 = h2    + h2      9.200E+16 -0.60    0.0  

 69. h     + h   + h2o= h2    + h2o     6.000E+19 -1.25    0.0  

 70. h     + oh  + M  = h2o   + M       1.600E+22 -2.00    0.0  

 71. h     + o   + M  = oh    + M       6.200E+16 -0.60    0.0  

 72. o     + o   + M  = o2    + M       1.890E+13  0.00    -1788  

 73. h     + ho2      = h2    + o2      1.250E+13  0.00    0.0  

 74. ho2   + ho2      = h2o2  + o2      2.000E+12  0.00    0.0  

 75. oh    + oh  (+M) = h2o2 (+M)       7.600E+13  -.37    0.0  

     LoW  /  4.300E+18    -.900  -1700.00/ 

     TRoE/   .7346   94.00  1756.00  5182.00 / 

 76. h2o2  + h        = ho2   + h2      1.600E+12  0.00    3800  

 77. h2o2  + oh       = h2o   + ho2     1.000E+13  0.00    1800  

 78. h2o2  + h        = h2o   + oh      1.000E+13  0.00    3590  

 79. h2o2  + o        = h2o   + o2      8.400E+11  0.00    4260  

 80. h2o2  + o        = oh    + ho2     2.000E+13  0.00    5900  

 81. h2    + ho2      = h2o   + oh      6.500E+11  0.00    18800  
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 82. n2o   + o        = n2    + o2      1.400E+12  0.00    10810 

 83. n2o   + o        = no    + no      2.900E+13  0.00    23150 

 84. n2o   + h        = n2    + oh      4.400E+14  0.00    18880   

 85. n2o   + oh       = n2    + ho2     2.000E+12  0.00    21060  

 86. n2o   + M        = n2    + o+ M    1.300E+11  0.00    59620  

 87. n     + no       = n2    + o       3.270E+12  0.30    0.0  

 88. n     + o2       = no    + o       6.400E+09  1.00    6280  

 89. n     + oh       = no    + h       7.333E+13  0.00    1120  

end  
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