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Abstract: This paper proposes ammonia as a combustion inhibitor to control the combustion process in pure 
hydrogen engines. A three-dimensional spark ignition engine simulation model is established, coupled with a 
hydrogen/ammonia chemical reaction mechanism. The reliability of the model is verified using experimental 
data. The influence of different excess air coefficients (EACs) on hydrogen engine power, combustion, and 
emission performance is studied under ammonia blending conditions. The results show that the indicated 
thermal efficiency (ITE) increases as the EAC grows, while the mean indicated pressure and indicated power 
decrease. The ammonia blending ratio (ABR) of 30% improves the mean indicated pressure and the ITE of 
the hydrogen engine when the EAC is in the range of 1.4–1.6. The improvement is most significant at the 
EAC of 1.4, with increases of 4.18% and 4.58%, respectively. However, the heat release rate peak is reduced 
by 40%. When the EAC exceeds 1.6, ammonia blending reduces the mean indicated pressure. As the EAC 
grows, the in-cylinder pressure and heat release rate decrease, resulting in a prolonged burning period. When 
the EAC is 1.4, adding 30% ammonia causes the crankshaft angle corresponding to peak pressure to approach 
the top dead centre. Increasing the EAC and blending ammonia can reduce in-cylinder combustion 
temperatures. When the EAC exceeds 1.8, hydrogen engines under both ABRs can achieve near-zero nitrogen 
oxide emissions.
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1. Introduction

1.1. Background of Hydrogen and Ammonia Fuel

In the context of contemporary global challenges related to energy and the environment, low-carbon 
fuels have become a prominent subject of discourse [1–3]. The predominant source of power for automobiles 
continues to be the internal combustion engine (ICE) [4,5]. The utilisation of fossil fuels in ICEs gives rise to 
the emission of pollutants, including carbon oxides, nitrogen oxides (NOx), hydrocarbons, solid particles, and 
other pollutants. These emissions have the potential to inflict considerable harm on the environment 6. 
Consequently, the quest for efficient and clean substitute fuels is paramount to alleviating the energy crisis 
and reducing pressure on the environment [7–9].

1.2. Hydrogen and Ammonia Fuel Applications on ICEs

ICE workers have conducted extensive research on a wide range of alternative fuels [10–12], primarily 
encompassing ethanol 13, natural gas [14, 15], hydrogen [16, 17], and vegetable oil [18], among others. 
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Among the available fuels, hydrogen is considered to be the cleanest because it does not contain carbon and 
produces only water when burned [19–21]. In contrast, hydrogen exhibits lower ignition energy and faster 
flame propagation [22, 23]. However, the utilisation of hydrogen in ICEs is susceptible to anomalous 
combustion phenomena, including premature ignition, backfiring, shock, and explosion. These phenomena 
result in diminished engine power and augmented NOx emissions [24 – 26]. In order to resolve this issue, 
researchers have employed a variety of methodologies to improve the hydrogen combustion process. 
Li et al. [26] posited that hydrogen direct injection technology has the potential to mitigate the occurrence of 
abnormal engine combustion. As asserted by Nguyen et al. [27], the utilisation of a boosting system has been 
demonstrated to enhance hydrogen combustion stability, augment output power, and minimize emissions. 
Szwaja et al. [28] conducted a study in which they diluted fuel by exhaust gas recirculation. This was done to 
investigate the effect of dilution combustion on the same intensity of combustion, shock, and explosion. In 
the study by Yu et al. [29], the application of a blended fuel comprising hydrogen and ethanol to an engine 
resulted in the achievement of more stable combustion under lean-burn conditions. Ammonia, akin to 
hydrogen, is classified as a carbon-free clean fuel [30] that can be utilised as a fuel for steam turbines [31], 
ICEs [32], and boilers [33]. Ammonia’s high ignition energy and slow flame propagation [34] typically 
necessitate its mixture with other highly reactive fuels for combustion, including hydrogen [35], 
gasoline [36], and dimethyl ether [37]. The blending of ammonia with hydrogen to form a blended fuel has 
been demonstrated to enhance combustion conditions, reduce or even prevent abnormal combustion and other 
phenomena, and ensure safety while improving engine performance.

1.3. Hydrogen as a Combustion Aid

The majority of research conducted on hydrogen-ammonia fuel focused on utilising hydrogen as a 
combustion aid. As posited by Khateeb et al. [38], the utilisation of a hydrogen-ammonia fuel blend has been 
demonstrated to stabilise a flame with an equivalence ratio of less than 0.7, provided that the molar fraction 
of ammonia is less than 0.7. Yang et al. [39] investigated the flame structure of hydrogen-ammonia fuels 
under different equivalence ratios and found that hydrogen doping accelerated the rate of ammonia 
combustion and enhanced combustion stability. Dinesh et al. [40] conducted a study to investigate the impact 
of hydrogen mass fraction and compression ratio on the combustion process and NOx emissions in engines. 
The findings indicated that an augmented compression ratio led to a reduction in the combustion cycle, while 
an elevated hydrogen content enhanced combustion stability. It was also noted that ammonia was a critical 
factor in reducing nitric oxide. Tang et al. [41] explored the combustion limit of ammonia-hydrogen flames. It 
was established that augmenting the initial temperature of the premixed gas could engender an expansion in 
the ammonia-hydrogen flame’s lean/rich combustion limit. Wang et al. [42] investigated the impact of 
varying hydrogen-to-ammonia ratios on the combustion and emission performance of diesel engines. The 
investigation revealed that diesel engines blended with 30% hydrogen exhibited optimal overall performance. 
Mashruk et al. [43] investigated the NOx emission trend of hydrogen-ammonia fuel engines under varying 
equivalence ratios. The findings of the study indicated that the optimal equivalence ratio for reducing NOx 
emissions was in the range of 1.05 to 1.2, when the hydrogen fuel fraction was between 0 and 25%. 
Pochet et al. [44] conducted a study into the combustion of engines under varying hydrogen-ammonia mixing 
ratios. The investigation revealed that the blending of hydrogen-ammonia fuels had the potential to enhance 
engine power. Hong et al. [45] conducted a study on the lean combustion performance of the engine at 
varying ammonia-hydrogen mixing ratios. It was established that an increase in ammonia volume share 
resulted in a significant prolongation of combustion duration, accompanied by a reduction in both CoVpmax 
and brake thermal efficiency (BTE). Yu et al. [46] examined the impact of varying levels of hydrogen doping 
on the combustion and emissions of engines across a range of excess air coefficients (EAC). The findings of 
the study demonstrated that with an increase in hydrogen percentage, there was an improvement in the 
indicated mean effective pressure (IMEP), a reduction in combustion duration, and an enhancement in NOx 
emissions. Hong et al. [47] conducted a study on the impact of the hydrogen injection number and oxygen 
concentration on the performance of an ammonia-hydrogen engine. The findings of the study indicated that 
the combination of multiple hydrogen injections and an oxygen enrichment strategy yielded superior engine 
performance. Xin et al. [48] conducted a study to examine the effect of varying ammonia-hydrogen mixing 
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ratios and EAC on engines. The findings indicated that the engine exhibited symptoms of misfiring when the 
ammonia content exceeded 80%. The BTE underwent a gradual decline as the EAC diminished.

1.4. Ammonia as a Combustion Inhibitor

Concurrently, studies have been conducted on the utilisation of ammonia as a combustion inhibitor to enhance 
the combustion stability of hydrogen. Wang et al. [49] conducted a study to examine the effect of injection timing 
and compression ratio on ammonia/hydrogen dual-fuel engines. The investigation revealed that the delay in fuel 
injection time led to diminished engine power, suboptimal economic performance, and elevated NOx emissions. 
It was demonstrated that an increased compression ratio resulted in enhanced engine power performance and 
economy. Xin et al. [50] conducted a study to ascertain the effect of ammonia doping on the combustion 
performance of a hydrogen fuel engine. The results demonstrated that the addition of ammonia led to a reduction 
in the hydrogen combustion rate, a decrease in the heat release rate, and an extension in the flame development 
(CA0-10) and propagation (CA10-90) periods of the engine. Concurrently, there was an enhancement in the thermal 
efficiency and performance of the engine. It has been confirmed that the administration of ammonia in the form 
of a dopant has the capacity to enhance the combustion of hydrogen. Ji et al. [51] analysed the engine performance 
of pure hydrogen and ammonia-hydrogen mixed fuel blended with 2.2% volume ammonia under different ignition 
timing strategies. A comparison of the results with those obtained for pure hydrogen reveals that ammonia doping 
prolonged the combustion time and reduced the in-cylinder pressure rise rate. However, this did not have any 
impact on the engine’s performance. The ignition time exerted a significant influence on the indicated thermal 
efficiency (ITE) of the blended fuel. Guo et al. [52] discovered that the addition of ammonia resulted in a decrease 
in the overall combustion rate and combustion efficiency, and an increase in NOx emissions. As demonstrated by 
Xin et al. [53], an increase in ammonia volume fraction was observed to correspond with elevated IMEP and ITE 
of the hydrogen engine. Ammonia is a combustion inhibitor that provides a new reference for hydrogen engines.

1.5. Objectives and Motivation

In conclusion, the present study demonstrates that ammonia can improve the combustion stability of hydrogen 
as a combustion inhibitor. Nevertheless, the study of ammonia as an inhibitor remains in its infancy. A significant 
number of studies on the application of hydrogen/ammonia fuels in engines have recently concentrated on 
parameters such as compression ratio, ignition strategy, and fuel ratio fraction. Furthermore, the fuel-to-air ratio 
is predominantly proximate to the stoichiometric ratio. It is imperative to investigate the combustion of hydrogen/
ammonia fuel under conditions of thinning to enhance its thin combustion limit. It is important to note that 
experimental studies are only capable of obtaining a limited amount of quantitative engine data. Conversely, 
numerical simulations have the capacity to qualitatively analyse the combustion process of hydrogen/ammonia 
fuels and demonstrate greater levels of detail with regard to the combustion process. In the domain of engine 
research, the EAC parameter is of paramount importance, exerting a pivotal influence on the performance of 
engines in terms of power, combustion, and emission. However, there is a paucity of research reports on the 
combustion and emission performance of hydrogen/ammonia engines under various EAC terms.

The present paper adopts a three-dimensional numerical simulation method combined with a chemical 
reaction mechanism to investigate the combustion properties of hydrogen/ammonia dual-fuel engines and to obtain 
in-cylinder combustion information, with a view to revealing the effect of ammonia on hydrogen combustion under 
lean burn conditions. Subsequently, the model’s dependability is validated with experimental data. The hydrogen/
ammonia fuel supply is premixed at the intake port. The present study investigates the effects of ammonia blending 
ratios (ABR) and EAC on engine power, combustion, and emissions performance. This work may provide research 
methodology and guidance for the application of hydrogen-blended ammonia in engine applications.

2. Model Building and Validation

2.1. Engine Geometry and Mesh Models

In this paper, a model of a spark ignition hydrogen engine is established using Converge software. The process 
of the hydrogen engine intake, compression, expansion, and exhaust is simulated. Table 1 gives the engine 
parameters.
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In order to facilitate the calculation process, the engine model is divided into three distinct regions: the 
intake region, the in-cylinder region, and the exhaust region. As illustrated in Figure 1, the three-dimensional 
geometric model of the engine is represented.

Converge software (v2.4, Thermo Fisher Scientific Inc., Waltham, MA, USA) possesses a fully 
automated mesh generation process that automatically generates orthogonal meshes based on fundamental 
mesh dimensions. The selection of the appropriate mesh generation for the engine model is based on two key 
principles: ensuring calculation accuracy and saving calculation time. Based on the automated mesh, three, 
four, and five levels of encryption are applied to the in-cylinder region, the intake valve, and the spark plug 
region, where the temperature, pressure, and flow rate vary greatly. The mesh when the piston is at the bottom 
dead center is shown in Figure 2a, and the maximum number of meshes for the intake process is 738,676. 
The mesh when the piston is at the top dead centre is shown in Figure 2b, and the maximum number of 
meshes in the combustion stage is 211,035.

To circumvent the impact of the mesh on the calculation outcomes, it is imperative to ascertain the 
irrelevance of the mesh sizes prior to the execution of the calculation. The results of the comparison of in-
cylinder pressure and peak pressure under different mesh numbers are shown in Figure 3. As demonstrated in 
Figure 3, the discrepancy between the cylinder pressure curves for basic mesh sizes of 3 mm and 4 mm is 
negligible, with a peak pressure error of 1.47%. Given the computational accuracy and time cost, a 4 mm 
base mesh size is selected for the subsequent calculations.

Table 1.　Engine parameters.

Parameter

Stroke

Bore

Connecting rod length

Compression ratio

Displacement volume

Value

85.8 mm

77 mm

138.5 mm

10.5

0.3995 L

Figure 1.　Engine geometry model.
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(a)　　

(b)　

Figure 2.　Engine mesh. (a) Bottom dead center. (b) Top dead center.
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Figure 3.　Comparison of in-cylinder pressure and peak pressure under different mesh numbers.
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2.2. Physical Model Selection

The in-cylinder combustion process of the engine is simulated using Converge three-dimensional 
computational fluid dynamics (CFD) software (v2.4, Thermo Fisher Scientific Inc., Waltham, MA, USA). 
The RNG k-ε model is selected as the turbulence model in this paper, as it has been demonstrated to provide a 
superior description of the combustion and heat release processes of the fuel in the cylinder [54]. 
Furthermore, the RNG k- ε model employs the “reforming group” mathematical method, a technique that 
boasts the advantages of reduced computational requirements and extensive applicability. The SAGE model 
is selected as the combustion model based on the detailed chemical reaction mechanism. The software is 
capable of solving each chemical reaction step and the transport equation in accordance with the kinetic 
theory of chemical reactions. It is evident that, in accordance with the imported reaction mechanism file, the 
model has the capacity to accurately simulate the process of ammonia/hydrogen combustion, in addition to 
the phenomena of shock waves and explosion backfire. Furthermore, the model is capable of accurately 
characterising the combustion process. The present paper selects the widely used ammonia/hydrogen 
chemical reaction mechanism [55], including 42 components and 130 reactions. The ignition model utilises a 
spherical ignition source with a radius of 0.5 mm, which is subdivided into a breakdown ignition and a 
continuous discharge phase. The ignition energy in this paper is set to 20 mJ, the breakdown ignition period is 
set to 0.5 °CA, and the continuous discharge period is set to 10 °CA [54,56]. These settings are based on the 
ignition energy settings of hydrogen engines in the literature. Since the combustion of hydrogen and 
ammonia hardly produces soot, the Soot emission model is not enabled. Given that NOx is the dominant 
pollutant from hydrogen/ammonia combustion, the mature Extended Zeldovich model [57] is applied to 
predict NOx emissions.

2.3. Boundary Conditions and Study Cases

The establishment of reasonable boundary conditions is imperative to ensure the reliability of the 
simulation results. As demonstrated in Table 2 of this paper, the model boundary conditions are set according 
to the experimental data. The intake and exhaust boundaries are set to one atmosphere. The engine is 
naturally aspirated. Since this model uses ammonia/hydrogen premixed combustion, the intake conditions 
need to be modified to an appropriate ratio of ammonia/hydrogen/air mixture according to the calculated 
working conditions.

The simulation start time is the intake valve opening timing (410 ° CA BTDC), and the end time is 
delineated as the exhaust valve closing timing (370 °CA ATDC). The ignition timing is set to 16 °CA BTDC 
according to Reference [58], and the combustion model is turned on before the start of ignition and turned off 
at the moment of exhaust valve opening.

To examine the effect of ammonia doping on the hydrogen engine, pure hydrogen and hydrogen/
ammonia (ammonia mass fraction of 30%) are selected as fuels, and the engine speed is 1500 r/min. The 
engine performance of power, combustion, and emissions is studied and compared under different EAC 
operating conditions from 1.4 to 1.9. The specifics of the study cases are given in Table 3.

Table 2.　Boundary conditions.

Parameters

Intake temperature

Intake pressure

Exhaust pressure

Piston temperature

Cylinder wall temperature

Cylinder head temperature

Value

323 K

0.1 MPa

0.1 MPa

550 K

500 K

500 K
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2.4. Model Validation

In order to verify the reliability of the numerical model presented in this paper, its accuracy is assessed 
through the utilisation of experimental data from Ref. [58]. As demonstrated in Table 4, the parameters and 
simulation conditions of the engine are delineated. The validation results are displayed in Figure 4. As 
demonstrated in Figure 4a, the simulated values of the in-cylinder pressure during the intake period 
demonstrate a strong correlation with the experimental data. The peak pressure error between the simulated 
values and the experimental data is 1.9%, and the in-cylinder pressure average error is 5.4%. In comparison 
with the experimental data, the simulated peak pressure appeared to be phase-delayed by 2 ° CA. The 5% 
error band is illustrated in the figure, and it can be observed that the simulation pressure curve is located close 
to this error band, thereby substantiating the reliability of the combustion prediction model. The measurement 
of engine power and emission performance is typically achieved through the utilisation of IMEP and NOx, 
respectively. The comparison results of the simulated values with the experimental data are illustrated in 
Figure 4b. The IMEP and NOx emission errors between the simulated value and the experimental data are 6% 
and 6.5%, respectively. In summary, this paper compares three parameters: in-cylinder pressure, IMEP, and 
NOx emission. The results demonstrate that the data errors are within acceptable limits and that the numerical 
model developed in this paper is reasonable and reliable. The main reasons for the errors in the model are as 
follows: (1) The numerical simulation cannot fully predict the heat loss between the cylinder walls. (2) CFD 
techniques do not fully simulate real engine conditions and don’t consider the potential effects of air leakage. 
Therefore, the simulated values will have some deviation from the experimental data.

Table 3.　Selection of study cases.

Fuel

100% Hydrogen

EAC

1.4

1.5

1.6

1.7

1.8

1.9

Fuel

70% Hydrogen +30% Ammonia

EAC

1.4

1.5

1.6

1.7

1.8

1.9

Table 4.　Engine working parameters and simulation conditions.

Parameters

Engine speed

Intake temperature

Intake pressure

Ignition timing

Ignition energy

Equivalence ratio

Hydrogen fuel fraction

Experimental

1500 rpm

323 K

0.1 MPa

13 °CA BTDC

-

1

60%

Simulation

1500 rpm

323 K

0.1 MPa

13 °CA BTDC

20 mJ

1

60%
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3. Results and Discussions

3.1. Effect of Engine Power Performance

The mean indicated pressure is a significant metric for evaluating the operational efficiency of the engine. 

MFB50 denotes the position of the combustion centre of gravity. As illustrated in Figure 5, the mean indicated 

pressure and MFB50 changing rules are shown at varying ABRs and EACs. It is evident that with the increase 

in EAC, the mean indicated pressure firstly increases and then decreases for the pure hydrogen condition, and 

gradually decreases for the ammonia-doped 30% condition. In comparison with pure hydrogen fuel, the mean 

indicated pressure for the doping of 30% ammonia is higher at an EAC of 1.4–1.6, but slightly lower at an EAC 
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Figure 4.　Comparison of experimental and simulation results for in-cylinder pressure, IMEP, and NOx emissions. (a) 
In-cylinder pressure [58]; (b) IMEP and NOx.
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of 1.6–1.9. This phenomenon can be attributed to the fact that as the EAC increases, the proportion of fuel relative 
to air is reduced, thereby leading to an insufficient release of heat. Consequently, this results in a decrease in the 
mean indicated pressure. While the percentage of pure hydrogen fuel is higher under low EAC conditions, the 
hydrogen combusts too rapidly, and the fuel combusts unevenly, combusting more before the top dead centre. This 
results in lower engine performance at an EAC of 1.4. At an EAC of 1.4, blending 30% ammonia results in an 
approximate 4.18% improvement in the mean indicated pressure. Although ammonia fuel exhibits low activity, 
the blending process of ammonia slows down the hydrogen combustion rate, thereby bringing the centre of 
combustion gravity closer to the top dead centre. 16 °CA BTDC is increasingly the best ignition timing, and the 
combustion is closer to the maximum brake torque condition. Consequently, at the EAC of 1.4 to 1.5, the mean 
indicated pressure under 30% ammonia blending is higher than that of pure hydrogen. At the EAC of 1.6 to 1.9, 
the centre of combustion gravity is located after the top dead centre. This is because ammonia has a low heat value, 
and the fuel releases less heat. Consequently, the mean indicated pressure of the engine is reduced after blending 
ammonia fuel. In summary, matching the proper EAC to the fuel characteristics is extremely critical for engine 
performance improvement.

The indicated power is defined as the work done by the engine per unit of time, which is another important 
index of the engine’s dynamic performance. Figure 6 shows the indicated power-changing rules at different ABRs 
and EACs. The indicated power under both fuels generally decreases with an increase in EAC. When the EAC 
is in the range of 1.4 to 1.6, the blending of ammonia results in an increase in the indicated power. Conversely, 
when the EAC is in the range of 1.6 to 1.9, the blending of ammonia leads to a slight reduction in the indicated 
power. The cause of this phenomenon is consistent with the mean indicated pressure above.

ITE is a significant index for evaluating the economic performance of the engine, calculated from Equations 
(1) and (2) [59]. Figure 7 displays the ITE changing laws at different ABRs and EACs. The ITE of pure hydrogen 
fuel exhibits an initial increase, followed by a subsequent decrease, as the EAC is increased. As the EAC grows, 
the ITE of hydrogen engines after ammonia doping initially increases and then stabilises. This is due to the larger 
EAC, which enhances the oxygen concentration in the fuel-air mixture. This, in turn, boosts the fuel’s combustion 
efficiency and makes the heat release more uniform and stable. Furthermore, the increasing EAC leads to lower 
in-cylinder temperatures, which reduce cooling losses and exhaust losses. Consequently, the ITE increases. 
Conversely, elevated EAC levels result in diminished in-cylinder temperature, thereby impeding flame propagation 
and prolonging combustion duration. The heat release time will be too long, causing grave heat loss. It is also 
evident from Figure 7 that blending ammonia improves the hydrogen engine ITE at different EACs. The 
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Figure 5.　Mean indicated pressure and MFB50 under different ABRs and EACs.
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enhancement is most noticeable at an EAC of 1.4, with ITE improving by 4.58%. Adding ammonia slows the rate 

of hydrogen combustion, reduces the rate of in-cylinder pressure and temperature rise, and decreases cooling losses.

Wi = pmiVs = pmi( πD 2 S
4 ) (1)

where pmi is the mean indicated pressure, D is the cylinder diameter, and S is the stroke.

η
it
=

Wi

Q
(2)

where Q is the heat consumed to obtain the corresponding indicated work (kJ).

3.2. Effect of Engine Combustion Performance

The in-cylinder pressure and heat release rate are critical parameters in characterising the engine’s 

operational capacity and reflecting the combustion state, which is pivotal for the analysis of combustion. 
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Figure 6.　Indicated power under different ABRs and EACs.
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Figure 7.　ITE under different ABRs and EACs.
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Figure 8 illustrates the in-cylinder pressure and heat release rate-changing laws at different ABRs and EACs. 
As demonstrated in Figure 8a, b, as the EAC increases, the peak pressure decreases, and the crank angle 
corresponding to the peak pressure is delayed accordingly. In-cylinder pressure undergoes a precipitous 
increase at low EAC, reaching its peak just before the top dead centre. The heat release rate peak also reduces 
as EAC increases, and the crank angle, which is homologous to the starting heat release, is delayed 
accordingly. With the addition of ammonia, the crank angle is homologous to the heat release start being 
delayed, the heat release rate peak declines, and the heat release cycle is prolonged, a phenomenon that is 
more pronounced at low EAC. At the EAC of 1.4, the heat release rate peak is reduced by 40%. The impact 
of blending 30% ammonia is less pronounced, yet the occurrence of the crank angle corresponding to the 
peak pressure is postponed at an EAC of less than 1.8. Furthermore, the crank angle corresponding to the 
peak pressures at two fuels is progressively closer as EAC increases, and is closest at EAC = 1.8. This 
phenomenon is attributed to the higher EAC, which results in lower fuel concentration in the cylinder, slower 
combustion heat release, lower pressure generated by combustion, and thus a delayed crank angle 
corresponding to the peak pressure. In conditions of low EAC, the upstroke of the piston and the high 
combustion rates of hydrogen resulted in a sharp increase in in-cylinder pressure to a peak. Meanwhile, as 
combustion proceeds, the fuel concentration drops and the combustion rate slows down, leading to a lower 
heat release rate after reaching its peak and a longer heat release time. Ammonia has a higher ignition energy 
and the laminar flame speed is 1/50 of hydrogen. In comparison with pure hydrogen, the blending of 30% 
ammonia results in an increase in the required ignition energy of the fuel, as well as a deceleration of both the 
combustion rate and the flame propagation spread. This results in an increase in the quantity of fuel burned 
during the do-work stroke, an extension of the heat release time, and a reduction in the heat release rate peak. 
Too high a heat release rate will harm the engine, which indicates that blending ammonia at low EAC has a 
significant effect on improving the combustion of hydrogen.

The initial combustion stage is denoted by CA0-10, the flame propagation stage by CA10-50, the rapid 
combustion stage by CA50-90, and the combustion duration period by CA10-90. As illustrated in Figure 9, 
the variation rule of the combustion phase is demonstrated under differing conditions of ABRs and EACs. It 
has been demonstrated that the duration of all combustion stages is subject to an increase in accordance with 
the rise in EAC. This phenomenon is attributed to the elevated EAC, which leads to a reduction in in-cylinder 
temperature and pressure. This results in the deterioration of fuel combustion conditions, thereby impeding 
flame development and propagation. It is also clear from Figure 9 that ammonia blending results in an 
augmentation of the combustion time for each stage when the EAC is less than 1.8. However, when the EAC 
is 1.9, ammonia blending has been shown to shorten the CA10-50 and the CA50-90. The ammonia exhibits 
high ignition energy and a slow laminar flame propagation rate. The blending of ammonia slows down the 
hydrogen flame developing rate, thus prolonging the combustion duration. Under high EAC conditions, 
regardless of whether ammonia is mixed or not, flame propagation is slow with long combustion durations. 
According to Figure 8a, it can be seen that when the EAC is 1.9, ammonia doping raises the cylinder 
pressure, which plays a major role in the flame development and propagation process, thereby leading to a 
slight reduction in combustion duration.

The temperature field cloud map provides a more intuitive characterization of the flame development 
process. Figure 10 illustrates the changing rule of the temperature field cloud map at different ABRs and 
EACs. As demonstrated in Figure 10a, when the EAC is set at 1.4 and the crank angle is at 6 °CA BTDC, the 
flame front has propagated to the surrounding walls of the combustion chamber. The mean temperature of the 
cylinder is approaching 2400 K at the crank angle of 2 °CA ATDC. At an EAC of 1.6, the development of the 
flame is relatively slow, and at a crank angle of 6 ° CA BTDC, the flame occupies only one-third of the 
combustion chamber. And the flame development near the top dead center is complete. When the EAC is 1.8, 
at a crank angle of 6 ° CA BTDC, the flame front remains in proximity to the spark plug, exhibiting a 
significantly slower rate of propagation in comparison to the EAC of 1.4. The complete development of the 
flame is only observed at 10 ° CA ATDC. As demonstrated in Figure 10b, the development of hydrogen 
flames following the mixing of ammonia is retarded due to the reduced laminar flame speed of ammonia. In 
conditions of low EAC, the development of the flame front is found to be more significantly inhibited by 
ammonia. At an EAC of 1.8, ammonia doping will not slow flame development. From Figure 10b, the flame 
surface does not extend to the surrounding walls of the combustion chamber until 10 ° CA ATDC. This is 
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slightly faster than under pure hydrogen conditions, which is consistent with the aforementioned results. As 
illustrated in Figure 10, it is found that the flame of mixed ammonia develops more completely than pure 
hydrogen at CA10 when the EAC is 1.4. This is because the addition of ammonia results in a delay in the 
crank angle corresponding to CA10, CA50, and CA90. Consequently, the flame development lasts longer 
than that of pure hydrogen and has a greater flame area. When the EAC is 1.8, there is no significant 
difference in flame development between doped 30% ammonia and pure hydrogen.
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Figure 8.　In-cylinder pressure and heat release rate under different ABRs and EACs. (a) In-cylinder pressure and heat 
release rate; (b) Peak pressure and the crank angle corresponding to the peak pressure.



13 of 19

IJAMM 2025https://doi.org/10.53941/ijamm.2025.100026

The mass fraction of the OH group is indicative of the reaction intensity. Figure 11 shows the OH group 
mass fraction change rule at different ABRs and EACs. The region of higher OH group concentration is 
located in proximity to the spark plug. With the increase in EAC, the diffusion speed of the reaction from the 
center to the surroundings slowed down. At the EAC of 1.4, the concentration of the OH group in the cylinder 
at 6 °CA BTDC is approximately 0.005, and CA90 is located in proximity to 6 °CA BTDC. However, when 
the EAC is 1.8, there is a reduced number of regions in which the OH group concentration can reach 0.005, 
with the majority of areas only reaching a maximum of approximately 0.0037. This indicates that the EAC 
significantly slows down the intensity of the reaction in the cylinder. A comparison of Figure 11a,b reveals 
that the blending of ammonia leads to a reduction in the overall concentration of OH groups within the 
combustion chamber. At the EAC of 1.4, the reaction diffusion rate is found to be slowed down by blending 
ammonia at a crank angle of 10 °CA BTDC. Concurrently, a substantial decline in the concentration of the 
OH group is observed in the vicinity of the spark plug. At the EAC of 1.8, following the blending of 
ammonia, the concentration of the OH group in the cylinder of 14 °CA ATDC and 20 °CA ATDC is also 
significantly lower than that of pure hydrogen. Concurrently, the high concentration region of the OH group 
exhibits a decline at CA10, CA50, and CA90, a phenomenon that is collectively influenced by the crank 
angle delay and the slow reaction rate of ammonia.

6.00
8.42

10.62
12.52

14.82
16.84

3.12

3.99

5.00

6.31

7.82

9.77

1.69

2.30

3.01

4.57

5.99

9.19

1.4 1.5 1.6 1.7 1.8 1.9
0

5

10

15

20

25

30

35

C
o
m

b
u
st

io
n
 d

u
ra

ti
o
n
 (

°C
A

)

EAC

 CA50-90

 CA10-50

 CA0-10

NH3=0％

 

7.40 9.00
10.91

12.82 14.52 16.11
3.62

4.60

5.59

6.61

7.82

9.10

2.40

2.82

3.63

5.00

6.28

8.73

1.4 1.5 1.6 1.7 1.8 1.9
0

5

10

15

20

25

30

35

C
o

m
b

u
st

io
n

 d
u

ra
ti

o
n

 (
°C

A
)

EAC

 CA50-90

 CA10-50

 CA0-10

NH3=30％

 

Figure 9.　Combustion phases under different ABRs and EACs.

Figure 10.　Temperature field cloud map under different ABRs and EACs.
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3.3. Effect of Engine Emissions Performance

The in-cylinder temperature exerts a substantial influence on NOx generation. Figure 12 illustrates the effects 
of ABR and EAC on the in-cylinder temperature are demonstrated. The maximum combustion temperature within 
the cylinder undergoes a substantial decline with an escalation in EAC, while the crank angle at which the 
maximum temperature is attained is postponed concomitantly. Following the blending of 30% ammonia, a decline 
in the maximum temperature within the cylinder is observed, and the crank angle corresponding to this maximum 
temperature is postponed under low EAC conditions. However, when the EAC exceeds 1.8, the maximum 
combustion temperature in the cylinder rises when ammonia is added. The observed phenomenon can be attributed 
to the fact that the increase in the EAC results in a reduction of the fuel energy flow rate. And leads to a decrease 
in temperature and a delay in the crank angle corresponding to the maximum temperature. The low laminar flame 
speed of ammonia slows down the hydrogen flame development, and the heat release is not concentrated, resulting 
in lower cylinder temperatures and delayed crank angles after mixing ammonia. However, at higher EAC 
conditions, ammonia blending accelerates the temperature rise rate, speeding up the fuel’s heat release and thus 
keeping the temperature constant or even higher.

Figure 13 gives the NOx emissions at different ABRs and EACs. The pattern of NOx production is 
consistent with the pattern of temperature change. With constant fuel mass, a decline in NOx production is 
observed as EAC increases, and the crank angle at which NOx production commences is postponed. The 
effect of ammonia blending on NOx emissions is more pronounced at low EAC operating conditions. When 
the EAC is 1.4 to 1.7, blending 30% ammonia can effectively reduce NOx emissions. When the EAC exceeds 
1.8, NOx emissions can approach zero. The NOx distribution cloud diagram at the time of the exhaust valve 
opening is shown in Figure 13, which demonstrates that NOx is more distributed at the exhaust valve side. 
The in-cylinder NOx distribution under pure hydrogen fuel is concentrated on the exhaust side when the EAC 
is 1.8. When blending 30% ammonia, there is a significant decrease in NOx in the cylinder, accompanied by a 
more uniform distribution within the cylinder. The mass fraction is primarily concentrated at 0.005. This 
phenomenon can be attributed to the Zeldovich mechanism [60], the generation of NOx depends on the high-
temperature, oxygen-rich environment, and is related to the period of high temperature, so the generation of 
NOx is closely dependent on the temperature change in the cylinder. Compared with pure hydrogen, although 
the presence of nitrogen atoms in ammonia reacts with oxygen to generate additional NOx, the formation of 
NOx is mostly dominated by temperature in this condition.

Figure 11.　OH group mass fraction under different ABRs and EACs.
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4. Conclusions

The present study aims to examine the combustion and emission performance of pure hydrogen and 

ammonia/hydrogen engines under lean combustion conditions. To this end, a three-dimensional spark ignition 

engine numerical simulation model of the coupled hydrogen/ammonia chemical reaction mechanism has been 

constructed. The reliability of the model is then verified based on experimental data. The present study 

investigates the effect of ABR on engine power, combustion, and emission performance at an EAC ranging 

from 1.4 to 1.9. The mean indicated pressure, in-cylinder pressure, heat release rate, NOx emissions, etc., are 
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Figure 12.　In-cylinder temperature under different ABRs and EACs.
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Figure 13.　NOx emission under different ABRs and EACs.
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mainly analyzed. The main conclusions are summarized as follows:

(1) As the EAC rises, the hydrogen engine’s mean indicated pressure and indicated work decrease for both 

ammonia blending ratios, while the ITE improves. However, in the pure hydrogen condition, when EAC 

rises from 1.8 to 1.9, ITE reduces instead. At EAC 1.4 to 1.6, 30% ammonia significantly improves the 

power performance of the hydrogen engine. The enhancement is most noticeable at EAC = 1.4, where the 

mean indicated pressure and indicated work increase by 4.18% and 4.18% respectively, and the ITE 

improves by 4.58%. When the EAC is above 1.6, the ammonia blending improvement effect diminishes.

(2) With rising EAC, pressure and heat release rate peak in the cylinder drop, and the heat release period lengthens, 

delaying the crank angle at which it starts. With an identical EAC, blending ammonia had a limited impact 

on pressure peaks. But at low EAC, ammonia blending delays the crank angle at which peak pressure appears, 

a phenomenon that fades at higher EAC. Also, ammonia mixing slashes the heat release rate peak and extends 

the heat release time under low EAC. At an EAC of 1.4, the heat release rate peak drops by 40%.

(3) Ammonia slows the propagation speed of the hydrogen flame and has a significant inhibitory effect on 

hydrogen flame development and propagation at low EAC conditions. The combustion duration is 

shortened when the EAC exceeds 1.7. Ammonia blending slows the hydrogen combustion reaction rate in 

the combustion chamber, providing effective control of hydrogen combustion.

(4) As EAC increases, the maximum combustion temperature in the cylinder decreases, and the crank angle 

corresponding to this temperature is delayed. NOx emissions reduce with increasing EAC, approaching 

zero at over 1.8 EAC. Compared to the pure hydrogen mode, blending 30% ammonia significantly 

reduces in-cylinder combustion temperatures and NOx emissions at an EAC of 1.4 to 1.7. At 1.8 to 1.9 

EAC, ammonia blending has no significant effect on in-cylinder temperature or emissions.

It is imperative to undertake a comprehensive study of both the ABR and EAC to enhance the power 
output and reduce the emissions of a hydrogen engine operating under lean combustion conditions. In the 
future, the effects of lean combustion strategies (dual-fuel injection strategies, ignition strategies, wider 
ammonia mixing ratios, jet ignition methods, etc.) on hydrogen engine performance will be studied in depth.
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