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A B S T R A C T   

Hydrogen may become a replacement for liquid fossil fuels, contributing to greenhouse gas emissions reductions by improving the thermal efficiency of boosted lean 
burn spark ignition engines. Single-zone engine combustion models are simple, but can yield useful results as a step in the design process for developing alternative 
fuel systems. The single-zone thermodynamic model is advanced by implementing a laminar flame speed sub-model to investigate combustion, an extended Zel
dovich mechanism for nitric oxide emissions, and incorporating the Livengood-Wu integral model for knock characteristics. The results were validated using 
published experiments giving satisfactory predictions between simulation and experiment for spark timing variation, manifold air pressure, and equivalence ratios. A 
detailed analysis of boosted lean burn strategies showed that nitric oxide emissions increased with boosted pressure, hence emissions can be controlled through 
optimizing the excess air ratio and the start of combustion. Further techniques to achieve high thermal efficiency and to prevent knock for boosted lean burn 
hydrogen SI engine are discussed.   

1. Introduction and background 

Hydrogen is expected to be important for meeting CO2 emissions 
reduction targets [1] as it has the potential to be a clean energy carrier 
for use in internal combustion engines (ICE) by improving thermal ef
ficiency and performance [2–4]. Modelling is an important step of the 
design process for using alternative fuels in ICEs. Due to its high auto
ignition temperature, hydrogen is better suited to spark ignition (SI) 
engines than compression ignition (CI) engines [5]. Mathematical 
models based on single-zone, two-zone, or multi-zone models to predict 
combustion processes of the ICE have been developed. Yet, models 
require experimentally validated combustion data to obtain reasonable 
accuracy. Theoretical modelling of SI engines for conventional fuels is 
well-established but is lacking for hydrogen. 

There are several advantages of using hydrogen in SI engines 
(Table 1), 1) the laminar flame speed of hydrogen is more than four 
times greater than that of gasoline; 2) the diffusion coefficient is more 
than three times greater, enhancing the mixing of the fuel and air 
(resulting in improved homogeneity); 3) the lean limit is much lower, 
meaning that hydrogen engines can operate stably with lean burn 
mixtures (providing an effective path towards improving the thermal 
efficiency); 4) the higher Research Octane Number (RON) potentially 
offers a higher knock resistance [6]. 

The current limitations of pure hydrogen SI engines are low volu
metric energy, high levels of NOx emissions and low ignition energy 

[2–4,7]. Since a hydrogen–air mixture has lower volumetric energy, the 
operation of naturally aspirated hydrogen SI engines could lead to a 
performance reduction. Berckmüller et al. [8] showed that by charging 
the intake pressure of a hydrogen SI engine, the same level of perfor
mance as a standard gasoline engine can be achieved at a very low level 
of fuel consumption. Hence, they reported that the only limitation to this 
approach is operating at stoichiometric conditions due to the risk of 
backfire and pre-ignition [8]. Improvements have been reported in 
thermal efficiency and indicated mean effective pressure (IMEP) of up to 
38.9% and 14.2%, respectively, by increasing the density with relatively 
low NOx emissions [9]. The effect of supercharging hydrogen engines to 
improve performance and reduce NOx emissions are supported by other 
studies [10–14]. 

The performance of the hydrogen SI engine is enhanced by boosting 
the intake air pressure, but this increases the in-cylinder temperature 
which strongly influences the NOx formation rate [15]. The reduction of 
NOx emissions can be achieved by increasing the air–fuel ratio (lean 
burn) or by recirculating the exhaust gases (EGR). But, to enhance 
maximum thermal efficiency > 40%, reducing heat loss is essential. The 
effect of lean burn on decreasing cooling heat losses is greater than that 
of EGR [16], so higher thermal efficiency and lower emissions are ex
pected [17–21]. Lean burn of an SI engine occurs when the relative air/ 
fuel ratio (AFR) is greater than unity. Moreover, high laminar flame 
speed of hydrogen can be used to offset the slow burning tendencies of 
the lean burn mixtures, offering greater combustion speed and stability 
[21]. 
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When the SI engine is operating at boosted lean conditions the 
dilution of air mixture will significantly increase, affecting the com
bustion stability, which can lead to autoignition, misfire or knock [22]. 
In studying the hydrogen combustion instabilities with a very lean 
mixture (λ = 2.8) for a part-load operation with a low engine speed, 
Nguyen et al. [20] showed that combustion remained stable without any 
backfire, misfire or knock. Lee et al. [23] demonstrated that the knock 
presence from the boosting pressure has an opposite relationship with 
the equivalence ratio due to the drop of the gas temperature, but knock 
did not occur once the mixture became leaner than the equivalence ratio 
of 0.6. By increasing boosted pressure, the lean burn limit increased up 
to equivalence ratio of 0.2, whereupon the thermal efficiency could be 
increased up to 36.7%. Studies of the knock-free regimes for a hydrogen- 
fuelled engine at various excess air ratios, compression ratios and load 
provide evidence to justify the selected operating condition to avoid 
combustion abnormalities [23–27]. Furthermore, hydrogen-fuelled SI 
engine knock can also be estimated in the same way as the existing 
gasoline knock models by using the appropriate modifications [26]. The 
aim of the knock model is to determine whether the engine knocks at a 
certain operating condition or not. The most commonly used method 
describes knock occurrence as a function of the autoignition delay [28]. 

Following the spark discharge, it is assumed that flame propagation 
produces a spherical growing flame with a speed close to laminar flame 
speed [29]. Then the laminar burning velocity correlation is used to 
estimate the influence of the equivalence ratio, initial pressure, 

temperature and residual gas content upon the total burn duration of 
hydrogen-fuelled SI engines at various speed and compression ratios 
[30]. The mass fraction of burned gases at any instant of the combustion 
process is specified using the Wiebe function [31]. For optimal perfor
mance the MFB50 location can be fixed at 8 ◦CA aTDC [32]. The specific 
heat ratio is replaced by a polytropic index appropriate for hydrogen–air 
mixtures [33]. Global models are preferred due to their simplicity and, 
when appropriately modified they produce outcomes that are compa
rable to those obtained using more precise models, such as multi- 
dimensional thermodynamic models. 

Currently there are no single-zone studies correlating equivalence 
ratio, spark timing, compression ratio and intake pressure to investigate 
the combustion characteristics, NO emissions and knocking regions of a 
hydrogen-fuelled SI engine. In this study, the effect of boosted lean burn 
mixtures at various spark timings with pure hydrogen SI engines is 
investigated, and in-cylinder pressure, heat release rate, combustion 
duration, indicated thermal efficiency, indicated specific fuel con
sumption, NO formation rate and knock regions at various engine 
operating conditions are addressed. 

2. Methodology for modifying the single-zone model 

In comparison with complex 3D computational fluid dynamics 
studies, global models are simple, but if treated appropriately will yield 
comparable results. The starting point is the single-zone thermodynamic 
model [34]. This will be extended by implementing a laminar flame 
speed sub-model to determine the combustion duration, which will be 
incorporated in the Wiebe function to study the heat release rate and 
combustion performance under various operating conditions. The 
extended Zeldovich mechanism will be built into the single-zone model 
to calculate NO emissions, and finally the operating conditions that lead 
to knock will be obtained through the Livengood-Wu integral model. 

Nomenclature 

a, m Wiebe efficiency and form factors 
m mass (kg) 
N engine speed (rpm) 
P in-cylinder pressure (kPa) 
Q heat transfer (J/degree) 
T in-cylinder temperature (K) 
U internal energy (J) 
V volume (m3) 
W work (J) 
x Wiebe mass fraction burned 
α mixture strength-dependant constants 
β mixture strength-dependant constants 
θ crank angle (degree) 
∅ equivalence ratio 
η efficiency 
γ specific heat ratio 
τ autoignition delay 
λ excess air ratio 
ε standard error (%) 

Acronyms 
AFR air/fuel ratio 
aTDC after top dead centre 
bTDC before top dead centre 
CA crank angle 

CA50 location of 50% mass fraction burned 
CI compression ignition 
CO2 carbon dioxide 
CR compression ratio 
ISFC indicated specific fuel consumption (kg/kWh) 
KI knock integral 
MAP manifold air pressure (kPa) 
MFB10-90 10–90% mass fraction burned 
MFB50 50% mass fraction burned 
NO nitric oxide 
NOx oxides of nitrogen 
RON research octane number 
ISFC indicated specific fuel consumption (kg/kWh) 
SI spark ignition 
SL laminar speed (m/s) 
ST spark timing 
TDC top dead centre 

Subscripts 
0 initial condition 
b burnt mass 
d displaced volume 
f fuel 
loss heat losses 
soc start of combustion 
u unburnt mass  

Table 1 
Physico-chemical properties of hydrogen and gasoline.  

Physico-chemical property Hydrogen Gasoline 

Laminar flame speed at stoichiometric operation (cm/s) 185 40 
Diffusion coefficient (cm2/s) 0.61 0.16 
Lean limit 0.1 0.5–0.6 
Research Octane Number >130 95–100  
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2.1. Laminar flame speed sub-model 

The single-zone model is modified by incorporating laminar flame 
speed to predict the combustion duration with respect to the reference 
operating conditions by using the inverse relative change in the laminar 
flame speed [30]; detailed in the Appendix A. Where the total com
bustion duration (Δθ) is linear with burn duration (Δθ0) then, 

Δθ = Δθ0
gSL

gSL,0
(1) 

where the function g incorporates the influence of laminar flame 
speed on burn duration. The determined combustion duration for each 
operating case is used in the Wiebe function (Eq. (2)) giving the gross 
energy released by the hydrogen-air mixture as a function of crank 
angle, 

xb = 1 − exp

[

− a
(

θ − θsoc

Δθ

)m+1
]

(2) 

where θ is the instantaneous crank angle, θsoc is start-of-combustion 
crank angle, a (set at 6.9) and m are efficiency and form factors, 
respectively, and Δθ is combustion duration (Eq. (1)). The experimental 
data for the combustion duration and shape factor m is fitted using the 
least-square method. The maximum error between the experimental and 
simulated value of m at various operating conditions was found to be 
12% (R2 = 0.895). 

A correlation of laminar flame speed for hydrogen-air mixture as a 
function of equivalence ratio, pressure and temperature [35] is: 

SL = SL,0(∅)

(
Tu

To

)α( P
Po

)β

(3) 

where SL,0 is the laminar flame speed measured at ambient condi
tions at a given equivalence ratio ∅ when Tu corresponds to ambient 
temperature To and P corresponds to ambient pressure Po, and α and β 
are mixture strength-dependant constants (see Appendix A). Moreover, 
P and Tu are pressure and temperature at the start of the combustion for 
each operating condition and obtained using the polytropic relation. The 
effect of residual gases on the laminar flame speed is not considered 
since it did not vary the ratio in Eq.1. Due to the flammability limits of 
hydrogen, the computation of laminar flame speed is performed for a 
wide range of equivalence ratios to validate the model against the 
available experimental studies [37–43]. However, few studies are 
available at the relevant conditions [41–43]. The derived analytical 
correlations of hydrogen laminar flame speed at elevated temperatures 
and pressures for equivalence ratios are shown in Table 2, and are easily 
implemented into spark ignition engine simulations [44]. 

Comparing the experimental data of laminar flame speed [36–39] 
with predictive calculation using the correlations of [40,42,43], the 
laminar burning velocity show a similar behaviour for a range of 
equivalence ratio from 0.5 to 3.0, with peak burning velocities located in 
the rich region from 1.4 to 2.0 with magnitudes between 2.5 and 3.0 m/s 
(Fig. 1). The computational flame speed curve accurately predicts the 
experimental data in the lean burn region, but the maximum flame ve
locity is underestimated with respect to the data of Pareja et al. [37]. 

Thermo-diffusivity and hydrodynamic instabilities are likely to be 
prevalent under engine operating conditions and can modulate the 
flame speed [36]. Thus, the computed flame speed might underpredict 
the burning velocity at elevated pressures. Nevertheless, the burning 
velocity of different mixture compositions will only be used to calculate 
the change of combustion characteristics at various equivalence ratio, 
spark timing, and intake pressure, hence it does not represent the 
laminar flame propagation nor the turbulent burning velocity. However, 
there is a trade-off between ease of use and the level of complexity of a 
model, and incorporating laminar flame speed is a useful addition to the 
single-zone model. Fig. 2 shows that the for the equivalence ratio range, 
the correlations of [41] and [43] are most useful due to extended lean 
burn limits at wider ranges of pressures and temperatures. The laminar 
flame speed correlation [43] can be incorporated in spark ignition en
gine simulation and the correlation provided acceptable results [44]. 

2.2. Heat release rate 

From the first law of thermodynamics, the heat release is given by: 

dQch = dU + dW + dQloss (4) 

where the change of energy during combustion equals the change of 
the internal energy and the work done by the system. The derived heat 
release rate accounting for heat loss was modelled as: 

dQ
dθ

=
γ

γ − 1
p

dV
dθ

+
1

γ − 1
V

dp
dθ

− dQloss (5) 

where γ is the specific heat ratio of the mixture, p is the in-cylinder 
pressure, and V is the instantaneous volume and dQloss is the convec
tive heat loss modelled using Woschni correlation [45]. The heat 
transfer coefficient in the standard Woschni correlation is multiplied by 
a factor of 2.2 as proposed by [46] to match with the heat losses due to 
using hydrogen because of the low quenching distance of hydrogen and 
the high burning velocity resulting in greater cooling loses. The error of 
peak heat release is within 14% compared to the error of 57% when the 
standard Woschni correlation is used. For hydrogen, the constant spe
cific heat ratio is replaced by a temperature dependent polytropic index 
accounting for hydrogen-air mixtures [33]. 

2.3. Engine simulation conditions 

The initial and boundary conditions for the numerical model are 
directly related to the experimental data of a single cylinder four stroke 
hydrogen SI engine [18]. The values for boosted intake pressure, 
equivalence ratio and spark timing on the combustion and emission 
characteristics are given in Table 3. All the simulations were carried at a 
fixed compression ratio of 11.5 at an engine speed of 2000 rpm. 

2.4. Evaluation of ICE performance 

The indicated mean effective pressure (IMEP) is calculated using the 
in-cylinder pressure: 

IMEP =
1

Vd

∫ +360

− 360
pdV (6) 

The indicated thermal efficiency is determined by calculating the 
ratio of the indicated power produced by the engine to the energy 
supplied by fuel per second: 

ηth =
Power
mf cv

(7) 

The indicated specific fuel consumption is defined as the amount of 
fuel consumed by the engine per cycle. 

ISFC =
mf

Power
(8) 

Table 2 
Hydrogen laminar flame speed correlations from various studies.  

Reference Pressure 
(MPa) 

Temperature 
(K) 

Equivalence Ratio 
(-) 

Verhelst [40] 0.1–1.0 300–430 0.30–1.00 
Verhelst et al. [41] 0.5–4.5 500–900 0.33–5.00 
Ravi and Petersen  

[42] 
0.1–3.0 270–620 0.50–5.00 

Gerke et al. [43]    
Correlation 1 0.5–4.5 350–700 0.36–2.50 
Correlation 2 0.1–8.0 300–900 0.40–3.75  

D.N. Rrustemi et al.                                                                                                                                                                                                                            



Fuel 353 (2023) 129192

4

2.5. NO emissions 

Nitric oxides (NOx) are an exhaust emission requiring control in 
hydrogen-fuelled engines. The formation of NOx is dependent on in- 
cylinder temperatures (>1800 K), oxygen concentration, and reaction 
duration. Of the possible NOx emissions, nitric oxide (NO) is the main 
emission released [48]. The NO concentration was computed by inte
grating the chemical rate equations of the extended Zeldovich 

Fig. 1. Hydrogen-air mixture laminar burning velocity as a function of equivalence ratio at engine-relevant conditions (T0 = 300 K, P0 = 1 atm). Experimental values 
[36–39] are presented as symbols, computational results are presented as lines (Correlation 2 is used from [43]). 

Fig. 2. Laminar flame speed of hydrogen at engine-relevant conditions for equivalence ratio at P0 = 0.5 MPa, T0 = 350 K (Correlation 1 is used from [43]).  

Table 3 
Operating conditions used for the simulations. Data sources: 
[17–19,47].  

Parameters Values 

Spark Timing (◦CA bTDC) 30 to 0 
Equivalence ratio (-) 0.385 to 0.770 
MAP (kPa) 84 to 134  
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mechanism [48]. 

2.6. Knock sub-model 

Knocking is the main factor limiting the thermal efficiency of SI 
engines, and is related to charge density, compression ratio, and early 
spark timing [31]. It is defined as the auto-ignition of unburned mixture 
at the end-gas when temperature and pressure are high and governed by 
the time available for a reactive mixture to cover the auto-ignition delay 
time. Auto-ignition chemistry leading to the onset of knock, τknock, is 
determined by integrating the inverse of the ignition delay time,τ [28]. 
Knock occurs when the value of knock integral, KI, reaches unity, 

KI =
∫ τknock

0

dt
τ (9) 

Since an Arrhenius correlation for hydrogen combustion was not 
available for varying equivalence ratios, the autoignition delay time for 
a hydrogen-air mixture was simulated in Chemkin [49]. for a range of 
temperature, pressure and equivalence ratios in a closed homogeneous 
reactor. A detailed multi-step chemical kinetic model of hydrogen-air 
combustion as proposed in [50] was used. The effect of ambient pres
sure on the autoignition delay time was not very significant therefore a 
representative averaged pressure was selected for an operating condi
tion. The simulated data of autoignition time at different temperature 
was fitted using a least square algorithm to obtain an expression for each 
equivalence ratio considered. The unburned temperatures and pressures 
that are relevant to engine operating conditions were then used in the 
best-fit expression to determine the autoignition time and the knock 
integral. The temperature of unburned gas Tu [51] is, 

Tu(θ) = Tu,soc

(
p(θ)
psoc

)γ− 1
γ

(10) 

where the specific heat ratio is replaced by the polytropic index ac
counting for hydrogen-air mixture [33]. Hydrogen-fuelled engines are 
vulnerable to pre-ignition which can lead to knock [25]. The proposed 
knock model only captures the autoignition of the unburned mixture at 
the end-gas. The presence of hot spots or emissions from unburned 
hydrogen of the previous cycle can also cause pre-ignition [27]. In this 
study the pre-ignition was not considered since the hot spots could not 
be identified for a single-zone model. 

3. Results and discussion 

The modified single zone thermodynamic model with the incorpo
ration of laminar flame speed sub-model, NO emission sub-model, and 
knock intensity prediction sub-model were used to study the NO emis
sions from a hydrogen fuelled SI engine under boosted and lean burn 
operating conditions. The combustion performance was investigated 
under the engine operating conditions (Table 3) by analysing in-cylinder 
pressure, temperature, heat release rate, and combustion duration. The 
prediction of the NO emissions and knocking region was also examined. 

3.1. Model validation 

The simulation results for in-cylinder pressure and heat release rate 
at different equivalence ratios, spark timings and engine speeds were 
validated using published experimental data [18], the corresponding 

specifications of their single cylinder engine are given in Table 4. The 
effects of lean burn operation and intake air pressure boosting on engine 
performance was validated with the study of Gürbüz and Akçay [9]. 

The in-cylinder pressure data was selected to assess the effectiveness 
and reliability of the numerical model, Fig. 3 presents the experimental 
and numerical results for the in-cylinder pressure and heat release rate 
variations at two lean operating conditions (λ = 1.30 and λ = 2.00) at 
2000 rpm and compression ratio of 11.5. The model predictions were 
satisfactory during the compression and expansion processes, but a 
difference of >2σ was observed during the combustion process. The 
simulated in-cylinder combustion pressure profile was under-predicted 
due to the lack of detailed chemical reaction mechanisms, assuming 
that the burning velocity is laminar, and not accounting for the effect of 
thermal diffusivity and pressure attributed to Darrieu-Landau in
stabilities [36]. The quantitative variation between the experimental 
data and model results were evaluated, and the standard error (ε) was 
found to be 3% for λ = 1.30 and λ = 2.00 condition with a maximum 
deviation value dmax of 142 kPa. Moreover, the heat release rate for both 
lean operating conditions at λ = 1.30 and λ = 2.00 was predicted 
satisfactorily by the current model which also accounts for heat loss (Eq. 
(5)). 

Fig. 4 shows the validation of simulated indicated mean effective 
pressure and maximum in-cylinder pressure at various spark timings 
from 30 bTDC to TDC for different intake pressures. The simulation 
results were compared with the experimental work of Gürbüz and Akçay 
[9]. The maximum error of the simulated results was 3%, which is 
within the cycle-to-cycle variation of the experimental conditions. 

3.2. Combustion performance 

The operation of naturally aspirated hydrogen IC engines under lean 
mixture conditions could lead to performance reduction, therefore it is 
beneficial to boost the manifold air pressure to achieve power compa
rable to existing gasoline engines [8]. The boost pressure supplied to the 
engine either by a supercharger or turbocharger at the inlet is further 
amplified during compression, which is a function of the compression 
ratio and temperature. The application of increased intake air pressure 
affects the combustion characteristics. Fig. 5 shows the variation of the 
simulated in-cylinder pressure traces at different manifold air pressures 
(MAP = 84 kPa, MAP = 114 kPa, MAP = 134 kPa) and excess air ratios 
(λ = 1.54, λ = 2.00). The simulation does not account for the mechanical 
losses incurred by the charger. Increasing the intake air pressure affects 
the in-cylinder pressure, where the pressure at the end of compression 
changes from 1.39 MPa for a MAP of 84 kPa to 2.22 MPa for the MAP of 
134 kPa at λ = 1.54 at 2000 rpm. This is mainly due to an increase in 
volumetric efficiency caused by an increase in the amount of air com
pressed at higher pressure, altering the combustion process, hence, for λ 
= 1.54 operation the peak in-cylinder pressure increased from 4.42 MPa 
to 57.52 MPa when the MAP was increased from 84 kPa to 134 kPa. The 
observed increase in combustion performance from increasing the 
intake air pressure for λ = 1.54 operation was not the same for leaner 
mixtures due to an increase in the amount of air inside the chamber. 
Operating conditions that correspond to mixtures leaner than λ = 2.00 
result in a reduction in burning speeds, hence the spark timing had to be 
advanced to compensate for the longer combustion duration. The 
instantaneous heat release rate shows the characteristics of the com
bustion process. The heat release rate decreased significantly with much 
leaner mixtures due to the lower amount of the fuel in the mixture and 
slower combustion speed caused by the increase of air. Also note from 
the inset plot in Fig. 5 that the peak heat release rate shifted slightly with 
boosting pressure under λ = 1.54 operating condition. But under lean 
mixture operation (λ = 2.00) the peak heat release rate shifted signifi
cantly by 20 ◦CA from 360 ◦CA to 380 ◦CA, and the peak magnitude also 
decreased from 31 J/◦CA to 15 J/◦CA. The total amount of heat release 
increased with increasing boosting pressure at λ = 1.54 due to increased 
amount of fuel required to maintain constant λ. For leaner mixtures (λ =

Table 4 
SI engine specifications used in simulations.  

Characteristic Sementa et al. [18] Gürbüz and Akçay [9] 

Bore × Stroke [mm] 72 × 60 85.7 × 82.6 
Displacement Volume [cm3] 244.3 476.5 
Speed [rpm] 2000 1600 
Compression Ratio [-] 11.5 8  
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2.00), the total magnitude of heat did not vary significantly with higher 
boost pressures. This was due to the reduction of in-cylinder pressure 
caused by the longer combustion duration due to increased amount of 
leaner mixture inside the chamber. 

Fig. 6 shows the simulated peak in-cylinder pressure for various λ 
and MAP cases for MBT timing at 2000 rpm. The peak cylinder pressure 
increases linearly for λ < 1.82 because of the increasing amount of 
hydrogen in the fuel–air mixture. As the boost pressure increases, the 
energy supply increases, hence higher peak in-cylinder pressure values 
occurred at MAP of 134 kPa and λ = 1.30 with a magnitude of 7.14 MPa. 
Furthermore, for λ > 1.82, any increase in the intake air pressure results 
in lower peak cylinder pressure due to lower burning speed caused by air 

dilution and by the reduced amount of the hydrogen in the mixture. The 
simulated peak cylinder pressure of 7.14 MPa for the hydrogen engine 
did not exceed the values found for a gasoline fuelled SI engine under the 
same operating conditions [52]. The maximum peak pressure rise can be 
controlled by adjusting the spark timing, but the data correspond to MBT 
timing for each operating condition. 

3.3. Mass fraction burn and knocking regime 

The mass fraction of fuel burnt (MFB) and the location of end-gas 
autoignition are required to determine the knocking intensity i.e. 
instantaneous mass fraction burned per crank angle for each operating 

Fig. 3. In-cylinder pressure and heat release rate of hydrogen-air mixture, experimental values [18] are presented as symbols, computational results are presented as 
a solid line (MAP = 84 kPa, CR = 11, N = 2000 rpm, STλ=1.30=3 ◦CA bTDC, STλ=2.00=12 ◦CA bTDC). 

Fig. 4. Experimental and simulated results for indicated mean effective pressure and maximum in-cylinder pressure at equivalence ratio of 0.6. Experimental values 
[9] are presented with error bars, computational results are presented as a solid line (CR = 8.1, N = 1600 rpm). 
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condition. Fig. 7 shows the mass fraction profile as a function of crank 
angle for each boosted condition for λ = 1.82 at a fixed spark timing of 
15 ◦CA bTDC. The hydrogen-air mixture burns at a fast rate after the 
spark discharge and peaks around halfway through combustion, and 
then drops to near zero towards the end of combustion. Hence, the MFB 
period increases with increasing intake pressure due to the increased 
amount of hydrogen-air mixture [9]. As a result of added air intake 
pressure, the combustion duration is prolonged, increasing knocking 
tendency [53]. Since combustion duration was found to be a good in
dicator of knock occurrence, it is reasonable to use the mass fraction 
burned curves to characterise the combustion stages by their duration in 
terms of crank angles. Combustion duration (CA10-90) is the crank 
angle interval required to burn the bulk of the mixture, which is defined 

as the time between the start of flame development (10% mass fraction 
burned) and the end of flame propagation (90% mass fraction burned). 
Fig. 8 (a) shows the combustion duration of the hydrogen-air mixture 
under varying MAP and λ. A leaner mixture results in an increase in 
CA10-90 due to slower burning velocity and increased flame develop
ment angle (CA0-10). This is caused by the slower laminar flame speed, 
due to the reducing equivalence ratio [31]. This means that CA10-90 is 
not only a factor affecting combustion efficiency, but the entire flame 
propagation depends on the flame kernel initiation process. In addition, 
the MAP has a greater impact on leaner mixture operation due to the 
increase of air volume. For a MAP of 134 kPa the combustion duration 
increases significantly up to 53 ◦CA when the mixture was leaner than λ 
= 2.22, and the combustion duration increased by 60% when MAP was 
increased from 104 kPa to 134 kPa. Also, the crank angle at which 50% 
of fuel burned (CA50) must be located between 8 and 10 ◦CA aTDC for 
optimum performance [32,34]. 

Fig. 8 (b) shows that CA50 shifts away from the optimal location 
when the mixture becomes leaner. For the naturally aspirated condition 
at a MAP of 84 kPa, the CA50 location shifts significantly away from 
optimal location for λ > 2.22. However, for higher boosted pressures the 
increase of CA50 occurs after λ = 2.00 for the MAP of 104 kPa and 114 
kPa, and just after λ = 1.82 for the MAP of 134 kPa. This is mainly due to 
less fuel in the mixture, hence slower flame speed giving longer com
bustion durations. Therefore, the combustion location of CA50 could not 
be centred at 8–10 ◦CA after TDC. Furthermore, slower-burning mix
tures require increased spark advance to achieve the optimal indicated 
thermal efficiency. Fig. 8 (c) shows how the load is affected by the CA50 
point at different MAP values. The load increases as the CA50 is posi
tioned at the optimal location around 8–10 ◦CA aTDC and reduces as the 
CA50 shifts away the optimal position. 

Using the operating conditions in Table 3 with the Livengood-Wu 
knock model, Fig. 9 shows the knock integral for various manifold air 
pressures and equivalence ratios at MBT timing, 10 ◦CA retardation and 
advance from MBT timing. It can be seen that knock did not pass unity at 
MBT timing conditions. This is in agreement with previous work of [23], 
which showed that knocking did not occur for equivalence ratios lower 
than 0.6 (λ > 1.67) for hydrogen fuelled SI engines. However, knocking 
was observed when the spark timing was advanced where the knock 
integral exceeded unity for the MAP of 134 kPa and λ = 1.30. This 

Fig. 5. Results for in-cylinder pressure and AHRR curves with boosting pressures of 84 kPa, 114 kPa and 134 kPa and excess air variation (λ = 1.54, 2.00), to 
compare charging pressure effect at different lean conditions (CR = 11.5, N = 2000 rpm, ST = 10 ◦CA bTDC). 

Fig. 6. Maximum in-cylinder pressure values for boosted pressures varying 
from 10 kPa to 50 kPa with 10 kPa increment at lean burn conditions from λ =
1.30 to λ = 2.22 (CR = 11.5, ST = MBT). 
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operating regime shows a tendency to knock due to the increasing 
charge density caused by the additional air inducted into the engine. 
Fig. 9 also shows a reduction in the tendency to knock when the spark 
timing was retarded, which could reduce the end-gas temperature and 
lengthen the auto-ignition delay time. However, retarding spark timing 

could lower thermal efficiency, hence knocking might prevent the en
gine from running with the optimal spark timing. 

Fig. 7. Results for mass fraction burned profile for MAP as a function of crank angle at λ = 1.82 (CR = 11.5, N = 2000 rpm, ST = 15 ◦CA bTDC).  

Fig. 8. Combustion duration CA10-90 (a), (b) location CA50 for various λ and MAP at MBT timing for each operating condition and (c) location of CA50 at 
different loads. 
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3.4. Impact of spark timing, λ and MAP on IMEP and ISFC 

The optimal spark timing of the engine is mainly determined by the 
nature of the flame propagation within the combustion chamber, and 
the important parameters are: engine speed, engine load, engine tem
perature, intake temperature, fuel composition, and air excess ratio 
[31]. The spark timing is fixed at the minimum spark advance for best 
torque (MBT) location, and is evaluated as a function of equivalence 
ratio and boosting pressure to ensure maximum thermal efficiency 
under all operating conditions. Therefore, MBT timing for highest 
indicated mean effective pressure (IMEP) is determined by varying spark 
timing for λ = 1.82, and for boosting pressures varying between 84 kPa 
and 134 kPa (Fig. 10 (a)). For the naturally aspirated conditions of MAP 
up to 114 kPa the MBT timing was found to be at 15 ◦CA bTDC, then it 
increases to 20 ◦CA bTDC. With increasing intake air pressure, the 
minimum advance for best torque shifts away from TDC due to 
increasing charge density for higher manifold air pressures. For boosting 

pressures<114 kPa the MBT timing was not affected noticeably by 
increasing intake air pressure (advances < 2 ◦CA). As the intake pressure 
increases from 84 kPa to 114 kPa the peak value of IMEP initially in
creases by approximately 1.2 bar, thereafter the IMEP increases only 
marginally (by ≈ 0.7 bar). Thus, the power increase is explained by the 
additional charge inside the cylinder [54]. 

The MBT timing shifts from TDC when the charge became leaner 
(Fig. 10 (b)). At λ = 1.30 the MBT timing is at 10 ◦CA bTDC, but under 
ultra-lean conditions (λ = 2.60) is at 20 ◦CA bTDC. This is explained by 
the increasing combustion duration due to the decreasing burning ve
locity (less hydrogen in the mixture). The IMEP was reduced by oper
ating under leaner mixtures due to lower burning speed. Fig. 10 (b) also 
shows that IMEP is reduced by up to 42% when the excess air ratio was 
doubled from λ = 1.30 to λ = 2.60 at their respective MBT timing under 
naturally aspirated operating conditions. The in-cylinder mixture 
composition λ was the most influential parameter on MBT timing, in line 
with previous work [47]. 

Fig. 9. Knock integral KI for different operating conditions and spark timings showing tendency of knock occurrence.  

Fig. 10. Variation of IMEP (a) at various spark timing with MAP under λ = 1.82 and (b) at various spark timing at different λ for naturally aspirated condition (MAP 
= 84 kPa, CR = 11.5, N = 2000 rpm). 
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Fig. 11 shows the calculated IMEP with respect to λ and MAP at their 
respective MBT spark timing. The maximum IMEP (0.81 MPa) is reached 
for λ = 1.30 and MAP of 134 kPa due to increasing burning velocity. 
Operating under very lean conditions (λ > 2.22) the IMEP varied only by 
up to 6% when the charge was boosted (MAP = 84–134 kPa). Under 
relatively lower excess air-ratio operation (λ = 1.30) IMEP varied by up 
to 32% when MAP was boosted from 84 kPa to 134 kPa, but when 
operating at very lean conditions boosting had negligible effect on IMEP. 
This may be due to the reduction of the flame speed. Furthermore, 
increasing charging pressures had little effect on IMEP for mixtures 
leaner than λ = 2.00. To achieve higher loads comparable to a gasoline 
engine, the boosted hydrogen SI engine could be run at equivalence 
ratios closer to stoichiometric operation with exhaust gas recirculation 
to mitigate knock and reduce NO emissions [8]. 

3.5. Indicated thermal efficiency and indicated specific fuel consumption 

Indicated thermal efficiency (ITE) shows how effectively the chem
ical energy of the fuel is converted into mechanical work (defined in Eq. 
(7). Fig. 12 shows the effect of λ and MAP on ITE, at the optimum spark 
timing for best torque at an engine speed of 2000 rpm. The ITE increases 
proportionally with boosted pressure reaching about 39% for λ = 1.82 at 
MAP of 84 kPa, whereas it reaches 42% with an increment of intake 
pressure by 40 kPa. For boosting pressures<94 kPa, ITE increases line
arly with increasing λ. For naturally aspirated conditions (MAP = 84 
kPa), ITE increases by approximately 21% with the excess air ratio 
increasing from λ = 1.30 to λ = 2.22. When the charging pressure in
creases beyond 114 kPa, the ITE peaks around λ = 1.82. This is in 
agreement with Luo et al. [55], where the highest thermal efficiency was 
achieved for equivalence ratios between 0.65 and 0.80 (λ = 1.53–1.25). 
Likewise, for mixtures leaner than λ = 2.22, boosting pressure did not 
increase ITE beyond boost pressure values of 94 kPa. The maximum 
simulated ITE – approximately 42% – occurs at λ = 1.82 at a MAP of 124 
kPa. This study does not include the effect of unburned hydrogen 
emissions which might result in a reduction of ITE [56]. 

Indicated specific fuel consumption (ISFC) evaluates how effectively 
the thermal power of fuel is converted to indicated power. Fig. 13 (a) 
shows that under naturally aspirated condition of 84 kPa MAP, the ISFC 
was reduced by 17% when the engine operation was varied from λ =
1.30 to λ = 2.22. As per the boosting effect, ISFC reduced as MAP 
increased for the naturally aspirated condition at λ = 1.30. For MAP of 
84 kPa, the ISFC increases as the mixture becomes leaner than λ = 2.22. 
Whereas for MAP of 114 kPa and 134 kPa the ISFC increases when 

mixture becomes leaner beyond λ = 2.00 and λ = 1.82, respectively. 
These findings correlate well within the shift of CA50 (Fig. 8 (b)), and 
agree with previous studies [55]. 

Fig. 13 (b) depicts the spark timing effect on ISFC at various λ at 
naturally aspirated condition (MAP = 84 kPa). The optimal ISFC value 
occurs when the spark timing approaches MBT timing (the highest 
indicated power output). In general, the increase in manifold air pres
sure reduces the fuel consumption for mixtures with λ < 1.82 (Fig. 13 
(c)). This reduction of fuel consumption results from the changes of the 
mixture composition. As MAP increases from 84 kPa to 94 kPa the ISFC 
decreases (except for λ = 2.60) where the load was found to decrease 
when the MAP was increased from 84 kPa to 94 kPa. The observation 
was due to a significant increase of the combustion duration caused by 
an increase of air dilution at boost pressures for lean burn mixtures (λ =
2.60). For λ = 1.30 and λ = 1.82 the ISFC reduces by 13% and 7% for 
increases of MAP from 84 kPa to 134 kPa, respectively. 

3.6. Nitric oxide emissions 

This section explores a strategy to reduce NO emissions of hydrogen 
engine by operating it under lean conditions. The simulated results of 
boost pressure (MAP) on NO emission at different λ are shown in Fig. 14 
(a). Boosting the intake pressure increases the NO emissions and this 
effect was seen prominently when the engine was operated with λ <
2.00. The increase of NO emissions is explained by the in-cylinder 
temperature increase caused by supercharging, as the NO formation is 
dependent on high local temperature and excess oxygen. Operating 
beyond λ = 2.22, the NO emissions reduce for higher boosted pressures 
(MAP of 134 kPa) (Fig. 14 (a)). Because by increasing λ > 2.22 causes 
the temperature to decrease significantly, reducing NO formation to 
nearly zero and is in agreement with previous work [57]. Reductions of 
NO emissions occur with increasing λ for the corresponding MAP values 
(Fig. 14 (b)). 

NO emissions are also reduced by retarding the spark timing with 
respect to MBT timing (Fig. 14 (c)), due mainly to reducing the global in- 
cylinder temperature. For an λ = 1.82 and MAP of 134 kPa, NO emission 
reduces by up to 68% when retarding the spark by 10 ◦CA (from 15 to 
5 ◦CA bTDC). However, retarding the spark timing marginally reduces 
ITE (Fig. 14 (d)). For λ = 1.82 and MAP = 84 kPa, the NO emissions 
reduce by 55% and ITE reduces by 6% when spark timing is retarded by 
5 ◦CA from MBT. Then when spark timing is retarded by 10 ◦CA the NO 
emissions almost drop to zero and the ITE reduces by 14%. 

3.7. Summarising the operation of MAP in hydrogen SI engines 

The model and simulations described can be drawn together to 
describe how the NO emissions from a hydrogen ICE can be controlled 
using the in-cylinder combustion processes. The IMEP and NO emission 
reduce while ITE increases (Fig. 15 (a)), with ITE peaking at around 42% 
for an absolute intake pressure of 124 kPa at λ = 1.82. By increasing the 
intake manifold air pressure further than 124 kPa the engine operates at 
higher loads, but the ITE reduces because the CA50 combustion location 
cannot be centred on 8 ◦CA aTDC due to the retardation of spark timing 
to mitigate knock. The IMEP and NO emission variation with spark 
timing (for λ = 1.82, Fig. 15 (b)), shows that the highest ITE is achieved 
at the MBT timing for each operating condition due to the highest power 
output. ITE and load varies proportionally with spark timing, hence the 
NO emissions can be reduced by retarding spark timing at a slightly 
reduced IMEP. This also mitigates knock (Fig. 9). Fig. 15 (a) also shows 
that the reduction of NO emissions was more pronounced by varying the 
mixture composition, as it influences the in-cylinder temperature and 
inhibits the NO formation process to almost zero level under ultra-lean 
burn operation of SI hydrogen engine. 

Fig. 11. Variation of IMEP (MPa) at various spark timing for different λ for 
naturally aspirated condition (MAP = 84 kPa, CR = 11.5, N = 2000 rpm). 
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Fig. 12. Indicated thermal efficiency at various MAP (84–134 kPa) and lean conditions (λ = 1.30–2.22), to estimate optimal efficiency for different operating 
conditions (CR = 11.5, N = 2000 rpm). 

Fig. 13. ISFC values (a) at different λ and MAP at MBT timing, (b) at different λ and spark timing MAP = 84 kPa) and (c) at λ ratio and MAP at MBT timing.  
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4. Conclusion 

Extending the single-zone thermodynamic model for SI engines to 
boosted lean burn hydrogen provides a useful tool for investigating this 
future low-carbon fuel. Furthermore, it gives insight into the potential 
gains in ITE which may be possible. The novel improvements are 
implemented using a laminar flame speed sub-mode to investigation the 
combustion, and NO emission and knocking characteristics of boosted 
lean burn combustion. The simulated cylinder pressure, heat release 

rate, and peak cylinder pressure are validated with experimental results, 
agreeing to within the standard error of cycle to cycle fluctuations. The 
simulations show that a naturally aspirated hydrogen-fuelled SI engine 
can operate λ = 1.30 to λ = 2.60. However, CA50 could not be centred at 
the optimal position for mixtures operating leaner than an λ = 2.22, 
particularly when the boost pressure exceeds 114 kPa. This is because 
high dilution leads to a longer combustion duration. The simulations 
indicated that boosted lean-burn operation improves the ITE up to 42% 
(at λ = 1.82 under manifold air pressure of 124 kPa at a load of 6 bar 

Fig. 14. NO emissions (a) at various λ and MAP at MBT timing, (b) NO emissions at various λ and MAP at MBT timing, (c) NO emissions at λ = 1.82 and at different 
spark timing and MAP and (d) NO emissions and indicated thermal efficiency at different λ operating at MAP of 84 kPa (naturally aspirated) at different spark timing 
of MBT, 5 ◦CA and 10 ◦CA retardment with respect to MBT timing. 

Fig. 15. Plots for the operation of hydrogen SI engines to control NO emissions: a) MAP, λ, and the knock region; b) IMEP and spark timings at λ = 1.82. ITE is shown 
as a heat map and contour lines, whilst the dashed white line represents IMEP. 
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IMEP). Once validated, the NO emissions model shows that emissions 
increase with boost pressure; but optimizing the start of combustion and 
the excess air ratio curtails this increase. For an λ = 1.82 the NO emis
sions reduce by 55%, almost dropping to zero, but reducing ITE only 
marginally. Further experimental work is required to substantiate the 
proposed boosted lean-burn hydrogen SI engine technology. 
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Appendix A. Calculating the combustion duration 

Lindström et al. [30] show that the burn duration varies inversely with equivalence ratio. The value of laminar flame speed does not represent the 
flame propagation, it is only used to find the relative the total combustion duration: 

Δθ̂SL = Δθ0
gSL

gSL,0 

Taking experimental values [9], Δθ0 is initially set to be 30 ◦CA for ∅ = 0.6 and MAP of 84 kPa. After finding the combustion duration at one 
operating condition. Additional values at different equivalence ratios are found by using the laminar flame speed correlation of Gerke et al. [43]. The 
Gerke et al. correlation is valid at 0.1 ≤ P ≤ 4.5 MPa, 350 ≤ Tu ≤ 700 K, 0.36≤ Φ ≤ 2.50 (P0 = 20 atm, T0 = 600 K): 

ul = ul0

(
Tu

T0

)α( P
P0

)β  

ul0 =

⎧
⎨

⎩

0.25Φ6 − 3.4774Φ5 + 18.498Φ4 − 46.525Φ3 + 52.317Φ2 − 13.976Φ + 1.2994, 0.4⩽Φ⩽2.5

ul0(Φ = 2.5) + [7.23 − ul0(Φ = 2.5) ]
Φ − 2.5

2.5
, Φ > 2.5  

α = 0.0163
(

1
Φ

)

+ 2.2937  

β = 0.2037
(

1
Φ

)

− 0.575 

The variation of total combustion duration with engine speed is only used for one instance to match the simulated combustion duration with 
experimental data. This is valid because the engine speed is kept constant for this simulation. The spark timing effect on the total combustion duration 
is captured by the laminar flame speed, pST and TST which were taken at spark timing for all cases. A correlation for the ignition delay time is not 
considered since the phenomenon is captured by the shape factor m obtained from experimental data [18]. 
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