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ARTICLE INFO ABSTRACT

Keywords: Hydrogen is an alternative fuel for internal combustion engines, with potential to reduce emissions and improve
Boosting engine efficiency through boosted lean burn operation. The injection of water into hydrogen-fuelled internal
ICE

combustion engines could offer the benefit of reducing combustion abnormalities and controlling emissions
through in-cylinder thermo-physical property changes. A two-zone combustion model was developed and vali-
dated to predict the performance of a boosted lean-burn hydrogen spark ignition engine with water addition.
This new thermodynamic model incorporates a water-diluted hydrogen laminar flame speed correlation, an
extended Zeldovich mechanism for nitric oxide emissions prediction, and the Livengood-Wu integral model for
evaluating knocking characteristics based on advanced chemical kinetics. The study offers a comprehensive
analysis of a hydrogen-fuelled internal combustion engine operated at various manifold air pressures, equiva-
lence ratios, and quantity of water addition. The study indicated that addition of water significantly reduces
combustion abnormalities and emissions. A 1 % water addition, at an equivalence ratio of 0.9 and manifold
absolute pressure of 120 kPa, reduces the knock integral by 2 % and nitric oxide emissions by 5 %. Finally, the
study underlines the importance of optimizing the water injection amount to balance the trade-offs between
engine performance, fuel consumption, emission reduction, and knocking regions. The model is a tool to develop
advanced combustion strategies in hydrogen-fuelled internal combustion engines.

Laminar flame speed
Two-zone model
Water dilution
Water injection

have lower volumetric energy [4]. It has been demonstrated that by

1. Introduction increasing the intake manifold air pressure in a hydrogen-fuelled spark
ignition (SI), the power output becomes comparable to that of gasoline

Environmental constraints and limited fossil reserves have led to the engine while consuming significantly less fuel [4]. However, when the
exploration of hydrogen as an alternative fuel for internal combustion equivalence ratio approaches unity, the hydrogen-powered port injec-
engines with the potential to reduce greenhouse gas emissions [1]. tion engine faces challenges, as its benefits become limited due com-
Hydrogen has several advantages; its laminar flame speed is four times bustion abnormalities [5]. Increasing the intake air pressure raises the
greater than that of gasoline, leading to faster reactive mixture com- overall engine in-cylinder pressure, consequently raising the in-cylinder
bustion. The diffusion coefficient of hydrogen is almost four times temperature, which significantly increases NOx emissions. While knock
higher than that of gasoline, potentially leading to improved fuel and air and NOx emissions can be minimized by optimizing spark timing and
mixing and thus achieving better mixture homogeneity. Furthermore, compression ratio, these optimization of factors can affect the thermal
the hydrogen lean limit is significantly lower compared to that of gas- efficiency of the engine [6]. It has been shown that by retarding the
oline. This implies that hydrogen has the potential to operate more spark timing, the probability of occurrence of pre-ignition increases due
effectively when under lean mixtures, thereby offering an effective way to a rise in residual mass temperature [7]. Thus, strategies to reduce the
to enhance engine efficiency [2]. Although hydrogen has a higher in-cylinder temperature are essential for successful abatement of NOx
Research Octane Number than gasoline, hydrogen engines are still production. Strategies to achieve low-temperature combustion (LTC)
vulnerable to knocking [3]. Several automotive manufacturers are through the introduction of cooled exhaust gas recirculation (EGR), lean
developing boosted and downsized hydrogen spark ignition (SI) engines burn operation, as well as water injection have been evaluated for NOx
to compete with current gasoline engines, as the hydrogen/air mixtures reduction and knock mitigation [8]. Additionally, the hydrogen-fuelled
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Nomenclature

engine speed (rpm)
in-cylinder pressure (MPa)
heat transfer (J/degree)
in-cylinder temperature (K)
internal energy (J)
volume (m®)

work (J)

crank angle (degree)
equivalence ratio

specific heat ratio
autoignition delay

excess air ratio
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Acronyms
AFR air/fuel ratio

AHRR  apparent heat release rate (J/degree)
aTDC after top dead centre

bTDC before top dead centre

CA crank angle

CA50 location of 50 % mass fraction burned

CO, carbon dioxide

ISFC indicated specific fuel consumption (kg/kWh)
KI knock integral

ISFC indicated specific fuel consumption (kg/kWh)
LFS laminar flame speed (m/s)

MAP manifold air pressure (kPa)

NO nitric oxide

NOx oxides of nitrogen

SI spark ignition

ST spark timing

TDC top dead centre

Subscripts

0 initial condition

b burnt

d displaced volume

f fuel

loss heat losses

soc start of combustion

u unburned

engine exhaust contains high levels of water vapor. Under EGR opera-
tion the water content in the cylinder increases, therefore, it is important
to study the effect of water addition into a hydrogen engine.

The injection of water either via intake or through direct injection
provides significant cooling of the in-cylinder mixture due to the higher
latent heat of vaporization of water, mitigating the combustion abnor-
malities under higher engine loads [3,9,10]. Investigating the effects of
water injection at various spark timings shows that NOx emissions could
be significantly reduced with low thermal efficiency losses [11].
Injecting water through the port in a hydrogen direct injection engine
achieved a NOx reduction of up to 87 % but with only 2 % fuel con-
sumption penalty [12]. Whereas, for direct injection of water to a port
injected hydrogen SI engine, NOx emissions reduced up to 95 % with an
8 % penalty of fuel consumption [13]. The amount and timing of direct
water injection is also relevant as the performance of the hydrogen en-
gine decreases with retardation of water injection timing i.e. earlier
injection timing of water was proposed for better performance. More-
over, it was shown that the performance of the hydrogen-fuelled SI
engine increased with the addition of water (0 to 4.05 mg/cycle) for an
excess air ratio of 1.15 [14]. Due to wider flammability limit, hydrogen
is capable of allowing high rates of dilution with air, exhaust gas, or
water vapour before combustion stability deteriorates [15]. The quan-
tity of water direct injection is independent of the fuel and air flow and
can be applied throughout the entire operating range of a hydrogen
engine [16].

The exhaust gas composition of hydrogen-fuelled internal combus-
tion engines (ICE) contains significant levels of water vapor, hence it is
important to understand the isolated effect of water addition on
hydrogen combustion. Besides the thermal and chemical effects of water
on the reactive hydrogen mixture, it modulates the laminar flame speed
(LFS), which is an important parameter for numerical combustion
models to understand ICE processes. Global combustion models are
effective in terms of time and cost, and when used appropriately provide
useful information regarding combustion and emission performance
with a degree of accuracy comparable to more complex multi-
dimensional combustion models [17]. An enhanced single-zone ther-
modynamic model with a LFS sub-model investigated combustion of a
boosted lean-burn hydrogen SI engine at various spark timings [6].
Furthermore, the LFS correlations for hydrogen with water addition
were recently developed [18]. The addition of water to hydrogen-air

flames under atmospheric conditions has three main effects: 1) dilu-
tion, which reduces the net reaction rate, 2) thermal-diffusion, which
alters the thermodynamic and transport properties of the reactants, and
3) chemical, which occurs due to the participation of the diluent in
elementary kinetic reactions [19]. The LFS values calculated using the
empirical correlation can be incorporated into a two-zone combustion
model where the chamber is divided into burned and unburned zones
[20]. Another influential parameter in numerical combustion studies is
heat transfer; the hydrogen engine experiences a significant increase in
heat flux compared to carbon-based fuels, so an appropriate heat
transfer model must be selected for accurate prediction [21]. If the co-
efficient of Woschni correlation [22] is properly tuned, hydrogen heat
transfer can be accurately predicted [23]. The variations in the ther-
modynamics of the in-cylinder mixture with water addition can be
captured using existing empirical correlations to calculate the specific
state properties. [24]. The two-zone combustion model has been used to
investigate the water addition effect by capturing the cooling and dilu-
tion effects of the added water [25]. In this study, a two-zone water-
diluted hydrogen combustion model was developed and extended for
various engine operating conditions. Additionally, sub-models for en-
gine knock and NO emissions were implemented to provide a compre-
hensive study of the performance, combustion abnormalities, and NO
emissions of a boosted lean burn hydrogen SI engine under injection
water environment.

2. Methodology

A two-zone combustion model was developed and validated to pre-
dict the performance of a hydrogen fuelled SI engine with and without
water addition under various equivalence ratios and manifold air pres-
sures. The main assumption of this model is the division of the com-
bustion chamber into two zones: the burned zone consisting of
combustion products, and the unburned zone consisting of reactants.
Both zones are treated as ideal gases, and it is assumed that there is no
heat transfer between the zones. The pressure was assumed to be uni-
form throughout the chamber but the temperatures were differentiated
between the burned and unburned zones. Using the conservation of mass
and energy, the temperature, pressure, and heat release equations were
derived (Appendix Al). The sub-models for knocking and NO emissions
of a boosted lean burn hydrogen engine were developed as discussed in
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[6].
2.1. Mass fraction

The main input to the two-zone combustion model is the mass
fraction burned, and calculated by introducing an entrainment zone that
interfaces the burned and unburned zones [26], as shown in Fig. 1. As
the kernel initiates from the spark source, it interacts with the turbulent
motion of the charge within the cylinder. The laminar flame surface
experiences intensive wrinkling due to the in-cylinder turbulence. After
a period of transition, the flame becomes entirely turbulent. When the
flame expands, the entrainment of the unburned gases also increases,
causing the flame to advance faster than the rate at which combustion
takes place [27]. The combustion occurs at the laminar burning rate of
the fuel, which is determined by the equivalence ratio, pressure, tem-
perature, and water dilution level [18]. The entrainment of the un-
burned gases caused by the turbulence interactions occurs at a specific
burning time, z. The entrainment mass fraction of the reactive mixture
and the actual mass fraction burned were calculated from Egs. (1) and
(2), respectively,

dm, ,
= pAr(S,+ ) )
dm, m,—m

T 2

where m, is the entrained mass, m, is the burned mass, p, is the
hydrogen/air unburned mixture density,Ay is the flame front area, S; is
the hydrogen laminar flame speed, and u' is the turbulence intensity. The
flame front area Ay is calculated based on the approach proposed in [28]
and later refined in [29]. The characteristic burning time, z¢, was
calculated as the ratio of the Taylor micro-scale length to the laminar
flame speed 7¢ = C,Lr/Sy. The hydrogen laminar flame speed with
water addition was calculated using the empirical correlation proposed
in [18]. The water-diluted hydrogen combustion laminar flame speed
correlation developed by the authors of this work in [18] is valid for
pressure ranges from 10 to 70 bar, temperatures from 400 to 800 K,
equivalence ratios from 0.35 to 1, and for water addition by mole
fraction from O to 20 %.
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Fig. 1. Conceptual diagram of the combustion model. The entrained region
represents the flame front.
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2.2. In-cylinder turbulence

Zero-dimensional turbulence modelling is challenging since it aims
to replicate complex 3D phenomena. Without spatial information, the
most commonly used approach for turbulence modelling is a combined
k-¢ equation. The calculation of the in-cylinder turbulent kinetic energy
and its dissipation was calculated by using the established zero-
dimensional model [29], as follows:

de  2kdp

FraE T ®
%

£=— 4)

The integral turbulent length [, is calculated based on the approach
proposed by [30], where

k
b= lwey/ %C 5)

The integral length scale at IVC, I;vc, and kgc were taken from dy-
namic discharge analysis performed using the Converge software [31].
To ensure the functionality of the zero-dimensional turbulence model
used in this work, initial turbulent kinetic energy data was generated
using three-dimensional CFD data. In Fig. 2, the zero-dimensional and
three-dimensional kinetic turbulence energy are compared for manifold
air pressures for a premixed hydrogen/air mixture. It can be seen that
the zero-dimensional k-¢ turbulence model was capable of predicting in-
cylinder kinetic turbulence energy comparable to an advanced 3D CFD
simulation.

2.3. Heat release rate

The heat release based on the first law of thermodynamics is
dQch =dU -+ dW+ dQloxx (6)

The energy change during combustion is equal to the change in in-
ternal energy and the work done by the system. The heat release rate
during combustion accounting for heat loss is [32]:
dQ y dv 1 _dp
@ :7/_7117@ HV@*thm @]
where y is the specific heat ratio of the mixture, p is the in-cylinder
pressure, and V is the instantaneous volume and dQy; is the convec-
tive heat loss. The hydrogen combustion heat loss was modelled using
the Woschni correlation [22]. The heat transfer coefficient used in the
Woschni equation was multiplied by a factor of 2.2 to match with the
actual losses of a hydrogen-fuelled engine [23]. The thermodynamic
properties of water-diluted hydrogen at various operating conditions
were calculated using the NASA polynomial [24]. The specific heat, and
standard state enthalpy were calculated using Egs. (8)-(9):

%(T)

Z =a;+aT+asT? +a, T +asT* ®)
h(T) T asT? a,T° asT* as
I e R R S ©)

The values for the coefficient a; for H,, O,, N, and H,O are taken from
[24].

2.4. Knock model

Hydrogen SI engines are prone to abnormal combustion phenomena
which could be due to auto-ignition of the unburned end-gas mixture or
through pre-ignition [14]. Pre-ignition could be caused by the formation
of hot spots or by unburned hydrogen left from the previous cycle [7]. Li
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Fig. 2. Turbulent kinetic energy, TKE, with crank angle (MAP = 100 kPa, IVC = 240 ° CA, CR = 11.5).

et al. [33] showed that the knock in hydrogen ICE could be resulted from
the spontaneous combustion of the end-gas mixture and the interaction
of the pressure and flame waves. In this study, knock is based on the
auto-ignition of an unburned end-gas reactive mixture at a particular
pressure and temperature that was sufficient to initiate ignition after a
delay time, 7. Knocking integral KI was modelled analytically by inte-
grating the inverse of the hydrogen auto-ignition delay time, and knock
was prone to occur when the integral (Eq. (10)) equals or exceeds unity,

1 0

1
“ev/, 7%

ove T

KI (10)

where N is the engine speed, 7 is the auto-ignition delay time, IVC is
intake valve closing, and 6 is the crank angle position. The hydrogen
autoignition delay time 7 at various pressures, temperatures, equiva-
lence ratios, and water addition were evaluated numerically using the
Converge software [31]. A constant volume homogeneous reactor model
was used to solve the energy equations. The equivalence ratio, pressure,
and temperature were assumed to be spatially uniform throughout the
reactor. Hence, the purpose of the model was to estimate the progress of
the kinetic reactions as a function of time. The autoignition delay time
values were generated a reduced reaction kinetic mechanism [34]. The
simulated data of the autoignition delay time at different unburned
mixture temperatures, pressures, and water additions were fitted using a
least squares algorithm to obtain an expression for each equivalence
ratio considered. The unburned mixture temperature was calculated by
using the two-zone hydrogen combustion model (see Appendix).

2.5. Engine simulation

For the engine simulation, the initial and boundary conditions for the
boosted lean burn hydrogen model are experimentally derived [35].
Table 1 provides the values for spark timing, equivalence ratio, manifold
air pressure and the percentage of water addition used in simulation.
Also, the simulations were conducted at a constant compression ratio of
11.5 at an engine speed of 2000 rpm.

Table 1

Operating conditions used in the hydrogen engine numerical

model.
Parameters Values
Spark Timing (°CA bTDC) 20to 0
Equivalence ratio (—) 0.5t0 0.9
MAP (kPa) 80 to 120
Water addition (% by volume) Oto8

Source: [35]
3. Results and discussion
3.1. Laminar flame speed at engine conditions

Laminar flame speed (LFS) is the most influential parameter for
numerically modelling engines. Fig. 3 shows how the hydrogen LFS
values are influenced by different temperatures and equivalence ratios
at a pressure of 3 MPa (Fig. 3a), 5 MPa (Fig. 3b), and 7 MPa (Fig. 3c). It
can be seen that the hydrogen LFS decreases significantly with
decreasing equivalence ratio. At a pressure of 5 MPa and a temperature
of 600 K, the hydrogen LFS decreased by 47 %, 58 %, and 84 % when the
equivalence ratio was decreased from 0.9 to 0.7, 0.65, and 0.5, respec-
tively. This was due to the reduction of the energy content when the
mixture becomes leaner. Additionally, it can be seen from Fig. 3(a-c)
that the hydrogen LFS decreases with increasing pressure under all the
presented equivalence ratios. For an equivalence ratio of 0.9 at a tem-
perature of 700 K, the hydrogen LFS decreased by 24 % and 40 % when
the pressure was increased from 3 MPa to 5 MPa and 7 MPa, respec-
tively. This reduction in the hydrogen flame speed with increasing
pressure could be due to the pressure effect on the LFS explained by the
reaction order n being less than two, given as S;, = P%5"~1; similar effects
have been discussed in [36,37]. Conversely, it can be seen from Fig. 3(a-
c) that the hydrogen LFS increased monotonically with increasing
temperature under all presented equivalence ratios and pressures. For a
pressure of 5 MPa and an equivalence ratio of 0.9, the hydrogen LFS
increased by more than six times when the temperature was increased
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Fig. 3. Hydrogen laminar flame speed values at different temperatures, pressures and equivalence ratios. Calculated using hydrogen laminar flame speed empirical

correlation [18].

from 400 K to 800 K. This was because the rate of the chemical reactions
increases exponentially with increasing temperature based on the
Arrhenius expression [24]. Fig. 4 presents how the LFS values at 4 MPa
are influenced by water addition and temperature at an equivalence
ratio of 0.5 (Fig. 4a), 0.65 (Fig. 4b), 0.7 (Fig. 4c), and 0.9 (Fig. 4d). It can
be seen that the addition of water to a reactive hydrogen/air mixture
causes the mixture LFS to reduce. For an equivalence ratio of 0.9 at a
pressure of 40 bar and a temperature of 700 K, the LFS was reduced by 4

a) $=0.50
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w4 &
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# ||---H,0=8%
% 2
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w4t £
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#  ||---H,0=8%
% 2
=2

0
400 500 600 700 800
Temperature (K)

%, 13 %, 21 %, and 33 % when 1 %, 3 %, 5 %, and 8 % water was added,
respectively. This was mainly due to the reduction of the global tem-
perature and increased heat capacity of the hydrogen/air mixture with
water addition [10]. It can be seen that the LFS correlation is sensitive
for predicting the variations under different temperatures, pressures,
equivalence ratios, and water additions, which is vital for numerical
hydrogen engine combustion analysis.

b) $=0.65

0
400 500 600 700 800
Temperature (K)
d) $=0.90
6 {_—H,0=0%

.- -H 0=1%

0
400 500 600 700 800
Temperature (K)

Fig. 4. Hydrogen laminar flame speed values at different equivalence ratios, temperature and water addition (P = 4 MPa). Calculated using hydrogen LFS empirical

correlation [18].
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3.2. Model validation

The developed two-zone hydrogen combustion model integrates LFS
correlation [18], extended Zeldovich sub-models for NO prediction, and
a reduced kinetics knock integral prediction in a boosted lean-burn
hydrogen-fuelled SI engine with water addition. It was used to study
the combustion performance under the operating conditions shown in
Table 1. The simulated values of in-cylinder pressure at different
equivalence ratios and spark timings were validated using experimental
data [35]. The specifications of their engine and operating conditions
are given in Table 2. In Fig. 5, the blue line and the blue marker
represent the simulated results and experimental data for an equivalence
ratio of 0.77, similarly the red line and the red marker correspond to an
equivalence ratio of 0.5. The in-cylinder pressure shows that as the
equivalence ratio decreases from 0.77 to 0.50, there is a significant
reduction in the peak in-cylinder pressure as the crank angle corre-
sponding of the peak in-cylinder pressure shifts away from top dead
centre. This was mainly caused by the reduction of the hydrogen flame
speed for greater air-diluted mixtures. At an equivalence ratio of 0.77,
the peak pressure reaches approximately 4771 kPa, whereas at an
equivalence ratio of 0.5, the peak pressure is around 3470 kPa. This
reduction in peak pressure with decreasing equivalence ratio is consis-
tent between the experimental and the simulated values. It can be seen
that the developed model is capable of simulating the lean burn effects
and the in-cylinder pressure values of lean burn hydrogen-fuelled SI
engine with a high degree of accuracy.

3.3. Combustion characteristics

3.3.1. In-cylinder pressure

Fig. 6, shows that the simulated peak of in-cylinder pressure and
apparent heat release rate (AHRR) decreases with an increase in water
addition at a fixed engine speed of 2000 rpm and compression ratio of
11.5. Also, the crank angle associated with peak in-cylinder pressure
shifts away marginally from TDC with water addition. For & of 0.9, the
crank angle corresponding to the maximum in-cylinder pressure shifts
away from TDC by approximately 3 °CA for 8 % water addition
compared to pure hydrogen operation; the magnitude of the peak also
decreased from 5.52 MPa to 4.92 MPa. This decrease in magnitude of the
in-cylinder peak pressure and the shift of the corresponding peak crank
angle location are due to reduction in flame speed with water addition
(Fig. 3 and Fig. 4). Similar outcomes were discussed in flames where the
addition of water to hydrogen combustion controls the reaction rate and
causes deflagration of lean burn hydrogen flames, eventually reducing
the pressure rise [10].

The dilution effect also caused the peak AHRR to be decreased by 48
% when @ decreased from 0.9 to 0.5. Similarly, the peak AHRR also
decreased with water addition. For @ of 0.9, the peak AHRR decreased
by 5 % and 16 % when 3 % and 8 % of water addition, respectively.
Additionally, the peak AHRR location shifted away from TDC by 2°CA
and 3°CA when 3 % and 8 % water addition, respectively. The inset plot
in Fig. 6 shows that the total AHRR decreased with decreasing equiva-
lence ratio for both pure hydrogen combustion and hydrogen with water
addition. This was due to reduction in flame speed for leaner hydrogen
mixtures. The total AHRR decreased marginally with water addition. For
@ of 0.9, the total AHRR decreased by 1 % and 7 % when 3 % and 8 % of

Table 2

SI engine specifications used in simulations.
Characteristics Values
Bore x stroke [m] 0.072 x 0.060
Displacement volume [m3] 0.0002243
Compression ratio [-] 11.5
Speed [RPM] 2000

Source: [35]
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water addition, respectively. This reduction in the total heat release rate
was due to reduced flame speed combined with an increase of the in-
cylinder charge heat capacity with water addition. Fig. 7a shows the
maximum in-cylinder pressure of a naturally aspirated hydrogen engine
with differing amounts of water addition and varying equivalence ratios.
The peak in-cylinder pressure magnitude of 5.2 MPa was found under an
equivalence ratio of 0.9 for 40 kPa boosting. The maximum in-cylinder
pressure reduces monotonically with increasing water addition for any
given equivalence ratio. For an equivalence ratio of 0.9, the maximum
in-cylinder pressure reduced by 1 %, 4 %, 6 %, and 10 % when 1 %, 3 %,
5 %, and 8 % water was added, respectively. However, the maximum in-
cylinder pressure increased with increasing equivalence ratio under all
simulated cases of water addition which was due to an increase in en-
ergy content from the higher concentration of hydrogen present in the
mixture [38]. For pure hydrogen operation, the maximum in-cylinder
pressure increased by 27 %, 45 %, and 55 % for equivalence ratios of
0.5 to 0.65, 0.77, and 0.9, respectively. Similarly, Fig. 7b shows the
maximum in-cylinder combustion pressure increased as manifold ab-
solute pressure (MAP) increased due to an increase in charge density
[39]. For an equivalence ratio of 0.9, the maximum in-cylinder pressure
increased by 8 % and 16 % as MAP increased from 80 kPa to 100 kPa and
120 kPa, respectively.

3.3.2. Indicated mean effective pressure

Optimal spark timing is mainly determined by the characteristics of
the flame propagation within the combustion chamber and the associ-
ated engine parameters such as load, fuel composition, intake pressure,
intake temperature, and engine speed. The spark timing was fixed at the
minimum spark advance for best torque (MBT) location to ensure
maximum thermal efficiency under all operating conditions. Therefore,
the MBT timing at the highest indicated mean effective pressure (IMEP)
was determined by varying the spark timing for naturally aspirated
(MAP = 80 kPa) condition at various equivalence ratios (Fig. 8a). The
MBT advances from TDC when the mixture becomes leaner. At @ = 0.9,
the MBT timing was at 4 °CA bTDC, whereas for @ of 0.5 it was at 10 °CA
bTDC. This is explained by increased combustion duration due to the
reduction of flame speed for leaner mixtures. Fig. 8a shows that IMEP
reduced by 41 % when the @ reduced from 0.9 to 0.5 at their respective
MBT timings under the naturally aspirated condition.

Fig. 8b shows the variation of IMEP at different MAP for different
spark timings when @ = 0.77. As MAP increased, the MBT timing shifted
towards TDC due to the increased charge density at higher MAP values.
When MAP increased from 80 kPa to 100 kPa and 120 kPa, the IMEP at
MBT timing increased by 5 and 10 bar, respectively. The IMEP increase
is explained by increased in-cylinder charge density for higher intake
manifold air pressures [30]. Fig. 9 shows that for pure hydrogen under &
of 0.77 the MBT timing was found to be at 6 °CA bTDC, but for 3 % and 8
% water addition the MBT shifted marginally to 7 and 8 °CA bTDC,
respectively. This was caused by an increase in combustion duration
with water addition, due to a reduction in flame speed.

3.3.3. Burn-rate of hydrogen

The instantaneous mass fraction burned per crank angle for various
equivalence ratios at a fixed spark timing of 5 °CA bTDC under naturally
aspirated condition are shown in Fig. 10a. As air dilution in the
hydrogen/air mixture increases, the combustion duration increases. The
mass fraction burned is a good indicator of the engine performance. It is
reasonable to use mass fraction burned curves to characterize the
combustion stages as a function of crank angle. The crank angle location
for 50 % (CA50) mass burn fraction shifted by 1, 2, and 6 °CA away with
respect to the @ = 0.9 condition, when the mixture tends to become
leaner for equivalence ratio of 0.77, 0.65 and 0.5, respectively. In gen-
eral, the CA50 location shifted away from TDC for leaner mixtures and
caused by slower burning at increased air dilution, leading to an increase
in combustion duration [6]. The effect of water addition on the
hydrogen mass fraction burned (Fig. 10b), under naturally aspirated
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condition at @ = 0.77, was a marginally increased combustion duration.
Water addition reduced the hydrogen flame speed, mostly due to the
higher heat capacity hence a greater amount of heat was absorbed by the
water inside the chamber. Therefore, the CA50 location shifted only by 3
°CA when 8 % water was added into the mixture. The water addition
effect in the two-zone hydrogen combustion model was captured
through the laminar flame speed effect and heat capacity variation
caused by water addition.

After the evaluation of MBT timing for the conditions described in
Table 1, the variation of IMEP for lean burn hydrogen engine at various
MAP and @ at MBT timing were calculated (Fig. 11a), showing that

boosting increased the IMEP under all @ values. For @ of 0.9 the IMEP
increased by 6 % and 13 % when MAP was increased from 80 kPa to 100
kPa and 120 kPa, respectively. For @ of 0.5, when the MAP increased
from 80 kPa to 100 kPa, the IMEP increased by 4 bar. When MAP
increased from 100 kPa to 120 kPa, the IMEP increased by 5 bar.
Fig. 11b shows that water addition caused the IMEP of lean burn
hydrogen engine load to decrease monotonically for all the presented
equivalence ratios under naturally aspirated conditions. This is due to
the reduction in the flame speed with water addition, which increases
the combustion duration, leading to lower in-cylinder pressures. This
new two-zone hydrogen combustion model was able to capture this
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effect only because of the incorporation a water-diluted hydrogen LFS
correlation [18]. It can be seen from Fig. 11b that the rate of IMEP
reduction with water addition was more important for greater equiva-
lence ratio values. For & of 0.9, the IMEP was reduced by 2 %, 6 %, 10 %,
and 15 % when 1 %, 3 %, 5 %, and 8 % water was added, respectively.
For leaner a @ value of 0.5 the IMEP was less affected by the water
addition. The IMEP was reduced by 1 %, 3 %, 5 %, and 10 % when 1 %,
3 %, 5 %, and 8 % water was added, respectively. This decrease could be
explained by the reduction of the global reaction temperature caused by
the higher heat capacity of water vapor in the reactive mixture [40].
Additionally, the results also captured the lean burn hydrogen specific
heat capacity variations caused by water addition through the incor-
poration of thermodynamic data of the NASA equilibrium program into
the hydrogen combustion model [24]. In this work the water addition

was limited to 8 % because of the observed reduction in IMEP. Addi-
tional water dilution could impact the stability of hydrogen combustion,
particularly in lean mixtures due to lower global temperatures, reduced
reaction rates, and increased quenching distances, which collectively
compromise combustion efficiency [41].

3.3.4. Indicated thermal efficiency

The quantification of the hydrogen thermal energy conversion into
mechanical work is discussed using indicated thermal efficiency (ITE).
The range of ITE for various MAP and @ is shown in Fig. 12a. It can be
seen that the ITE increases with increasing air dilution. Under naturally
aspirated condition, ITE increased by 4 %, 6 %, and 8 % when @ varied
from 0.9 to 0.77, 0.65, and 0.5, respectively. The increase in ITE with
decreasing fuel/air ratio was due to greater expansion of leaner mixtures
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caused by the variation of specific heat ratio [35]. Fig. 12a shows that
for @ of 0.9, ITE increased by 3 % and 7 % when MAP increased (under
naturally aspirated condition) to 100 kPa and 120 kPa, respectively.
This increase can be attributed to an increase in IMEP with boosting
(Fig. 11a). The peak ITE of nearly 42 % were obtained under @& of 0.5 at
40 kPa boosting. Lean boosting has been shown to be an effective
strategy to improve the ITE of hydrogen engines and commensurate with
other studies [42-45]. In Fig. 12b, it can be seen that water addition
caused a reduction in ITE for naturally aspirated lean burn hydrogen
engine. This was attributed to the reduction in IMEP caused by the
higher heat capacity of water, combined with the prolonged combustion
duration due to reduction in hydrogen flame speed when water was
added into the cylinder. For & of 0.9, the ITE was reduced by 1 %, 4 %, 6
%, and 10 % when 1 %, 3 %, 5 %, and 8 % water was added, respectively.

The methodology does not account for the unburned hydrogen; how-
ever, the thermal efficiency reduces with equivalence ratio which in-
creases engine-out unburned hydrogen [46].

3.4. Indicated specific fuel consumption and NO emissions

The indicated specific fuel consumption (ISFC) measures the effec-
tiveness of the conversion thermal power of fuel to indicated power.
Fig. 13a depicts the ISFC of a hydrogen-fuelled engine at various MAP
and @, at MTB timing, and shows that operating leaner reduces the ISFC
due to the reduction in the amount of hydrogen in the in-cylinder
mixture. Additionally, for @ of 0.9, the ISFC reduced by 3 % and 8 %
when the MAP was increased from 80 to 100 and 120, respectively. The
reduction in ISFC with boosting is due to increased indicated power at
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higher values of MAP, which also increases the in-cylinder charge den-
sity [47]. Similar results have been demonstrated experimentally in a
boosted lean burn hydrogen SI engine [42].

In Fig. 13b, it can be seen that water addition under naturally aspi-
rated conditions increases the ISFC monotonically under all presented
equivalence ratios. This variation can be explained by the decrease in
IMEP due to higher heat capacity and reduction of hydrogen flame speed
caused by water addition [40]. Boosting decreased the ISFC, but NO
emissions increased.

The amount of NOx formed is dependent on the in-cylinder tem-
perature, oxygen concentration, and reaction duration. Of the possible

10

NOx emissions, nitric oxide (NO) is the important molecule released
with the amount calculated by integrating the chemical rate equations of
the extended Zeldovich mechanism [48]. Under @ of 0.9, NO emissions
increased by 5 % and 23 % when the MAP was increased from 80 kPa to
100 kPa and 120 kPa, respectively. The increase in NO emissions with
boosting is due to an increase in the in-cylinder charge density brought
by greater energy content for higher MAP values at a given @ [49].
Hence, when the in-cylinder energy content was reduced by decreasing
the equivalence ratio, for a given MAP significant reduction in NO
emission was observed (Fig. 14a). For naturally aspirated conditions of
80 kPa, NO emissions were reduced by 39 %, 55 %, and 83 % when &
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was varied from 0.9 to 0.77, 0.65, and 0.5, respectively. In contrast, for
lean burn hydrogen engines, the addition of water increases ISFC but NO
emissions reduced. This can be seen from Fig. 14b, where the NO
emission decreased with decreasing values of @ and increasing values of
water addition. For & of 0.9, NO emissions were reduced by 6 %, 16 %,
26 %, and 38 % when 1 %, 3 %, 5 %, and 8 % water was added,
respectively. This is mainly due to the reduction of the global in-cylinder
temperature with water addition [14]. With current hydrogen SI engine
technology, a compromise of load and NO emissions could be possible
with the introduction of small percentages of water addition into the
combustion chamber.

11

3.5. Knock prediction

The autoignition delay time is an important parameter for modelling
combustion abnormalities. For the premixed fuel and oxidizer mixture,
the ignition delay time is defined as the time from the start of spark to
the initiation of chain-branching reactions [50]. The ignition delay time
depends on equivalence ratio, pressure, temperature, and in-cylinder
mixture concentration. Autoignition causes a rapid rise in cylinder
pressure and this abnormal combustion is termed ‘knock’ [24]. In
Fig. 15, the knock integral (KI) for lean burn hydrogen operation was
calculated for various MAP and @ using the Livengood-Wu integral [51].
No end gas autoignition was observed for the operating conditions
shown in Table 1, as none of the values exceeded unity and this was in
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line with experimental studies [5,49,52-54]. It is clear that when MAP
was boosted, the KI increased significantly due to increase in the charge
density as additional air is introduced into the combustion chamber.
Additionally, knock could be mitigated by increased air dilution [53]. In
Fig. 15, under MAP of 120 kPa, the KI was reduced by 8 %, 16 %, and 27
% when @ was varied from 0.9 to 0.77, 0.65, and 0.5, respectively. This
reduction of the KI was caused by increased hydrogen autoignition delay
time (Fig. 16). The autoignition delay time increased for higher levels of
air-diluted hydrogen mixtures due to the reduction of the available en-
ergy in a reactive mixture.

The KI reduced monotonically with water addition (Fig. 17a) under
all presented equivalence ratios under MAP of 120 kPa SI engine oper-
ation. For @ of 0.9, KI was reduced by 2 %, 6 %, 9 %, and 14 % when 1 %,
3 %, 5 %, and 8 % water was added, respectively. A slightly lower

<
O
T

S
jo)}
T

o
~
T

<
—
T

Fuel 386 (2025) 134137

reduction was observed for a leaner mixture; for @ of 0.5, the KI reduced
by 2 %, 4 %, 6 %, and 10 % when 1 %, 3 %, 5 %, and 8 % water was
added, respectively. This KI reduction with water addition was influ-
enced by an increase in the hydrogen autoignition delay time with water
addition (Fig. 17b). The hydrogen autoignition delay time increases
with water addition due to the absorption of more heat by the higher
heat capacity of water. Nevertheless, knocking and NO emissions in
hydrogen-fuelled engines could be reduced but at the cost of engine
performance. For a @ of 0.9 under a MAP of 120 kPa, if 1 % water was
added, the KI and NO emissions reduced by 2 % and 5 %, respectively,
while ITE was reduced by 2 %.

3.6. Hydrogen operational regimes

The outcomes from the developed two-zone hydrogen combustion
model with water addition can be drawn together to describe the
hydrogen engine performance, emissions, and combustion abnormal-
ities. Fig. 18 illustrates the interaction between NO emissions, ISFC,
IMEP, and the equivalence ratio of a hydrogen engine with different
levels of water addition at a MAP of 120 kPa (Fig. 18a) and a MAP of 80
kPa (Fig. 18b). It can be seen from both maps that NO emissions and
ISFC have an inversely proportional relationship when water is added to
the hydrogen engine. This is because of the thermal efficiency reduction
with water addition due to decrease in flame speed and an increase in
the heat capacity of the in-cylinder charge. As the percentage of water
increases, the NO emissions decrease significantly and is evident for all
equivalence ratios. For & of 0.9 at a MAP of 120 kPa (Fig. 18a), the NO
emissions reduced by 35 % with 8 % water addition. This is due to the
water addition lowering the in-cylinder combustion temperature,
thereby reducing the formation of NO. However, reducing NO emission
increases ISFC due to a reduction of the ITE (the dashed horizontal white
lines in Fig. 18a and Fig. 18b. This reduction of thermal efficiency is due
to lower combustion efficiency caused by higher values of specific heat
capacity of the in-cylinder charge resulting from water addition and
slower flame speeds. Note that the trade-off between ISFC and NO
emissions is more dominant for richer mixtures, and it can be seen form
the operational maps that the relation between ISFC and NO tends to
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Fig. 16. Hydrogen autoignition delay time at various unburned gas temperature and @ (P = 4 MPa).
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linearity as the hydrogen mixture became leaner. The colour map rep-
resents the IMEP (Fig. 18a and Fig. 18b). Higher IMEP values are asso-
ciated with higher equivalence ratios, MAP, and lower percentages of
water addition. However, the ITE increases with decreasing equivalence
ratio. In Fig. 18a and Fig. 18b, the condition at which KI exceeds unity is
highlighted as the ‘knocking region’. The KI show that the knocking
tendency increases with increasing equivalence ratio and load, whereas
it decreases with water addition under all operating conditions. This is
mainly due to the increase in hydrogen autoignition delay time with
water addition. Hence, water injection could benefit hydrogen-fuelled
engines by expanding the knock-free operating conditions at higher
loads by reducing the knock tendency, but it comes with the trade-off of
the reduced thermal efficiency thereby increasing the ISFC.
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4. Conclusions

Incorporating the hydrogen LFS correlation, accounting for the water
addition effect, in a two-zone combustion model serves a useful tool for
investigating combustion, emission, and knocking characteristics of
water-injected lean-burn boosted hydrogen SI engine. The addition of
water to hydrogen engines offers the benefits of reducing combustion
abnormalities and emissions. The water dilution effect is captured by
thermal variations in the developed two-zone hydrogen combustion
model. Water dilution increases the in-cylinder charge heat capacity and
modulated the LFS within the combustion chamber, hence it reduces the
NO emissions and mitigates the combustion abnormalities, but it also
reduces ITE. The ITE reduces monotonically with water addition. For a @
of 0.9 under a MAP of 120 kPa, the addition of 1 % water caused the KI
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and NO emissions to reduce by 2 % and 5 %, respectively, while ITE was
reduced by 2 %. This study indicates that water addition could benefit
hydrogen engine emission control and knock mitigation, but careful
optimization is required to avoid significantly reducing thermal effi-
ciency. The engine operation map based on ISFC, NO, ITE, @ and water
addition obtained through this new two-zone model helps with the
development of advanced combustion strategies in hydrogen internal
combustion engines.
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Appendix
A.1. Two-zone combustion model

After rearranging the equation of state, the first law and continuity equation, following first order differential equations were derived to model
combustion process. The subscript u and b refer to unburned and burned zone respectively.

ar, 1 dp_ da,
o mycy, \ “d0 do
ar, 1 [.dv dm, R, (. dP dQ, dp
E‘mucpu{ g~ ®h—RT) 55 Cou ( “do " d9>+ da]

dp 1 o\ ,dV dQ

—= - (1 P—

do cﬂvu,cvbkuvﬁibv{( + ) do  do
Cpu Ry

Ru dmb Cyu vaRu dQu
Homwe(n-gn) G (2 50) @
where T, and T, are the temperatures of the unburned and burned zones, respectively. 6 is the crank angle, m, and mj, are the masses of the unburned
and burned gases, and c,, is specific heat at constant pressure of the unburned mixture. The specific heat capacities c,, and c,; are at constant volume of
the unburned and burned gases, respectively. The volume of the unburned zone is V,, and V is the volume of the combustion chamber. The in-cylinder
pressure is P, and the gas constants of the unburned and burned gases are R, and Ry, respectively. The terms dQ“ and dQ o represent the rates of heat
transfer in the unburned zone and total heat transfer, respectively. Finally, u, and u, are internal energy of the unburned and burned gases,

respectively.
The following equations are used to account for convective heat transfer [24].

dQ dQ,  dQy

do— do " do

dQ, 304,

= M=) +ho(TT2) |

dQ, 304,

@ ha(TeT) +pe(T-T1) |

where A is the surface area, h is convective heat transfer coefficient, /3 is a constant value of 0.6 and ¢ is Stefan-Boltzmann constant 5.67 x 1 08 W/m?k*,
A.2. Laminar flame speed sub-model

The water diluted hydrogen laminar flame speed correlation according to [18];

T,

a(@.P.Tu)
=) 4, Re L)
0

Si(@,P, Ty, x) = Su(@,P, T, )(

p P P p
S = a12* + a;@* + azlog, (@) + aslog, ( ) + asexp( — @) + as@log, < > +aylog, (@) (P_) + agexp( — @) (P_>
0 0

3
a= <b1@3 +b, (P%) +b;2° <§> +b4loge< ) +bsexp( — )+b6®loge< ) +b;log, (@ )(1%) + bgexp( — @) (;0) +bg®exp< 7}%) )exp (ﬁ%)

where P is pressure, T is temperature, Py is the reference pressure, T is the reference temperature, y is molar fraction, and § is dependent only on the
equivalence ratio @.

B=c10*+co@® + 30 +ca@ + 5
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