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ARTICLE INFO ABSTRACT

Handling Editor: Dr M Mahdi Najafpour Hydrogen may become a substitute for liquid fossil fuels, contributing to greenhouse gas emissions reductions in

internal combustion engines. Numerical simulations play a critical role in the advancement of these engines, with

Keywords: laminar flame speed being the main input. Experimental data of hydrogen flame speed at elevated pressures are
Flame speed correlation scarce, due to the instability of the flames. Nonetheless, stable hydrogen flames can be predicted using chemical
i—(lj);idrogen kinetics models. Moreover, the injection of water into the hydrogen fuelled engine could offer several benefits to

engine combustion and emission performance, as it modulates the laminar flame speed within the combustion
chamber and this effect has not been completely understood. Currently, no correlation exists to predict the
laminar flame speed of hydrogen-air combustion with water addition under lean mixture engine operating
conditions. In this study, we have extended the newly developed laminar flame speed correlation of hydrogen-air
combustion to account for the effects of water addition under engine relevant conditions by using chemical
kinetic laminar flame speed values. The laminar flame speed correlation was derived for pressures from 10 to 70
bar, temperatures from 400 to 800 K, equivalence ratios from 0.35 to 1 and water addition by mole from 0 to
20%. The hydrogen laminar flame speed correlation was expressed using polynomial forms with reduced order
and number of terms with optimized values of coefficients. Additionally, a new exponential term was proposed to
the power term o of the laminar flame speed correlation to capture the coupled effects of pressure and tem-
perature on laminar flame speeds under engine-relevant lean burn water-diluted operating conditions.

Laminar flame speed
Steam dilution

flames are unstable [6]. However, stable hydrogen flames could be
predicted by using chemical kinetics models [7], once the kinetic
mechanism is validated. Most of the available LFS correlations are fitted
using a power law [8] where the influence of equivalence ratio, pressure
and temperature are independent as shown in Eq. (1),

1. Introduction

Limited fossil fuel reserves and environmental constraints are
incentivising exploration of alternatives for carbon-free fuels for use in

internal combustion engines [1]. Hydrogen has advantageous properties
as a carbon-free fuel [2,3] because its thermochemical properties differ
significantly compared to traditional fuels such as gasoline, diesel, and
methane [4]. A notable difference is the laminar flame speed (LFS), one
of the most important inputs in all numerical combustion models, an
essential tool for improving spark ignition (SI) engines. The LFS is used
to assess the stability of flames and to characterize the transition be-
tween deflagration and detonation [5], and crucial for turbulent flame
calculations. Generating hydrogen LFS data from experiments or
chemical kinetic simulations across a wide range of operating conditions
is time-consuming, therefore, laminar flame speed correlations could
provide reliable values. Experimental data for hydrogen combustion at
the elevated pressures of engine-relevant conditions are scarce, as the
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The laminar flame speed S; is a function of equivalence ratio @,
unburned gas temperature T,, and pressure P at a reference pressure P,
and temperature Ty. The terms Sy , @ and ff represent the flame speed at a
reference condition, temperature and pressure power coefficients,
respectively. Power coefficients a and f differ for each fuel and can be
determined from experimental or numerical approaches [9]. Most cor-
relations [7,10] only express the power coefficients @ and j as dependent
on the equivalence ratio. However, numerous experimental studies have
shown that the coefficient § varies with both pressure and equivalence
ratio [5,9,11]. Additionally, Verhelst et al. [6] demonstrated a strong
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Nomenclature

Symbols

S laminar flame speed (m/s)
%} equivalence ratio

p pressure (bar)

T temperature (K)

f residual gas fraction

a temperature power coefficient
p pressure power coefficient
Vs water molar fraction
Acronyms

NOx oxides of nitrogen

LFS laminar flame speed

SI spark ignition

Subscripts

0 reference condition

U unburned

relationship between the effects of pressure and equivalence ratio on the
hydrogen LFS. To account for the observed nonlinear effects of the
pressure on the hydrogen LFS [6] integrated the coupled effects of the
equivalence ratio and pressure to calculate the reference flame speed Sjo
and pressure exponent . Moreover, [12] showed that for the gasoline
LFS correlation the power law formulation of [8] was unable to capture
the non-power behaviours. The observed coupling of
temperature-pressure dependence on the LFS, was resolved by incor-
porating a logarithmic dependence of the flame speed on the tempera-
ture and pressure terms. Additionally, for the methane LFS fitting [11],
proposed to modify the power-law of [8] by incorporating the pressure
effect on the temperature power coefficient and by incorporating the
temperature effect into the pressure power coefficient at various
equivalence ratios, to study the effect of pressure and temperature on the
methane LFS. The same fitting method for methane LFS fitting was also
documented in Ref. [5]. Whereas, in Ref. [13], a temperature scaling
factor at various equivalence ratios was introduced to fit the LFS of the
gasoline surrogate, the same approach was also used in Ref. [14] for the
fitting of the LFS for various sets of toluene reference fuels. Moreover,
several machine learning procedures for LFS could be found in Refs.
[15-18]. In this study, the hydrogen LFS is correlated using the power
law of [8] and the effects of the equivalence ratio and pressure coupled
to calculate the reference flame speed S;, and pressure exponent f pro-
posed by Ref. [6]. The temperature-power coefficient a is modelled as a
function of pressure and temperature, and an additional exponential
temperature term is proposed to capture coupled temperature-pressure
effects on the hydrogen LFS. The leading automobile manufacturers
are developing boosted and downsized hydrogen SI engines to compete
with current gasoline engines. Boosting provides higher thermal effi-
ciencies, but makes the engine prone to combustion abnormalities such
as knocking [19]. It was shown [20] that low-temperature combustion
methods (introduction of a cooled exhaust gas recirculation, lean burn
operation or water injection) are effective on mitigating knock on
hydrogen fuelled SI engines. The injection of water into the cylinder
could offer significant benefits for the combustion process and engine
emissions [20,21]. The addition of water in hydrogen-air combustion
has three main effects on flame speed: 1) the dilution effect, which re-
duces the net reaction rate, 2) the thermal-diffusion effect, which alters
the thermodynamic and transport properties of the reactants, and 3) the
chemical effect, which occurs due to the participation of the diluent in
elementary kinetic reactions [22]. The chemical effect due to adding
water to the hydrogen-air reactive mixture alters the reaction
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mechanisms, not only by the presence of water in the elementary re-
actions, but the presence of water vapour can facilitate the third-body
stabilisation reactions [23]. It is important to note that hydrogen/air
flames, with or without water dilution, will not be stable in any com-
bustion application due to factors such as: Darrieus-Landau, Ray-
leigh-Taylor, heat transfer from the flame front into the unburned
mixtures and variations in thermal and mass-diffusivities [24]. These
flame front instabilities will cause the flame growth relative to its
characterized LFS and result in cellular structure, which are more prone
to occur under lean-mixture and high-pressure hydrogen combustion
engine environment [25]. Also, the flame thickness is an important
parameter to be considered while studying turbulent combustion in in-
ternal combustion engines [26] but this work is focused only on the
development of a LFS correlation based on chemical kinetics for
hydrogen combustion with water addition at engine relevant conditions.
The proposed correlation for hydrogen LFS with water addition could be
relevant in assessing the impact of the instabilities of the experimental
data under engine relevant conditions. It could also be used for model-
ling the turbulent burning velocities due to the scarcity of hydrogen LFS
data at elevated pressures and temperatures. This study can be divided
into two parts (1) pure hydrogen LFS correlation, and (2) water-diluted
hydrogen LFS correlation.

2. Methodology

The freely propagating hydrogen flames, with and without water
addition, were simulated in the CONVERGE solver [27]. Concurrently,
polynomial expressions of reduced order were developed with opti-
mized values of coefficients to predict the LFS for hydrogen combustion
under lean mixture operation at engine-relevant lean-burn water-diluted
operating conditions.

2.1. Numerical model

The chemical kinetic model of a freely propagating hydrogen flame
consisting of 19 elementary reversible reaction mechanisms that was
developed by Li et al. [28] was used to calculate the LFS of hydrogen-air
combustion under various pressures ranging from 10 bar to 70 bar,
temperatures ranging from 400 to 800 K, equivalence ratios ranging
from 0.35 to 1, and for 0-20% molar fraction of water. More than 5000
LFS values were calculated through CONVERGE [27] using a chemical
kinetic model [28] in a well-stirred reactor for the selected range of
conditions. These data were used to develop a new correlation capable
of predicting the LFS of hydrogen-air combustion with water addition in
any practical power generation device.

The chemical kinetic model [28] has already been validated against
the published experimental LFS of hydrogen-air combustion for tem-
peratures ranging from 298 to 3000 K, pressures from 0.3 to 87 atm, and
equivalence ratios from 0.25 to 5. The experimentally measured values
of the LFS were obtained either through the burner flame stabilisation
[29,30] or spherical flame propagation in a chamber [31,32]. The main
difference is that the burner flames did not consider the stretch rate
effect, hence the experimental data obtained through this method was
greater than the experimental values obtained through spherical flame
propagation method, where the flame propagation was corrected based
on flame stretch rate. A comparison of published [29-32] experimental
results of hydrogen burning speeds with the calculated LFS from the
chemical kinetics model at different equivalence ratios [28] are shown
in Fig. 1. The simulated values of LFS show good agreement with the
experimentally measured stretch-free burning velocities of [31,32]
under lean operating regions of ® < 1.

The comparison of published experimental data [33,34] with simu-
lations performed under 1 atmospheric pressure and at a temperature of
373 K, with varied equivalence ratios of the hydrogen-air mixture from
0.5 to 1.7 for steam dilutions at 12% and 22% by volume, are shown in
Fig. 2. It can be observed that both the experimental and simulated LFS
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Fig. 1. Laminar burning velocities at different equivalence ratios at P of 1 atm
and T of 300 K. The markers represent the experimental data values [29-32].
The dashed line represents the hydrogen LFS calculated from the detailed
chemical kinetics with mechanism of [28].

exhibit the similar global trend with varying equivalence ratios. The
simulated LFS results were within a maximum of an 11% error margin
when compared to the experimental data of [33], and within a
maximum error margin of 6% for the experimental data of [34]. The
data presented in Figs. 1 and 2 show that the hydrogen kinetic mecha-
nism [28] is in good agreement with the experimental data of [31,32]
for neat hydrogen-air lean mixture combustion, as well as for water
addition under lean hydrogen combustion [33,34]. Therefore, the
chemical kinetic model of [28] was used in this work as the basis to
calculate the lean-burn water-diluted hydrogen LFS values under high
pressure engine-relevant operating conditions.

2.2. Laminar flame speed correlation

Generation of LFS data from chemical kinetic models for varying
operating condition are time consuming. Therefore it is useful to
develop a correlation for hydrogen that can predict the LFS under
complex engine operating conditions with high degree of accuracy,
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particularly for water injection strategies favouring NOx reduction [20].
The formulation of [6] in Eq. (2) was used to fit the hydrogen with water
addition LFS,

T‘U
Si(@,P,Tus ) =Su(2, P, T.) (F
0

a(@.P.T,)
) -srern) @
The parameters Sy, a and F were fitted using polynomials of least
order (R?> = 0.99). A reference pressure (P, = 5 bar) and a reference
temperature (T, = 600 K) were set to make the pressure and temperature
non-dimensional. Initially just over 2500 LFS data were fitted using the
Levenberg-Marquardt algorithm [12] for Sy (Eq. (2)) at various pres-
sures and equivalence ratios at a fixed temperature of 600 K. The cor-
relation was tested to ensure that no spurious values were generated,
confirmed by conducting a non-negative constrained multivariate
regression analysis. The Akaike Information Criterion (AIC) [35] was
adopted to explore different combinations of the predictors to determine
the most optimized fitting model (Eq. (3)), the corresponding fittings
coefficients a; are shown in Table 1.

P
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Table 1

Coefficients a; to be used in Eq. (3), coefficients b; to be used in Eq. (4), co-
efficients ¢; to be used in Eq. (5) and coefficients d; to be used in Eq. (6), for
conditions of Py = 5 bar and Ty = 600 K.

a; Value b; Value ¢ Value d; Value
@& 137528 b -1.2354 o 9.204 & 49667
a  —43159 b,  345e-05 ¢ = —27.6 d  —3.0818
a5  -1.2832 by 0.10518 s 3070 ds  0.4600
a;  1.0261 by  —0.5332 c  -1476  d 02508
as  —3.4574 by 43181 s 2853 ds  0.4331
@  —3.7039 by  1.8539 de  3.2483
ay 0.1490 b, —0.5166 d, —3.0087
a5 0.2545 by —0.6528 ds  —8.5907
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Fig. 2. Laminar flame speed of hydrogen with 12% and 22% water addition at various equivalence ratios (P = 1 atm, T = 373 K). The dashed line is the simulated
laminar flame speed using mechanism of [28], and the markers represent experimental data [33,34].
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Fig. 3 shows the comparison of calculated initial Sj, values obtained
from the chemical kinetics model [28] with the newly developed cor-
relation (Eq. (3)). It can be seen that the correlation predicted S;y with
good accuracy, where 98% of data fitted well within 10% error. How-
ever, it can be seen from the inset plot in Fig. 3 that the values for the LFS
lower than 0.3 m/s did not fit within the 10% error margin. This was due
to the weighting factor, which could not be increased further since it
tended to reduce the correlation accuracy for the entire operating con-
dition range.

To explore the dependence of pressure, temperature and equivalence
ratio on the exponent term o a polynomial was developed for a (P, @, T)
by fitting it with a set of 2000 hydrogen LFS data generated at different
conditions. Most of the available LFS correlations [7,10] considered the
exponent o only to be dependent on equivalence ratio. Fig. 4 shows the
power coefficient a calculated from Eq. (2) once the S;y was known from
Eq. (3). It can be seen that the a is not only dependent on @ but also
influenced by pressure and temperature, all three parameters are
intercoupled. Due to power coefficient a being completely dependent on
pressure, temperature and equivalence ratio, @ in Eq. (2) has been
expressed to account for the effects of pressure and equivalence ratio.
Then the temperature effect on the hydrogen laminar flame speed was
accounted through the inclusion of an exponential term that relates to
temperature and equivalence ratio through the exponent § which is
considered to be solely dependent on the equivalence ratio. This third
order polynomial of « consisting of 9 coefficients b; was fitted (R? =
0.99). The attained polynomial expression for  is shown in Eq. (4), and
the fitting coefficients for b; are presented in Table 1.

P\’ P P
a= <b1®3 +b, <F0> +b;2° (]TO) + by log(ITO> +bs exp(— @)

P P P
+bs B log (P_> +b;7log(@) (P_) +bg exp(— @) (P_)
o 0 o

+ by @ exp (—%) ) exp (ﬁ%)

Where f is dependent only on the equivalence ratio, and it is given in the
form as shown in Eq. (5).

4

B=c1@* + 2@ + 3@ + cuD + cs (5)

The accuracy of the a term in Eq. (3) due to the inclusion of tem-
perature effect on the hydrogen-air laminar flame speed was compared
with the chemical kinetic model [28] for 3000 data points (Fig. 5). The
improvement in the accuracy for the hydrogen-air flames through the
incorporation of the term exp (#T /Ty) in a as shown in Eq. (4) (black
markers), compared with the fitting accuracy without the proposed term
exp (BT /T,) (red markers). It can be observed from Fig. 5 that the

6 i , . o

Correlation S10 values (m/s)

1.5 2 2.5 3 3.5 4 45 5
Chemical Kinetic S0 values (m/s)

Fig. 3. Chemical kinetic values of S;y compared to correlation Sy, values using
Eq. (3) with lines of 10% and 20% deviation (P = 10-70 bar, @ = 0.35-1, T =
600 K and y = 0).
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Fig. 4. Alpha at various equivalence ratios and pressures for temperatures of
400 and 800 K for hydrogen.
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Fig. 5. Chemical kinetic values of laminar flame speed compared to correlation
laminar flame speed values with 10% and 20% deviation lines (black markers
show laminar flame speed values by calculating a as shown in Eq. (4) and the
red makers are the laminar flame speed values without using term). (For
interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

accuracy improved significantly for LFS values greater than 3 m/s by
incorporating the term, accounting for the temperature-pressure
coupling effects. Moreover, it can be seen that for the LFS correlation
with the incorporation of the term exp (8T /Ty) in a, most of the data
points are within a +10% accuracy margin, except for few data points at
lower values. The prediction accuracy could be improved by improving
the accuracy of the chemical kinetics model.

2.3. Laminar flame speed correlation with water addition

The benefits of injecting water into the intake manifold of the
hydrogen-fuelled engine [21], are the modulation of the LFS and the
local equivalence ratio within the combustion chamber. However, this
effect is not fully understood, and no correlation exists to predict the LFS
of hydrogen-air combustion with water addition under lean mixture
engine operating conditions. We extend the proposed LFS correlation of
hydrogen-air combustion (Eq. (2) and (4)) to include the effects of molar
fraction of the water on hydrogen combustion under engine-relevant
conditions. It has been shown in Ref. [6] that the residual volume
fraction term F in the hydrogen flame speed correlation strongly con-
volves the effects of pressure and equivalence ratio in the correction
term. In this work the water addition was incorporated into the flame
speed correlation by including the molar fraction of water y in the term F
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in Eq. (2). Note that, the equivalence ratios used in this study only
considered fuel and air, and not the global equivalence ratio that is
affected by the dilution of the reactive mixture by water vapour. The
term F was fitted dependently of pressure, temperature, equivalence
ratio and water addition (Eq. (6)) and the coefficients d; are shown in
Table 1. The comparison of values obtained from the correlation and the
chemical kinetic model of hydrogen at different pressures, temperatures,
equivalence ratios at water addition ranging from 0 to 20% of molar
fraction is shown in Fig. 6. About 84% of data fitted within 10% and
around 97% of data fitted within the 20% error margin. These data
points correspond to the operating conditions used in this study.

P P P\? T\’
F=d +d| = |y*+dslo (—)+d <—> +d (—)
1 Z(Pu))( 3 10g Py 4 Py ){2 5 T

P T T T P
de| — ) (= )r* +d — dsy* | — do@* | —
+ 6<P0> (TO>)( + 7®<T0) +dsy (T()) + do@ (P())

3. Results and discussion

©

The outcomes of the proposed hydrogen LFS correlation, with and
without water addition, are compared to the simulated LFS values at
engine-relevant operating conditions. Additionally, the effect of water
on hydrogen LFS at elevated pressures are discussed. Finally, to assess
the accuracy of the LFS correlation, residual analysis was conducted.

3.1. Comparison of correlation prediction with chemical kinetic values

Fig. 7 shows the hydrogen LFS values obtained from the proposed
correlation, and compared with the calculated chemical kinetic flame
speed values. This comparison was made for equivalence ratios ranging
from 0.35 to 1 with 0-20% (at 5% increment) of water addition, whilst
the whole mixture was maintained at a pressure of 30 and 50 bar, and at
a temperature between 400 and 800 K. It was observed that the corre-
lation was accurate for all cases (Fig. 7(a—c) and 7(e-h)) except for 20%
water addition. In the 20% water addition case, particularly for equiv-
alence rations greater than 0.8 and at a pressure of 30 bar and tem-
perature of 400 K (Fig. 7(h)), the correlation was underpredicting the
LFS values. For pressures of 30 bar and 50 bar, a temperature of 600 K,
and water addition of 20% at equivalence ratios less than 0.7, the cor-
relation slightly overpredicted the LFS values with the largest deviation
being within 13% and 18%, respectively, (Fig. 7(d)). Fig. 7(a-d) also
reveal that the LFS predicted by the correlation decreased with an in-
crease in water addition from O to 20%. The pure hydrogen LFS
decreased by 67% and 72% for 20% water addition at 30 and 50 bar,
respectively. For a pressure of 30 bar at ambient reactive mixture tem-
peratures of 400 K and 800 K, the LFS decreased by 60% and 74%,
respectively. We observe from Fig. 7(a—d) that by increasing the pressure
from 10 to 30 bar, the LFS decreased by 27, 29, 32 and 35% for water

Ju—
wn

S

W

Correlation Sl values (m/s)

(=]
(=]
W

Chemical Kinetic SI values (m/s)

Fig. 6. Chemical kinetic values of laminar flame speed compared to correlation
values with 10 and 20% deviation with exp (T/Ty) term (y = 0-20%, P =
10-70 bar, T = 400-800K, @ = 0.35-1).
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addition of 0, 5, 10 and 20%, respectively. Whereas, when the temper-
ature was increased from 400 to 800 K (Fig. 7(e-h)) the LFS increased
significantly by 313, 467, 525 and 685% for water addition of 0, 5, 10
and 20%, respectively. It is clear that the new proposed correlation
preserves the global trend of the chemical kinetic LFS values at all
operating conditions presented in Fig. 7.

3.2. Hydrogen LFS at engine-relevant conditions

Fig. 8 shows the effect of water addition on the hydrogen LFS cor-
relation at various pressures and equivalence ratios and it can be seen
that the LFS reduces with increasing pressure. This is in agreement with
previous work [36] where it was shown that at water addition of less
than 20% by mole fraction, the LFS of hydrogen initially increased and
then decreased with increasing pressure. The inflection point occurred
at a pressure of 10 atm. Since this study focuses on engine-relevant
higher-pressure operating conditions; pressures less than 10 bar were
not simulated, hence only a monotonic reduction of the LFS with an
increase in pressure was observed. The observed monotonic reduction in
flame speeds with pressure could be associated with the reaction order n
being less than two due to steam being considered as a third-body in the
reaction, hence S; ~ P2~ causes the flame speed to reduce with higher
pressures as discussed in Ref. [37]. For neat hydrogen, the LFS decreased
by 73%, 66%, and 58% when the pressure was varied from 10 to 70 bar
for equivalence ratios of 0.6, 0.8, and 1, respectively (Fig. 8 (a — c)). The
proposed correlation and its analysis revealed that pressure has a more
pronounced effect on LFS for leaner hydrogen mixtures due to relatively
lower energy content in the reactive mixture, which was insufficient to
counteract the effect of increased pressure. It is interesting to note that
for higher percentages of water addition, specifically at 20% by mole,
the LFS was not significantly affected by pressure at levels above 40 bar
for mixtures leaner than 0.8 (Fig. 8(a and b)). This phenomenon occurs
due to the reduction in global temperature resulting from increased
dilution and higher heat capacity of the charge, hence the dissociation
reactions were not initiated under higher percentages of water addition.
It has been shown experimentally [34] that water addition controls the
reaction which causes deflagration of the hydrogen flame at various
equivalence ratios, as well as slowing the rise in pressure. The proposed
correlation predicts this behaviour (Fig. 8) under all pressures and
equivalence ratios, due to an increase in heat capacity of the mixture
caused by steam dilution [38]. The equivalence ratio effect on the LFS
was consistently seen in all of the presented data. Under leaner mixture
conditions for both with and without water addition, an increase in the
equivalence ratio caused the LFS to increase (Fig. 8 (a — c)). For the case
of pure hydrogen at a pressure of 30 bar and temperature of 700 K, the
hydrogen LFS increased by 94 and 201% when the equivalence ratio was
raised from 0.6 to 0.8 and 1, respectively. Whereas for water addition of
20% at the same conditions the LFS increased by 179 and 457% when
the equivalence ratio was raised from 0.6 to 0.8 and 1, respectively.
Though the LFS increases significantly with an increase in equivalence
ratio for 20% water addition relative to neat hydrogen combustion, on
an absolute scale the magnitude of the hydrogen LFS with water addi-
tion is much lower than neat hydrogen combustion. Additionally, the
correlation provides LFS values very close to those predicted by chem-
ical kinetics, except for an equivalence ratio of 0.6, where the correla-
tion slightly overpredicts the LFS values (Fig. 8 (a)) with the greatest
deviation of approximately 11%. However, as the equivalence ratio
increased beyond 0.6, the accuracy of the correlation also improved.
This is attributable to the higher magnitudes of LFS associated with the
equivalence ratio.

Fig. 9 shows that the LFS decreases linearly with increasing water
addition for all pressures and temperatures, but the rate of decrease of
the LFS of hydrogen was more pronounced at higher ambient temper-
atures of the reactive mixture. The correlation also reveals that the
linear rate of decrease of LFS was evident even at lower ambient mixture
temperatures of 400 K and equivalence ratio ® = 1 (Fig. 9(c and d)).
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at equivalence ratio of 1 at temperature of 700 K. Solid lines are correlation values and markers represent the chemical kinetic values.

However, the rate of decrease of flame speed was not that significant at
® < 1 at same lower ambient mixture temperatures of 400 K (Fig. 9 (a —
b)). The correlation closely matches chemical kinetic LFS values, with
exceptions at an equivalence ratio of 0.5 and pressures of 30 bar and 50
bar (Fig. 9(a and b)), respectively. Where the correlation slightly over-
predicts the LFS values, the greatest deviation is approximately 13%
(Fig. 9 (b)). However, as the equivalence ratio increases to the stoi-
chiometric condition, the accuracy of the correlation improves for
various temperatures, pressures, and water additions (Fig. 9(c and d)).
The linear decrease in the rate of the LFS was noted with the addition of
water, but there appears to be a limit to the amount of water addition for
an effective control of hydrogen combustion beyond which it tends to be
detrimental to the engine performance. This is due to a decrease in the
global reaction temperature caused by the high heat capacity of the
water vapour in the reactive mixture [39]. The LFS values increased
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with increasing temperature, a trend captured by the power, o, used in
the correlation (Eq. (2)). As explained in subsection 2.2, a captures not
only the effect of temperature but also the influence of the equivalence
ratio and the coupled effect of pressure and temperature on the
hydrogen LFS. The proposed correlation for hydrogen LFS with a
reduced order of polynomial and reduced number of coefficients, shows
that more than 97% of data are within the 20% accuracy level across
various temperatures, pressures, equivalence ratios, and water addition
conditions. The proposed correlation is sufficiently sensitive to predict
variations of LFS under different conditions of pressure, temperature,
equivalence and water additions. Error analysis of this correlation is
discussed in next section.
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Fig. 9. Laminar flame speed values of hydrogen with various water additions at different temperatures, pressures, and equivalence ratios. Solid lines are correlation

values and markers represent the chemical kinetic values.

3.3. Residual analysis

Fig. 10 (a) illustrates the hydrogen LFS error across a wide range of
pressures from 10 to 70 bar, temperatures from 400 to 800 K, and
equivalence ratios from 0.35 to 1. The accuracy of the pure hydrogen
LFS values predicted from the proposed correlation is consistent with
previous studies [6,7], as more than 99% of the data are within a 20%
error margin. Furthermore, around 87% of the data were within a 10%
deviation. To quantify the relative error, residuals between the chemical

__a) c
i’ZOOO [EProposed correlation 300 ¢
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kinetics and the correlation flame speed values were calculated for
selected operating conditions. The average mean error was within 5%
for 5% and 10% water addition, within 4% for 15% water addition, and
within 7% for 20% water addition. A comparison was also made be-
tween the hydrogen LFS values obtained from Eq. (4) with and without
the term exp (T /To) and shown in Fig. 10 (b). It is evident that a sig-
nificant number of data points had their residuals reduced significantly
by incorporating the temperature-pressure coupling effect term into the
hydrogen LFS correlation. Without the inclusion of this term in the o

r

0 L1
-0.30 -0.24 -0.18 -0.12 -0.06 -0.00 0.06 0.12 0.18 024 030

Kinetics LFS - Correlation LFS (m/s)

Fig. 10. (a) The standard error for the proposed hydrogen laminar flame speed correlation at various operating conditions (phi = 0.35-1, P = 10-70 bar and T =
400-800 K); (b) the histogram of the residuals for both of the equation with and without exp(ST/To) term; (c) the histogram of the residuals calculated as the
difference between chemical kinetics and correlation laminar flame speed values (m/s) against the number of data points at different water addition (1-20%) and

operating conditions (@ = 0.35-1, P = 10-70 bar and T = 400-800 K).
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calculation (Eq. (4)), the hydrogen LFS values would be underestimated,
leading to residuals shifting to higher values. The addition of the
temperature-pressure coupling term successfully refined the power a,
minimizing the value of the residuals. These residuals were used to
generate a histogram for various operating conditions of hydrogen with
water addition (Fig. 10 (c)). The residuals were found to be unimodal,
and the accuracy was assessed using the mean and standard deviation. It
was observed that for each level of water addition, the histogram shape
remained unimodal for all concentrations of water additions, with a
peak at zero. The absolute values of mean residual were 0.1033, 0.1002,
0.0665, and 0.0887 m/s for 5%, 10%, 15%, and 20% water addition,
respectively. When the molar fraction of water in the mixture increased,
the residual magnitudes were reduced, correlating well with the
decrease in hydrogen LFS values due to the water addition as shown in
Figs. 8 and 9. Note that bars with less than 4 data points have not been
included in Fig. 10(a-c).

4. Conclusion

The LFS is important for modelling internal combustion engines, but
generating these from experiments or chemical kinetic simulations can
be costly and time-consuming. Therefore, developing a correlation that
can accurately predict the LFS under complex engine operating condi-
tions is valuable. An empirical hydrogen LFS with water addition at
engine-relevant operating conditions was developed in this study. The
LFS correlation was validated for pressure ranges from 10 to 70 bar,
temperature ranges from 400 to 800 K, equivalence ratio ranges from
0.35 to 1, and water addition by mole from 0 to 20%. The LFS of
hydrogen-air mixtures, with and without water addition, were simulated
using a chemical kinetic model [28]. Polynomial expressions of reduced
order and number of terms were developed with optimized values of
coefficients to predict the hydrogen LFS under lean mixture operation
and high-pressure conditions. The variation between the simulated
values from the chemical kinetic model and the predicted values from
the proposed correlations of reduced order resulted in an R? value of
0.99. A new exponential term was proposed for the power term « in the
correlation to capture the coupled effects of pressure, equivalence ratio,
and temperature on LFS under engine-relevant lean burn, water-diluted
operating conditions. This proposed correlation will help in bridging the
knowledge gap for exploring the benefits of hydrogen-air combustion
with water addition in engines, and in other power generators in the
pursuit of zero carbon emissions.
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