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Internal combustion engines (ICEs) fuelled with hydrogen can play a major role in the short-term future
transportation sector since they abate all criteria pollutants at engine-out reducing tailpipe CO2 emissions to
near-zero levels. However, optimizing hydrogen ICEs is a challenging task that can be addressed through the
development of a robust simulation tool capable to predict the H2 combustion process. In this study, a previously
developed two-zone combustion model has been updated considering different laminar flame speed computa-
tions, both based on a detailed chemistry scheme: a polynomial correlation function and a tabulated approach.

The predictive capabilities of the combustion model have been validated against experimental data coming from
a 0.5L PFI single-cylinder engine under several operating conditions. The tabulated approach for laminar flame
speed definition proved to be the best solution, leading to a combustion duration average error lower than 3 deg
over a dataset containing more than 45 different operating conditions.

1. Introduction

In order to achieve the highly ambitious carbon emission targets set
within the framework of the Net Zero Emissions by 2050 (NZE) scenario
[11, several OEMs in the transportation sector have introduced a range
of innovative solutions. Besides the transition to battery electric vehicles
(BEVs) and hydrogen fuel cells (FCEVs) for light-duty applications, the
utilization of low-emissions fuels such as biofuels, e-fuels, and hydrogen
in internal combustion engines is gaining significant momentum [2,3].
Among them, hydrogen can be produced using renewable energy sour-
ces [4], and its complete combustion does not produce GHG emissions
due to its zero carbon content. Moreover, hydrogen has physical pecu-
liarities that make its usage as a fuel for ICEs particularly appealing [5].
In particular, it is noteworthy that hydrogen is characterized by a higher
Lower Heating Value (LHV) in comparison with the traditional fossil
fuels commonly used for internal combustion engines (i.e., H2 = 120
MJ/kg vs Gasoline = 44.1 MJ/kg [6]). Moreover, hydrogen features
high flame speed propagation over a wide range of temperatures,
pressure, and air-to-fuel ratios [7], which makes it particularly suitable
for lean combustion strategies, extending the usual flammability limits.
Lean combustion strategies are indeed beneficial for engine thermal
efficiency, due to the reduced heat rejection [2] and the low pumping
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losses typical of unthrottled operations [8]. Several studies in literature
[9,10] show that hydrogen has a good combustion stability even with
high excess air ratios, retaining the coefficient of variation of the indi-
cated mean effective pressure (COV IMEP) lower than 3%. In addition,
mixture enleanment is beneficial for reducing the NOx emission to
extremely low levels [11], thanks to the low in-cylinder temperatures.
Lean combustion strategies are commonly employed even at high loads,
allowing to achieve higher levels of brake mean effective pressure
(BMEP) without incurring in abnormal combustion events, compared to
stoichiometric conditions [12]. However, despite the high auto-ignition
temperature and the high Research Octane Number (RON) [13], hot
spots or residuals in the combustion chamber can easily ignite
hydrogen-air mixtures due to their low minimum ignition energy (at
stoichiometry, 0.02 mJ compared to 0.25 mJ of Gasoline [13]). In light
of all the peculiarities that characterize the air-hydrogen mixtures
combustion, the development of hydrogen-fuelled internal combustion
engine is gaining high interest, moving the focus of the OEMs towards
the development of such concepts. In this framework, the availability of
combustion models able to predict the average pressure cycle for pre-
mixed hydrogen-air mixtures can be extremely important to support the
engine development process. To this aim, several predictive models have
been proposed in literature. D’Errico et al. [14] presented a
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Table 1

Main characteristics of the single cylinder engine.
Bore 83 mm
Stroke 90.4 mm
Displacement 0.5L
CR 12

Piston Type
Fuel System

Hemi-spherical bowl
PFI with rail with relative feed pressure 6-8 bar

Table 2
Limits of the main operating parameters varied throughout the experimental
campaign.

Parameter Full Load Partial Load
Lower Upper Lower Upper
Limit Limit Limit Limit
Spark Advance [CAD >5 <35 >0 <35
bTDCf]
Lambda [-] >1.3 <2.3 >1.3 <2.5
Boost Pressure [bar] >2.5 <3.5 >1.1 <1.8
EGR [%] 0 <15 0 <15
./\
—
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Fig. 1. Experimental test matrix.

quasi-dimensional predictive model for hydrogen combustion with
cryogenic port injection. In this study, the laminar flame speed was
calculated through detailed chemistry calculations based on an in-house
reaction scheme over a wide range of engine-relevant operating condi-
tions. The laminar flame speed model was implemented into the com-
bustion model through a correlation function whose coefficients were
tuned to minimize the standard deviation with respect to the detailed
chemistry results. The combustion model provided results consistent
with the experimental data but showed some discrepancies at operating
points with (very) lean mixtures. Rezaei et al. [15] presented a
phenomenological model for the prediction of hydrogen combustion.
The model is based on the renowned SITurb model, provided by the
commercial software GT-SUITE, largely employed in several studies [16,
17] to predict the combustion in spark ignition engines. This combustion
model is distinguished by a novel mathematical approach for the
hydrogen laminar flame speed calculation, which was implemented
through a Gaussian Process Model (GPM). The combustion model was
calibrated and validated over the experimental data coming from a 2 L
single cylinder engine (SCE), obtaining a good agreement with the
experimental results. However, this combustion model has not been
validated on engine with a smaller displacement. Krebs et al. [18] pre-
sented a multi-zone predictive combustion model for hydrogen com-
bustion in a spark ignition engine with a direct-injection system. The
hydrogen-air laminar flame speed is calculated online from the
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Fig. 2. Experimental data regarding two spark advance sweeps performed at
EGR "baseline" and EGR "baseline" +5% - full load conditions.

composition of the unburned gas, solving a steady-state reacting flow
problem once per cylinder model timestep. This approach would require
very high computational costs in the case of carbon-based fuels, whose
reaction mechanisms are characterized by a large number of species.
The simplicity of hydrogen combustion mechanisms justifies this
methodology, but the laminar flame speed model could act as the bottle
neck in terms of computational time. According to Krebs et al. a tabu-
lated laminar flame speed model could be useful to reduce the compu-
tational times. Moreover, even though reasonable trends were obtained,
the work does not provide any comparison with experimental engine
data, deferring this assessment to future studies. In Ref. [19], Millo et al.
proposed a methodology for evaluating the potential of a
hydrogen-powered internal combustion engine by combining zero, one,
and three-dimensional (0D/1D/3D) Computational Fluid Dynamics
(CFD) approaches. In particular, the SITurb combustion model, devel-
oped by Gamma Technologies, was updated with an innovative
approach for the laminar flame speed determination. The laminar flame
speed was calculated in a OD-CFD simulation environment
(CONVERGE), employing a detailed chemical kinetic mechanism over a
large number of engine-relevant operating conditions in terms of
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Fig. 3. Experimental data regarding two sweeps of spark advance performed at
lambda “baseline” and lambda “baseline” + 10% - full load conditions.

temperature, lambda, EGR and pressure. Then, the results obtained from
the OD-CFD simulations were integrated into the OD/1D simulation
environment (GT-SUITE) through a correlation function of mixture
equivalence ratio capable of fitting detailed chemistry results, accord-
ingly with the approaches proposed in Refs. [14,20]. Since no experi-
mental data for the investigated engine were available at that time, the
0D/1D predictive combustion model was calibrated basing on the results
from 3D-CFD combustion simulations, in which the SAGE detailed
chemistry combustion model [21] was employed.

In this framework, the present research study aims at improving the
accuracy of the previously developed combustion model [19] through a
novel approach for the definition of the hydrogen-air flame speed,
leveraging also to the availability of experimental data coming from a
hydrogen-fuelled 0.5L single-cylinder engine with a port fuel injection
(PFI) configuration. Indeed, a dedicated experimental activity was
conducted to support the validation of the combustion model consid-
ering variation of mixture composition, dilution and phasing of the
combustion process. Eventually, the results obtained from the combus-
tion model with the novel approach for laminar flame speed determi-
nation showed high accuracy in predicting the combustion process even
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Fig. 4. Experimental data regarding three couples of spark timings performed
at lambda “baseline”, lambda “baseline” + 22% and lambda “baseline” +30% —
partial load conditions.

considering the wide range of thermodynamic and mixture composition
conditions under investigation. The findings of this study build upon
previous studies by introducing a more comprehensive, time-efficient,
and accurate method for predicting the combustion process, account-
ing for hydrogen-air mixture detailed chemistry. This work lays the
groundwork for the development of comprehensive models capable of
predicting not only the combustion process, but also the cycle-to-cycle
variability and the knock tendency under various engine operating
conditions.

2. Case study

The research activity described in this paper relies on experimental
data coming from a hydrogen spark-ignited single cylinder engine with a
port fuel injection (PFI) configuration, designed by Dumarey. The en-
gine is representative of the retrofitting of a state-of-the-art low
compression ratio diesel engine designed for light duty applications.
Diesel architectures provide better resistance to hydrogen infiltration
[22], thanks to the rugged heavy-duty mission for which they have been
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Fig. 5. Experimental pressure cycle and burn rate: (1) — different spark timing, constant lambda; (2) — different lambda, constant MFB50.

designed and withstands high peak firing pressures typical of highly
boosted lean strategies better than traditional SI engines. For these
reasons, diesel engines are particularly suitable to the adaptation to
hydrogen functioning through retrofitting techniques. In this case, the
original central diesel injector was replaced by a spark plug without any
substantial modification of the original cylinder head. In addition, the
diesel piston bowl was replaced with a hemi-spherical bowl. The cyl-
inder head, the intake manifold, and the piston have been specifically
machined through additive manufacturing techniques [12]. EGR was
controlled through a high-pressure recirculation circuit, equipped with a
water-cooled radiator.

The pressure in the intake and the exhaust plenums were controlled
to reproduce a compressor-turbine matching without employing an
actual turbocharger. This approach aimed to replicate different
compressor/turbine configurations of interest and to set boosting and
back-pressure to the appropriate levels, thereby exploring the hydrogen
combustion properties across a wide range.

The main characteristics of the engine are reported in Table 1.

The engine performances were evaluated under two different load
levels at 2000 RPM: the rated torque, critical due to high knock ten-
dency, and a medium-load engine operating condition (i.e., 6 bar
BMEDP). Since hydrogen can operate with very lean mixtures, the engine
run unthrottled during the testing phase for both the engine operating
conditions under investigation.

A wide experimental campaign was carried out, considering several
variations in terms of lambda, boost pressure, spark timing and EGR,
within the limits shown in Table 2. The resulting IMEP720 at full load
conditions is included in the range 10-18 bar.

A representation of the combinations of the calibration parameters
tested is provided in Fig. 1, where the dimension of each bubble is
proportional to the EGR ratio employed.

Only knocking-free operating conditions were considered in this
study, with a total of 22 points at full load and 25 points at partial load.
For each experimentally tested condition, 100 consecutive cycles have
been recorded. Despite the lean operations, the IMEP (Indicated Mean
Effective Pressure) variation coefficient was lower than 3% for all the
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investigated points. The experimental average pressure cycle, which can
be considered as representative of the combustion process, was used as
reference for the predictive combustion model calibration and valida-
tion phases. More details about the engine, the test cell layout, and the
experimental campaign can be found in Ref. [12].

3. Experimental data analysis

The experimental data were analyzed to evaluate and, if possible, to
separate the effects of each calibration parameters swept (i.e., spark
timing, boost pressure, lambda and EGR percentage) on the hydrogen
combustion and the engine performance. It is worth to note that varia-
tions in engine performances are caused by the impact of the calibration
parameters not only on the combustion process, but also on gas ex-
change losses (for instance, usage of high-pressure cooled EGR can be
beneficial due to the pumping mean effective pressure reduction [23]).
For this reason, gross quantities, such as the gross IMEP and the gross
indicated efficiency, have been used since they focus on the thermody-
namics of combustion, while ignoring the variations in terms of gas
exchange, which also depend on the selected engine subsystems. The
analysis considered only knocking-free operating conditions, defined as
those characterized by a percentage of knocking cycles lower than 3%.
Therefore, the impact of a calibration parameter on the experimental
results such as the combustion duration and the MFB50 is determined
solely by variations of the front flame speed, and not by the effects of the
knock occurrence.

Fig. 2 depicts the combustion duration (a), the gross IMEP (b), and
the gross indicated efficiency (c), for two sweeps of spark advance tested
at different EGR levels at full load engine operating condition. The boost
pressure and the intake manifold temperature were kept constant during
these tests, as well as the air-to-fuel ratio. Moreover, the spark timing
was gradually advanced until it reached the knock limit spark advance
(KLSA) condition. As the spark timing is advanced, the combustion
duration decreases due to the more favorable conditions for the flame
propagation, for both the EGR levels. However, the usage of EGR allows
water vapor to be recirculated in the cylinder, increasing the specific
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Fig. 6. NOx emissions at partial load conditions under three different levels of
EGR, for several combinations of lambda and MFB50.

Table 3
Simulation matrix for the 1D-CFD detailed chemistry laminar flame speed
calculations.

Minimum Maximum
Equivalence ratio [—] 0.2 1
Unburned temperature [K] 600 1100
Pressure [bar] 10 160
Burned Gas Content [%] 0 30

heat capacity of the mixture, and resulting in lower mixture tempera-
tures [24], thus mitigating knock likelihood by reducing the mixture
reactivity and allowing more advanced combustion phasing. It is worth
to point out that the gross IMEP for the sweep exploiting higher EGR rate
is lower than the baseline case due to the lower amount of hydrogen
trapped within the cylinder and the slower combustion (~7 deg differ-
ence in terms of MFB1075, as shown in Fig. 2(a)) resulting from the EGR
usage. Moreover, even though the lower thermal losses thanks to the
EGR usage, the sweep of spark timing performed at the higher EGR level
is characterized by a lower gross indicated efficiency (Fig. 2(c)) mainly
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due to the longer combustion duration.

Fig. 3 depicts the combustion duration (a), the gross IMEP (b), and
the gross indicated efficiency (c), for two spark advance sweeps per-
formed at different levels of lambda under full load conditions. These
tests have been carried out keeping constant the boost pressure and the
EGR fraction. Also in this case, a reduction of the mixture reactivity due
to an increase of the air-to-fuel ratio reduces the knock likelihood,
allowing advanced spark timing with similar combustion anchor angle.
However, since lambda is controlled by the amount of hydrogen injec-
ted, the lower amount of fuel for the high air-to-fuel ratio case leads to
lower gross IMEP values, as shown in Fig. 4(b). This means that at full
load condition, the increment of efficiency thanks to lean operation
counterbalances only partially the reduction of available fuel energy
within the combustion chamber. Last but not least, even considering the
lower laminar flame speed at leaner operations [7], which leads to
longer combustion durations (a), similar MFB50 are achieved thanks to
the more advanced spark timings. This latter leads therefore to a slightly
increase of the gross indicated efficiency (c) also thanks to the lower
thermal losses of leaner operations.

As far as partial load condition is concerned, three spark advance
sweeps performed at three different lambda levels are depicted in Fig. 4,
where the combustion duration (a), the gross indicated efficiency (b)
and the engine-out NOx emissions (c) are shown. In these tests the same
EGR rate was employed. Differently from full load condition tests, at
partial load the engine load was targeted by varying the injected
hydrogen, therefore, except for a variation of the engine efficiency,
sweeping lambda corresponds to a boost pressure modification. As ex-
pected, increasing the mixture dilution leads to longer combustion du-
rations (a). However, if the combustion phasing is kept constant (by
advancing the spark timing), the impact of the lower thermal losses
related to the lower in-cylinder temperature prevails, resulting in higher
indicated efficiencies at higher lambda.

In addition, mixture enleanment is highly beneficial for NOx emis-
sions mitigation as illustrated by Fig. 4 (c). Moreover, also the com-
bustion phasing has an impact on NOx emission at constant mixture
composition, however its efficacy is less pronounced for highly diluted
mixtures, since the in-cylinder temperatures had already been lowered
by the mixture enleanment. These results are consistent with the avail-
able literature [22,23].

The impacts of dilution and combustion phasing can also be assessed
through the examination of the pressure traces and the average in-
cylinder gas temperature profiles shown in Fig. 5. Precisely, two con-
ditions characterized by the different spark timings at the same lambda
(red box “1” in Fig. 4(c)), and two conditions with the same combustion
phasing but different dilution levels (blue box “2” in Fig. 4(c)) are shown
in Fig. 5 left and right, respectively.

The NOx emissions mitigation achieved postponing the spark timing
(Fig. 4 (0)) is attributed to the lower in-cylinder temperature due to an
unfavorable combustion phasing (Fig. 5 (b)). However, despite the
benefits in terms of pollutants emissions, postponing the spark timing is
detrimental for the indicted efficiency due to a delayed combustion
phasing and a longer burn rate (Fig. 4(a and b)).

As abovementioned, an alternative approach to mitigate the NOx
could be the increment of air-to-fuel ratio. In this scenario, advancing
the spark timing is necessary to keep the same MFB50, due to the longer
combustion duration given by the leaner mixtures. The increase of
trapped air within the cylinder leads to higher pressure levels (Fig. 5
(c)), but the diluting effect allows reducing the in-cylinder temperature
(Fig. 5 (d)), thereby reducing the NOx emissions (Fig. 4 (c)), and being
beneficial for the gross indicated efficiency due to the lower thermal
losses (Fig. 4 (b)).

An alternative solution to air-to-fuel and combustion phasing aiming
at reducing engine-out NOx emissions reduction is the exploitation of
EGR. Fig. 6 provides an assessment of the influence of these three pa-
rameters on the NOx emission at partial load engine operating condi-
tion. It shows the NOx emissions as a function of the air-to-fuel ratio and
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ditions (lambda, EGR, pressure and temperature).

the MFB50 for three distinct levels of EGR rate. High dilution levels
contributed to achieve ultra-low NOx emissions (<50 ppm), consistently
with other experimental results already available in literature [11,25].
Furthermore, retarding the combustion timing while retaining the same
mixture composition leads to a NOx emission reduction. However, the
impact of the air-to-fuel ratio on the NOx emissions is largely more
significant in comparison with the combustion phasing.

The analysis of the experimental campaign in terms of the different
impact of each calibration variable on performance and emissions has
been considered preparatory for the development of a predictive com-
bustion model, since the understanding of the impact of each calibration
parameters at different engine operating conditions is crucial for the
validation of the proposed model.

4. Combustion model

The SITurb predictive combustion model, already accessible in the
commercially available software GT-SUITE, was used as the basis for the
developed hydrogen combustion model. The SITurb is a phenomeno-
logical two-zone model, widely used for gasoline homogeneous charge
spark ignition engines [16,17]. It is based on a traditional entrainment
and burn-up approach in which the turbulent flame propagation is
initiated from a fixed location (i.e., spark) within the cylinder. Before the
spark timing, the in-cylinder mass is contained into a single thermody-
namic zone, the unburned zone. Once the combustion starts triggered by
the spark, the flame front starts propagating from the spark location
towards the combustion chamber walls, assuming an ideal spherical
propagation. During the flame propagation, the homogeneous mixture is
progressively entrained into the flame front accordingly to the
entrainment rate, calculated in Eq. (1).
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dM.
dt

=p,A¢(Sr+S1) (Eq.1)
Where M, is the mixture entrained mass, As is the flame area, p, un-
burned gas density, S; the laminar flame speed and St the turbulent
flame speed.

The speed up of flame propagation due to the flame wrinkling is
taken into account computing the turbulent flame speed as shown in Eq.

(2).

1

N2
1 + Cexe (,‘}*Tf)

Indeed, the turbulent flame speed computation depends, besides
from the flame radius (R¢) and the turbulence integral length scale (L),
on the turbulent intensity (u’). Crps and Cggg are tuning parameters to
adjust both the flame velocity and the initial growth rate of the flame
kernel, respectively. It is worth to note that during the flame kernel
growth phase, the laminar flame speed governs the entrainment rate.
This occurs because the flame radius is too small to make the flame
wrinkling effects negligible during the early stages of the combustion.

The rate at which mass is transferred into the burned zone, known as
the burn rate, is calculated in Eq. (3).

ST = CTFsu/ 1- (qu)

dM, M. - M,

e (Eq.3)

T
M, is the mixture burned mass. It is proportional to the amount of
unburned mixture behind the flame front, M. — M,, divided by a char-
acteristic burning timescale t, that represents the time needed by the
laminar flame speed to cover the Taylor microscale of turbulence (A). T is
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Table 4
Root Mean Square Errors (RMSE) on combustion and pressure-related parame-
ters resulting from SITurb model optimizations.

Root Mean Square Error (RMSE)

LFS correlation Tabulated LFS

MFB50 [CAD] 4.8 3.0
Burn Duration 10-75 [CAD] 3.4 2.7
Maximum Pressure [bar] 5.2 4.0
CA @ Max. Pressure [CAD] 2.7 1.7
Advanced Spark
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35 bar ——Tabulated LFS
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Fig. 9. Experimental (black dashed), predicted with LFS correlation (red), and
predicted with tabulated LFS (blue) average in-cylinder pressure and burn rate
for two different conditions of spark timing at the same lambda, boost pressure
and EGR (full load). (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)

calculated by Eq. (4).

A

T=—
St

(Eq.4)
The Taylor microscale of turbulence A is defined as in Eq. (5), where
Re; is the Reynolds number and Crys is a tuning parameter.

Ly
v/Rey

As it can be noticed, the combustion model relies on the turbulent
kinetic energy and the integral length scale. These quantities are
calculated by a predictive in-cylinder turbulence model based on the K-
k-eps approach [26]. The employed turbulence model was properly
calibrated to match the 3D-CFD simulation results.

As far as laminar flame speed is concerned, two different user sub-
routines have been defined: the first one based on a mathematical cor-
relation, the second based on LFS tables. Both approaches rely on the
detailed chemistry 1D-CFD computations carried out considering wide
ranges of pressure, temperature, equivalence ratio and residual gasses,
representative of engine-relevant conditions. The detailed Zhang et al.

A=Crs (Eq.5)
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Fig. 10. Experimental (black dashed) and predicted (red) average in-cylinder
pressure and burn rate; 100 experimental consecutive cycles (grey). Two
different EGR conditions at same lambda, boost pressure and spark timing (full
load). (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)

mechanism [26] was used as reaction scheme for hydrogen oxidation.
The simulation matrix is reported in Table 3, resulting in more than
1600 different operating condition.

The laminar flame speed model based on the correlation function
was inherited from the work described in Ref. [19]. Specifically, the
correlation function employed was defined consistently with [20], as
shown in Equation (6).

T.\" b
S.(®, Ty, Py, Xb) = Sto (7) (&) (1 —vyx)

Eq.6
7o) \p, (Eq.6)

Spo is the laminar flame velocity evaluated at the reference conditions
(Ty = To = 298 K; py = po = 1 atm; residual gas fraction x;, = 0), while
a, B, and y are coefficients that quantify the sensitivity of the laminar
flame speed to the unburned gas pressure, temperature, and residual gas
fraction, respectively. The Sy is defined accordingly with the approach
proposed by Verhelst and Sierens [20], where a fifth-order polynomial
function of the equivalence ratio @ is used to describe the laminar flame
speed in reference operating conditions, as in Equation (7).

S10(®) =30.0090° — 87.6970* + 88.628d° — 33.7810? + 5.4890
-0.301
(Eq.7)

Similarly, the coefficients a, p, and y of Equation (6) were defined
using second-order polynomial expressions dependent on the equiva-
lence ratio, as reported in Equations (8)—(10).

a=0.10502 — 3.1350 + 6.514 (Eq.8)
p=0.177® + 0.636® — 1.449 (Eq.9)
y= —0.306®% + 0.418D + 2.134 (Eq.10)
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The coefficients of each polynomial expression were properly cali-
brated to minimize the differences between the correlation results (Eq.
(6)) and the 1D-CFD detailed chemistry calculations. Fig. 7 shows the
percentage error between the laminar flame speed correlation and the
results from the detailed chemistry calculations, as a function of the in-
cylinder pressure and the unburned gas temperature, for different
mixture dilution and compositions. The error is computed having as a
reference the 1D results from the detailed chemistry calculations.

Adopting the described mathematical correlation, although a satis-
factory agreement was achieved for large sweeps of pressure and tem-
perature, a not negligible overprediction can be highlighted especially
when EGR is exploited. More specifically, the second column is referred
to EGR = 10% mixture condition and highlights up to 70% LFS over-
prediction, thus being potential source of error in the combustion pro-
cess prediction. Due to this reason, in this study a novel approach was
considered to minimize the error with the laminar flame speed detailed
chemistry calculations, being the laminar flame speed fundamental for
the model accuracy, as shown in Eq. (1) and Eq. (4). More specifically,
the laminar flame speed model was implemented in GT-SUITE by means
of several look-up tables containing the results of the detailed chemistry
calculations. The tabulated approach enabled by a dedicated user sub-
routine provides the value of LFS at each timestep depending on pres-
sure, temperature, equivalence ratio and residual gas fraction in the
cylinder.

5. Results

As previously described, the combustion model requires the tuning of
three calibration constants (i.e., Crps Crgk and Crrs). Therefore, an
optimization process has been employed in GT-SUITE basing on the
NSGA-III genetic algorithm (GA) [27]. This algorithm is extensively
utilized for optimizing predictive combustion models [17,28], as it is
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reader is referred to the Web version of this article.)

particularly effective for multi-modal problems of medium to high
complexity. In particular, it is less likely to become trapped in local
minimum compared to other optimization tools provided by GT-SUITE,
thereby increasing the probability of reaching the global optimum so-
lution [29]. As objective for the optimization process, the root mean
squared error between the measured and the simulated burn rate was
minimized, keeping unchanged the three calibration parameters moving
from an engine operating condition to another. Moreover, to increase
the reliability of the model, without inducing any bias from the selection
of the training dataset, 16 operating conditions were randomly selected
among the full load and partial load datasets to cover a wide range of
lambda, EGR and spark timings, and they were used as training dataset.
Therefore, the combustion model was validated over the remaining 31
operating conditions. In addition, the calibration procedure was per-
formed for both the laminar flame speed models previously mentioned
to highlight pros and cons of each approach and select the most reliable
one.

The correlation plots of MFB50, Burn Duration 10-75 (combustion-
related parameters) and Maximum Pressure, CA of Maximum Pressure
(pressure-related parameters) resulting from the optimization process
are shown in Fig. 8, where each circle represents a single operating
condition, and the color identifies the LFS model employed (i.e., red —
tabulated approach, blue — polynomial correlation). Generally, the
tabulated laminar flame speed model leads to a better correlation with
the experiments, since most of the points are much closer to the zero-
error line, highlighted with the black dashed line.

To quantify the correlation level, the root mean square errors both
for combustion and pressure-related parameters were computed and are
shown in Table 4. Even if both models provide a more than satisfactory
accuracy, the tabulated LFS approach shows lower errors demonstrating
the better predictive capabilities compared to the polynomial correla-
tion. Indeed, thanks to this approach, the combustion duration and the
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maximum in-cylinder pressure average errors are lower than 3 deg and
4 bar, respectively.

A further comparison between the results obtained from the two
approaches for the LFS determination is given in Fig. 9, where a sweep of
spark timing at full load conditions was analyzed. In particular, the
average in-cylinder pressure trace and the respective burn rate obtained
from simulations were compared with the experimental data. Also in
this case, the LFS model with the tabulated approach better matches the
experimental data, especially as regards the in-cylinder peak pressure
and the burn rate shape.

Once assessed the differences among the two LFS models, the results
obtained from the combustion model with the tabulated laminar flame
speed were further analyzed since it provided more accurate predictions.
Simulations results were compared with the experimental data consid-
ering different variations of EGR percentage, boost pressure (lambda)
and spark timing in Figs. 10-12, and Fig. 13. Generally, a very good
agreement between the experimental traces and the predicted ones was
observed, both at full load and partial load. The combustion model
demonstrates to be able to properly calculate the burn rate varying spark
timing and dilutions levels, both in terms of lambda and EGR, leading to
a very good match between the results from the simulation and the
experimental data.

The assessment of the combustion model capabilities was finally
carried out comparing the combustion model results in terms of com-
bustion phasing (MFB50) with the experimental data considering
several sweeps of spark timing, performed under various operating
conditions. Two spark timing sweeps carried out at full load with high
and low EGR levels are shown in Fig. 14. The experimental data are
shown with their respective confidence bands, calculated using a +oc
interval, where o represents the standard deviation of MFB50. Also in
this case, a very good agreement with experimental data was high-
lighted: the model is able to properly predict the MFB50 over the entire
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sweep of spark timing for both EGR levels, demonstrating its good
sensitivity to both EGR and spark timing variations.

The results indicate that the deviation from the MFB50 of the average
experimental cycle due to cycle-to-cycle variation is higher than the
error of the predictive model. This confirms the model robustness in
capturing the average combustion behavior. The correlation of the
optimized combustion model with the experimental data was investi-
gated also for partial load operating conditions in Fig. 15. In particular,
two spark sweeps at two different lambda values were considered.

The developed predictive combustion model with the tabulated
laminar flame speed results to properly estimate the MBF50 for different
mixture compositions, confirming its good predictive capabilities also at
partial load engine operating conditions. It is worth to point out that a
single set of calibration constants has been used avoiding a case-by-case
calibration, thus confirming the reliability of the developed model.

The optimized hydrogen combustion model can be combined with a
knock model and a cycle-to-cycle variation model to create a compre-
hensive tool capable of predicting not only the combustion rate, but also
the cycle-to-cycle variability, the knock tendency and the percentage of
knocking cycles for each operating condition [30].

6. Conclusions

In this study a combustion model is proposed for the prediction of the
combustion process of hydrogen fuelled internal combustion engines.
The predictive combustion model relies on a novel approach for the
determination of the air-hydrogen flame speed, and takes the advantage
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of a dedicated experimental campaign carried out on a 0.5L single-
cylinder engine, retrofitted from a diesel architecture and adapted to
the hydrogen functioning. The experimental data, widely used for the
validation of the model, include several sweeps of spark timing, lambda,
EGR, and boost pressure, performed under full load and partial load
operating conditions.

First, the experimental data have been analyzed to evaluate the
impact of each calibration parameter on the hydrogen combustion. The
analysis revealed that, as expected, calibration parameter variations
highly affects the combustion process, making the development of such
simulation tool challenging. Starting from this latter and considering
hydrogen peculiarities, the air-hydrogen laminar flame speed has been
calculated employing a detailed chemistry scheme on a large number of
operating conditions in terms of mixture composition, pressure and
temperature. The laminar flame speed calculations were implemented
considering two different approaches: a polynomial correlation function
of mixture composition, and a tabulated approach. The developed
combustion model has been calibrated through an optimization process
with the NSGA-III Genetic Algorithm on a dataset of 16 operating con-
ditions and validated against the remaining 31 operating points. The
combustion model employing the tabulated laminar flame speed pro-
vided a more than satisfactory accuracy level, demonstrating a good
agreement with the experimental data.

The developed predictive combustion model, which provides an
accurate and time-efficient method for simulating the combustion pro-
cess in hydrogen-fuelled engines, can be further extended in future work
through its integration with predictive knock and cycle-to-cycle
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variability (CCV) models. This integrated approach allows the devel-
opment of a comprehensive model capable of predicting not only the
combustion process but also the cycle-to-cycle variability and the per-
centage of knocking cycles under various engine operating conditions.
Such a comprehensive model can serve as a highly powerful tool for
significantly accelerating the development of hydrogen-fuelled engines.
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