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Abstract

Hydrogen is one of the most promising alternative fuels for the transportation industry. The use of hydrogen to enable
lean burn in internal combustion engines is an attractive solution for reducing CO, emissions from two points of views: the
substitution of carbon-based fuels and the increased thermal efficiency due to lean operation. Combining this strategy with
the passive pre-chamber ignition system with gasoline/hydrogen blends, is even more interesting. The main limitations of the
passive pre-chamber concept in a high compression ratio spark-ignition engine were shown through engine experiments. A
numerical study was then performed to evaluate the chance of extending the dilution limit by using hydrogen along with this
technology. Results show how the use of hydrogen provides considerable benefits in the main chamber combustion process
by enhancing the thermo-chemical properties of the mixture, increasing the flame speed and improving the flame structure.
Using an adequate gasoline-hydrogen blend proved to enable optimum burning rates at lean conditions leading to a relevant

thermal efficiency gain.
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1. Introduction

Every year the energy crisis associated with the world’s
demand of natural resources, used to power the industrial
infrastructure of society, is becoming more urgent [1]. As
human population grows, so does the consumption of energy
coming from the limited fossil fuels that are available in the
planet. Additionally, burning these fuels contributes to the
production of Green House Gases (GHG) like Carbon Diox-
ide (CO,), Hydro-Carbon (HC) and other air-polluting emis-
sions. These facts motivated several global treaties based on
multiple research works, such as the Paris Agreement [2], to
aim for a decarbonization of the global energy network to
improve sustainability and reduce pollution.

This goal can be achieved by the implementation of re-
newable energy resources [3], which in terms of production
and infrastructure is still being widely investigated and devel-
oped in order to be sustainable in the current global economy.
However, another way of achieving this goal is by the use of
alternative fuels. Among these fuels, hydrogen (H,) arises as
a promising energy source for the future industry [4].

In the transportation sector, there is currently a broad dis-
cussion about the future of this particular fuel, whether it
should be used in Internal Combustion Engines (ICE) or in
Fuel Cell Vehicles (FCV) is a hot topic of debate [5]. Near fu-
ture prospects show that customer requirements will be bet-
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ter met by Hydrogen Internal Combustion Engines (H,ICE)
rather than FCV’s [6], considering that the FCV’s infrastruc-
ture (hydrogen storage, production, transportation and dis-
tribution means) is still in the early phase of implementation.

As a fuel, hydrogen has many advantages that are un-
matched by any other alternative fuel candidate. It is the
most abundant and lightest element in the universe, that can
be synthesized or produced by multiple processes. For exam-
ple, hydrogen is widely produced by burning natural gas in
the modern industry. But other cleaner alternative processes
such as photovoltaic, wind or even geothermal [7, 8], are
currently being implemented for producing this fuel in large
scales.

Hydrogen has a high energy content (Lower heating value),
being almost three times higher than gasoline fuel. In terms
of combustion, hydrogen shows numerous benefits such as
high reactivity, diffusivity, and flammability which entails el-
evated burning rates. In addition to these interesting proper-
ties, combustion products of hydrogen oxidation do not con-
tain any carbon-based elements. Thus, hydrogen will con-
tribute to reduce the environmental footprint of transporta-
tion by avoiding both hydrocarbon and CO, emissions [9].

However, the low energy density of hydrogen combined
with store-related issues are two of the main limitations of
this technology [10]. For this reason several efforts are be-
ing devoted to combine this strategy with dual fuel blends,
such as diesel or gasoline surrogates [11, 12], to reduce the
amount of hydrogen required for the vehicle operation, thereby
solving both issues.
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Recent trends indicate that spark-ignition (SI) engines are
currently the main powerplant for passenger cars, having re-
placed compression-ignition (CI) engines due to the highly
expensive aftertreatment systems required to fulfill the strin-
gent air polluting standards of modern society [13]. How-
ever, SI engines are very limited in efficiency as knocking
combustion compromises the integrity of the engine [14] and
forbids the use of higher compression ratios [15]. More-
over, SI engines must be operated in stoichiometric condi-
tions for compatibility with the state-of-the-art Three-Way
Catalyst (TWC) technology [16] used to control tailpipe Ni-
trogen Oxides (NO,) emissions, further limiting the engine
thermal efficiency.

In view of this, modern eco-friendly engine cycles [17]
and several strategies [ 18] are currently the focus of many in-
vestigations aiming towards improving the thermal efficiency
of SI engines. In particular, burning lean air-fuel mixtures (A
> 1) has shown an improvement of the engine efficiency in
several ways [19, 20], reducing the CO, generation for the
same amount of energy. Nevertheless, using lean mixtures
to operate SI engines also entails some drawbacks. Mainly,
the flame propagation speed decreases as the air-to-fuel ratio
(1) increases, which leads to incomplete combustion, mis-
fires and high cycle-to-cycle variability (CCV), compromising
the performance of the engine. Additionally, this strategy is
not compatible with the TWC and elevated dilution levels (A
> 1.8) are required to fulfill the emissions standards. Such el-
evated A values reduce combustion temperatures well below
1800K, thus preventing the formation of NO, as the activa-
tion energy for nitrogen oxidation is not reached [21].

Therefore, the use of a gasoline/hydrogen blend can be
an interesting solution for overcoming these limitations as
the combustion velocities increase significantly and the flame
should be able to propagate adequately in an extremely lean
environment. This hypothesis was confirmed by Li et al. [22]
and Ilbas et al. [23], whom studied the effects of hydrogen
enrichment on ammonia-based and methane-based fuels in
small burners. Moreover, Hamori et al. [24] and Toulson et
al. [25] verified that the burning A limit for a hydrogen com-
bustion in ICE is significantly higher than a conventional ICE
operating with gasoline. Although there are multiple break-
throughs in the understanding of combustion characteristics
of hydrogen enriched flames in multiple research devices, the
applicability of this knowledge is still in its early stage. While
there are plenty of research works related to constant-volume
chambers [26, 27], scaled burners [28] or rapid compression
machines [29]; the state-of-the-art in H, ICE is more limited
and mostly focused on developing engines fueled by pure hy-
drogen [30]. Nonetheless, this approach is still difficult to
implement for commercial transportation in passenger cars
due to severe economic constraints.

The pre-chamber ignition system [31], or Turbulent Jet
Ignition (TJI), being widely established in high-power sta-
tionary powerplants [32], is also an interesting technology to
incorporate in future SI engines. This ignition strategy uses
a standard spark plug to initiate combustion in a small vol-
ume "pre-chamber", which is connected to the main combus-

tion chamber through one or several small holes [33]. In en-
gine applications, due to spatial limitations, the pre-chamber
volume is usually between 2% and 5% of the clearance vol-
ume at Top Dead Center [19]. Several studies [34, 35, 36]
have highlighted the benefits of the TJI concept for mitigat-
ing knocking combustion, reducing CCV and improving other
negative effects associated to lean combustion in SI engines.

Two approaches can be used for implementing the pre-
chamber ignition concept. The first approach consists in in-
stalling a dedicated injector inside the pre-chamber, thereby
directly controlling the air-to-fuel ratio in this region inde-
pendently from the main chamber charge. This is called an
active system, and allows to operate the pre-chamber at sto-
ichiometric conditions for optimum burning rates [37]. This
concept is compatible with the use of hydrogen fuel and it
has been studied since 1992 as a potential combustion strat-
egy called Hydrogen Assisted Jet Ignition (HAJI) [38, 39], for
igniting H,-enriched mixtures inside the pre-chamber. Nev-
ertheless, the pre-chamber injector is complicated and expen-
sive to manufacture.

The second approach is known as a passive system, where
no auxiliary fuel is supplied into the pre-chamber, thus its air-
to-fuel ratio is controlled by the main injection system [40].
In Port Fuel Injection (PFI) engines, both combustion cham-
bers essentially share the same mixture composition, causing
the ignition and propagation issues found in conventional SI
operation to be transferred to the pre-chamber when dilut-
ing the mixture. However, since packaging and installation
are fairly simple for implementing this approach, no relevant
engine modifications are required.

This paper presents an evaluation of a feasible short-term
solution for implementing hydrogen fuel in modern SI en-
gines by combining the passive pre-chamber ignition system
with a premixed gasoline/hydrogen blend injected in the in-
take port. Through this approach, other interesting strategies
such as lean combustion can be enabled for improving the
thermal efficiency and fuel consumption with the inherent
reduction of CO, emission and pollutants. In this sense, the
issue of CO, emissions is addressed though two different, but
closely related, paths: the substitution of carbon-based fuels
and the increased thermal efficiency due to lean operation.

Therefore, an innovative numerical methodology is de-
veloped for evaluating the integration of the passive pre-cham-
ber ignition system with hydrogen enriched fuel blends in
a representative passenger car engine. From an analysis of
the mixture laminar flame speed by 1D chemical simulations
to detailed 3D Computational Fluid Dynamics (CFD) simu-
lations, this combustion concept is deeply evaluated under
realistic engine conditions. In particular, the basis and un-
derstanding of the pre and main chamber combustion fea-
tures when operating at lean conditions are addressed. Dif-
ferent concentrations of hydrogen are simulated at constant
energy conditions to isolate the effects of H, addition over
the combustion process itself. Finally, the potential benefits
that this integrated solution brings over the engine indicated
efficiency and NO,, formation are highlighted.



Table 1: Main features of the engine.

Engine 4-stroke SI
Number of cylinders [-] 1
Displacement [cm?] 404

Bore — Stroke [mm] 80.0 - 80.5
Compression ratio (geometric) [-]  13.4:1
Valvetrain [-] DOHC

2 intake and 2 exhaust
PFI (ppax = 6 bar)

Number of valves/cylinder [-]
Fuel injection system [-]

2. Tools and methodology

A computational study was performed using 3D-CFD sim-
ulations of a turbocharged SI engine, equipped with a pre-
chamber ignition system. The numerical simulations were
previously validated with results from an experimental cam-
paign performed in the engine, both at stoichiometric condi-
tions and at the measured air-dilution limit. Thereafter, sim-
ulations were carried out for extending the mixture dilution
beyond the limit with the help of H, addition.

2.1. Engine characteristics and test-bench

The experimental campaign was performed in a single-
cylinder research version of a 4-stroke turbocharged SI en-
gine, fueled with 95 Research Octane Number (RON95) gaso-
line injected in the intake port (PFI). The injection system
was installed 270 mm away from the cylinder head block in
order to ensure the homogeneity of the air-fuel mixture. This
strategy allowed fair analysis of pre-chamber initiated com-
bustion while diminishing other side effects related to the
mixture stratification that can condition the combustion pro-
cess in a significant way. A high compression ratio (13.4:1)
was used considering that the pre-chamber ignition system
helps to mitigate knocking appearance by rising the burning
rate in the main combustion chamber. A summary of the en-
gine characteristics is shown in Table 1.

The engine was assembled into a fully instrumented test
cell. Several equipment and hardware were installed to oper-
ate the engine and monitor relevant parameters such as the
fuel, oil and water temperatures, pollutant emissions, fuel
consumption, instantaneous pressure signals in the cylinder,
intake and exhaust lines, among others. An external com-
pressor was used for providing the compressed air, necessary
to simulate boost conditions. The full details of the engine
test-bench are described in [36].

The operating point for performing the experiments is
shown in Table 2 and was selected based on previous studies
from the authors [36, 41] as it provides the highest bene-
fits, in terms of engine thermal efficiency. The combination
of high-load and high-speed conditions (4500 rpm and 12.8
bar IMEP) is an interesting case of study considering that the
pre-chamber scavenge is compromised, due to the short pe-
riod of time available for the filling process and end-gas auto-
ignition knocking arises due to the elevated engine load.

An in-house 0D combustion diagnosis tool was used to
calculate the cycle-averaged values of combustion-related pa-
rameters such as the apparent Heat Release Rate (HRR), the
combustion phasing (CA50), the indicated mean effective pres-
sure and its variability (IMEP & oIMEP). The software uses
the in-cylinder pressure signal from the experiments to esti-
mate the heat release from combustion by solving the energy
equation assuming several simplifications and isolating the
heat transfer losses [42, 43].

2.2. Numerical tools

The CFD model presented in Figure 1 was generated from
the real engine geometry and simulated using the CONVERGE
CFD software [44], a commercial code based on the Finite
Volume method and developed particularly for ICE applica-
tions. A detailed sketch of pre-chamber is shown in the same
figure. As it can be seen, it is installed at the cylinder head
with a small inclination respect to the cylinder axis. This off-
set is attributed to the particular design of the cylinder head,
which did not allow for a symmetrical installation of the pre-
chamber. The bottom right corner of the figure shows the
layout of the pre-chamber holes. Due to these constraints,
the nozzles orientation was optimized to guarantee the max-
imum free path for the hot jets.

A summary of the model setup is presented in Table 3,
with the most relevant physical models, numerical schemes
and details of the mesh. A broader description of the CFD
model and a more detailed explanation of the chosen config-
uration parameters is described in previous researches [45,
41].

Boundary and initial conditions for the simulations were
configured based on the available experimental data. The in-
stantaneous pressure signal measured in the intake and ex-
haust ports was used as boundary condition for the inflow
and outflow of the computational domain. Moreover, the
wall temperatures of the domain were estimated from the
lumped model proposed by Torregrosa et al. [46]. Regarding
the mixture formation process, a perfect premixed mixture
of gasoline/hydrogen and air was considered at the intake
boundary condition (no spray modeling was performed). Be-
sides, the stratification of residual gases remained inside the
pre-chamber and the cylinder was considered in the simula-
tions by initializing both regions with the combustion prod-
ucts of the previous cycle.

Table 2: Experimental baseline test conditions.

PC ignition baseline

Engine speed [rpm] 4500
IMEP [bar] 12.8
Injected fuel [mg/cc] 28.4
Intake air temperature [K] 283
Intake pressure [bar] 1.1
Exhaust pressure [bar] 1.07

coolant and oil temperature [K] 363
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Figure 1: Computational domain and mesh details. The pre-chamber characteristics and layout of the holes is shown in the bottom

right corner.

The ECFM combustion model is well suited for describ-
ing the propagation of turbulent premixed flames [47, 48].
However, it does not solve detailed chemistry. Thus, the auto-
ignition delay and laminar flame speed values of the mixture
need to be accounted for by data tables. In a previous work
by the authors [45], these tables were generated by a set of
0D well-stirred reactor calculations for the auto-ignition de-
lay times and 1D simulations for the laminar flame speed in
a wide range of temperature, pressure, equivalence ratio and
composition of the mixture. An example of these calculations
is shown in Figure 2 where the results for different reaction
mechanisms [49, 50, 51, 52, 53] are plotted and compared
with experimental data [54, 55]. Finally, as the mechanism
from Liu et al. [49] gave the most accurate predictions at
engine-like conditions, it was selected to generate the data
tables.

As an additional step for increasing the reliance of the
model, the selected mechanism was also validated consider-
ing both gasoline/H, and pure hydrogen combustion. Re-
sults of this procedure are presented in Fig. 3, where an ex-
ample of validation is shown using the experiments performed
by Mandilas et al. [56] and, Ravi and Petersen [57]. In both
cases, the model reasonably captures experimental trends
when modifying the air-to-fuel ratio. Indeed, simulations of-
fer a good estimation of the laminar flame speed consider-
ing a 5% of H, fuel blend at high A values. These outcomes
exhibit the accuracy of the model for predicting combustion

fundamentals of gasoline/hydrogen fuel blends, providing a
good starting point to establish reliable conclusions related
to engine operation.

Nevertheless, due to the lack of experiments available in
the literature for gasoline/hydrogen blends considering re-
alistic engine conditions, results of this methodology must
be further validated considering real engine experiments to
corroborate the observed trends.

In this investigation, the adjusted tables of laminar flame
speed and auto-ignition delay were calculated considering
several amounts of hydrogen enrichment in the gasoline fuel
blend. This will be further explained in the next section.

2.3. CFD model validation

In previous studies [45, 41], the authors have explained
that the ECFM combustion model has some limitations when
performing simulations with high A values. Mainly, simulat-
ing the flame propagation through the pre-chamber nozzles,
which is more critical as the nozzle diameter is reduced or
the air-dilution level is increased, is very challenging, spe-
cially the aspects related to the flame quenching.

Literature suggests that the ECFM model uses a flame
speed correction factor when the flame approaches the walls,
reducing the laminar flame speed and thus taking into ac-
count the flame extinction [58]. However, accurately mod-
elling all the physical phenomena involved in this process is
still very complicated. Furthermore, a calibration of the CFD
model is required to ensure that the results are reproducing
well enough the global engine performance while ensuring a



Table 3: CFD model configuration.

Physical models

Turbulence
Combustion
Equation of state
Ignition

URANS RNG k-€

ECFM

Redlich-Kwong

imposed stretch spark ignition model (ISSIM)

Numerical schemes

Spatial discretization

Temporal discretization

Coupling between transport equations

Second-order central difference scheme
First-order central difference scheme
PISO algorithm

Mesh details

Cell size in the cylinder

Cell size in the pre-chamber

Cell size in the pre-chamber walls & holes
Minimum cell size by AMR

1 mm

0.25 mm scheme
0.125 mm

0.125 mm

proper study of the underlying physical phenomena. There-
fore, considering the operating point described in Table 2,
the in-cylinder pressure and HRR from the simulations were
compared to those measured in the single cylinder engine at
stoichiometric conditions and at the air-dilution limit (A =
1.6).

The calibration results are shown in Figure 4, where the
average in-cylinder pressure signal of the 250 measured en-
gine cycles is plotted along with the corresponding HRR pro-
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Figure 2: Auto-ignition delay and laminar flame speed valida-
tion for different gasoline surrogates mechanisms at engine-
like conditions.
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Figure 3: Laminar flame speed validation for H, combustion.
Results of a gasoline/hydrogen blend (5% of H,) at 5 atm
and 360K using the experiments of Mandilas et al. [56] (top).
Results of pure hydrogen combustion at 1 atm and 443K using
the experimental data of Ravi and Petersen [57] (bottom).

file (estimated from the combustion diagnosis tool) for both
A values. A good agreement can be observed between the
simulated and experimental pressure data, since simulated
signals are within the experimental uncertainty due to the
cycle-to-cycle dispersion. In this figure, the uncertainty due
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Figure 4: Experimental validation of the CFD model in terms
of in-cylinder pressure and rate of heat release operating at
stoichiometric (top) and diluted conditions (bottom).

to this cycle variability is assessed by the point-to-point Stan-
dard Deviation (SD). Additionally, the numerical model is
also able to capture properly the HRR trace, showing a good
ignition onset and both maximum combustion rate and du-
ration.

2.4. Methodology

The first stage of this research work consisted in perform-
ing an experimental campaign of the engine at high load and
high speed conditions (shown in Table 2) with the purpose
of highlighting the benefits of the pre-chamber ignition con-
cept against conventional spark-ignition. The measurement
methodology followed in this campaign was the same as pre-
vious works from the authors [36, 59]. This methodology
consisted in adjusting the injected fuel mass to obtain the
target gross Mean Effective Pressure (IMEP) operating with
the conventional SI system, and keeping it constant for the
subsequent pre-chamber tests. A Spark Timing (ST) sweep
was performed in each experiment until the Maximum Brake
Torque (MBT) was reached, or by contrast, until a continued
ST advance was prevented by knocking combustion.

Next, a A sweep was performed for both ignition systems.
The air-dilution level was increased until the cycle-to-cycle
variability prevented a suitable engine operation due to ex-
cessive misfires. The fuel mass was maintained (same as the

stoichiometric test) and the intake pressure was increased
until the desired mixture composition was achieved (degree
of air-dilution).

Following the experimental activities, the CFD model was
set up and calibrated to the reproduce the experimental trends,
as shown in Figure 4. However, the dilution limit of A = 1.6
achieved with the passive pre-chamber was still not sufficient
to reduce the levels of NO, emissions below the European
standards without the use of the TWC. For this reason, the
second stage of this paper consisted in a numerical evalua-
tion of the pre-chamber ignition system with the use of hy-
drogen, completely mixed with the gasoline fuel at the intake
port, in order to extend the dilution limit measured in the ex-
periments.

In this case, a dilution level of A = 1.9 was selected and
several CFD simulations were configured in this new operat-
ing condition. As the previous simulations were set up with
the same parameters as their respective experiments (bound-
ary and initial conditions, spark timing, etc), the simulations
at A = 1.9 were configured following the same methodol-
ogy. Therefore, the fuel mass was adjusted to release the
same amount of energy as the previous simulations and the
intake pressure was increased to achieve the target air-to-fuel
ratio (almost twice the pressure of the stoichiometric case).
Moreover, as it was not possible to operate the engine in this
point, the other boundary and initial conditions were taken
from the dilution limit experiment.

A previous OD and 1D study was performed using the
utilities described earlier in this section for generating the
laminar flame speed and auto-ignition delay data tables for
the CFD combustion model. With this study the amount of
hydrogen required to recover competitive burning rates at
these highly diluted conditions was estimated. Then, the pas-
sive pre-chamber ignition concept using gasoline/hydrogen
blends injected in the intake port was numerically evaluated.
Combustion features were extensively analyzed and compared
for all simulations in order to make a proper evaluation of the
H, addition strategy.

3. Results and discussion

This section discusses the main findings of this work, start-
ing form the experimental campaign to establish the dilution
limits of both SI an TJI concepts, and moving on towards the
numerical assessment of implementing hydrogen to enhance
combustion.

3.1. Determination of the dilution limits

Results from the reference stoichiometric test are shown
in Figure 5 where the measured in-cylinder pressure and the
estimated HRR profiles are plotted for both ignition systems.
The shaded areas correspond to the point-to-point standard
deviation of all measured cycles, which give an estimation of
the cycle-to-cycle variability (CCV) of each test. These curves
clearly evidences the benefits of the pre-chamber ignition sys-
tem over conventional spark-ignition [36, 59, 41]. The in-
creased burning velocities shown in the bottom plot causes



an increment in the maximum pressure peak (over 50%) and
also allow to shift the combustion phasing (CA50) towards
TDC.

A quantitative comparison of the most relevant combus-
tion parameters is presented in Figure 6. The graphs show
an efficiency gain around 3% when switching from SI to TJI.
This benefit is mainly due to the improved combustion phas-
ing (14 CAD closer to TDC) achieved by reducing the com-
bustion duration.

The Maximum Amplitude Pressure Oscillation (MAPO) is
also plotted to give an indicator of the knocking intensity. A
maximum tolerance of 1.5 bar was considered above which
the engine integrity was compromised. Due to the extreme
sensitivity of the knocking trend when advancing the spark
timing, it was not possible to set a combustion phasing that
gives comparable TJI values of MAPO. Note that in this situ-
ation, a small change on this parameter (£0.5 CAD) meant
switching from a safe situation (MAPO values well below 1.5
bar) to critical conditions (MAPO > 10 bar). Therefore, the
combustion phasing of the SI test could not be completely
optimized as the engine was limited by extreme knock after
a certain ST was exceeded. Nevertheless, it is clear that even
considering this slight spark timing advance (0.5 CAD), the
combustion phasing should be far from the TJI test. The last
graph shows the improvement of the CCV though the IMEP
variability parameter (cIMEP). It is noticeable that the PC ig-
nition system significantly reduces the cyclic dispersion. This
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Figure 5: Experimental in-cylinder pressure and HRR traces
for the SI and passive TJI systems at stoichiometric condi-
tions.
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Figure 6: Comparison of combustion-related parameters be-
tween SI and passive TJI concepts at stoichiometric condi-
tions.

is evidenced by a decrease of almost 80% in the o IMEP value
with respect to the conventional SI value. The combination
of all these benefits result in a considerable improvement of
the engine performance, particularly at those operating con-
ditions were the enhanced burning rates allow to push com-
bustion towards TDC where the conventional SI system is
limited by knocking combustion.

After the stoichiometric test, a A sweep was performed
following the measurement methodology described in previ-
ous sections and results are presented in Figure 7. In this
case, indicated efficiency trends observed at stoichiometric
conditions are mostly kept throughout the whole dilution range.
This parameter is always higher with TJI and CCV is reduced
(except for the A = 1.2 case). The maximum dilution limit
reached with the passive pre-chamber (A = 1.6) is 20% higher
than the limit of the conventional SI system (A = 1.4).
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Although the engine efficiency is kept at considerably high
values when operating at the maximum dilution limit, this
level of dilution is not sufficient to fulfill current pollutant
regulations without the use of a TWC. This represents a ma-
jor issue, given that the TWC is not able to operate without
a stoichiometric mixture composition in the exhaust tailpipe.
Nonetheless, considering that the passive pre-chamber con-
cept was able to inherently increase the maximum air-dilution
range admitted by the engine, it is interesting to evaluate po-
tential paths to enable the operation of this concept under
leaner conditions, in order to reduce the levels of NO, after
combustion to near zero values, while maintaining, or even
improving, the engine thermal efficiency.

In this case, as the flame propagation in the main cham-
ber is extremely compromised, the use of hydrogen to further
enhance combustion characteristics arises as a promising so-
lution to achieve this target. Thus, in the following studies an
optimum dilution level was determined by 1D laminar flame
speed calculations considering a suitable amount of H, addi-
tion. Thereafter, an operating condition characterized by the
determined air-to-fuel ratio and hydrogen volume fraction
was set up and numerically simulated to study its impact on
combustion and engine efficiency.

3.2. Preliminary studies using hydrogen fuel

A preliminary evaluation of the hydrogen fuel was per-
formed to give an idea about the required H, amount. The
0D and 1D utilities used to generate the reference data tables
for laminar flame speed and auto-ignition delay times were
used here to determine a suitable range for the hydrogen ad-
dition, and subsequently generating the new data tables con-
sidering the appropriate gasoline/hydrogen blends.

The percentages of hydrogen presented in this research
work are considered in volume fractions with respect to the
total air admitted during the intake stroke. The results of the
1D laminar flame speed simulations are shown in the colour
maps of Figure 8. A A sweep was performed extending from
stoichiometric to A = 2 conditions, and the amount of hydro-
gen was also swept from 0 until 20% of the total air volume.
The A values shown in the map were simulated considering
representative values of the in-cylinder pressure at the spark
timing and a constant temperature of 800K. Both parame-
ters were estimated by thermodynamic calculations based
on engine tests and simulations [36]. In addition, the total
energy available in all fuel mixtures (gasoline+hydrogen) is
also constant.

The top plot of Figure 8 shows a pathway towards re-
covering the laminar flame speed of the A = 1.6 no H, case
(experimental air-dilution limit). A A value of 1.9 was con-
sidered to be a suitable dilution level for performing the CFD
simulations. Additionally, the bottom plot shows that includ-
ing hydrogen also reduces the flame thickness, which is con-
siderably enlarged when moving from A =1 to A = 1.9 con-
ditions. This has some relevant implications regarding the
flame structure, and thus, the regime in which combustion
progresses [60].
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Figure 8: Laminar flame speed and flame thickness for differ-
ent levels of air-dilution and different percentages of hydro-
gen.

Moreover, the auto-ignition delay calculations were also
performed for the same A and hydrogen amount sweeps. From
previous investigations [61], it is known that the trends of
the ignition delay pivot around a certain temperature value
(~ 950K) when enriching the gasoline fuel with hydrogen.
Thus, the impact of this enrichment could change drastically
when considering values above or below this threshold.

The unburned gases temperature were computed from
the experimental tests at stoichiometric and maximum dilu-
tion conditions to select an appropriate temperature for the
0D calculations. They were included in the top plot of Fig-
ure 9 for reference. A temperature value of 900K was cho-
sen for reference as it is well representative of the unburned
temperature ranges reached by the gases when combustion
is progressing in the main chamber.

Results are shown in the colour map plotted at the bottom
graph of Figure 9. As expected from the literature, the igni-
tion delay values tend to decrease when considering higher
dilution rates due to the increased pressure achieved within
the combustion chamber. However, the addition of hydrogen
tends to increase the auto-ignition delay, reducing thus the
knocking appearance.

This study highlighted the benefits of hydrogen for en-
abling a successful lean operation of the engine. Therefore,
the data tables of laminar flame speed and auto-ignition de-
lay were generated considering the established hydrogen ranges
and a subsequent evaluation of the pre-chamber ignition con-
cept enhanced with this alternative was performed with the
CFD model.



3.3. Modelling the passive pre-chamber ignition concept fuelled
by gasoline-hydrogen blends

Once the preliminary study of the fuel was concluded and
the data tables generated, three engine simulations were cal-
culated at A = 1.9 conditions in order to evaluate different
levels of hydrogen (2.5%, 4% and 5%) and their impact on
the pre-chamber and main chamber combustion. These sim-
ulations were configured by considering the same methodol-
ogy used in the experimental campaign. For this purpose,
the mass of gasoline was adjusted in order to release the
same amount of energy as the stoichiometric test, consid-
ering the specific amount of hydrogen added in each case.
Thus, as the percentage of hydrogen increased, the mass of
gasoline further decreased whereas the intake pressure was
also increased to achieve the target air-to-fuel ratio. As no ex-
perimental data was available for these conditions, the spark
timing used in each case was kept equal to the A = 1.6 sim-
ulation, given that the preliminary studies showed that the
burning velocities should be similar to this case.

3.3.1. Analysis of the pre-chamber combustion

This section focuses on analysing the first stage of the
combustion process, that is the pre-chamber burning process
and the ejection of hot gas characteristics.

Results of the pre-chamber combustion characteristics are
shown in Figure 10. Due to the loss of laminar flame speed, a
considerable worsening of the HRR profile is observed when
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Figure 9: Auto-ignition delay values for different levels of air-
dilution and different percentages of hydrogen considering
an unburned gas temperature of 900K.
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Figure 10: Pre-chamber combustion characteristics for differ-
ent levels of hydrogen enrichment.

moving from stoichiometric to A = 1.6 conditions, both re-
ducing the maximum burning rate and increasing the com-
bustion duration. However, with the hydrogen inclusion, the
HRR profile no longer worsens when further increasing the
air-dilution up to A = 1.9. As expected from the preliminary
studies, the combustion profiles of the three levels of H, are
very similar to the A = 1.6 case, achieving a slight improve-
ment of 2 CAD in the combustion duration when considering
5% of hydrogen, as shown in Table 4.

A visualization of the pre-chamber combustion is depicted
in Figure 11, where a comparison between the reference A =
1 and A = 1.6 cases is made, including the most favorable
H, simulation (5%). An axial cut plane parallel to the pre-
chamber axis was used for each snapshot representation. The
source term of the energy equation is coloured to track the
flame front. Each snapshot is referenced to a crank-angle
degree after the spark timing (CAD aST).

The premixed flame is clearly observed in the three cases,
that is a well established flame front which sweeps the whole
pre-chamber volume. However, the most relevant difference
between the snapshots is the time frame. For both A = 1.6
and A = 1.9 cases, the flame takes longer to reach the ori-
fices intake, almost four times more than the stoichiometric
simulation. The pre-chamber pressurization is a key aspect
for obtaining high quality reacting jets [36]. With the pur-
pose of analysing this aspect, the pre-chamber relative pres-
sure (Ap), defined as the pressure difference between the
pre-chamber and the main chamber, is included in the bot-
tom plot of Figure 11. As it can be seen, all diluted cases
do not achieve a suitable pressurization due to the very slow
combustion process.

Table 4: Pre-chamber burn durations.

Case Combustion duration [CAD]
A=1.6 22.8
A =1.9 + 2.5% H, 24.4
A =19+ 4.0% H, 22.7
A =19 + 5.0% H, 20.7




The former remark is confirmed when analysing the pen-
etrations (referenced to the moment of ejection) plotted in
Figure 12, which correspond to the jet with the longest gap
to travel within the combustion chamber. The faster combus-
tion of the stoichiometric simulation results in considerably
better jet features than for the lean cases, achieving much
higher penetration rates in the first stages of the ejection pro-
cess and reaching a higher maximum value in less time.
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Figure 11: Pre-chamber ignition sequence for the A = 1, A =
1.6 and A = 1.9 + 5% H, cases. The source term of the energy
equation is coloured to track the flame front at a given snap-
shot. The HRR of each case is divided by the corresponding
maximum value for visualization purposes. The pre-chamber
relative pressure (Ap) is shown in the bottom plot.
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Figure 12: Jet penetration rate of the A = 1, A = 1.6 and A =
1.9 + 5% H, cases. The jet with a longer gap to travel within
the combustion chamber is only included for simplicity.

However, the combustion profiles of the lean simulations
are not only attributed to the lower laminar flame speeds, but
also to the spark timing. As proven in [41], the advance in
spark timing, necessary to achieve an optimum combustion
phasing when using external dilution strategies, has detri-
mental consequences for the pre-chamber combustion pro-
cess. Due to the inherent worsening of the flow field condi-
tions (residual gases, velocity and turbulence fields) the com-
bustion stability is notably compromised.

In order to highlight this remark, non-reacting simula-
tions (motoring conditions) of the A =1 and A = 1.9 + 5%
H, cases were carried out at 4500 rpm. The velocity and tur-
bulent kinetic energy (TKE) fields in the pre-chamber were
plotted at -10 CAD and included in Figure 13. Although the
addition of hydrogen does not suppose a relevant impact on
the internal aerodynamics of the cylinder, the pressure in-
crease required to achieve a dilution level of A = 1.9 can
condition the flow inside the pre-chamber. It can be observed
that the magnitude of both fields increases at lean conditions,
especially in the bottom part of the pre-chamber, close to the
holes inlet. Thus, the spark timing should be optimized when
implementing the H, dilution strategy to further enhance the
performance of the engine.

3.3.2. Analysis of the main chamber combustion

The second stage of combustion is analysed in this sec-
tion. Here, the main chamber combustion and the root causes
of burning rate variations when adding hydrogen are dis-
cussed.

Moving on towards the analysis of the main chamber com-
bustion features, the results in terms of in-cylinder pressure
and HRR profiles are shown in Figure 14. Despite the initial
assessment from the 1D flame speed calculations, adding 5%
of hydrogen allows to achieve a similar combustion profile to
the A = 1 case. Thereafter, as the percentage of included hy-
drogen decreases, the combustion tends to deteriorate. How-
ever, even the smallest amount of H, considered in this study
is able to burn at A = 1.9 similarly to the experimental dilu-



A=1.9 +H25%

Velocity magnitude [m/s]

TKE [m?/s?]

Figure 13: Velocity and TKE fields inside the pre-chamber at
-10 CAD for the A =1 and A = 1.9 + 5% H, cases.

tion limit in the main chamber. Thus, it is feasible that just
by adding 2.5% of hydrogen in the intake port could extend
the dilution limit up to A ~ 1.9.

Figure 15 shows the root causes of the observed combus-
tion enhancement. In the top plot, the laminar flame speed is
depicted. Here, the time scale is referred to the spark timing
of each case. In the first stage, during the pre-chamber com-
bustion, a large gap in the laminar flame speed is observed
among the lean and the stoichiometric cases. However, as
expected from the 1D studies presented in Figure 8, the dif-
ference between the laminar flame speed of the diluted (A =
1.6) and H,-enriched cases (with 2.5%, 4% and 5%, respec-
tively) is practically negligible when the flow temperature is
kept constant. This is confirmed by inspecting the bottom
plot of Figure 15, where the unburned gas temperature is
plotted and no remarkable differences are observed for the
lean cases during the first stage of combustion. On the con-
trary, the laminar flame speed significantly increases after the
onset of combustion in the main chamber and the gap among
the diluted cases becomes wider. This is attributed to the in-
crease of the unburned gas temperature, also shown in the
bottom plot of Figure 15. In this combustion stage, the tem-
perature of fresh gas reaches higher values as combustion
progresses when the amount of hydrogen is progressively in-
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Figure 14: Main chamber combustion features of different lev-

els of hydrogen enrichment. The simulated pressure profile
and HRR trace in the main chamber are included.

cremented. This effect causes an increment in the combus-
tion rate that, in some cases, can even exceed the values of
the stoichiometric case.

A detailed visualization of the main chamber combustion
process is shown in Figure 18 in order to analyse the charac-
teristics of the flame propagation in this region. The A =1, A
=1.6and A = 1.9 4+ 5% H, cases were considered. The snap-
shots were drawn for a horizontal cut plane perpendicular to
the cylinder axis and 3 mm away from the pre-chamber bot-
tom. As with Figure 11, the heat release was coloured by the
source term of the energy equation to track the flame front.
The jet boundaries are highlighted as a green contour line,
drawn with the help of a pre-defined dynamic tracer imple-
mented in the code.

It is clearly observed in the ignition sequence of the sto-
ichiometric case how the flame is initially sustained by the
jets, which helps to boost the early phases of flame propaga-
tion. For the lean cases however, the poor jets play a small
roll in the first stages of ignition, and the onset of combustion
in the main chamber occurs later. In all cases the flame is able
to progress outside the boundaries of the jets, nevertheless it
is noticeable that for the hydrogen enriched case the flame
leaves the jets before due to the enhanced thermo-chemical
properties of the mixture.



This last remark can be also observed in the plots on the
right side of Figure 18 which shows the energy release pro-
file in the main chamber, considering the amount of energy
released inside and outside the jets boundary. Both A =1
and A = 1.9 4+ 5% H, cases follow the same trend, releas-
ing a minor part of the total energy (less than 20%) inside
the jets. However, the energy released inside the jets for the
hydrogen-enriched case is almost half of the corresponding
energy in the stoichiometric case. On the contrary, the per-
centage of energy released inside the jets for the A = 1.6
case is higher than for the other two cases. This is mainly
due to the poor thermo-chemical conditions of the mixture,
which impedes the flame front from quickly surpassing the
jets boundary, forcing combustion to be established within
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these limits where the conditions of turbulence are more favourable. Figure 16: Main chamber TKE profiles for the non-reacting

Another interesting remark comes from results included
in Figure 16, where the spatially-averaged values of turbu-
lent kinetic energy in the main chamber are plotted for the
aforementioned non-reacting simulations of the A = 1 and
A =1.9 + 5% H, cases. Small differences are observed be-
tween both curves, since the internal aerodynamics of the
cylinder depend mostly on the intake port design and the en-
gine speed and both remain unchanged in the investigation.
However, the gap between the onset of combustion in the
main chamber for both cases shows that the main chamber
TKE levels are higher for the lean case. Thus, when enrich-
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Figure 15: Laminar flame speed and unburned gas tempera-
ture for all simulations. The time scale is referenced to the
spark timing of each simulation.
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simulations at the studied operating condition.

ing the mixture with 5% of hydrogen, not only the thermo-
chemical properties favour the combustion process, but also
the higher TKE levels at the onset of the main chamber com-
bustion contributes to increase the burning rate.

3.3.3. Analysis of the flame regime

In this section, the evolution of the flame regime through-
out the whole combustion process (from the pre-chamber
to the main chamber) is analyzed to characterize the flame
structure and how it affects the flame propagation.

In Figure 17 a Borghi-Peters diagram [60, 48] is included
for analysing the turbulence-combustion interaction in the
three cases considered so far. This diagram, also known as
flame regime diagram, is used to analyse the structure of the
flame as combustion progresses. Its computation is based
on the laminar flame speed (S;), flame thickness (If), tur-
bulence length scale (l,) and turbulent intensity (u’). The
coloured dots represent the time frame respect to the spark
timing during the combustion process.

The stoichiometric combustion progresses initially in the
thickened wrinkled flames regime, where the Kolmogorov scales
are larger than the flame thickness and the combustion rates
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Figure 17: Flame structure as combustion progresses from the
pre-chamber to the main chamber.
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Figure 18: Main chamber ignition visualization at A = 1, A = 1.6 and A = 1.9 + 5% H, conditions. The source term of the energy
equation is coloured to track the flame front at a given snapshot. The jet boundaries are highlighted in green and determined with a
user-defined dynamic tracer. The numeric values and evolution of the HRR profiles inside/outside the jets for all simulations are also

included.

are suitable for most of the operating conditions studied for
SI engines. Later on, due to the nature of the passive pre-
chamber combustion concept, the flame shifts momentarily
towards the thickened flames regime, where some eddies can
penetrate into the diffusive layer of the flame structure. How-
ever, the flame quickly stabilizes and returns to the thickened
wrinkled flames regime. On the other hand, the A = 1.6 case
begins in a less favourable region of the diagram, deeper
into the thickened flames regime where the flame stability
is compromised. Nonetheless, the hydrogen enriched case
improves slightly the initial flame structure when compared
to the A = 1.6 case. Recalling Figure 8, this improvement is
due to the combination of slightly higher laminar flame speed
and lower flame thickness values achieved. At the end of the
hydrogen-enriched curve, the flame structure shifts to a more
favourable region. Thus, the properties of this fuel can inher-
ently help to achieve a more stable combustion process even
at extremely diluted conditions.

3.3.4. Impact on engine efficiency and pollutant emissions

Finally, this section discusses the impact of the enhanced
burning rate due to the hydrogen-enriched blends over the
engine thermal efficiency and NO, formation.

Figure 19 shows the pressure-volume diagrams of the A
=1and A = 1.9 + 5% H, simulations, from which an es-
timation of the indicated efficiency can be performed by a
straightforward integration. As can be seen in Table 5, the
pressure profile generated in the A = 1.9 + 5% H, case in-
creases the indicated efficiency by 3.7%, proving that, despite
introducing the same amount of energy, the combination of
the employed technological bricks (high air-dilution, passive
pre-chamber ignition and H, addition) provides considerable
benefits in terms of engine performance.

Additionally, the formation of NO, within the cylinder is
shown in Figure 20 for each simulated condition. The top
plot depicts the temporal evolution of NO, species during the
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Figure 19: PV diagrams for the A = 1 and A = 1.9 + 5% H,
cases. The pumping losses were not included to evaluate only
the work produced in the firing cycle.

Table 5: Indicated efficiency for the simulations.

Case Ind. efficiency [%]
A=1 43.37
A=1.6 42.89
A=1.9+5%H, 47.12
A=1.9+4%H, 44.92
A=1.9+ 2.5%H, 42.07

combustion cycle, while the bottom graph shows the NO,
amount at the end of the combustion cycle. As it can be
seen, diluting the air-fuel mixture with air reduces the NO,
emission around 10 times if it is compared against the pure
gasoline stoichiometric case. On the contrary, increasing the
amount of hydrogen within the fuel blend increases the NO,
formation. This fact can be explained by the increment of
flame temperature caused by the increase of the unburned
gas temperature discussed above.

An interesting analysis can be made by comparing the
NO, emissions of the hydrogen-enriched cases with the val-
ues of the A = 1.6 case. The NO, formation increases signifi-
cantly (about 7 times higher) by adding 5% of hydrogen. This
value barely changes when considering 4% of H, enrichment,
where the thermal efficiency is 1.6% higher than the gasoline
stoichiometric case. Moreover, NO, emissions are reduced by
a factor of 10 when by considering 2.5% of H, enrichment.
These results are encouraging as in this condition the effi-
ciency levels of the engine are maintained within a suitable
range (above 42%) while maintaining NO, emissions below
the required standards without the use of a three-way cata-
lyst.

4. Summary and conclusions

A numerical methodology for evaluating the use of hydro-
gen combined with a passive pre-chamber ignition system in
a turbocharged gasoline SI engine is presented in this paper.
The numerical model, being successfully validated by both
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Figure 20: NO, formation in the cylinder for all the simulated
cases. The bar graphs represent the NO, value of each case
at the end of the simulation.

stoichiometric and air-diluted experiments, has proven to be
an adequate procedure for analysing the combustion process
in pre-chamber combustion systems. Using this methodology,
the combustion features of the passive pre-chamber ignition
concept fueled with different gasoline/hydrogen fuel blends
have been evaluated in a lean environment (A = 1.9).

The most relevant findings of this investigation are:

* The addition of hydrogen provides considerable ben-
efits over the thermo-chemical properties of the mix-
ture by increasing the laminar flame speed, reducing
the flame thickness and improving the flame structure.
This allows to achieve a stable combustion in both the
pre-chamber and the main chamber volumes even at
high diluted conditions (A = 1.9).

* As the concentration of hydrogen in the mixture is in-
creased, the temperature of unburned gases also rises,
leading to a faster combustion into the main chamber.
The resulting burning rate operating at A = 1.9 is sim-
ilar to that obtained at stoichiometric conditions with
pure gasoline fuel, when adding 5% of hydrogen with
respect to the intake volume fraction.

* The enhanced combustion process when considering
5% of H, addition at lean conditions (A = 1.9) led to
a significant efficiency gain of 3% in this particular en-
gine architecture and operation condition.



* The rise of unburned gas temperature as the amount
of H, increases, enhances the NO, formation. Con-
sidering the smaller amount of hydrogen (2.5%), the
NO, emissions are significantly reduced, while main-
taining suitable indicated efficiency levels (over 42%).
This shows the potential of operating the engine at lean
conditions without the use of the three-way catalyst.

This study provides interesting guidelines for improving
the performance of modern SI engines by using hydrogen-

enriched fuel blends in combination with a passive pre-chamber

ignition system to enable lean combustion. In addition, this
is a feasible short-term solution for passenger car aplications
since no relevant engine modifications would be required.
The conventional spark plug can be easily replaced by a pas-
sive pre-chamber system and there are several low-pressure
hydrogen injectors for PFI available in the market. Therefore,
integrating these technological bricks makes sense as a first
step towards hydrogen economy and reducing CO, emissions
from transportation.
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