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Abstract: Hydrogen is the energy vector that will lead us toward a more sustainable future. It could
be the fuel of both fuel cells and internal combustion engines. Internal combustion engines are today
the only motors characterized by high reliability, duration and specific power, and low cost per
power unit. The most immediate solution for the near future could be the application of hydrogen
as a fuel in modern internal combustion engines. This solution has advantages and disadvantages:
specific physical, chemical and operational properties of hydrogen require attention. Hydrogen
is the only fuel that could potentially produce no carbon, carbon monoxide and carbon dioxide
emissions. It also allows high engine efficiency and low nitrogen oxide emissions. Hydrogen has
wide flammability limits and a high flame propagation rate, which provide a stable combustion
process for lean and very lean mixtures. Near the stoichiometric air–fuel ratio, hydrogen-fueled
engines exhibit abnormal combustions (backfire, pre-ignition, detonation), the suppression of which
has proven to be quite challenging. Pre-ignition due to hot spots in or around the spark plug can
be avoided by adopting a cooled or unconventional ignition system (such as corona discharge): the
latter also ensures the ignition of highly diluted hydrogen–air mixtures. It is worth noting that to
correctly reproduce the hydrogen ignition and combustion processes in an ICE with the risks related
to abnormal combustion, 3D CFD simulations can be of great help. It is necessary to model the
injection process correctly, and then the formation of the mixture, and therefore, the combustion
process. It is very complex to model hydrogen gas injection due to the high velocity of the gas in
such jets. Experimental tests on hydrogen gas injection are many but never conclusive. It is necessary
to have a deep knowledge of the gas injection phenomenon to correctly design the right injector
for a specific engine. Furthermore, correlations are needed in the CFD code to predict the laminar
flame velocity of hydrogen–air mixtures and the autoignition time. In the literature, experimental
data are scarce on air–hydrogen mixtures, particularly for engine-type conditions, because they are
complicated by flame instability at pressures similar to those of an engine. The flame velocity exhibits
a non-monotonous behavior with respect to the equivalence ratio, increases with a higher unburnt
gas temperature and decreases at high pressures. This makes it difficult to develop the correlation
required for robust and predictive CFD models. In this work, the authors briefly describe the research
path and the main challenges listed above.

Keywords: hydrogen; gas injection; under-expanded jets; laminar flame speed; ignition delay time;
oil–fuel dilution; internal combustion engines; ignition system for highly dilute mixture

1. Hydrogen Behavior as a Fuel: Advantages

Hydrogen is recognized as the energy vector that will lead us to the mobility of the
future, which will be free of fossil fuels. Hydrogen is the only fuel potentially free of
carbon, carbon monoxide and carbon dioxide emissions: it allows high efficiencies and
low emissions of nitrogen oxides (NOx) [1,2]. The hydrogen-powered ICE is the only
known internal combustion engine capable of meeting future EU regulations. Hydrogen
has the characteristics of a highly efficient burning rate [1,2], as it has wide flammability
limits (under normal conditions, 4% to 75% by volume) and a high flame propagation rate
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(5 to 8 times superior to gasoline). Hydrogen provides a stable combustion process for
lean and very lean mixtures, which in turn reduces nitrogen oxides emissions (the only
polluting emissions for this type of engine supply) [2,3]. Furthermore, again thanks to
the highly dilute mixtures and the high autoignition temperature, the hydrogen engine
tolerates higher compression ratios (up to 14.5:1) than the gasoline engine [2,4], which leads
to greater thermodynamic efficiency [5]. Thus, the engine can be operated through load
quality regulation, i.e., without throttle, which can lead to an engine efficiency of 52% [6].

2. Hydrogen Behavior as a Fuel: Criticalities

Close to the stoichiometric air-to-fuel ratio, due to the above-mentioned properties,
hydrogen-fueled engines exhibit abnormal combustion, such as spontaneous ignition
during the intake stroke (backfire), premature uncontrolled ignition (pre-ignition) and
self-ignition of the end-gas region or excessive flame rates (knock) [6,7]. Suppressing ab-
normal combustions in hydrogen-fueled engines has proven quite challenging. According
to Verhelst et al. [6], the low ignition energy of hydrogen is often too quickly identified as
the major cause of backfire because the ignition by thermal masses (valves, for example)
is more related to the autoignition temperature of the mixture, which is very high. Addi-
tionally, deposits and particulate matter, which are believed to function as hot spots, have
extremely low concentrations in hydrogen engines. Instead, the authors believe that the
reduced quenching distance, together with the wide flammability limits, and the conse-
quent combustion in piston top land, is a parameter too often neglected by researchers.
Therefore, the reasons behind the spontaneous and uncontrolled ignition of hydrogen are
still being debated.

3. Comparison between Hydrogen and Other Fuels for ICE Applications

Hydrogen is not the only alternative fuel useful for the energy transition of sustainable
mobility, but it is the one of greatest interest due to its characteristics in relation to its
application in ICEVs. Therefore, before going into the details of the problems associated
with hydrogen engines, this paragraph provides a brief comparison between hydrogen and
other reference fuels used in classic spark ignition engines (gasoline, diesel, methane) or
for the transition towards mobility with zero polluting emissions (including CO2), such
as ammonia and biofuels. Table 1 shows a comparison of the main properties of diesel,
gasoline, hydrogen, ammonia and methane [8–10]. As seen in Table 1, ammonia has the
highest autoignition temperature, so it is difficult to ignite.

Table 1. List of the main properties of different fuels [8–10].

Properties Diesel Gasoline Hydrogen Ammonia Methane

Flame velocity [cm/s] 30 37–43 265–325 70 38

Lower heating value
[MJ/kg] 42.5 44.0 120.0 22.5 50.0

Autoignition
Temperature [◦C] 180–320 260–460 585 651 540–630

In Cardoso et al. [10], the authors reported that both ammonia and hydrogen have
great potential to be carbon-free. Hydrogen is generating significant expectations as an
enabler of a carbon-free economy, but issues with storage, distribution, and infrastructure
deployment are delaying its full implementation. Ammonia, on the other hand, represents
a highly efficient energy vector: contrary to hydrogen, it benefits from being a liquid fuel,
bringing high flexibility of its supply. Furthermore, ammonia can be used both as a fuel
and as a hydrogen enabler. Combustion of pure ammonia in ICEs is a challenging task,
mainly due to its high autoignition temperature, narrow flammability range (16–25% by
volume in air), low flame speed and high heat of vaporization [11], which result a power
output reduction of about 20% compared to conventional gasoline [12]. To overcome these
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disadvantages, ammonia can be blended with conventional hydrocarbon fuels or even
hydrogen to increase the flammability of the mixture while reducing carbon emissions.
Finally, an ammonia engine would suffer from a high NOx emission rate—much higher
than those of hydrogen engines.

Agarwal et al. [13] reviewed the characteristics of some biofuels, including biodiesel.
The primary resources for biodiesel production are non-edible oils. Biodiesel can be blended
in any proportion with mineral diesel to create a biodiesel blend or can be used in its pure
form. Like petroleum diesel, biodiesel runs in a compression ignition engine and requires
very little or no engine modifications because biodiesel has properties similar to mineral
diesel. It can be stored like petroleum diesel and requires no separate infrastructure. The use
of biodiesel in conventional diesel engines substantially reduces the emission of unburned
hydrocarbons, carbon monoxide and particulate matter, but causes a slight increase in NOx
emissions [14,15]. Therefore, it can be a short-term alternative to petroleum diesel but not
in the long-term, when CO2 emissions from engine exhausts need to be zero.

Hydrogen can also be used blended with another fuel in ICEVs. However, this
application is not relevant to the scope of the document, which focuses on the use of
hydrogen as the sole fuel in vehicles powered by spark ignition engines.

4. Design of the Hydrogen Fueled Engine: Main Challenges

The main challenges in using hydrogen as a primary fuel in ICEs are:

• Low energy per unit volume (related to the low density of hydrogen gas), requiring
the adoption of high-pressure storage tanks (commonly 700 bar) [3].

• High flammability range (equivalence ratio in air from 0.1 to 7.1) and very low mini-
mum ignition energy [2,5]—an order of magnitude lower than those of fossil-fuel–air
mixtures at stoichiometric ratios. Both of these features, which can be major benefits
in terms of fuel economy, could induce combustion control problems (pre-ignition
and detonation) because they expose the engine to uncontrolled ignition due to hot
spots and hot gases, which act as ignition sources. The adoption of hydrogen direct
injection (DI) solves the problem of pre-ignition in the intake manifold, but the risk of
detonation remains in the cylinder due to the high speed of the flame, and therefore,
the high rate of pressure increase in the cylinder during combustion [2,8].

• Very high laminar flame speed (LFS), from 3 to 5 times that of gasoline, in a wide
range of equivalence ratios (from 0.5 to 3.5). The combustion of hydrogen is almost
isochore for the stoichiometric air-to-fuel ratios (the effective cycle is close to the ther-
modynamically ideal engine cycle in stoichiometric air-fuel conditions): the need for
reducing and control the development of the combustion flame imposes a maximum
equivalence ratio value in air of 0.6 [2], which reduces nitrogen oxides emissions
and distances pre-ignition (more accentuated at the stoichiometric level), while also
improving fuel economy.

• Very low quenching distance: hydrogen flames travel closer to the cylinder wall
before extinguishing than other fuels [3]. They are relatively short-lived, as they ignite
rapidly [2]. This significantly impacts the combustion in the gaps between the cylinder
and piston and increases the evaporation of the lubricant (oil particulate formation).

• High diffusivity, which improves the homogenization of the mixture but makes it
difficult to stratify the mixture [16].

Therefore, engine research faces some critical issues before we can adopt hydrogen
as the primary fuel in ICEs. The main drawbacks are the high NOx emissions (which
mainly depend on the spark timing and the homogeneity/stratification of the mixture [3])
and low power output: several research efforts have been conducted by many authors to
establish the relationship among NOx, air-to-fuel ratio and spark timing for engines fueled
only by hydrogen [17,18] or fueled with the addition of hydrogen [19]. However, it is
worth mentioning that the experimental analysis on hydrogen-fueled systems is crucial and
limited to some operating/environmental conditions, mainly with very narrow ranges, and
research engines or engines specifically designed to run on pure hydrogen [18]. BMW has
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been working on a bi-fuel engine (gasoline plus hydrogen) [20] but reduced the compression
ratio to 9.5 to allow the gasoline engine to run on hydrogen. The load control strategy was
the most experimentally studied element, determining the additional NOx emissions and
engine efficiency. Load is commonly governed by quantitative control (no throttle) instead
of quantitative control (typical of spark ignited engines) when possible. Limitations to
unthrottled operation are misfire with a very low load (idling) and NOx emissions [6].

Therefore, to design an engine powered only by hydrogen today and functioning
in the entire operating range of interest, the current challenges cannot be met without
a deep understanding of the physical phenomena related to hydrogen’s use as a pure
fuel in ICEs because the experiments are intrinsically limited. Three-dimensional CFD
simulations could facilitate the development and optimization of these engines. Computer
simulations calculate the flame propagation of hydrogen by monitoring its development in
the combustion chamber and resolving the pressure and temperature within the cylinder.
To do this, the prediction of the laminar burn rate of the air–hydrogen mixture inside the
cylinder at the local pressure and temperature is crucial.

To summarize, the most important elements to address are:

• Defining the chemical properties of hydrogen (LFS and ignition delay time (IDT))
to correctly predict the initiation and development of the hydrogen flame in the
combustion chamber under typical operating conditions of a real engine.

• Injection of hydrogen gas.
• Ignition system: a suitable ignition system could be adopted to prevent autoignition

of the hydrogen-based mixture due to hot spots on/around the spark plug [21].
• Oil–fuel dilution must be simulated to prevent oil particulate formation.

5. Definition of the Chemical Properties of Hydrogen-Based Mixtures

For correctly reproducing the hydrogen ignition and combustion processes in an ICE
with the hazards related to pre-ignition and knocking combustion, 3D CFD simulations
could be of great help. Combustion processes in engine conditions are highly turbulent.
Flame velocity is often estimated from a functional relationship involving the LFS, which
is provided as input to CFD codes in the form of lookup tables or correlations, both of
which must be based on experimental data, or if the latter are not available, on multi-step
chemical models. Alongside the LFS estimate, it is necessary to predict the IDT trend to
model the possible autoignition of the air–hydrogen mixture at the high thermal loads
typical of these engines in stoichiometric or close to stoichiometric conditions.

In the literature, experimental data are scarce on air–hydrogen mixtures, particularly
at engine-like conditions, because they are complicated by flame instabilities at pressures
similar to those of the engine. From a computational point of view, flame instabilities
can be avoided by assuming a one-dimensional, planar flame [22]. Flame speed exhibits
a non-monotonic behavior-to-equivalence ratio, increases with unburnt gas temperature
and decreases at elevated pressures [23], making further correlation development difficult.
Therefore, the development of the correlation for the hydrogen–air system is hampered by
two main problems:

(i). The performance of the correlation cannot be verified experimentally, since hydrogen
flames are unstable at high pressures. However, the hypothetical stable flame speeds
predicted by the kinetic model serve as reasonable estimates for the design codes of
the engine.

(ii). The pressure-dependence of the hydrogen kinetics is extremely complex, and the
correlations available in the literature often fail to adequately capture the modeled
data due to inadequate functional formulation.

As a result, differences between kinetic model predictions and correlation estimates
are often greater than ±20% [23].

To predict LFS and IDT behaviors, the commonly adopted methodology is as follows:
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• The experimental measurement of the LFS is limited to pressure and temperature
conditions far from those typical of an internal combustion engine:

a. Pressure and temperature values normally close to the ambient.
b. A few experiments used pressures of up to 10 bar and temperatures of up to

400 K [23].

• Hydrogen-based mixtures are unstable at high pressures, and the pressure-dependence
of hydrogen kinetics is complex [22,23]. Thus, validation of reaction mechanisms is
very limited at best. Flame instability makes accurate burning velocity measurements
at lean conditions almost impossible.

• In Figure 1a, the authors verified the effectiveness of different kinetic schemes [24–26]
at reproducing the experimental data available in [27] obtained at 1 bar and 303 K.
Only under lean conditions (see Figure 1b) did the various schemes substantially
agree with the experimental results [27]. In addition, it is worth mentioning that, in
general, a wide range of experimental results are available in the literature due to
the influence of the flame-stretching rate on the experimentally observed burning
rates [22,28], which accelerates the flame or increases its speed: by definition, the
laminar flame velocity must be at a zero flame-stretch rate.

An alternative solution is to test reaction mechanisms based on autoignition times
measured in shock tubes, as suggested by Verhelst et al. [22].

• For the same reason just explained, the IDT measurement is often performed at low
pressures (a few bars) or with very dilute mixtures (usually in argon rather than in air).
In some cases, as in [23], the performance of the kinetic model at elevated pressures
could be evaluated by ignition delay times from shock-tube experiments when stable
flame rate data could not be obtained. As for LFS, the IDT is a function of the chemical
and physical properties of the mixture itself. Hydrogen has IDT values that drastically
reduce at a temperature of around 1000 K (see Figure 2b, where the IDT drops by at
least three orders of magnitude at 1200 K compared to the values obtained at 900 K in
Figure 2a). This is a critical element in combustion because the high flame speed of
hydrogen induces very rapid, almost isochore combustion. Therefore, the in-cylinder
charge reaches high-temperature values, and the risk of abnormal combustion becomes
very high.

Outside these fields, measurement is replaced by calculation using complex kinetic
schemes, validated on the previously mentioned experimental tests. The validation of
the kinetic scheme is limited to the available experimental range.

• Once validated (in a very limited range of pressure and temperature), the chemical
kinetic calculations allow one to extrapolate the “engine points” in the working space
of pressure, temperature and effective composition of the mixture. The kinetic scheme
adopted here is that of Mevel et al. [26]. In Figure 3, the LFS is plotted as a function
of pressure and temperature values, in ranges of interest for engine applications, for
an equivalence ratio of 0.5. The green square shows the range of experimentally
tested pressure and temperature values. At the same time, the red point indicates a
possible pressure–temperature point of interest typical of engine applications (data
extrapolated after validation of the kinetic scheme). There is no certainty about the
goodness of the results extrapolated outside the experimental range, as previously
explained.

• Finally, the results of the chemical kinetic computations under engine-type conditions
are estimated by correlations [23] or look-up tables, which will be inserted into the 3D
CFD codes. The estimation process is non-trivial, and efforts must be made to define
correlations capable of reproducing the results of the chemical kinetic simulation
under a wide range of engine-like conditions.
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Thus, the chemical properties of hydrogen can be derived from experiments, which
are used to validate the chemical kinetic schemes under very narrow ranges of operating
conditions. The actual points of interest for ICE applications are then extrapolated from
the kinetic schemes, from which are derived correlations to be inserted into 3D CFD codes.
Another solution is to run detailed run-time simulations of the chemistry, but they are
time-consuming and do not solve the problems faced.

6. Gas Injection

The development of SI engines fueled by hydrogen has been studied over the years
experimentally (on optical research engines or injection chambers in a controlled environ-
ment) [30–33] and computationally by various groups of researchers [30,34–37]. Numerical
studies on direct-injection hydrogen engines are minimal, mainly due to the complexity of
modeling the physical phenomena associated with the high velocity gas jet. In the case of
port fuel injection (PFI) engines, the power that can be generated is less than that generated
using DI engines due to the low hydrogen density (high occupied volume), and therefore,
the smaller volume available for fresh air in the duct (stoichiometrically 29.52% hydrogen
in the air by volume [16]). Additionally, PFI engines are more prone to backfiring and
pre-ignition in the intake manifold. For these reasons, today’s trend is towards hydrogen-
fueled DI engines (the hydrogen is injected after the intake process), in which the degree of
homogeneity or stratification of the mixture at the ignition time can be adjusted by various
DI strategies. Typically, high pressures are applied for DI fueling to achieve high fuel mass
flow and consequently rapid fuel–air mixing, particularly with late injection strategies.
High injection pressures cause turbulent under-expanded fuel jets to form after the fuel
leaves the nozzle. Consequently, fundamental understanding of the gas dynamics and
sonic/mixing characteristics of the under-expanded jets formed by hydrogen injection from
the nozzle holes is imperative for the development of new and more efficient high-pressure
DI gas-fueled engines [37]. The 3D CFD simulation of internal mixture formation and
combustion helps to understand complex cylinder processes and provides a powerful tool
for optimizing the engine’s working cycle. The know-how gained from the formation of
fossil fuel mixture and from the combustion process cannot be transferred directly to the
DI-H2. Great care must be taken in the CFD code to correctly describe not only the jet
penetration but also the mixing between the injected fuel and the surrounding gas. A major
influence on the mixing process comes from the characteristics of the under-expanded
region, where the flow is supersonic.

For DI-H2 ICEs, the main challenge consists in properly controlling both geometrical
and operational injection parameters, which need to be correctly set to achieve the proper
mixture stratification/homogenization in the combustion chamber at spark creation. The
injector design has a significant influence on the performance of the DI-H2 combustion
process. The actuation time, the injection pressure, and the arrangement of the injector tip
and the injector housing on the engine head affect the stratification/homogenization of the
cylinder charge, on which efficiency and emissions strongly depend.

Therefore, DI-H2 engine research has focused on advanced injector design and injec-
tion strategies. In this scenario, the development of a numerical approach can provide a
significant contribution to the experimental tests. A numerical approach can never replace
accurate engine testing. The significant potential of a modeling approach lies in exploring
new settings and geometries and optimizing the best solutions. Through CFD models
have been validated against experimental data, innovative technological solutions can be
numerically tested and produced only in cases of a positive response. The correct settings of
the mesh and turbulence model allow reaching a remarkable agreement between numerical
and experimental data in terms of fuel-jet evolution and mixture formation [30,34]. The
grid resolution is found to significantly influence jet penetration and has almost no effect
on fuel dispersion. Fundamental understanding of the interaction between hydrogen’s
in-cylinder jets and in-cylinder air flow is essential for optimizing mixture formation and
normal or boosted intake combustion processes. Investigations should be carried out to
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evaluate whether it makes sense to design less permeable “tumbling ducts” when the main
motion in the cylinder is destroyed by the injection of hydrogen at 1200 m/s: the injection
event destroys the organized motion generated in the cylinder by the intake process [30].

Most numerical simulations are performed using the Reynolds-averaged Navier–
Stokes (RANS) technique, which has been shown to still represent the best compromise
between simulation time and result quality compared to the large-eddy simulation (LES)
technique [37]. The most complex modeling part is related to the sonic/supersonic region
and the jet-to-jet interaction. A multi-hole nozzle creates an intense jet-to-jet interaction,
with all jets merging into a single jet immediately downstream of the under-expanded
region. This phenomenon (Coanda effect) is even more challenging for numerical simu-
lation and requires a higher level of detail in numerical simulation and grid resolution,
especially regarding the fields near the injector nozzle [31]. The Coanda effect could modify
the dynamics of the impact on the wall and the formation of the mixture. To simulate
and capture this phenomenon, the grid resolution, computational time-step, discretization
scheme, and turbulence model must be set correctly.

With reference to the sonic region, it occurs when the ratio between the injection
pressure and the ambient pressure is higher than the critical ratio (1.889 for hydrogen). At
the nozzle outlet, a supersonic region (Ma > 1) is visible, where the pressure passes from
the injector to the ambient conditions through a series of shocks along the direction of the
jet. When the jet is highly under-expanded (high injection pressure), the recompression
occurs through a large Mach disk where the flow changes from highly supersonic (Ma
>> 1) to subsonic (Ma < 1). A subsonic region is formed downstream of the Mach barrel
region, where the mixing process usually occurs. This phenomenon can be experimentally
visioned in ad hoc optical chambers and reproduced in equivalent simple volumes. Very
fine meshes and low time steps must be adopted to capture such a domain. In engine
applications, to reduce the complexity of such flow simulation, a gas injection model can
be used to avoid supersonic flow and shock wave simulation [38]. Only the flow at the
downstream of the Mach disk is modeled by a suitable boundary at its location, assuming
complete mixing between air and fuel. The process between the nozzle outlet and the Mach
disk is assumed to be isothermal, and there is no flow through the barrel shock. The size of
the Mach disk is assigned as the new nozzle diameter, and therefore, the velocity at the exit
of the new nozzle is sonic. This approach saves computational time, but the interaction
between the flow field and the very high-speed jet (1200 m/s) is lost. Additionally, if the
jet is severely under-expanded, multiple disks are created with an oscillating trend, so it
is necessary to evaluate the validity of the model in many operating conditions. In [24],
the accuracy of the scaling arguments for characterizing an under-expanded jet from a
subsonic “equivalent jet” was evaluated. These approaches have been shown to increase
concerns, since the enthalpy change over the expansion region is neglected, along with the
temperature change in the expansion region (reported experimentally in [39]).

Finally, in gaseous injection modelling, the gas is treated as ideal. Due to the negative
Joule–Thomson coefficient of hydrogen (unlike most gases, hydrogen heats up during a
sudden expansion process), temperature profile characteristics very close to the nozzle
outlet cannot be captured using an ideal gas equation of state. Various real gas equations of
state are available, but the sensitivity of the results to these equations must be evaluated [40].

Table 2 summarizes some of the main experimental and numerical analyses aimed at
understanding the dynamics of direct injection of gaseous hydrogen.
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Table 2. Summary of the main experimental and numerical analyses of gaseous direct injection.

References Number of
Nozzle Holes Hole Diameter [mm]

Exit-to-
Chamber

Pressure Ratio

Injection
Pressure [bar]

Experimental
Facility CFD Code Injector

Location on Engine

Ruggles [36] 1 1.5 10.00 - Chamber - -

Scarcelli ICEF
2012 [35] 1 1.0 - 100 Chamber Fluent -

Owston [32] 1
0.6 5.56 52.66 - Code by

Owston [32]

-
1.0 21.47 21.47 - -
0.4 113.5 113.5 - -

Wallner [33]

6 symmetric - -

100.0 Research
engine

- Central

6 symmetric - - - Side (between intake
valves)

5 asymmetric - - -
Side (between intake
valves) and pointed
toward spark plug

5 asymmetric - - - Side and pointed to
piston surface

Yamane [41] 1 0.028 - 100–200 Common rail
setup - -

Sukumaran [38] 1 0.25 3.34 207 - KIVA-4 -

Scarcelli
SAEJ2011 [31]

12 + 1 12 × 0.36 + 1 × 0.38 -
15/100 Optical engine - -

1 1.46 - - -

Hamzehloo [37] 6 Stepped injector:
0.2 to 0.4 - 70/100 - STAR-CCM+ -

7. Ignition System

A suitable ignition system could be adopted to prevent autoignition of the hydrogen-
based mixture due to hot spots on/around the spark plug and to ensure ignition of highly
dilute hydrogen–air mixtures. Another promising option for realizing hydrogen ignition is
the use of unconventional ignition systems called high frequency ignition (HFI) systems,
which are based on the Corona discharge effect [42]. Several research works have shown
that Corona-based ignition devices can significantly extend the lean limit of ICEs [43,44]
due to [45]: (i) producing the largest reaction volume triggered by the ignition event
(three times that of classic spark devices); (ii) having a faster reaction rate, supported by
the electron impact dissociation mechanism, compared to classical oxidation reactions,
leading to ignition events being completed in microseconds instead of milliseconds. These
characteristics are well suited to high load hydrogen ignition because the hydrogen must be
used in a highly diluted environment under those conditions (EGR > 30%, equivalence ratio
≈ 0.6–0.5) [4] in order to reduce the high autoignition energy of the fuel, which would lead
to strong pre-ignition phenomena. The current HFI ignition engine simulation literature is
scarce; therefore, additional emphasis needs to be placed on Corona ignition modeling to
perform accurate CFD hydrogen engine simulations. In this context, a one-dimensional
code that returns the discharge radius of the HFI device and the spatial distribution of some
key radical species (including oxygen) has been developed and validated. [46,47]. The
code can be used as a preliminary tool to handle the simulation matrix of spark discharge
events in different pressure–temperature–fuel concentration combinations. The resulting
discharge penetration and oxygen distribution can be used to compile lookup tables, which
could then be integrated into the CFD code to set the aspect ratio of the ignition volume
i.e., the representative cylinders of the so-called Corona streamers, and the concentration of
radical oxygen inside, which plays the role of booster of the reaction rate.

8. Oil–Fuel Dilution

Hydrogen flames travel closer to the cylinder wall before extinguishing than other
fuels due to their very low quenching distance. The quenching distance from the wall
is about 2.0 mm for methane and gasoline flames, and 0.64 mm for hydrogen flames [1].
This has a significant impact on the combustion in the cylinder-piston spaces and increases
the evaporation of the lubricant, leading to the formation of oil particulate. Furthermore,
the experimental investigations on the H2-fueled engines on the test bench revealed the
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presence of water inside the crankcase, which highlights the increased leakage of fuel
through the piston rings due to the greater fugacity of hydrogen compared to fossil fuels.
In this context, the modeling of the hydrogen leakage through the piston-liner clearance,
and its interaction with the lubricating oil layer which wets the cylinder wall, are gaining
attention. A quasi-dimensional blow-by model based on the geometrical characteristics
of the piston has been coded [48], and it is able to determine the mass flow rate of the gas
through the piston rings and the mass trapped inside the respective crevices. This model
can be run as a stand-alone tool for global analysis and supporting tool paired with CFD
codes for local and three-dimensional leak analysis. To model the hydrogen–lubricant
interaction, a one-dimensional code was developed that simulates the dilution between
lubricating oil and deposited liquid fuel [49,50]. It considers the mass diffusion between
the two liquids, and their heating and evaporation by heat exchange with both walls and
with the gases inside the combustion chamber. For a more comprehensive calculation, the
sub-model accounting for hydrogen absorption in oil should be added.

9. Conclusions

In conclusion, the authors underlined in this perspective paper that hydrogen has
the potential to be the internal combustion engine fuel of the future, first of all because
it is the only one with low NOx emissions (which at low/medium loads are almost nil)
and zero HC and CO2 emissions. The problem of the oil particulate remains (linked to
the characteristics of hydrogen), which must be addressed in the piston-liner clearance
design phase.

The main challenges in using hydrogen as a fuel in spark ignition engines are:

1. Elimination of abnormal combustions: The direct injection of gaseous hydrogen into
the combustion chamber reduces the risk of backfire and pre-ignition in the intake
manifold. The adoption of diluted hydrogen–air mixtures eliminates the risk of
detonation (knock).

2. Management of pre-ignition in the hot areas around the spark plug: It is necessary
to use cooled spark plugs or unconventional ignition systems based on the Corona
discharge effect. Such unconventional ignition systems are suitable for the ignition of
very dilute hydrogen–air mixtures.

3. Definition of the optimal layout and shape of the injector (number of holes, diameter
and relative position on the injector tip).

To design a hydrogen-fueled engine, it is necessary to adopt a methodology based
both on experimental tests and on CFD simulations. The latter could help to reduce design
times and provide a deep understanding of the main critical issues related to the properties
of hydrogen (one example among them: understand how the under-expanded jets interact
with the motion of the charge in the cylinder). To correctly reproduce the hydrogen ignition
and combustion processes in an ICE, 3D CFD simulations can be a great help. Flame
velocity is often estimated from a functional relationship involving the LFS, which is
provided as input to CFD codes in the form of lookup tables or correlations, both based on
experimental data, or if unavailable, on multi-step chemical models. Alongside the LFS
estimate, it is necessary to predict the IDT trend to model the possible autoignition of the
air–hydrogen mixture at the high thermal loads typical of these engines in stoichiometric or
close-to-stoichiometric conditions. Experimental data are scarce on air–hydrogen mixtures,
particularly under engine-like conditions. Developing correlations is very challenging.

Finally, it is worth mentioning that the authors did not address the issues of hydrogen
production, distribution and storage, as these are issues beyond the scope of this work.
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Nomenclature

CFD Computational Fluid Dynamics
DI Direct Injection
EGR Exhaust gas Recirculation
IDT Ignition Delay Time
FC Fuel Cell
Fuel Cell FC
ICE Internal Combustion Engine
IVC Inlet Valve Closure
LES Large Eddy Simulation
LFS Laminar Flame Speed
NOx Oxides of nitrogen
p Pressure [bar]
PFI Port Fuel Injection
RANS Reynolds-Averaged Navier-Stokes
SI Spark Ignition
SOI Start Of Injection
T Temperature [K]
TDC Top Dead Center
x Mixture composition
φ Equivalence ratio
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