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a Università Degli Studi di Modena e Reggio Emilia, Italy
b University of Orléans, France
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A B S T R A C T

This paper proposes a numerical setup for 3D-CFD in-cylinder simulations of H2-fuelled internal combustion 
engines. The 0amelet G-equation model, based on Verhelst and Damköhler-like correlations for laminar and 
turbulent 0ame speeds respectively, is used to reproduce the 0ame propagation. The validation against exper
imental data from a homogeneous-mixture port-injection engine enables a focus on combustion simulation by 
minimising strati5cation uncertainties. Accurate 0ame propagation modelling is identi5ed as the main challenge. 
The results on different operating conditions con5rm the predictive capabilities of the framework, thanks to the 
agreement with the experimental pressure traces, combustion indicators and 0ame imaging. Notably, combus
tion rate predictions remain accurate even without considering the 0ame thermo-diffusive instability, as the 
turbulence effect dominates at the investigated conditions. The combustion regime is analysed by a modi5ed 
Borghi-Peters diagram and it ranges from 0amelet to thin reaction zones. This highlights the numerical setup 
0exibility, which accurately simulates combustion across different regimes.

1. Introduction

In the last years, the growing attention on renewable sources, 
pollution and greenhouse gas emissions has boosted research on green 
hydrogen for automotive applications. H2 intended as e-fuel is poten
tially renewable, as it can be produced by electrolysis, starting from 
water and electric energy obtained via renewable sources (such as wind 
and solar energies). As for the air pollution, H2 can be exploited in fuel 
cells which are characterised by zero emissions. Alternatively, it can be 
used to fuel internal combustion engines (ICEs) and, in this case, apart 
from traces of unburnt hydrocarbons and particulate matter due to 
combustion of the lubricating oil present in the cylinder, only NOx 
emissions can be noticed at the exhaust [1]. Therefore, even for ICEs, the 
use of H2 is bene5cial for the reduction of pollutants. Moreover, for both 
fuel cells and ICEs, adopting green H2 leads to zero CO2 emissions and, 
thus, to carbon neutrality. Finally, from a technological standpoint, the 
role of H2 and in general of e-fuels is of primary importance, as they can 
ensure the survival of consolidated solutions such as the internal 

combustion engine. A recent EU regulation [2] has straightened, for 
passenger cars and light commercial vehicles, the CO2 emission stan
dards. Starting from 2035, new means of transport of such categories 
will have to be characterised by zero greenhouse gas emissions. This 
represents, de facto, a ban on ICEs fuelled with traditional fuels. How
ever, ICEs supplied with CO2-neutral fuels could still be employed. For 
example, as previously discussed, green H2 does not lead to CO2 emis
sions at the exhaust. Moreover, also e-gasoline or biofuels (such as 
biodiesel) may be adopted. Although they are characterised by CO2 
emissions, they are carbon neutral as the CO2 emitted during combus
tion corresponds to the one previously adsorbed during production. In 
particular, the e-gasoline formation relies on CO coming from CO2 
adsorbed in the atmosphere. As for biofuels, they are produced by 
biomass that adsorbed CO2 during its life [3]. Therefore, even if ICEs 
fuelled with e-gasoline or biofuels are not formally zero greenhouse gas 
emission solutions, they are carbon neutral anyway. Not by chance, in 
Ref. [2], there is a paragraph dedicated to CO2-neutral fuels, which 
leaves a possibility for a future opening of the European Union to ICEs 
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supplied with such fuels.
The research on H2 ICEs is not a novelty. In literature, several papers 

can be found, dealing with both experimental and numerical activities. 
For brevity, only the most relevant and recent research activities are 
reviewed in the following and, on the numerical side, the attention is 
focused on CFD works.

Focusing on the experimental side, several concepts or aspects are 
investigated by the research community. For instance, Luo et al. [4] and 
Marwaha et al. [5] experimentally study NOx emissions at different 
operating conditions, while in other works the attention is focused on 
the balance between thermal ef5ciency and waste energy recovery from 
the turbocharger in boosted hydrogen engines [6]. Tsujimura and 
Suzuki [7] develop a stationary hydrogen engine with large displace
ment. Leite et al. [8,9] analyse combustion of ultra-lean H2 engines, 
focusing on the description of the combustion initiation. Fontanesi et al. 
[10] and Postrioti et al. [11] carry out experimental characterisations of 
hydrogen jets along with 3D-CFD analyses to deepen the involved 
phenomena.

Similarly, the numerical works aim to highlight the potential of CFD 
to develop H2 ICEs. Among the possible tasks, CFD is often adopted to 
optimise the combustion process (in place of expensive experiments), 
increasing ef5ciency and simultaneously reducing NOx emissions. 
However, in order to exploit the potential of CFD for the simulation of H2 
ICEs, new models have to be developed or the existing ones (well- 
consolidated for traditional fossil fuels) need ad-hoc validation.

As for the development of new models, ultra-lean hydrogen com
bustion poses novel challenges due to the inherent complexities of H2 
0ames. Probably, the most relevant peculiarity of hydrogen combustion 
is represented by thermo-diffusive (TD) instabilities. Therefore, a 
modelling approach able to include their effect is of primary importance. 
In this regard, recent studies try to deepen the role of TD instabilities in 
H2 0ames, such as the ones proposed by Berger et al. [12–14] and 
Howarth et. at. [15,16]. In these studies, hydrogen 0ames are simulated 
in a small domain by means of direct numerical simulations (DNS) 
carried out at pressure and temperature typical of internal combustion 
engines operations. Laminar simulations are carried out in both 2D and 
3D domains, observing differences in the hydrogen unstretched laminar 
0ame speed enhancement due to the possibility for TD instabilities to 
manifest in 2 or 3 directions. Moreover, in both Berger and Howarth 
works, 3D turbulent simulations are also performed to investigate the 
mutual interaction between turbulence and instabilities. However, the 
investigated operating conditions are limited compared to the possible 
combinations of chemistry and turbulence conditions that can be 
experienced in ICEs. Other works such as the experimental ones of 
Bradley et al. [17,18] try to clarify the actual effect of the TD instabilities 
in turbulent 0ows. Although the literature has yet to reach a de5nitive 
conclusion on this topic, some key aspects can be inferred. Notably, the 
accelerating effect of the TD instabilities in laminar 0ows of lean H2-air 
mixtures is well established. In addition, such effect depends in a com
plex way on pressure, temperature and equivalence ratio. In case of mild 
turbulence, the overall 0ame propagation speed is governed by both 
turbulence and instabilities. For high turbulence levels, the 0ame ac
celeration is primarily driven by turbulence itself rather than TD insta
bility effects. However, aspects such as the time required for the 
instability to fully develop remain scarcely explored. This is important 
considering that, on the one hand, most of the conclusions from the DNS 
are based on statistically steady 0ames and, on the other hand, com
bustion is highly unsteady and rapid in ICEs, meaning that the 
steady-state 5ndings may not directly apply to real engine conditions. 
Concluding, modelling and relevance of TD instabilities still represent 
an open debate in the context of H2 ICEs.

In literature, the efforts of the authors are not only focused on the 
proposal of new models, but also on their validation. Different numerical 
approaches to H2 combustion simulation are tested in previous works. 
Detailed Chemistry (DC) is widely diffused. For instance, SAGE model is 
employed by Liu et al. [19] to model H2 combustion with turbulent jet 

ignition (TJI) and by Babayev et al. [20] to investigate a compression 
ignition H2 engine. Other authors prefer the adoption of 0amelet 
models. Gerke et al. [21] rely on the laminar 0ame concept of Peters 
[22] along with a turbulent 0ame closure to describe the global reaction 
progress. The main critical aspect in Ref. [21] is that it is not possible to 
de5ne a unique set of calibration parameters of the combustion model 
able to provide reliable results for all the investigated conditions. 
Different works rely on the Coherent Flame Model (CFM) or its 
“Extended” version (ECFM). In particular, Pielecha et al. [23] exploit the 
CFM for a numerical study on a TJI hydrogen engine, so no validation is 
presented. Rouleau et al. [24] adopt the ECFM to investigate a 
high-compression-ratio direct-injection hydrogen engine. Maio et al. 
[25] compare 3D-CFD results obtained by ECFM model with experi
mental data on a hydrogen engine equipped with both port fuel injection 
(PFI) and direct injection (DI) systems. Knop et al. [26] investigate two 
hydrogen engines, one PFI characterised by a cryogenic injection sys
tem, and one DI, using ECFM. However, these works based on CFM or 
ECFM are characterised by a scarce validation against experiments (i.e. 
few operating conditions are considered for comparison). Moreover, the 
two combustion models often undergo a case-by-case calibration, as a 
con5rmation of the poor predictive capabilities of the selected numeri
cal frameworks. In literature, there are also works relying on combina
tions of “0amelet” models and DC. Hernandez et al. [27] simulate 
ultra-lean hydrogen combustion using G-equation model paired with 
tabulated chemistry for the laminar 0ame speed computation, also 
considering thermo-diffusive instabilities. Sfriso et al. [28] and Berni 
et al. [29] adopt G-equation coupled with DC for the online calculation 
of the burnt gas composition. Therefore, the heat release rate is gov
erned by both G-Equation and DC.

In conclusion, none of the above-mentioned works is characterised 
by extended validation on a wide set of operating points with single 
calibration of the models. For this reason, the present paper aims to 
propose and extensively validate a 3D-CFD approach for in-cylinder 
analyses of H2 ICEs. The validation is carried out on 15 operating con
ditions (including ultra-lean ones) by using a unique set of model cali
bration constants. The numerical approach exploits the G-equation 
combustion model fed by a Damköhler-like correlation of turbulent 
0ame speed [30–32] in which the laminar 0ame speed is provided by 
Verhelst correlation [33]. The experimental activity is performed on an 
optical research engine derived from the gasoline PSA EP6.

The validation of the numerical approach proposed in the present 
paper starts from previous works by the authors [34,35], where it is 
shown to be effective in predicting the performance of a Diesel engine 
converted to H2. The investigated powertrain is direct injection and the 
numerical analyses are performed on a set of 11 cases, characterised by 
different values of equivalence ratio and revving speed. However, in 
order to focus better the validation on the combustion process, the au
thors also investigate a PFI engine in Ref. [35]. This power unit is the 
same PSA EP6 analysed in the present paper, in which the port injection 
strategy ensures homogeneous mixture in the combustion chamber. 
Compared to Ref. [35], where few conditions are investigated, in this 
work the validation process is stressed. In fact, 15 operating points are 
considered, characterised by different revving speeds, spark timings, 
indicated mean effective pressure (IMEP) values, and equivalence ratios 
(from 0.30 to 0.55). Interestingly, the calibration parameters of the 
models are the same for all the 15 cases and also corresponding to those 
adopted for the simulations of the Diesel-derived H2 engine investigated 
in Refs. [34,36]. In addition, for all the analysed conditions, the 
thermo-diffusive instability is neglected as the effect is deemed to be 
minimal. Finally, still in comparison with [35], an insight into the 
combustion regime is proposed. In fact, because of the wide set of 
operating points, multiple combustion regimes characterise the engine 
operation [9] and, nevertheless, the adopted “0amelet” combustion 
model is able to work properly for all the conditions.

The proven predictive capabilities of the proposed numerical 
approach open the possibility to its use for future design exploration and 
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engine calibration analyses. This is crucial as a robust numerical 3D-CFD 
methodology allows engineers to virtually address the challenges 
related to H2 ICEs with lower cost and time-to-market compared to 
experiments.

After the introduction, the experimental apparatus along with the 
engine are described. Numerical setup details are then deepened. Af
terward, the CFD outcomes are compared to the experimental ones. 
Finally, before the conclusions, a discussion of the simulation results in 
connection with the identi5ed combustion regimes is proposed.

2. Investigated engine and experimental apparatus

A four-valve spark-ignition single-cylinder optical engine is investi
gated, whose speci5cations are reported in Ref. [35]. The engine is 
characterised by tumble-promoting intake ports and a piston with op
tical access. Nonetheless, the piston shape is similar to the original 
gasoline engine. The bowl features a quartz window allowing for 
hydrogen 0ame visualization by a high-speed camera (Phantom v1610) 
exploiting the chemiluminescence. It is characterised by band-pass 5lter 
(with a centre wavelength of 318 nm and a full width at half-maximum 
of 175 nm) and high-speed Intensi5ed Relay Optics (LaVision HS IRO). 
Image acquisition occurs at a frequency of 1 image/◦ CA, with a 
magni5cation ratio of 0.092 mm/pixel. Camera exposure time and gain 
of the intensi5er vary based on the equivalence ratio (φ) and, by varying 
φ between 0.55 and 0.30, they range from 30 μs and 50 % to 80 μs and 
65 %. As for the ignition, the three-mass-electrodes Bosch ZLR07MTE 
spark plug is chosen. It is preferred with hydrogen as it represents a valid 
compromise between cycle-to-cycle variability minimization at low 
loads and knock tendency reduction at high loads. Fig. 1 shows a model 
of the additional ducts and plenums placed at intake and exhaust. 
Interestingly, in order to ensure mixture homogeneity, hydrogen is 
introduced by a 6 mm pipe located near the intake plenum (in corre
spondence of the blue manifold), i.e. far from the intake valves. More
over, the duct length is chosen to let the turbulent macro structures 
generating at the junction with plenum dissipate. For further informa
tion, the experimental setup is detailed in Ref. [8].

In Fig. 2, a block diagram of the test bench is reported. As visible, 
sensors record, with a 0.01 ◦CA resolution, the pressure in the intake and 
exhaust plenums and in the cylinder. The cycle-resolved pressure values 
are averaged on 100 consecutive cycles and adopted in the simulations 
as boundary conditions and for validation, respectively. The adopted 
piezoelectric pressure sensor is an AVL QH32C quartz transducer char
acterised by a range of 200 bar and a sensitivity of 26.82 pC/bar, with a 
maximum linearity error of ±0.25 % of the full-scale output. In order to 
control the mixture quality, the mass 0ow rates of the aspirated air and 
injected hydrogen are measured. The temperatures of the exhaust and 
intake plenums are also measured. Because of the intrinsic thermal 
inertia of the thermocouples, the time resolution is poor and it is not 
possible to obtain cycle-resolved traces. As a consequence, constant 
temperature values are adopted as boundary conditions for the 
simulations.

The tested operating conditions are resumed in Table 1. The cases 1 
to 6 are characterised by the same spark time, intake pressure and en
gine speed, while the equivalence ratio varies from 0.30 to 0.55. The 
cases 7 to 10 have the same spark advance of the previous ones while the 

intake pressure is 5xed to 0.9 bar. The equivalence ratio sweeps from 
0.30 to 0.45. Finally, the conditions of the cases 11 to 15 are obtained by 
pursuing the same IMEP. This is obtained by increasing φ and reducing 
spark advance and intake pressure. For these cases, the engine speed 
lowers from 1500 to 1200 rpm.

3. 3D-CFD model setup

The adopted CFD tool is the commercial code STAR-CD, licensed by 
SIEMENS DISW and extensively adopted by the authors in the past. An 
Unsteady Reynolds Average Navier Stokes (URANS) approach is 
preferred, exploiting the k-ε RNG model [37,38] for the turbulence 
closure. This model is widely used in literature and by the authors in 
many publications [39–44]. The near-wall 0ow is modelled by a 
high-Reynolds wall treatment to minimize the computational time. The 
“Improved GruMo-UniMORE” model is used for the heat transfer pre
diction [45–47]. It is independent of the near-wall grid resolution and it 
uses the effective Prandtl number of the gas mixture. The time-step is 
equal to 0.05◦ crank angle (CA) during ignition, combustion and valve 
motion. During the rest of the cycle, it is set to 0.1◦ CA. The 0◦ CA 
corresponds to the Top Dead Centre of 5ring (TDCf) and the simulation 
starts during the expansion stroke, i.e. at 90◦ CA. The 5rst cycle is 
initialized with guessed 5elds of temperature, pressure and velocity and 
then, multiple cycles are run for each operating point in order to reduce 
the sensitivity to the initial conditions. Three cycles are suf5cient to 
reach a cycle to cycle convergence of the pressure traces.

According to the experimental test speci5cally prepared to ensure 
homogeneity, a perfectly premixed hydrogen-air mixture is imposed at 
the inlet boundary of the model. As anticipated in the previous para
graph, experimentally derived time-dependent conditions of pressure 
are applied at the intake and exhaust boundaries. In this regard, Fig. 3
shows an example of pressure boundary conditions. As for the temper
ature, constant values are imposed, and they are reported in Table 1.

As for the solid boundaries, a dedicated temperature is speci5ed for 
each single wall, based on the author’s experience on heat transfer 
analysis [48–50]. More details can be found in Ref. [35].

The ignition is treated by an in-house developed approach based on a 
sub-grid model. The latter has been extensively validated within a large 
eddy simulation (LES) framework [51,52] and, for the present study, a 
URANS version is used. In the current implementation, the delay related 
to the electric circuit is neglected. The reason is the time interval be
tween nominal spark time and actual breakdown, which is approxi
mately 10 μs and, thus, negligible at the investigated engine speeds 
[53–55].

The model starts with the deposition of an initial spherical 0ame 
kernel. Then, its growth is governed by a 1D ordinary differential 
equation (ODE) whose unknown is the kernel radius. The equation is 
solved starting from the spark timing until a threshold value for the 
unknown variable is reached. The 1D ODE is detailed in Equation (1)
and it is similar to the Herweg and Maly model [56]. 
drk
dt =

ρu
ρk

(Sl + SPlasma) +
Vk
Ak

[ 1
Tk

dTk
dt

]

(1) 

In Equation (1), rk, ρk, Tk, Vk and Ak are kernel-related quantities and 
they are radius, density, temperature, volume and surface area, 
respectively. The other quantities are time t, density of the unburned 
gases ρu, laminar 0ame speed Sl and expansion velocity of the plasma 
column forming in the spark gap SPlasma. Unlike Herweg and Maly model, 
the present approach relies on a laminar 0ame speed inside Equation 
(1), instead of a turbulent one. Once a threshold value of rk is reached, 
the ignition model (i.e. the ODE) stops and the 0ame propagation is 
governed by G-equation. As for the threshold value, 2.3 mm is adopted. 
This is coherent with [56], where the turbulence contribution is sug
gested to be signi5cant after ≈ 2 mm, thus reducing the accuracy of the 
1D model.Fig. 1. Model showing the engine head (along with the cylinder) as well as 

intake (on the left) and exhaust (on the right) ducts and plenums.
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In order to infer the value of SPlasma, Equation (2) is employed, which 
is a one-dimensional unsteady heat conduction equation. 

ρcp
∂T
∂t =

∂

∂x
(

k ∂T
∂x

)

(2) 

The quantities appearing in Equation (2) are density ρ, speci5c heat 
cp, temperature T, time t, space (radial) coordinate x and thermal con
ductivity k. As all these properties are related to plasma, the experi
mental measure is dif5cult. Estimations can be found in Refs. [57–63], 
where the product ρcp is proposed equal to 8000 J/(m3K), while thermal 
conductivity and boundary condition for Equation (2), i.e. the temper
ature at x = 0, are suggested equal to 0.2 W/(mK) and 60⋅ 103 K, 
respectively.

The initial condition of Equation (1), namely the initial value of rk 
(rk,init), is evaluated via a simpli5ed method similar to the one proposed 
by Colin [64]. The initial kernel is assumed as a perfect sphere with 

radius rk,init, whose volume equals the volume of the plasma channel 
formed between the electrodes, supposed as a perfect cylinder. In this 
regard, the height of the cylinder corresponds to the spark gap (dgap =
0.5 mm in this case) while the radius is the laminar 0ame thickness (δl) 
at the unburnt gas conditions at the spark-plug. Equation (3) expresses 
the volume of the cylinder, from which rk,init can be inferred, as shown by 
Equation (4). 
Vk,init = dgapπδl2 (3) 

rk,init =
( 3

4π
Vk,init

)1/3
(4) 

It is worth noting that the adoption of Equation (3) is related to the fact 
that, if the ignition is successful, the volume of the initial kernel is 
assumed for simplicity equal to the plasma channel one. The latter is 
modelled as a cylinder characterised by a height equal to the spark gap 

Fig. 2. Test bench block diagram.

Table 1 
Operating points investigated at the bench and utilized for simulation validation. bTDC and CoV stand for before Top Dead Centre and Coef5cient of Variation.

Case 
Number 
#

φ Ignition [◦ CA bTDC] Intake temperature [K] Exhaust temperature [K] Average intake pressure [bar] rpm CoV IMEP [%]

1 0.30 15 295.7 596.0 0.70 1500 4.87
2 0.35 15 295.7 608.6 0.70 1500 2.14
3 0.40 15 295.8 623.7 0.70 1500 1.37
4 0.45 15 295.9 635.0 0.70 1500 0.97
5 0.50 15 296.0 658.4 0.70 1500 1.17
6 0.55 15 296.0 666.2 0.70 1500 1.51
7 0.30 15 295.2 590.4 0.90 1500 3.66
8 0.35 15 295.3 598.8 0.90 1500 1.81
9 0.40 15 295.5 612.6 0.90 1500 1.45
10 0.45 15 295.7 623.0 0.90 1500 1.10
11 0.35 23 296.2 544.0 0.89 1200 1.42
12 0.40 18 296.5 566.6 0.82 1200 1.07
13 0.45 14 296.7 599.2 0.75 1200 1.37
14 0.50 11 296.9 597.2 0.73 1200 1.20
15 0.55 8 297.0 610.0 0.72 1200 1.13
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and a radius equal to the laminar 0ame thickness [65]. The spark gap is 
selected as the spark extends between the electrodes. As for the laminar 
0ame thickness, its adoption ensures that the kernel radius is 5xed at the 
minimum. In fact, once the cylindrical geometry is assumed for the 
kernel, the radius cannot be lower than the laminar 0ame thickness. For 
each operating point, the value of δl is calculated using 1D steady-state 
simulations of freely propagating 0ame in DARS v2020.1, licensed by 
SIEMENS DISW. The governing equations are detailed in the DARS user 
guide [66]. The simulations employ the chemical kinetics mechanism 
proposed by Konnov [67]. The thermodynamic conditions found at the 
spark plug in the 3D-CFD simulations are used for the 1D computations 
and they are resumed in Table 2. The last two columns of the same table 
report the computed laminar 0ame thickness and the corresponding 
0ame kernel dimension, for all the tested operating conditions.

As previously anticipated, G-equation is used to model the turbulent 
premixed combustion. The model uses a level-set method that tracks the 
scalar G representing the distance from the 0ame front by the transport 
equation reported in Equation (5). The iso-surface where G = 0 indicates 
the 0ame front position, while positive values of this scalar conven
tionally fall in the burnt region. 
∂

∂t ρG+
∂

∂xi
ρuiG = ρSt |∇G| (5) 

In order to mimic the structure of a turbulent 0ame, the variance of G is 

considered, which is utilized to compute the turbulent 0ame thickness. 
The latter is necessary to represent the evolution of the combustion re
actions across the 0ame front. In this regard, a regress variable (c) is 
calculated based on the brush thickness. For further details, it is possible 
to refer to Ref. [68]. In Equation (5), t is the time, xi is the position in the 
i-direction, ui is the velocity in the i-direction and ρ is the density. The 
turbulent 0ame speed St is computed by a Damköhler-like empirical 
relation reported in Equation (6) [69]. 

St = Sl

(

1+A ⋅

(uʹ

Sl

)

5
6) (6) 

Sl and uʹ represent the laminar 0ame speed and the rms of the turbulent 
velocity 0uctuations. uʹ is computed in the simulations as 

̅̅̅̅̅̅̅̅̅

2
3 tke

√

, where 
tke is the turbulent kinetic energy. The empirical coef5cient A is set to 
3.3 in this study. The laminar 0ame speed is calculated using Verhelst 
correlation [33], which 5ts chemical kinetics computation results ob
tained with Konnov mechanism [67]. This correlation is valid for the 
following ranges of pressure (p), temperature (T), equivalence ratio (φ), 
and exhaust gases recirculation (EGR): 5 bar ≤ p ≤ 45 bar, 500 K ≤ T ≤
900 K, 0.33 ≤ φ ≤ 5, and 0 % ≤ EGR ≤50 %. The combinations of 
pressure, unburnt temperature and equivalence ratio experienced by the 
mixture throughout the cases are various but always inside the valida
tion ranges of Verhelst correlation (except for the two conditions at φ =

0.30 which are, however, really close to the lower limit of 0.33). This 
correlation does not account for the 0ame acceleration due to 
thermo-diffusive instabilities, which are not considered in the present 
paper. The reason for this approximation can be found in Ref. [35]. In 
Ref. [35], the works of Matalon [70] and Howarth [16] are recalled. 
Matalon models the perturbation of a 5nite-thickness planar 0ame as a 
wave, whose growth rate (ω) is computed by a second-order expression. 
In Ref. [16], the second order component (ω2) of the 0ame instability 
growth rate is used by Howarth et al. to correlate the unstretched 
laminar 0ame speed and the one accelerated by the thermo-diffusive 
instabilities as measured from 3D DNS. Howarth shows that, the 
higher ω2 is, the higher the contribution of the TD instability becomes. 
ω2, representing the TD contribution, is shown in Ref. [35] for some of 
the operating points investigated in the present paper, to prove that 
thermo-diffusive instabilities have limited in0uence on engine perfor
mance prediction. More in detail, in Ref. [35] it is shown that, for the 
investigated cases operated at φ < 0.40, the thermo-diffusive in
stabilities are able to almost double the laminar 0ame speed with 
reference to the unstretched one. However, under such conditions, it is 
also shown that the Karlovitz stretch factor (K), as computed by Bradley 
et al. [17,18] is higher than 0.1. Since K quanti5es the relative impact of 
laminar (i.e. instabilities) and turbulent effects on wrinkling, high values 
of the parameter suggest that the 0ame speed enhancement can be 
effectively approximated as being entirely driven by turbulence. 
Therefore, for the operating conditions investigated in Ref. [35] and in 
the present paper, the impact of the thermo-diffusive instabilities on the 
capabilities of the framework to correctly predict engine performance 
can be considered of secondary importance. This is not in contrast with 
the existing literature. Although recent fundamental works [12,14] 
highlight the in0uence of the TD instabilities at engine-like conditions, 
many applicative works [20,23,24,26,71–74] carried out in the past 
obtain reasonable results neglecting them. This suggests that the actual 
in0uence of the instabilities on engine performance can vary from case 
to case. It is also important to point out that, in these considerations, 
only the impact of the TD instabilities on engine performance is 
considered. Other effects such as on NOx emissions are neglected at this 
stage.

Before moving to the next section, it is useful to highlight that the 
only calibration parameters used in the simulations are the rk threshold 
value for the ignition model and the constant A for the combustion one. 
The values used in the present work are the same throughout the 

Fig. 3. Intake and exhaust time-dependent pressure boundary conditions for 
case #6.

Table 2 
Pressure, temperature and equivalence ratio found at the spark time for each 
case. The values are average quantities over a gas volume at the spark-plug. The 
laminar 0ame thickness calculated from the 1D computations, and the resulting 
kernel radius are reported as well.

Case number p [bar] T [K] φ [−] δl [mm] rk,init [mm]
1 11.4 732 0.30 0.168 0.220
2 11.4 732 0.35 0.096 0.151
3 11.4 732 0.40 0.068 0.120
4 11.4 732 0.45 0.056 0.106
5 11.4 732 0.50 0.05 0.098
6 11.4 732 0.55 0.049 0.097
7 14.4 722 0.30 0.191 0.240
8 14.4 722 0.35 0.098 0.153
9 14.4 722 0.40 0.066 0.118
10 14.4 722 0.45 0.05 0.098
11 10.8 681 0.35 0.127 0.182
12 11.6 711 0.40 0.072 0.125
13 11.9 731 0.45 0.054 0.103
14 12.8 743 0.50 0.045 0.091
15 12.8 752 0.55 0.043 0.089
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operating points and, interestingly, they are very close to the ones 
adopted in a previous work carried out with the same framework but on 
a completely different engine [34,35]. However, despite the robustness 
of the framework (as it will be pointed out in the result section), the 
values of the calibration parameters are expected to be valid as long as 
the proposed framework is not modi5ed. For example, changing the 
laminar 0ame speed correlation may drive a (minimal) re-calibration of 
the parameters.

Another aspect to point out is that, although only two close revving 
speeds are analysed, the equivalence ratio range of the operating points 
is quite wide, leading to laminar 0ame speed values spanning three 
orders of magnitude. Therefore, even if a narrow range of turbulence 
levels is investigated, actually very different values of the ratio between 
turbulence and chemistry scales are explored. This means that the 
Damköhler-like correlation is validated against a wide distribution of 
points in the Borghi-Peters diagram. This aspect will be better detailed 
and discussed in the results section.

Finally, an overview on the computational mesh is given (see Fig. 4). 
It is composed by nearly 600 k cells at the bottom dead centre (BDC), 
with a minimum size of 0.6 mm and a maximum of 1.2 mm. A re5ne
ment around the spark plug is present, with halved cell size. A prismatic 
layer of 0.3 mm thickness is present on all the solid surfaces. This mesh is 
created based on the authors’ experience on in-cylinder simulations and 
then veri5ed by a sensitivity reported in Ref. [35].

4. Results

As previously anticipated, H2 is port injected far from the intake 
valves to obtain a homogeneous mixture inside the cylinder. Accord
ingly, the mixture at the intake boundary of the domain is assumed to be 
perfectly premixed. In terms of modelling, the experimental injection 
strategy allows the focus to be placed on combustion rather than on 
injection and mixing processes. Therefore, cold 0ow results are not 
presented in the following and the discussion is entirely focused on the 
combustion outcomes. In the 5rst paragraph, numerical pressure traces 
are compared to the experimental counterparts for each of the investi
gated cases. Comparisons in terms of combustion indicators and 0ame 
imaging are also proposed.

In the second paragraph, the combustion regimes characterising the 
investigated cases are analysed.

4.1. Numerical-experimental comparison

In the present section, the predictive capabilities of the proposed 
approach are proven. At 5rst, a numerical-experimental comparison in 
terms of pressure traces is proposed. The comparison starts with the φ 

sweep at 0.7 bar of intake pressure, which is reported in Fig. 5a). Then 
Fig. 5c) and e) show the φ sweeps at 0.9 bar and constant IMEP. Overall, 

a strong agreement between CFD and experimental outcomes is found. 
The main discrepancies deal with the pressure peak for some cases. In 
particular, major underpredictions (but always lower than 1.3 bar) are 
noticed in the φ = 0.45 case of the 0.7 bar sweep, in the φ = 0.40 case of 
the 0.9 bar sweep and in the φ = 0.35 case of the constant IMEP sweep. A 
more detailed comparison between CFD and experiments is obtained by 
the apparent heat release rate (AHRR) traces reported in Fig. 5b), d) and 
5f). An overall agreement is con5rmed, even if discrepancies are iden
ti5ed also for this quantity. In particular, the main differences between 
numerical and experimental values are observed in correspondence of 
the AHRR peaks and towards the combustion completion, where the 
numerical traces are, for most cases, too in0ated with respect to the 
experimental ones. The reason for this overestimation is multiple. 
Firstly, 0ame quenching at the walls is not modelled at this stage of 
numerical framework development. The effect can be non-negligible 
during the combustion completion, when the 0ame is close to the 
chamber walls. Secondly, the blow-by is not considered in the simula
tions even if slightly present in the experiments. Thirdly, although the 
boundary conditions derive from the experimental measurements, 
minimal errors in the numerical trapped mass of the different cases are 
present. Fourthly, the adopted heat transfer model is widely tested on 
gasoline and Diesel engines but no validation is available for H2 ICEs. 
Although it should be able to account for the mixture properties (thanks 
to variable Prandtl number inside the thermal wall function), the low 
quenching distance characterising H2 combustion may require ad hoc 
modi5cation of the model. Anyway, despite the overestimations in terms 
of total heat release in some operating conditions, the overall agreement 
between simulations and experiments is not remarkably affected.

For a more quantitative comparison between CFD and experiments, 
combustion indicators (MFB, mass of fuel burnt) are reported in Fig. 6, 
where MFB 0–10, MFB 50 (combustion timing) and MFB 10–90 (com
bustion duration) are proposed. They are CA intervals between spark- 
time and 10 % of MFB, between spark-time and 50 % of MFB and be
tween 10 % and 90 % of MFB, respectively. Combustion timing is 
properly captured, as demonstrated by the MFB 50 plots. The error be
tween numerical and experimental values is reported and is shown to be 
minimal. Greater gaps can be noticed for MFB 0–10 and MFB 10–90. As 
for the latter, the overall tendency throughout the sweeps is to under
estimate the combustion duration for the lower equivalence ratios, 
because of inaccuracies in the combustion completion prediction. This is 
mainly related to the 0ame-wall interaction, which is not modelled here. 
In fact, very lean mixtures are more sensitive to 0ame quenching at the 
end of the combustion while approaching the walls. Conversely, by 
increasing the equivalence ratio, the sensitivity is lower and the CFD 
outcomes are more accurate compared to the experimental 
counterparts.

As a further validation, a comparison in terms of imaging is also 
proposed. In Fig. 7, the experimental 0ame images are compared with 

Fig. 4. Computational grid a) with a detail of the spark re5nement b).
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the calculated G = 0 isosurface, for the φ sweep at intake pressure of 0.7 
bar. Only this sweep is considered for the comparison, as experimental 
images are not available for the other operating conditions. In each row, 
three different CAs are compared: 709◦, 715◦ and 721◦. 709◦ is the 
minimum CA at which the 0ame kernel is visible in the φ = 0.30 case, 
while 721◦CA is the maximum one before the 0ame expands beyond the 
optical window in the φ = 0.55 case. 715◦ CA is purposely chosen as in 
the middle of the previously considered values. Overall, the numerical 
representations closely resemble the experimental images. A more 
detailed discussion of the imaging is proposed in the following.

Considering the combustion indicators presented in Fig. 6, the MFB 
0–10 is roughly 16◦ CA for the φ = 0.40 case and 10◦ CA for the φ = 0.55 
one. Therefore, the 10 % of MFB occurs at about 721◦CA and 715◦CA, 
respectively. Not by chance, observing the images of Fig. 7, φ = 0.40 

case at 721◦ CA and φ = 0.55 one at 715◦ CA show a similar 0ame 
position. In addition, the previously discussed increasing overestimation 
of the MFB 0–10 obtained by lowering the equivalence ratio is con5rmed 
by the images, that show a predicted 0ame radius smaller than the 
experimental counterpart at φ = 0.30 and φ = 0.35.

In order to perform a quantitative comparison, Fig. 8a) reports a plot 
of the 0ame radius as a function of the CA, while Fig. 8b) its time de
rivative. The radius is computed as the one of the circle characterised by 
the same perimeter of the 0ame contour. The equivalent radius is 
calculated using the same method for both numerical and experimental 
images. The solid lines are the ensemble average experimental data, 
with the semi-transparent area representing a ±2σ deviation. The 
computed data are reported with dotted lines. The lines interrupt 
roughly in correspondence of the 5 % of burnt mass. As the 0ame radius 

Fig. 5. Numerical-experimental comparison in terms of pressure traces and AHRR at intake pressure of 0.7 bar (a and b), intake pressure of 0.9 bar (c and d) and 
constant IMEP (e and f).
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evolution is almost linear in all the cases, two important factors should 
be considered: the slope of the lines and their shift. Before analysing 
such factors, it should be pointed out that, in the CFD framework, the 
ignition model switches off soon in the combustion process, i.e. at 
~707◦CA for the φ = 0.55 case and ~712◦CA for the φ = 0.30. This 
means that the ignition model is mainly responsible for the shift, while 
the slope (i.e. combustion rate) is primarily related to the combustion 
model (intended as a combination of model itself and correlations of 
laminar and turbulent 0ame speeds). As visible in Fig. 8a) and con5rmed 
by the derivative reported in Fig. 8b), the slope is reasonably captured, 
as proof of the reliability of the combustion model. All the numerical 

curves fall in the respective bands representing 95 % of the experimental 
traces. The main issues deal with the shifts of the traces, which are 
primarily accumulated during the ignition model activity periods. 
However, errors can be considered acceptable, even if there is room for 
improvement in the ignition modelling.

4.2. Combustion regime

The second section of the results is dedicated to a deepening of the 
combustion regimes characterising the investigated cases. Internal 
combustion engines often exhibit “0amelet” combustion, for which the 

Fig. 6. Comparison of combustion indicators (MFB 0–10, MFB 50 and MFB 10–90) for a) the φ sweep at intake pressure of 0.7 bar, b) the φ sweep at intake pressure 
of 0.9 bar and c) the φ sweep at constant IMEP.
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G-equation model (as implemented in the adopted software) is devel
oped and widely adopted [69]. The goal of this section is, on the one 
hand, to con5rm the presence of “0amelet” combustion in the investi
gated cases. On the other hand, it is necessary to examine the applica
bility of the consolidated combustion regime classi5cation methods and 
to verify potential modi5cations proposed in the literature that can 
enhance their accuracy. The analysis is carried out by means of the 
Borghi-Peters diagram as presented in Ref. [69], since it is a 
well-consolidated tool to classify the combustion regimes of hydrocar
bon fuels.

Before the results, it is important to emphasize that criteria 
commonly adopted with hydrocarbon fuels for classifying combustion 
regimes (also used in the Borghi-Peters diagram [69]) may be inade
quate for hydrogen. For instance, one of the criteria is that the com
bustion regime moves from “0amelet” to “thin reaction zones” for 
Karlovitz number (Ka) greater than 1, i.e. above the so-called Kli
mov-Williams limit de5ned by the condition Ka = 1. This criterion is 
obtained through a series of assumptions [75,76], among which Lewis 
number equal to 1, which is not the case of lean H2/air mixtures. If the 
hypotheses are not respected, the combustion classi5cation can be 

Fig. 7. Numerical-experimental comparison in terms of 0ame imaging at 709◦CA, 715◦CA, and 721◦CA for each case of the φ sweep at intake pressure of 0.7 bar.
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misleading. This is con5rmed by Aspden et al. in Ref. [77], who vary the 
equivalence ratio of a lean hydrogen-air mixture (and, so, the Lewis 
number) and, although the Damköhler (Da) and Karlovitz numbers are 
kept constant, the combustion regime shifts from “thin reaction zone” to 
“broken reaction zones”. The 5ndings proposed by Aspden et al. point 
out the limitations of the combustion regime classi5cation proper of 
hydrocarbon fuels when applied to lean hydrogen combustion. In 
response, the same authors propose a modi5cation to the classical def
initions of Da and Ka, by computing these numbers via freely propa
gating 0ame properties instead of laminar ones. This approach allows 
them to obtain coherent results, i.e. when varying the Lewis number 

while keeping Ka and Da constant, the DNS simulations consistently 
exhibit the same combustion regime across the different conditions. This 
means that, by adopting ad-hoc de5nitions of Da and Ka, the 
Borghi-Peters diagram could be still adopted for classi5cation of com
bustion regimes.

In the light of the discussion above, in the present paper the Borghi- 
Peters diagram is presented both in its original form and in the modi5ed 
version based on the approach proposed by Aspden [77]. The compar
ison between original and modi5ed diagrams is shown in Fig. 9. The 
modi5ed ones feature different axis names, where the additional 
subscript ‘F’ indicates the freely propagating 0ame properties. Such 

Fig. 7. (continued).
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properties, namely laminar 0ame speed and thickness, are computed 
through the correlations proposed by Howarth [16]. For completeness, 
in each operating condition, the initial marked point represents the 
combustion start and the line is the evolution of the regime during the 
combustion process. Each point of the line represents a different CA and 
it is obtained by calculating the average combustion regime on the re
action zone. It can be observed that both versions of the diagram cover a 
wide range of conditions, although the spread is narrower in the cor
rected version. In both the diagrams, the combustion traces extend 
beyond the formal applicability limits of G-equation. However, the 
corrected version exhibits an overall shift of the traces toward the 

“0amelet” combustion regime. For instance, the two cases at φ = 0.35 
move from being entirely within the thin reaction zones to partially 
entering the “0amelet” regime.

Although the use of the adopted combustion model is not strictly 
valid given the results proposed in Fig. 9, G-equation combined to a 
Damköhler-like correlation is able to reliably predict the combustion 
evolution for all the investigated cases, as demonstrated in the previous 
paragraph. This capability is con5rmed by experimental observations of 
the authors of the present paper on the same engine. In the experiments 
proposed in Ref. [9] and carried out at 1200 rpm, with φ values from 
0.25 to 0.55, a wide range of conditions is covered. As a consequence, 

Fig. 7. (continued).
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although the corrections move all the operating points outside the 
“broken reaction zones” regime, the 0ame occupies different regions of 
both the original and modi5ed Borghi-Peters diagrams. As for the Kar
lovitz number, the original and modi5ed formulations span four and 
three orders of magnitude (from 0.025 to 178 and from 0.034 to 70), 
respectively. Despite the very different conditions, the authors show that 
the behaviour of the 0ame can be represented by a single Damköhler-
like correlation, similarly to the numerical simulations. More in detail, 
Fig. 10a) and 10b) show the original and modi5ed Borghi-Peters dia
grams with the experimentally investigated conditions. Each point 
represents an operating condition, and it is calculated when the 0ame 
front has an equivalent radius of 8 mm. For the calculation of the points 
(i.e. the positioning inside the diagram), the 0ame speed and thickness 
are computed trough a kinetic solver, using the Burke mechanism. The 
turbulence intensity uʹ is estimated using the Heywood method [78], 
that provides values well aligned with the ones obtained by 3D-CFD 
simulations. The Heywood method is based on a correlation between 
mean piston velocity and turbulence intensity measured experimentally 
via laser Doppler anemometry. The integral length scale Lt is computed 
by particle image velocimetry (PIV) measurements across different CA 
and on different planes, and it coincides with the integral of the auto
correlation of the velocity 5eld between zero and the 5rst zero-crossing, 
as suggested by Pope [79]. A more detailed description of the experi
mental aspects can be found in Ref. [80].

For each of the points of Fig. 10, it is possible to correlate the ratio 
between turbulent 0ame speed directly measured through the optical 
window and laminar 0ame speed Sl with the quantity uʹ/ Sl, by adopting 
the Damköhler-like correlation presented in Fig. 11a), where the con
stants A and n are shown as well. The turbulent 0ame speed is estimated 
as ρb

ρu
⋅vt , where the fraction is the ratio of the burnt density to the unburnt 

one and vt is the measured 0ame expansion velocity computed by the 
0ame images. In Fig. 11a), it is evident that a single correlation is able to 
properly 5t all the experimentally-derived values and this is true 
considering also the modi5ed quantities, as visible in Fig. 11b). More
over, apart from the coef5cients, the correlation is de facto coincident 
with the one adopted on the CFD side. In this regard, by comparing the 
experimentally-derived coef5cients to those used in the numerical 
simulations, the exponent n values are similar. Conversely, A coef5cient 
non-negligibly differs. The reasons for the discrepancy are multiple. For 
instance, laminar 0ame speed computation methods differ between 
experimental activity and 3D-CFD simulation. The former relies on the 

Burke mechanism, while the latter exploits the Konnov one. Anyway, 
regardless of the differences in the coef5cients, the most important 
aspect is that both CFD and experiments agree on the fact that a single 
correlation to be formally adopted for “0amelet” combustion can be 
pro5ciently adopted at different regimes. This apparent contradiction 
can be explained in two different ways. Firstly, it is possible that the 
modi5cations proposed by Aspden are still not suf5cient to obtain a 
proper classi5cation of the combustion regime. Therefore, all the 
investigated conditions may actually fall in the “0amelet” regime. A 
second explanation can be due to the fact that, since the adopted 
Damköhler-like correlation is able to match the 0ame speeds in both 
“0amelet” and “thin reaction zones” regimes, the use of that expression 
within G-equation leads to proper predictions in both areas of the 
Borghi-Peters diagram. In other words, it is the capability (thanks to 
shape and/or tuning) of the turbulent 0ame speed correlation that 
compensates the de5ciency of G-equation in the “thin reaction zones” 

regime. This clari5cation will be addressed in a future work.
Before presenting the conclusions, it is worth noting that the 

experimental 5tting shown in Fig. 11 (whose validity may be reasonably 
extended at ultra-lean conditions, i.e. out of the “0amelet” regime, as 
discussed above) does not account for TD instabilities. Therefore, the 
proposed experiments seem to support the numerical evidence that, at 
the investigated conditions, combustion indicators can be accurately 
matched without considering TD instabilities. As anticipated in the nu
merical setup section, the main reason is related to the turbulence 
impact on the 0ame which overcomes the TD instability one.

5. Conclusions

In the last years, the interest in hydrogen as a green fuel for internal 
combustion engines has revamped. In fact, it represents a potential so
lution to achieve carbon neutrality while keeping a well-established 
technology. In this context, numerical simulations represent a power
ful tool to support manufacturers in the design of ef5cient low-NOx- 
emission engines. However, effective (i.e. predictive) simulation tools 
are needed for the scope. This is the reason why, in the present paper, a 
3D-CFD approach including detailed modelling of ignition and com
bustion for the simulation of H2 ICEs is proposed. An extensive valida
tion on 15 operating points covering a wide spectrum of combustion 
regimes is carried out. The framework predictivity is assessed against 
experimental data and discussed, highlighting capabilities as well as 

Fig. 8. a) 0ame radius and b) 0ame radius time derivative, both as a function of crank angle, for each case of the φ sweep at intake pressure of 0.7 bar. Numerical 
data (solid lines) are compared with experimental ones (dotted lines), with the latter including a ±2σ band.
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Fig. 9. Borghi-Peters diagrams for all the investigated cases. On the x-axis, the ratio of integral length scale to laminar 0ame thickness Lt/δl is reported, while the 
ratio between turbulent velocity 0uctuations and laminar 0ame speed uʹ/Sl is reported on the y-axis.
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limitations. On the one hand, the potential of the combustion model is 
proven as it is able to accurately capture both combustion phasing and 
duration (namely MFB 50 and MFB 10–90). On the other hand, even 
though the disagreement between CFD and experiments is minimal, it is 
shown that there is room for improvement in the 0ame kernel evolution 
representation. In other words, the ignition model can be further 
re5ned.

Overall, the results show a satisfying agreement between numerical 
outcomes and experimental counterparts. Therefore, the present activity 
demonstrates that a relatively simple framework can be pro5ciently 
employed for the prediction of H2 ICE performance even at ultra-lean 

conditions, where aspects such as thermo-diffusive instabilities and 
combustion regimes can be critical. In fact, at the investigated ultra-lean 
mixtures, the thermo-diffusive instabilities have an in0uence so strong 
that the laminar 0ame speed can achieve values even twice the 
unstretched one [35]. Moreover, at very low φ, the conditions are such 
that, considering the Borghi-Peters diagram, the combustion does not 
pertain to the “0amelet” regime. Nonetheless, the 3D-CFD framework 
based on G-equation (i.e. a “0amelet” model) and correlations for 
laminar and turbulent 0ame speeds that do not account for TD insta
bility effects is able to provide results in agreement with the 
experiments.

Fig. 10. Original a) and modi5ed b) Borghi-Peters diagrams for the experimentally tested conditions.

Fig. 11. Damköhler-like 5tting for the experimentally-measured 0ame expansion speed values. Different colours are related to different equivalence ratios, as 
described in the legend of Fig. 10. The 5tting is proposed for both original a) and modi5ed b) quantities. (For interpretation of the references to colour in this 5gure 
legend, the reader is referred to the Web version of this article.)
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As a 5nal remark, it should be noted that these conclusions are valid 
as long as the conditions are similar to those investigated in the present 
analysis. On the one hand, the tested points cover a wide range of 
conditions that can be present in ICEs. On the other hand, the authors do 
not rule out the possibility of encountering operating conditions in 
which, for instance, instabilities become predominant and require 
adequate modelling.

In conclusion, the proposed framework is proven to be effective, so it 
can be pro5ciently adopted to support the work by the designers to 
develop new generation H2-ICEs.
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