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c ISAE-ENSMA, France

A R T I C L E  I N F O

Keywords:
3D-CFD
H2 combustion
Thermo-diffusive instability
Turbulence-instability interaction
ICE

A B S T R A C T

The effect of thermo-diffusive (TD) instabilities on combustion of lean and ultra-lean mixtures is one of the most 
debated aspects in the field of hydrogen internal combustion engines (ICEs). This paper presents a numerical 
setup for 3D-CFD in-cylinder simulations of H2 ICEs and, by adopting it, the effect of the TD instability is 
assessed.

An initial setup relying on G-equation to represent the flame propagation is presented, with a Damköhler-like 
correlation for the turbulent flame speed and Verhelst polynomial correlation for the laminar one. Then the 
simulation setup is improved by three key modifications. In order, a correction factor to account for TD insta
bility, the turbulence-instability interaction and a wall quenching model are progressively added to obtain the 
final setup. The results at each stage of the framework development are compared with experiments at six 
operating points, and the discrepancies are analyzed. All the operating points are characterized by lean/ultra- 
lean mixtures, with equivalence ratios ranging from 0.30 to 0.55. The investigated powertrain is a port-fuel 
injection (PFI) spark-ignition hydrogen research ICE. Port-fuel injection and resulting homogeneous mixture 
eliminate the uncertainties related to the stratification and allow the research activity to be completely focused 
on combustion dynamics.

Firstly, the findings highlight that the effect of the TD instability is a slight modification of in-cylinder pressure 
and combustion indicators at the examined engine conditions. Secondly, the addition of both turbulence- 
instability interaction and wall quenching of the flame has a similar (and opposite) effect compared to the TD 
instability one. Therefore, comparing the results provided by the initial and final numerical frameworks, they are 
similar and both close to the experiments. Despite the fortuitous compensation at the presently investigated 
conditions, in order to perform accurate simulations, it is necessary to account for both TD instability and wall 
quenching phenomena. This is even more true considering that, at different conditions, the instability effect may 
differ and be much more significant.

1. Introduction

The increasing concern about climate change due to greenhouse gas 
emissions has recently pushed the EU to tighten the CO2 emissions 
performance standards for on-road transportation [1]. In particular, 
starting from 2035, new passenger cars and light commercial vehicles 
have to emit zero carbon dioxide. This bans, de facto, ICEs fuelled by 
traditional fossil fuels. However, ICEs running on green hydrogen (H2) 
or carbon–neutral fuels could still be adopted. The former does not 

produce CO2 at the exhaust. The latter, like e-gasoline or biofuels (e.g. 
biodiesel), are characterized by CO2 emissions which are compensated 
by the amount absorbed during their production [2]. As for the carbon- 
based e-fuels, the CO adopted in the industrial process to obtain the final 
product comes from CO2 captured from the atmosphere, while biofuels 
are derived from biomass absorbing CO2 during formation. As a result, 
although ICEs powered by carbon-based e-fuels or biofuels cannot be 
classified as zero tailpipe-emission solutions, they are carbon neutral 
anyway. Not surprisingly, the EU regulation [1] leaves the door open for 
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the use of carbon-based e-fuels or biofuels in ICEs after 2035.
Focusing on green H2, it is a renewable e-fuel produced via elec

trolysis, using H2O and electric energy coming from renewable sources 
(such as wind).

In ICEs, H2 can significantly contribute to pollutant emissions 
reduction. Only nitrogen oxides (NOx) [3] can be found as a pollutant in 
the exhaust gasses. However, traces of unburnt hydrocarbons, soot and 
CO2 can be found at the tailpipe, because of the reactions involving the 
lubricating oil in the cylinder [4]. This is the main reason why, 
currently, H2 ICEs are formally not accepted yet by the EU for the sur
vival of the internal combustion engine after 2035.

From a purely technological perspective, hydrogen could play a 
crucial role in keeping a well-consolidated, valid and robust technology 
such as the ICE. Even if battery electric or fuel cell vehicles are 
considered zero emission solutions by the EU, they suffer from problems 
related, for instance, to sustainability and degradation.

In terms of scientific research, H2 ICEs are not a novelty. Several 
publications on the topic can be found in the literature, dealing with 
both experiments and numerical simulations. The review proposed in 
the following deals with numerical works, with a specific focus on the 
TD instability. In particular, some recent works are reviewed and cate
gorized into those neglecting the TD flame instability and those that 
consider it.

Starting from the first category, the works are based on different 
combustion models, such as detailed chemistry and flamelet ones. Millo 
et al. [5] propose a synergic 0D/1D/3D approach for H2 internal com
bustion engines, where combustion is simulated via a 3D approach 
based on detail chemistry (SAGE model) with Zhang’s [6] mechanism. 
Liu et al. [7] and Babayev et al. [8] utilize the SAGE model for hydrogen 
combustion in turbulent jet ignition (TJI) and compression ignition 
engines, respectively. Other publications rely on flamelet models, such 
as the Coherent Flame Model (CFM) or its “Extended” version (ECFM). 
For instance, Pielecha et al. [9] use CFM in a numerical study of a TJI 
hydrogen engine, though no validation is provided. Rouleau et al. [10] 
adopt ECFM to investigate a high-compression-ratio direct-injection (DI) 
hydrogen engine. Maio et al. [11] compare 3D-CFD results obtained by 
ECFM with experimental data on a hydrogen engine equipped with both 
PFI and DI. Knop et al. [12] study two hydrogen engines, one PFI with a 
cryogenic injection system and one DI, using ECFM. Finally, Piano et al. 
[13] utilize ECFM-3Z to investigate abnormal combustion on a single 
operating condition with two different coolant temperatures. However, 
the CFM- and ECFM-based studies presented above show scarce vali
dation against experiments. In fact, only a limited number of operating 
conditions is tested. Additionally, in some works, a case-to-case cali
bration of the combustion model is required, highlighting the limited 
predictive capabilities of the proposed numerical frameworks. Other 
research groups combine the flamelet model with complex chemistry. 
For instance, Berni et al. [14] employ the G-equation along with detailed 
chemistry for real-time calculation of the burnt gas composition. In this 
case, the heat release rate is determined by the combined effect of the G- 
equation and detailed chemistry. The study proposes a numerical anal
ysis of performance, heat transfer, knock and emissions on an ICE fuelled 
with NH3-H2 mixtures (including pure H2 and pure NH3).

Among the papers that integrate the effect of TD flame instability in 
their numerical framework, level-set techniques are mostly adopted. 
Kosmadakis et al. [15] propose a formulation which considers the flame 
instability by using a laminar flame speed (LFS) correlation derived from 
experimental measurements including instability effects [16]. Ramog
nino et al. [17] introduce the flame instability effect through an 
empirical power law correlation proposed by Berger [18] and derived 
from direct numerical simulations (DNS) of 2D flames. The correlation 
corrects the unstretched LFS values provided by a look-up table gener
ated by 1D chemical kinetic computations. Hernandez et al. [19] 
simulate ultra-lean combustion using G-equation combined with tabu
lated chemistry to calculate the laminar flame speed. In order to 
consider the instability effect, LFS is corrected through an empirical 

correlation proposed by Howarth [20]. Such a correlation is based on 
the TD contribution to the flame instability growth rate, and it is ob
tained thanks to 3D DNS flame simulations. A similar approach is used 
by Novella et al. [21], who adopt G-equation with Peters’ correlation for 
the turbulent flame speed and a tabulated LFS. As for this last quantity, 
the values present in the table are already corrected through the 
Howarth correlation.

Interestingly, the works reviewed above rely on different ways to 
account for the H2 flame TD instability, with the last two employing the 
method which is the most promising one. In fact, in the first work, the 
instability effect is inherently included in the adopted LFS. Therefore, it 
is impossible to separate the unstretched LFS from the corrected one. 
However, this separation is essential to include the turbulence- 
instability interaction in the modeling framework. As for the DNS- 
based approaches, the one based on the 3D flame simulation outcomes 
is preferable. In [20,22], it is demonstrated that the impact of the TD 
instability on LFS differs between 2D and 3D simulations and, obviously, 
a 3D approach can be considered more accurate for the evaluation of the 
impact.

In conclusion, the most recent literature features both works that 
account for TD instability and those that neglect it. Among the papers 
including the effect, none of them simultaneously addresses ultra-lean 
conditions and presents validation on several operating points with a 
unique set of calibration parameters (i.e. without dedicated tuning for 
each single case). In addition, none of the papers accounts for 
turbulence-instability interaction. In fact, Hernandez et al. [19] and 
Ramognino et al. [17] propose unstretched laminar flame speed 
correction only, while Novella et al. [21] introduce additionally a 
modeling of flame quenching based on the Peclet number, but still no 
attempt to consider the turbulence-instability interaction is made.

The present paper aims to fill these gaps, by introducing and vali
dating a 3D-CFD numerical setup for in-cylinder simulations of H2 ICEs 
at multiple operating conditions. The framework considers the impact of 
the TD instability, by correcting the unstretched LFS with the empirical 
correlation suggested by Howarth. As described above, this is the most 
promising method to model the instability effects in combustion simu
lations. In addition, the setup accounts for the interaction between 
turbulence and instability, which is the main novelty of the present 
work, compared to the existing literature. Lastly, a wall quenching 
model is implemented in the numerical framework. The 3D numerical 
setup is validated against a set of experimental data on ultra-lean 
operating conditions, by using a single set of calibration parameters. 
The setup exploits the G-equation combustion model where the LFS is 
computed through the Verhelst’s [23] correlation and a Damköhler- 
derived formulation for the turbulent flame speed [24,25,26] is adopted. 
The experiments are performed on an optical engine derived from the 
gasoline PSA EP6 engine.

It should be noted that the framework presented here was already 
employed and validated in [27,28] by the authors, but in a simpler form 
(i.e. without flame instability, turbulence-instability interaction and 
quenching) hereafter referred to as ‘base’ setup. Both in [27,28], the 
‘base’ framework was tested on a DI H2 engine derived from a Diesel 
unit, on 11 operating points characterized by equivalence ratios (φ) and 
revving speeds spanning from 0.4 to 0.8 and from 1500 to 3000 rpm, 
respectively. In [29], the ‘base’ setup was adopted to analyze the PSA 
EP6 engine investigated in the present work. Even in that case, the re
sults strongly agreed with the experiments. Interestingly, the calibration 
parameters of the combustion and ignition models were the same for the 
two engines. The agreement with the experiments obtained on two 
different engines and without the effect of TD instability raised the 
question, in the authors, on its actual impact at engine-like conditions.

For this reason, in the present work, the 3D numerical setup is further 
refined by including instability, along with its interaction with turbu
lence and wall quenching. The advanced setup (hereafter referred to as 
‘improved’) is tested on the H2 PSA EP6 engine, as it is characterized by 
homogeneous mixture which eliminates any numerical uncertainty 
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related to the stratification.
After the introduction, investigated ICE and experimental test bench 

are presented. Then, the numerical setup is described, with focus on the 
modeling approach for the TD instability effect. The result section of this 
paper starts with the outcomes of the previous work [29], obtained with 
the simplified setup (i.e. without flame instability and quenching). Then, 
effects of TD instability, turbulence-instability interaction and flame 
quenching are progressively included and, finally, the need to consider 
the TD instability effect is discussed.

2. Investigated engine and experimental apparatus

This paper investigates a four-valve spark-ignition (SI) optical en
gine, whose key geometric specifications are provided in Table 1. Fig. 1
displays the engine installed at the test bench, where long intake and 
exhaust pipes and large plenums are visible. The increased pipe length is 
designed to allow for enhanced mixing of fuel and air before entering the 
combustion chamber and to provide more robust boundary conditions 
away from the intake and exhaust valves. The engine is equipped with a 
Bosch ZLR07MTE spark plug, purposely selected for hydrogen applica
tions and characterized by three mass electrodes. It offers a balance 
between minimizing cycle-to-cycle variability at low loads and extend
ing the knock limit at high loads.

In order to obtain a homogeneous air–fuel mixture, H2 is continu
ously injected near the intake plenum, to maximize the distance from the 
intake valves. Fig. 2 illustrates the test bench layout. As it can be seen, 
the instantaneous pressure is measured in the cylinder and plenums. 
These quantities are obtained using a quartz pressure piezoelectric 
transducer (AVL QH32C) in the cylinder, characterized by a pressure 
range up to 200 bar, a sensitivity of 26.82 pC/bar, and a linearity error 
equal to ±0.25 % of full scale. The temperatures in the intake and 
exhaust pipes are measured as well, while the desired mixture quality is 
obtained by means of Coriolis mass flowmeters of air and hydrogen, 
installed upstream of the intake plenum. Further details on the experi
mental apparatus can be found in [30].

The operating conditions analyzed in the present work are summa
rized in Table 2. The cases share the same spark timing, intake pressure 
and engine speed, but φ spans from 0.30 to 0.55.

3. 3D-CFD numerical setup

3.1. Boundary conditions

A fully homogeneous mixture at a given equivalence ratio (based on 
the operating condition) is enforced at the inlet boundary, consistently 
with the experiments that maximize the mixture uniformity thanks to 
the H2 injection occurring close to the plenum (i.e. far from the intake 
valve). At both the intake and exhaust boundaries, time-varying pres
sure conditions are applied during the simulation, obtained by aver
aging 100 experimentally measured instantaneous traces. As for the 
temperature, due to the limitations of the thermocouples (not fast 
enough to track rapid fluctuations), only cycle-averaged data are 
available and they are imposed at the boundaries. Uniform (but 
component-dependent) wall temperatures are set following the authors’ 
experience [32,33,34]. The values adopted in this work can be found in 
[31].

3.2. Numerical setup

Based on the authors’ experience with the software, STAR-CD, 
licensed by SIEMENS DISW, is adopted to perform the in-cylinder sim
ulations. An unsteady Reynolds-averaged Navier-Stokes (URANS) 
approach is employed, with the k-ε RNG [35,36] to model turbulence, 
which has been extensively adopted in both literature and previous 
works by the authors [37,38,39,40,41,42].

For the near-wall flow modeling, a single prismatic layer of 0.3 mm 
thickness is applied at the walls, along with a high-Reynolds approach to 
minimize the computational effort. The Improved GruMo-UniMORE 
[43,44,45] is chosen to model the wall heat transfer.

The time-step is 0.05◦ CA during ignition, combustion and valve 
motion, while in the remaining parts of the cycle is 0.1◦ CA. Start and 
end of the simulations are fixed to 90◦ CA after top dead center (aTDC) 
and 810◦ CA aTDC, respectively, i.e. in the middle of the expansion 
stroke. For each investigated point, three consecutive cycles are run to 
minimize the effect of the initial conditions.

3.2.1. Ignition
Ignition is managed using an in-house developed sub-grid model that 

was extensively validated in a Large eddy simulations (LES) framework 
[46,47]. The model relies on initial estimates for flame kernel radius rk 
and temperature Tk. These values serve as initial conditions for a 1D 
ordinary differential equation (ODE), which is solved from the spark- 
time until a threshold value for the kernel radius is reached. Interest
ingly, in this version of the model, it is assumed that the spark-time 
(from electronic control unit) coincides with the actual spark 
discharge, i.e. the delay of the electric circuit is considered negligible. 
The 1D ODE, similar to the Herweg and Maly formulation [48], is given 
in Eq. (1). 

drk

dt
=

ρu

ρk
(SL + SPlasma)+

Vk

Ak

[
1
Tk

dTk

dt

]

(1) 

rk is the kernel radius while ρu is the unburnt gas density. ρk, Tk, Ak and 
Vk are mean density and temperature, surface area and volume of the 
flame kernel. SL is the unstretched LFS while SPlasma is the plasma 
channel expansion velocity. Unlike [49], this approach does not include 
a transition from laminar to turbulent flame speed, i.e. only the first is 
considered.

As for the kernel radius threshold, a value of 2.3 mm is set, beyond 
which the solver stops computing rk from Eq. (1). In fact, according to 
[48], the contribution of turbulence becomes significant for (roughly) 
rk > 2 mm. Beyond this point, the flame propagation is controlled by the 
G-equation, relying on the prescribed turbulent flame speed.

SPlasma is calculated by Eq. (2), namely the unsteady 1D equation for 
heat conduction. The calculation of SPlasma assumes a spherical kernel, 
similarly to [49]. 

Table 1 
Engine geometrical characteristics.

Bore 77 mm
Stroke 85.8 mm
Displacement 400 cm3

Compression ratio 10.5:1
Connecting rod length 138.5 mm
Pin offset 0.8 mm
No. of valves 4

Fig. 1. Single-cylinder engine with intake/exhaust ducts and plenums [30].
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ρcp
∂T
∂t

=
∂

∂x

(

k
∂T
∂x

)

(2) 

In Eq. (2), apart from t and x that are time and radial coordinate, all 
the variables refer to plasma. ρ and cp are density and specific heat, while 
T is the temperature and k is the thermal conductivity. The product ρcp is 
held constant to 8000 J/(m3K), while k is fixed at 0.2 W/(mK) [50–55]. 
As for the boundary conditions of Eq. (2), at x = 0, T is fixed to 60•103 K 
[48], corresponding to the plasma temperature. For x→∞, an adiabatic 
condition is imposed. As for the initial condition, T is fixed to the un
burnt temperature of the mixture. SPlasma is calculated as the temperature 
diffusion velocity (along x) from the plasma channel.

Eq. (1) initial condition (namely rk initial value) is determined using 
a method similar to the one proposed by Colin and Benkenida [56]. The 
initial burnt mass volume (Vk,init) is calculated considering a cylinder 
with radius and height equal to flame thickness (δL) and spark gap (dgap, 
equal to 0.5 mm), respectively. The initial spherical flame kernel radius 
is then derived by Eq. (4), which calculates the radius of a sphere whose 
volume is Vk,init. 

Vk,init = dgapπδL
2 (3) 

rk,init =

(
3
4πVk,init

)1/3

(4) 

δL values to be used in Eq. (3) are reported in Table 3 and they are 
determined through 1D steady-state flame simulations, performed with 

DARS v2020.1 licensed by SIEMENS DISW. The governing equations for 
the freely propagating flame model are detailed in the DARS user guide 
[57]. These simulations employ the kinetics mechanism developed by 
Konnov [58], and they are carried out at the spark-time conditions that 
are listed in Table 3.

The initial flame kernel radii calculated via Eqs. (3) and (4) are re
ported in the last column of Table 3. The laminar flame thickness is 
defined here as the distance between 5 % and 95 % of the maximum 
temperature reached in the simulation domain. As noticed, the resulting 
values are close and, on average, equal to ~1•10− 4 m. This value is used 
as initial condition in Eq. (1). A sensitivity analysis (here omitted for 
brevity) shows that small changes in the initial value of rk (i.e. within its 
order of magnitude) have a minimal impact in the results, as the rapid 

Fig. 2. Test bench layout [31].

Table 2 
Analyzed operating conditions.

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 4.875
2 0.35 − 15 295.7 608.6 0.70 1500 2.144
3 0.40 − 15 295.8 623.7 0.70 1500 1.370
4 0.45 − 15 295.9 635.0 0.70 1500 0.966
5 0.50 − 15 296.0 658.4 0.70 1500 1.174
6 0.55 − 15 296.0 666.2 0.70 1500 1.508

Table 3 
Pressure, temperature and equivalence ratio are reported for each case, 
computed as mass-weighted averages over the combustion chamber at the spark- 
time (705◦ CA). The calculated flame thickness and initial kernel radius values 
are reported as well.

Case number p [bar] T [K] φ [–] δl [mm] rk [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 0.050 0.098
6 11.4 732 0.55 0.049 0.097
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kernel growth compensates for any minor variation.

3.2.2. Combustion
In the present paper, turbulent premixed combustion is modeled by 

G-equation. It employs a level-set method to track the scalar G, which 
represents the distance from the flame front (determined by the G =
0 iso-surface). A positive G value indicates burnt region, while a negative 
one identifies unburnt gasses. Eq. (5) represents the scalar G transport 
equation. More details are available in [27,59]. 

∂
∂t

ρG+
∂

∂xi
ρuiG = ρST |∇G| (5) 

The turbulent flame speed ST is calculated using the Damköhler 
correlation, shown in Eq. (6). 

ST = SL

(

1+A •

(
uʹ

SL

)5
6
)

(6) 

SL is LFS and uʹ is the turbulent intensity defined as uʹ =

̅̅̅̅̅̅̅̅̅
2
3 tke

√

, with tke 
representing the turbulent kinetic energy. The coefficient A is empirical 
and set to 3.3 in this study. LFS is calculated using Verhelst polynomial 
[23], fitting the results of chemical kinetics simulations based on Kon
nov mechanism [58]. This correlation does not account for flame ac
celeration due to TD instability, as it is derived from 1D steady-state 
freely propagating flame computations. Verhelst polynomial is inter
polated in the following ranges of pressure (p), temperature (T), 
equivalence ratio (φ), and EGR: 5 bar ≤ p ≤ 45 bar, 500 K ≤ T ≤ 900 K, 
0.33 ≤ φ ≤ 5, and 0 % ≤ EGR ≤ 50 %.

Interestingly, the only calibration parameters exploited in this work 
are the rk threshold value present in the ignition model and the constant 
A in Eq. (6) (i.e. in the turbulent combustion model). Once calibrated, 
the same values are adopted in all the simulations presented in this 
paper, without any case-by-case variation, and they roughly correspond 
to the ones adopted in previous works by the authors [27,60], where 
neither TD instability nor flame quenching were considered. The only 
difference with respect to the past is the adoption of a rk threshold of 2.3 
mm instead of 2 mm. Such a slight variation is introduced to optimize 
the agreement with the experiments. The variation is anyway minimal, 
and the selected value remains coherent with those available in 
literature.

3.2.3. Flame thermo-diffusive instability
As discussed in the introduction, among the approaches able to 

model the TD instability effect on the flame propagation, the one pro
posed by Howarth [20] is preferred and adopted in the present work. 
The theoretical background of this approach is briefly resumed in the 
following.

As a first approximation, a flame can be assumed as an infinitely thin 
surface dividing two regions of gasses at different density. If an arbitrary 
disturbance characterized by sinusoidal wave form is applied to the 
flame and studied, it turns out that its growth rate is always positive, 
meaning that the flame is always unstable. In literature, this is referred 
to as “Darrieus-Landau (hydrodynamic) instability”. In this case, the 
instability wave growth rate (ω) is given by the first term on the right 
side of Eq. (7). By refining the approach, the flame can be considered as a 
volume of finite thickness, where mass and thermal diffusivity phe
nomena should be considered. From a mathematical standpoint, this 
reflects in the presence of a second order term in the wave growth rate 
expression (second right hand side term in Eq. (7)). It can be positive, 
further destabilizing the flame and leading to faster and stronger 
instability, or negative, contributing to flame stabilization. The effective 
mixture Lewis number discerns the two conditions. With Leeff < 1, the 
flame is thermo-diffusively unstable. On the contrary, with Leeff > 1, the 
flame is thermo-diffusively stable. Interestingly, if Leeff > 1, the flame 
can still be stable or unstable. In fact, the resulting ω can be positive or 

negative, based on the magnitudes of the hydrodynamic and TD insta
bility contributions.

Resuming, Eq. (7) reports the instability wave growth rate as 
described in [61], where both Darrieus-Landau and TD instabilities are 
considered. 

ω = ωDLSLϗ − δl
[
B1 + β

(
Leeff − 1

)
B2 +PrB3

]
SLϗ2 (7) 

ωDL is its first-order term. ϗ denotes the instability spectral component 
wave number, while δl is the laminar flame thickness and β is the Zel’
dovich number. Leeff is the effective Lewis number of the mixture, 
calculated as in [61], and Pr is the Prandtl number of the mixture. Co
efficients B1, B2, and B3 are determined following the method described 
in the same Ref. [61]. In the following, the opposite of the expression 
inside the square brackets (namely −

[
B1 +β

(
Leeff − 1

)
B2 +PrB3

]
) will 

be referred to as ω2.
Since H2 can burn at extremely lean equivalence ratios, it is possible 

to have very low effective mixture Lewis numbers, making lean 
hydrogen flames prone to the TD instability. Based on these consider
ations, Howarth [20] identifies ω2 as a suitable candidate to relate the 
unstretched LFS (provided by experiments or 1D chemical kinetics 
simulations) to the one featuring TD instability and measured by 3D DNS 
simulations. The relationship between the two is resumed by Eq. (8). 

SLinstab

SL
=

{
e0.08•ω2 if φ ≥ φlim
1 + 0.47 • ω2 if φ < φlim

(8) 

φlim = (0.3475 − 0.000325 • T) • p0.1425+0.000225•T is the equivalence 
ratio threshold that defines, for given pressure and temperature, the 
switch between the two correlations of Eq. (8). φlim expression repre
sents the location of the peak values in ω2 maps, created in a p − φ plane 
for a fixed temperature. In other words, the φlim correlation divides a 
given ω2 map in two regions where the correlations reported in Eq. (8)
are valid (one per each region), as described in [20]. In this regard, Fig. 3
reports 3 maps in the p − φ plane computed at 500, 700 and 900 K. An 
analysis of the maps reveals a clear dependency of ω2 on temperature. 
Moving from one map to another characterized by higher temperature, 
all the points are characterized by lower ω2 values. The effects of 
equivalence ratio and pressure do not follow this uniform trend, as the 
maps exhibit a crest. Overall, regardless of the map, starting from the 
upper left corner, increasing p and decreasing φ tends to destabilize the 
flame (i.e. higher ω2 values are encountered). This occurs up to the crest. 
Then, moving on in the same direction, ω2 values decrease, leading to 
flame stabilization.

3.2.4. Turbulence-instability interaction in the flame
Considering the TD instability effect via a correction of LFS may not 

be enough to comprehensively model the H2 flame propagation. For 
instance, Matalon et al. [62,63] observed that, while increasing the 
turbulence intensity, the turbulent wrinkling tends to dominate the 
flame instabilities. More recently, Berger et al. [64] noted the damp
ening effect of the turbulence on the TD instability in DNS simulations of 
a slot burner. Therefore, proper combustion modeling cannot prescind 
the turbulence-instability interaction. In [65,66], Bradley introduced a 
method to quantify the relative contributions of turbulence and insta
bility to the flame wrinkling, defining a parameter known as Karlovitz 
stretch factor. As per Bradley’s formulation, Eq. (9) represents this 
factor. 

K = 0.25⋅
(

uʹ

SL

)2

⋅Rl
− 0.5 (9) 

The terms that appear in the equation are turbulent intensity uʹ, 
laminar flame speed SL and turbulent Reynolds number Rl = uʹlt

ν , where 
lt is the integral length scale and ν the kinematic viscosity.

In [65,66], Bradley et al. identified the “regime of laminar in
stabilities and mild turbulence” for K ≤ 0.1 and the “fully turbulent 
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Fig. 3. ω2 map at three different temperatures.
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regime” for K > 0.1. In the former, the instability effect is significant. 
Conversely, in the latter, the turbulence wavelengths dominate and 
intensify the flame wrinkling, thus making the TD instability-induced 
wrinkling negligible.

In order to obtain a smooth transition between the two regimes, an S- 
shaped function is introduced and reported in Eq. (10). It guarantees 
continuity in the transition from SL to SLinstab. 

SLcorrected = SL +
1

e100(K− 0.1) + 1
SLinstab − SL

(10) 

Fig. 4 reports an example of blending, with this function, between 
two arbitrary laminar flame speeds of 4 and 6 m/s.

The parameter 100, which appears in Eq. (10), is used as a calibra
tion constant and governs the width of the ‘S’. A much higher value leads 
to a step function. The other parameter, 0.1, is the threshold value for 
the Karlovitz stretch factor, acting as a center for the ‘S’.

It is important to note that, with this approach to turbulence- 
chemistry interaction, the effects of instability and turbulence on the 
flame are de facto decoupled. In fact, by using the Karlovitz stretch 
factor, the instability effect is either completely inhibited or it is applied 
along with the turbulent one by the superimposition method (i.e. they 
are applied sequentially, at first LFS is corrected and, then, it is adopted 
to compute the turbulent one). While this assumption is not inherently 
incorrect, it requires validation. In other words, the superimposition 
method can be applied or not (i.e. a more complex approach is neces
sary), based on the characteristic scales of turbulence and instability. 
However, estimating the instability scales, which are essential for 
comparison with the turbulent ones, is a complex task and will be 
explored in future work.

3.2.5. Wall quenching
A simplified method is adopted to model the wall flame quenching. It 

relies on Eq. (11) [59], which calculates the quenching distance lq. For 
any cell centroid, if the wall distance is smaller than lq, LFS is adopted 
instead of the turbulent one. 

lq = fq

[
11.5μ/

(
ρC0.25

μ tke0.5
) ]

(11) 

In Eq. (11), fq is set to 1, following [59]. The other variables are density 
ρ, molecular viscosity μ, turbulent kinetic energy tke, and turbulent 
viscosity constant Cμ. The value 11.5 corresponds to the dimensionless 
wall distance (y+) value defining the (ideal) transition between the 
viscous sub-layer and the log-region within the boundary layer. In 
practice, the model assumes that, when y+ is lower than 11.5 (i.e. the 

cell centroid pertains to the viscous sub-layer), the impact of the 
turbulence-induced flame stretch is negligible. This is a simplification of 
the Bruneaux model [67], which applies a correction to the integral 
length scale for y+ < 50, recognizing that vortices larger than their wall 
distance are unlikely to persist.

3.2.6. Concluding remarks
In order to conclude the section dedicated to the numerical setup, 

some comments are proposed in the following.
First of all, it is important to note that Eqs. (6)–(11), except for Eq. 

(7), are manually implemented in the software through external Fortran 
user-coding. The laminar flame speed polynomial correlation and the 
entire ignition model are implemented via external routines as well. As 
for Eq. (7), it is used in a Python script in conjunction with a kinetic 
solver (namely Cantera) to generate a table of ω2 values. These are then 
used by Eq. (8), within the turbulent flame speed computation routine, 
to correct the unstretched laminar flame speed. No further fundamental 
change is made to the remaining equations.

In general, the combustion framework adopted here (intended as 
combination of ignition, combustion and quenching models, and tur
bulent flame speed correlation) is well-consolidated for stable premixed 
(or partially-premixed) flames, thus it can be extended in principle to 
any traditional fuel. In this regard, it is useful to remember that some 
tuning parameters such as the turbulent flame speed constant (set to 3.3 
in this case) and the threshold kernel radius that governs the transition 
from ignition to combustion model (set to 2 mm here) may require fuel- 
to-fuel calibration. Additionally, the laminar flame speed must be 
adjusted to reflect the characteristics of the chosen fuel.

Then, in this work, additional sub-models are introduced to include 
the peculiarities of ultra-lean H2 combustion. In particular, the laminar 
flame speed correction to account for the TD instability effect is adopted. 
Although the methodology for computing ω2 is fuel-agnostic, the cor
relation between SL instab

SL 
and ω2 is fuel-dependent. Therefore, this corre

lation is specific for ultra-lean H2 combustion and not directly applicable 
to other fuels. Also, the approach for the turbulence-instability inter
action based on the Karlovitz stretch factor is fuel-agnostic. Even if it is 
purposely introduced to compare the effect of the H2 TD instabilities to 
the turbulence one, it can be adopted in principle with any fuel.

3.3. Mesh

The adopted mesh is chosen following a sensitivity analysis, whose 
details can be found in [31]. The grid is a compromise between 
computational cost and grid-independency of the results, i.e. further 
refinements do not lead to remarkable modifications of the simulation 
outcomes. The cell size adapts to the local geometry, ranging between 
0.6 and 1.2 mm. Furthermore, a single prismatic layer of 0.3 mm is 
applied on each wall. The number of cells at the bottom dead center 
(BDC) is roughly 600 k. The adopted mesh is shown in Fig. 5.

4. Results

Due to the adopted boundary conditions, the in-cylinder mixture is 
perfectly homogeneous. Therefore, no investigation on cold flow and 
mixing is presented in this paper and the result section focuses on 
combustion-related aspects.

Firstly, a numerical-experimental comparison in terms of in-cylinder 
pressure is shown for the ‘base’ numerical setup, namely without 
instability, turbulence-instability interaction and quenching at walls. 
Secondly, the outcomes obtained including the flame instability are 
discussed and the impact of the instability is highlighted. Thirdly, the 
turbulence-instability interaction is included. Finally, the wall flame 
quenching is added and the result obtained with the ‘improved’ setup 
are compared with the previous ones. Also, the comparison against the 
experiments is deepened at this final stage.

Fig. 4. S-function behavior as a function of the Karlovitz stretch factor K. As an 
example, values of LFS equal to 4 and 6 m/s are considered for the blending.
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4.1. ‘Base’ setup results

Before the presentation of the ‘improved’ setup results, it is necessary 
to focus the attention on the ‘base’ one and discuss its applicability, 
especially focusing on the combustion model. Surprisingly, G-equation 
properly performs throughout the conditions without any case-to-case 
calibration. This is not straightforward considering the wide range of 
conditions encountered in the investigated cases. In this regard, Fig. 6
shows the Borghi-Peters diagram, commonly adopted to classify the 
combustion regime. ú

SL 
and lt

δ computed as mass average on the cells 
involved in the flame front are reported during combustion, for each 
operating point. As visible in Fig. 6, the investigated operating condi
tions span all over the combustion regimes. Therefore, a case-to-case 
calibration of the combustion model may be expected, in order to 
compensate for the fact that it is working out of range (i.e. flamelet 
regime). The unfulfilled expectation can be explained by recovering the 
Lewis number. Interestingly, one of the assumptions of the proposed 
diagram is Lewis number equal to 1 [68], i.e. the proposed regime 
classification is valid as long as the mixture Lewis number is close to 1. 

However, especially at extremely lean conditions, hydrogen mixtures 
show a much lower value. This significant deviation makes the use of the 
Borghi-Peters diagram, as it is, debatable. In other words, if a hydrogen 
flame lays in the ‘well-stirred reactor’ regime region of the diagram, as it 
happens for the leanest case, it is not necessarily true that the actual 
combustion regime corresponds to that one. As a demonstration, in a 
previous work [69], the authors of the present paper were able to clearly 
distinguish the presence of a hydrogen flame, although the combustion 
regime was formally ‘well-stirred reactor’. Therefore, the adoption of a 
flamelet combustion model may be appropriate.

In Fig. 7a and b, the results in terms of average in-cylinder pressure 
and apparent heat release rate (AHRR) obtained with the ‘base’ setup are 
presented along with the experiments. Except for minor deviations, the 
overall agreement is satisfactory. This indicates that, although some 
combustion-related phenomena (such as TD instability) are neglected at 
this stage, the modeling framework is able to accurately capture the 
main trends across the different cases anyway.

4.2. Thermo-diffusive instability addition

Starting with the ‘base’ setup refinement, the effect of the TD 
instability is introduced. Fig. 8 reports numerical and experimental in- 
cylinder pressure, for each case. With respect to the ‘base’ setup 
(whose results are added in Fig. 8 for comparison), the predicted pres
sure traces are moderately affected by TD instability. To explain this 
behavior, the numerical traces are colored by the increment (SLinstab/SL) 
that the unstretched LFS undergoes when corrected, according to Eq. 
(8), and they are reported in Fig. 9. Coherently with the existing liter
ature, the impact of the TD instability is strong for very lean mixtures. 
However, it is remarkable only towards the end of combustion, when the 
unburnt temperature decreases (i.e. when the stabilizing effect of tem
perature is less and less able to compensate the destabilizing one of 
pressure). Therefore, the effect on performance, namely in-cylinder 
pressure, is limited. It should be noted that if the combustion is fast 
enough, the end of the process is reached early in the power stroke, i.e. 
when the unburnt temperature is still high. This is the reason why the 
instability effect weakens rapidly, moving from φ = 0.30 to φ = 0.55. In 
other words, the instability impact reduces twice when moving towards 
stoichiometry. Firstly, because of the effect of the equivalence ratio, as 
highlighted by the proposed maps in Fig. 3. Secondly, because the 
combustion ends sooner in the power stroke, i.e. when the unburnt 
temperature is higher and the stabilizing effect results stronger.

By comparing Figs. 8 and 9, it is possible to notice that the effect of 
instability on the pressure traces is comparable, although the LFS 
correction is strongly different for the cases. This is evident by 
comparing, for instance, φ = 0.30 and φ = 0.55. The reason is triple. 
Firstly, the pressure values of the traces are very different, so a similar 
variation in absolute terms implies a significantly different variation in 
percentage. Therefore, the pressure modification for the leanest cases is 
higher. Secondly, an increase in LFS does not correspond to an equal 
increase in turbulent flame speed, which is much lower. Therefore, 
significant variations of laminar flame speed do not correspond to 
similarly large variations of burn rate and in-cylinder pressure. Thirdly, 
the instability effect manifests towards the combustion end, when the 
heat release rate is already low and any acceleration of it does not 
relevantly affect the pressure trace.

Finally, again comparing Figs. 8 and 9, it is evident that the effect of 
instability on in-cylinder pressure does not match, in terms of phasing, 
the peak of laminar flame speed correction. For instance, considering φ 
= 0.40 case, the pressure rise is concentrated in the first part of the 
combustion, when the LFS correction is lower. The reason is that both 
laminar flame speed and its correction are great enough to lead to a 
visible effect on the in-cylinder pressure trace at the beginning of the 
combustion. Moving towards the end of the process, LFS is much more 
accelerated but, similarly to the above, the effect becomes difficult to 
observe, due to the low heat release rate during the combustion 

Fig. 5. The adopted computational grid at the BDC.

Fig. 6. Borghi-Peters diagram for the investigated cases. Each line represents 
the evolution (averaged on the flame front) of the regime during combustion. 
These results are obtained from the ‘base’ setup simulations.

S. Sfriso et al.                                                                                                                                                                                                                                    Energy Conversion and Management 345 (2025) 120394 

8 



completion.
In order to better appreciate the effect of the TD instability compared 

to the ‘base’ setup, experimental and numerical AHRRs are reported in 
Fig. 10. It is possible to observe that, compared to the CFD outcomes 
proposed in Fig. 7b, all the predicted combustions are now shorter and 
their phasing is advanced. As for the leaner cases, also the combustion 
end is particularly anticipated compared to the experimental 
counterpart.

A final observation concerns the applicability of the instability 
correction factor within a URANS framework. The turbulence-induced 
variability contributes to cycle-to-cycle differences not only by means 
of the unstretched laminar flame speed (which varies with the thermo
dynamic conditions), but also by the TD instability itself (which depends 
on the thermodynamic conditions as well). This further amplifies the 
spread of the pressure traces between the cycles. The question is if the 
calculation of the TD instability effect for the average cycle calculated by 
the URANS approach makes sense. In fact, faster-burning cycles may be 
influenced by TD instability differently compared to slower-burning 
ones. Therefore, although the experimental cycles are averaged using 
a simple linear method, the flame speed predicted by the URANS 
approach for a single representative cycle does not necessarily corre
spond to the flame speed of the linearly-averaged experimental cycle. 
Nevertheless, the URANS approach remains meaningful because, in 

premixed combustion cases like the investigated ones, the thermody
namic conditions at a given crank angle slightly vary from cycle to cycle. 
As a result, the corresponding laminar and turbulent flame speeds 
modify almost linearly between the cycles. The same is valid also for the 
TD instability contribution. Although it introduces further non-linear 
effects, the limited differences between the thermodynamic conditions 
of the cycles lead to variations of the instability contribution that can be 
approximated as linear. Moreover, the opposed influences of pressure 
and temperature on the TD instability correction factor help to limit its 
variation across the different engine cycles. In order to prove this, 
Fig. 11 presents the scatter of the experimental pressure traces for the φ 
= 0.30 case, purposely selected as it is the one with the highest cycle-to- 
cycle variability. The pressure traces of two URANS cycles are reported 
as well, aiming at mimicking the slower and the faster experimental 
cycles by the adjustment of the spark timing. This method is used 
coherently with the origin of the cycle-to-cycle variability for this 
operating point. In fact, it is mainly originated during the early stage of 
combustion, by the variability of the flow field at the spark. This is 
confirmed by a dedicated LES analysis which is currently ongoing on the 
operating point. The CFD traces are colored by the laminar flame speed 
correction factor, which shows similar values for the two curves. 
Therefore, for each crank angle, the variation of the TD instability effect 
(i.e. the variation of the correction factor) can be reasonably assumed as 

Fig. 7. Numerical-experimental comparison in terms of in-cylinder pressure (a) and AHRR (b), for each investigated condition. CFD results are obtained with the 
‘base’ setup.

Fig. 8. Numerical-experimental comparison in terms of in-cylinder pressure, for each investigated condition. Two sets of CFD results are presented, i.e. ones obtained 
with the ‘base’ setup (Base) and ones obtained with the ‘base’ setup with the addition of the TD instability effect (ω2). The sweep is split in two figures, (a) and (b), for 
improved readability.
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linear.

4.3. Karlovitz stretch factor addition

The Karlovitz stretch factor is now introduced to consider the 
interaction between TD instability and turbulence. In particular, it al
lows to distinguish the cases in which the TD instability has an impact (i. 
e. it is possible to recognize its effect) from those in which it is negligible, 
with respect to turbulence. The mass-averaged value assumed by this 
parameter on the flame front cells is plotted in Fig. 12, during com
bustion, for each case.

The combination of threshold suggested by Bradley (K = 0.1) and S- 
shaped function splits the cases in three groups. The first one includes φ 
= 0.30 and φ = 0.35 and it is characterized by a chemistry that is so slow 
that the instability-induced wrinkling is secondary compared to the one 
due to turbulence. φ = 0.45, φ = 0.50 and φ = 0.55 pertain to the second 
group, in which the actions of both instability and turbulence coexist. 

The third group comprises the remaining case, namely φ = 0.40, which 
is characterized by K values that move across the threshold, thus un
dergoing the effect of the S-function. In this regard, it is necessary to 
point out that, based on the adopted values for the parameters governing 
center and width, the S-shaped function mainly acts on the φ = 0.40 
case, while the impact on φ = 0.45, φ = 0.50 and φ = 0.55 ones is 
negligible. In the light of these clarifications, φ = 0.45, φ = 0.50 and φ =
0.55 cases are mainly characterized by the use of SLinstab, while SL is 
mostly adopted by the code for φ = 0.30 and φ = 0.35 simulations. 
Finally, φ = 0.40 case rely on a blend of the two flame speeds. The results 
in terms of in-cylinder pressure obtained by introducing the effect of the 
Karlovitz stretch factor are presented in Fig. 11. In order to highlight the 
effect of K, in the same figure also the results without it are reported. In 
Fig. 13a, it is evident that K acts in φ = 0.30, φ = 0.35 and φ = 0.40 
cases. Moreover, by comparing Figs. 13 and 7a, it is possible to notice 
that, due to the action of K, the instability effect is de facto neglected at 
φ = 0.30 and φ = 0.35, while it is still visible in the other ones. As for the 

Fig. 9. Computed pressure traces colored by the average percentage correction 
to the unstretched laminar flame speed. For completeness, pressure traces are 
colored from mass of fuel burnt (MFB) 0 to MFB 99.

Fig. 10. Comparison in terms of AHRR between CFD and experiments. CFD results are obtained with the ‘base’ setup with the addition of the TD instability ef
fect (ω2).

Fig. 11. Scatter of the experimental cycles for φ = 0.3 case. Two CFD cycles 
colored by the laminar flame speed correction factor are reported as well.
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φ = 0.40 case, the pressure trace is characterized by values that are 
lower compared to the previous setup (‘base’ with instability effect) but 
higher with respect to the ‘base’ one, which demonstrates the action of 
the S-shaped function.

Fig. 14 reports the numerical AHRR traces, obtained with the setup 
including TD instability effect and K, and the experimental ones. AHRR 
traces allow to point out the benefits related to the introduction of K. The 
agreement improvement is confirmed for φ = 0.30, φ = 0.35 and φ =
0.40 cases. As shown in Fig. 10, in fact, the adoption of the TD instability 
effect alone is strongly penalizing for these cases. As for the remaining 
ones, K does not act and no difference can be noticed between Figs. 10 
and 14.

As previously mentioned, there are two parameters defining the S- 
function, equal to 100 and 0.1, respectively. The first one determines the 

slope of the S-curve and it is used as a calibration parameter. The second 
one corresponds to the threshold value of K. It is inherited from the 
literature, and it is not varied in this analysis. To assess the sensitivity to 
the slope, additional simulations are performed with values equal to 50 
and 10̇000. As visible in Fig. 15, varying this parameter alters the 
sharpness of the transition, thus affecting how quickly the laminar flame 
speed changes (from SL to SLinstab) for the cases whose K is close to the 
threshold.

The sensitivity analysis is conducted only for φ = 0.35, φ = 0.40 and 
φ = 0.45 cases, as these are the ones falling, on average, close to the K =

0.1 threshold. Fig. 16 shows the pressure traces for these cases using the 
three different S-function slopes. The impact is minimal, and only the 
case closest to the threshold, i.e. φ = 0.40, is affected. The effect on it is 
to slightly inflate the pressure trace, as a consequence of the sharp 

Fig. 12. Mass-averaged Karlovitz stretch factor on the flame front cells, during combustion, for all the cases.

Fig. 13. Numerical-experimental comparison in terms of in-cylinder pressure, for each investigated condition. Two sets of CFD results are presented, i.e. ones 
obtained with the ‘base’ setup with the addition of the TD instability effect (ω2) and the ones obtained with ‘base’ setup and adding the effect of both TD instability 
and Karlovitz stretch factor (ω2, K). The sweep is split in two figures, (a) and (b), for improved readability.
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transition between the regimes that allows for advanced onset of 
instability. On the other hand, φ = 0.35 case remains almost completely 
confined in the fully turbulent regime, while the φ = 0.45 case is almost 
entirely affected by TD instability during all the cycle.

4.4. Wall quenching addition (‘Improved’ setup)

As a final step of setup refinement, the wall flame quenching sub- 
model is introduced. The results obtained with the final framework 
including all the sub-models are reported in Fig. 17, in terms of average 
in-cylinder pressure, along with experiments and results obtained 
without quenching. As visible, the introduction of flame quenching leads 
to minimal variations of the results. The pressure peaks of φ = 0.50 and 
φ = 0.55 cases slightly improve, as the instability effect is partly 
compensated. As for φ = 0.30 and φ = 0.35, the quenching effect causes 
a weak underestimation of the of experimental trace during the expan
sion stroke. Despite this negative aspect, the effect on the apparent heat 
release rate (AHRR) tail is positive, as it will be pointed out in the 
following.

By comparing Fig. 14 with Fig. 7, it can be noted that the results of 

the ‘base’ and ‘improved’ setups are similar. This means that prevailing 
turbulence effects and wall quenching of the flame roughly compensate 
the impact of the TD instability. However, compared to the ‘base’ setup, 
an improvement in the peak pressure prediction is visible, especially for 
φ = 0.45 and φ = 0.50 cases.

To better describe the results achieved with the final (‘improved’) 
version of the setup and point out the predictive capabilities (as no case- 
by-case calibration is carried out), the numerical results in terms of 
AHRR and combustion indicators are compared with the experiments. 
Fig. 18 reports a comparison between CFD and experiments in terms of 
AHRR, for each case. A good agreement is noticed, especially for the 
combustion completion, thanks to the action of both instability and 
quenching. In particular, φ = 0.30 and φ = 0.35 are characterized by the 
action of the flame quenching that extends the AHRR tail and allows a 
close agreement with the experiments to be obtained. As for the other 
cases, apart from quenching, the TD instability is present, leading to a 
progressive shortening of the tail, visible also in the experiments. The 
correct modeling of the combustion completion also represents an 
improvement compared to the ‘base’ setup. However, there is still room 
for amelioration. In fact, a slight overestimation of the combustion rate 
in the first half of the process can be noted, along with a progressively 
delayed AHRR growth moving to lean mixtures, attributable to the 
ignition model. In this regard, for a proper comparison, no recalibration 
of ignition and combustion model parameters is carried out moving from 
‘base’ to ‘improved’ setup. A recalibration of the models may lead to 
further improvements of the results. It is interesting to point out that the 
small spikes observed at 705◦ CA result from the initialization of G- 
equation, which leads to the formation of an initial burnt mass. Such an 
initialization is a modeling requirement, even though the effective 
propagation of G begins later, following the delay imposed by the 
ignition model.

Fig. 19 shows a numerical-experimental comparison of combustion 
indicators, which provide a more quantitative description of the results 
discussed above in terms of AHRR. An overall satisfying agreement be
tween CFD and experimental outcomes is noticed. In detail, Fig. 19a 
shows the MFB 0–10, which confirms that, moving to leaner mixtures, 
the lengthening of the combustion initiation is slightly overpredicted by 
the simulations. Fig. 19b reports the MFB 50 and, even in this case, the 
observations on the AHRR are confirmed. The overprediction of the 
combustion rate in the first half of the process results in a slight un
derestimation of the combustion phasing. As for the duration (namely 

Fig. 14. Comparison in terms of AHRR between CFD and experiments. Results are obtained with the ‘base’ setup and adding the effect of both TD instability and 
Karlovitz stretch factor.

Fig. 15. S-function sensitivity to the slope.
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MFB 10–90), Fig. 19c confirms an overprediction of the experiments for 
all the cases, which is probably due to an overestimation of the 
quenching effect. However, similarly to the other indicators, the error in 
the MFB 10–90 prediction is still acceptable.

Thanks to the outcomes of the proposed simulation framework, it is 
possible to point out the moderate influence of the TD flame instability 
and the capability of turbulence-instability interaction and wall 
quenching to perfectly compensate it. The limited impact of the flame 
instability is a noteworthy outcome of this work. In fact, following the 
existing literature [20,61,70], the selected operating points presenting 
extremely lean mixtures and low revving speed should be characterized 
by a significant effect of the TD instability, that increases the flame speed 
despite low turbulence. However, pressure and temperature also play an 
important role and, at the investigated engine-like conditions, the sta
bilizing effect of the temperature limits the impact of the TD instability.

As a further remark on the results, it is useful to point out the proven 

predictive capabilities of the proposed numerical framework, especially 
of the turbulent flame speed correlation and, more in general, of the 
combustion model. In fact, the investigated conditions cover a wide 
range of the úSL 

ratio. The different values are obtained keeping ú  roughly 
constant (as the engine speed does not modify), while changing the 
laminar flame speed through the variation of the mixture quality. The ú

SL 

sweep is particularly relevant not only for the wide range of φ (including 
conditions potentially affected by TD instability), but also with respect 
to the turbulent flame speed correlation, which depends solely on ú

SL 
it

self. A wide variation of this ratio without case-by-case calibration 
strengthens the robustness of the combustion model, demonstrating the 
validity of the correlation across very different operating conditions.

Finally, it is possible to conclude that all the proposed results 
represent an advancement compared to the state of the art provided by 
the literature dealing with TD instability modeling. For instance, both 
Hernandez et al. [19] and Ramognino et at [17] only study the effect of 

Fig. 16. Sensitivity of the CFD pressure traces to the ‘slope’ parameter of the S-function, for φ = 0.35, φ = 0.40 and φ = 0.45 cases.

Fig. 17. Numerical-experimental comparison in terms of in-cylinder pressure, for each investigated condition; two sets of CFD results are presented, i.e. ones ob
tained with ‘base’ setup and the effect of both TD instability and Karlovitz stretch factor (ω2 K), and ones obtained with the ‘improved’ framework, featuring all the 
sub-models (ω2 K quench). The sweep is splitted in two figures, (a) and (b), for improved readability.

S. Sfriso et al.                                                                                                                                                                                                                                    Energy Conversion and Management 345 (2025) 120394 

13 



laminar flame speed but neither wall flame quenching nor turbulence- 
instability interaction are considered. Moreover, in both the works a 
DI engine is investigated. Although an accurate validation is carried out, 
uncertainties relative to the stratification remain, which are completely 
eliminated in the present work. While Ramognino et al. show significant 
impact of the TD instability, in the work of Hernandez et al. [19], only a 
slight modification of the pressure traces is observed, similarly to the 
present paper. Overall, compared to [17] and [19], the present work 
shows higher accuracy of the numerical outcomes with respect to the 
experiments, and the validation is carried out on a wider set of condi
tions. On the other hand, Novella et al. [21] include a quenching model 
and investigate a PFI engine unaffected by mixture inhomogeneities, as 
in this work. They notice a stronger effect of TD instabilities at φ = 0.30. 
However, this does not necessarily contradict the findings of the present 
paper, as pressure and temperature conditions differ significantly. 
Additionally, the turbulence-instability interaction is not considered in 
[21]. Therefore, this represents a key contribution of the current work to 
the existing literature. Finally, compared to [21], higher accuracy of the 
CFD results can be noticed in the present paper.

5. Conclusions

A 3D-CFD framework for in-cylinder simulations of H2 ICEs is pro
posed. The setup includes the modeling of TD instability, turbulence- 
instability interaction and wall quenching of the flame, among other 
things. It is validated against experimental data on multiple operating 
conditions characterized by a wide range of equivalence ratios. The 
framework is able to properly predict engine performance and, thus, it 
can be exploited by designers to develop new generations of H2 ICEs.

The numerical setup is firstly presented in a ‘base’ version, inherited 
from a previous work by the authors. Then, step-by-step, it is refined by 
including sub-models to consider the effect of TD instability, turbulence- 
instability interaction (through the Karlovitz stretch factor) and wall 
quenching of the flame. Compared to the ‘base’ setup, the ‘improved’ 
version (i.e. the one including all the sub-models) shows similar results. 
In other words, the instability effect is canceled out by considering the 
prevailing effect of turbulence and wall flame quenching. In particular, 
at higher equivalence ratio values, the instability impact is minimal and 
partly compensated by the action of the flame quenching. In the leanest 
cases, where the instability reaches a maximum, the effect is mainly 
inhibited by the Karlovitz stretch factor.

Apart from the proposal of a comprehensive framework, the present 
paper offers a deepening into the effect of the TD instability. At the 
investigated conditions, the impact is not negligible, but not even sig
nificant. The reason is explained by the proposed values of ω2, a 
parameter determining the instability growth rate due to TD effects. 
High ω2 values (i.e. strong instability) are obtained with low unburnt 
temperature, while the dependency on pressure and equivalence ratio is 
more complex. This means that the effect of the instability has to be 
evaluated case by case. Based on the thermodynamic conditions of the 
investigated operating points, LFS correction is significant only for the 
leanest cases. However, even for them, the impact of the instability is 
limited. In fact, the thermodynamic conditions promoting the TD 
instability are achieved only towards the combustion end.

Since the investigated engine is PFI, the drawn conclusions are not 
affected by uncertainties related to the mixture stratification. In this 
regard, it is necessary to remind that the proposed approach is strictly 
valid for premixed combustion. From a purely numerical standpoint, it 
can be applied also to DI engines with stratified mixture, as in [17] and 
[19]. In that case, the laminar flame speed correction factor is still 
applied across the entire flame surface, but the correction also depends 
on the local φ besides p, T and EGR. However, this is a simplified 
approach as the mutual interaction between TD instability, turbulence 
and mixture inhomogeneity is more complex, as shown in [71]. There
fore, the applicability to stratified mixtures requires rigorous validation, 
which is beyond the goal of the present study.

It is important to point out that, although the instability effect is 
minimal for the investigated cases, different engine operating conditions 
may manifest a stronger impact. For this reason, as a future develop
ment, other operating conditions and/or engines will be investigated. 
Finally, as for the turbulence-instability interaction, it will be necessary 
to refine the superimposition method and improve the approach to 
interaction by considering the characteristic scales of eddies and flame 
instabilities.
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