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ABSTRACT

Large Eddy Simulations with flamelet-based thermochemistry are used to investigate the be-
haviour of a premixed hydrogen-air flame stabilised by a bluff-body. Validation against exper-
imental data is carried out first to demonstrate the model’s ability to predict both velocity field
and flame structure. The capability of the model in predicting differential diffusion effects is
then assessed, in particular regarding the coupling between differential diffusion, tangential
strain and curvature, and their effect on mixture fraction redistribution and reaction rate vari-
ation. Results indicate that unstretched flamelet thermochemistry is capable of capturing the
increase in mixture fraction caused by positive resolved strain, as well as negative variations
of mixture fraction due to negative curvature. Furthermore, the model is observed to mimic
the effects of negative Markstein length to a certain extent, so that positive tangential strain
causes reaction rate increase. The interplay between resolved stretch and preferential diffusion
is also shown to lead to a shorter flame length which is in better agreement with experimental
observations as compared to simulations under unity Lewis number assumption. These find-
ings highlight that the macroscopic effects of differential diffusion and stretch on the premixed
hydrogen flame, characterised by significant strain levels, can be predicted using a flamelet-
based approach and without recurring to strained flamelets database, which implies important
simplifications in the combustion modelling of turbulent hydrogen-premixed flames and offers
valuable insights for the design of novel combustors.
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1. Introduction

Hydrogen combustion is carbon-free, offering significant potential for decarbonization in
view of fighting the climate change. However, burning hydrogen poses challenges due to
its distinct physical and chemical properties as compared to hydrocarbon fuels. Hydrogen
exhibits high molecular diffusivity, low activation energy, and a high burning velocity which
increase the risk of flashback. Moreover, hydrogen’s flame high temperature may imply higher
emissions of nitrogen oxides (NOx). To limit these, hydrogen can be burnt at ultra-lean con-
ditions, implying lower temperatures and a reduction of NOx formation. However, utra-lean
conditions are difficult to design due to hydrogen’s preferential diffusion, whose effects and
their modelling are still not fully understood. Large Eddy Simulation (LES) is a powerful
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computational tool for capturing unsteady combustion physics in practical configurations at
an affordable computational cost as compared, for example, to direct numerical simulations
(DNS). In an LES, only the large turbulent flow structures are resolved, with models used to
mimic the effects of the small scales on the large motion. Since combustion is unduly a small
scale phenomenon, the turbulence-flame interaction must be modelled in an LES.

Among the most common models for this interaction in premixed flames, flamelet-based ap-
proaches have been extensively used in the context of LES for hydrocarbon flames due to their
good compromise between limited computational cost and relatively good accuracy. Never-
theless, flamelet models were mainly developed under the assumption of species equidiffu-
sivity, and are thus unable to capture the effects of differential diffusion and its coupling with
stretch which, in hydrogen flames, plays a crucial role on the flame dynamics even at mod-
erate strain levels (Law 1989). In the context of flamelet approaches, while one-dimensional
effects such as mixture leaning ahead of the flame can be accounted in the LES by introduc-
ing corrections to the mixture fraction, progress variable, and enthalpy equations, addressing
two-dimensional effects of strain and curvature present greater challenges (Mukundakumar
et al. 2021; Regele et al. 2013; Lapenna et al. 2021). In recent years, research effort has
been oriented to the development of canonical combustion systems to gain understanding of
the hydrogen combustion physics and the associated model development. Some examples
include the lifted partially premixed flame in hot coflow (Cabra et al. 2002), the low swirl
burner studied in (Kai et al. 2023; Shoji et al. 2020), the HYLON swirled burner (Capurso
et al. 2023; Marragou et al. 2022) and the unconfined bluff-body burner developed at NTNU
(AEsgy and Dawson 2023). The latter is particuarly appealing to study the coupling between
differential diffusion and stretch, since it focuses on a fully-premixed lean hydrogen case
and both strain and curvature effects are observed. Recent studies for the confined version
of this configuration have emphasised the role of preferential diffusion on the ignition dy-
namics (Yahou et al. 2024), and the effects of stretch and heat losses in hydrogen blended
flames (Kutkan et al. 2022b,a). Nevertheless, the coupled dynamics between differential dif-
fusion and stretch, in particular its strain component, and its implication for flamelets-based
approaches, remains unclear. The present work aims at investigating the NTNU unconfined
test case using a flamelet-based approach coupled with a presumed filtered density func-
tion (FDF) closure, which was recently developed to incorporate effects of differential diffu-
sion (Ferrante et al. 2024b) by extending the method proposed in (Mukundakumar et al. 2021)
for laminar flamelet models to the context of LES with presumed FDF. This extended model
was shown to be capable of capturing the fluctuations of local equivalence ratio at resolved
level associated with the joint effect of differential diffusion and flame curvature, originating
from turbulence and thermodiffusive instabilities. However, it remains unclear whether the
effects of (tangential) strain can be captured within this framework. Since both strain and cur-
vature produce macroscopic effects of leading order in premixed hydrogen flames, it is crucial
to capture the interplay between differential diffusion and the effects of strain and curvature in
the combustion modelling. This raises the question of whether an unstrained, one-dimensional
flamelets database, as opposed to a database of strained flamelets, would be adequate for cap-
turing the influence of strain on the flame dynamics. Despite the one-dimensionality of an
unstretched flamelet suggests that this is not possible, the answer is not straightforward. At
the macroscopic level, and similarly to a curved flame case, the thermochemical state of a
strained flame is altered by the balance between convection and diffusion. Thus, a model for
LES that can mimic this balance could in principle retrieve the correct thermochemical state
starting from unstretched conditions. Studies in the context of hydrocarbon flames (Langella
and Swaminathan 2016) have already shown that strained flamelets are not necessarily re-
quired if most of the strain is resolved, even in presence of local extinctions (Chen et al.
2020; Soli et al. 2021). In the context of hydrogen premixed flames Berger et al. (Berger



et al. 2022) suggested that adding a mixture fraction among the controlling variables provides
a greater improvement of thermochemical states parametrization in a turbulent (hydrogen)
jet flame, than choosing curvature, stretch or strain. On the contrary, the a priori analysis
conducted by Bottler et al. (Bottler et al. 2024) indicated that incorporating both strain and
curvature variations in the flamelets database is necessary to capture all the thermochemical
states. Nevertheless, the deviation of the reacting states predicted by the DNS from a flamelet
database built only using unstretched flamelets at different mixture fraction was mostly asso-
ciated to minor species, while smaller deviations were observed for main species, tempera-
ture and reaction rate. Berger et al. (Berger et al. 2025) recently developed and tested an LES
flamelet model, incorporating preferential diffusion, based on unstretched premixed flamelets
with varying equivalence ratio. Their results show that this manifold captures most of the
effects of differential-diffusion and its coupling with flame front curvature (caused by ther-
modiffusive instabilities) and turbulence, and strain (induced by turbulence). In light of the
above studies, it remains unclear whether in configurations characterised by intense strain the
combined effects of strain, curvature and differential diffusion on the distribution of mixture
fraction and reaction rate peak can be captured by the sole effect of resolved strain in an LES,
and starting from a database of unstretched flamelets. In contrast with the slot-burner flame
investigated in (Berger et al. 2025), the bluff-body stabilised flame analysed in the present
study is dominated by relatively high mean strain-rate levels if compared to those of curva-
ture. This offers an opportunity to assess the applicability of unstretched flamelet libraries
in such regimes. In particular, the present work aims to: (i) validate the flamelet model for
the current test case against available experimental data (PIV and OH*-chemiluminescence)
and numerically investigate the flame characteristics; and (ii) evaluate the model’s capability
in capturing differential diffusion and strain effects on the flame’s behaviour at the resolved
level using a flamelet database built on unstrained flamelets.

2. Case study

The configuration studied in this work is the premixed bluff-body stabilised flame devel-
oped at the Norwegian University of Science and Technology (NTNU). This configuration is
schematically illustrated in Fig. 1. The geometry is the same as investigated by (Esdy et al.
2021), although the flame analysed in the present work is unconfined. Details on geome-
try and experimental data can be found on the TNF Workshop archive (Esgy and Dawson
2023). The conical bluff body has a diameter d, = 13 mm and half-cone angle o = 45°.
The hydrogen-air mixture is introduced with a temperature 7' = 25°C through an annular
duct with an external diameter d, = 19 mm and a bluff-body holder diameter of 5 mm. The
burner operates without confinement, allowing the flame to develop freely in an environment
at atmospheric pressure and temperature.

The operating conditions are summarised in Tab. 1 together with laminar flame properties at
the nominal equivalence ratio ¢ = 0.4. Experimental dataset consists of OH* chemilumi-
nescence and RMS and time-averaged velocity. these are measured at 2 mm, 5 mm, 10 mm,
15 mm and 20 mm from the bluff-body base in the stream direction for the cold flow experi-

Table 1.: Operating conditions for the NTNU bluff-body burner.

¢ i [kg/s]  Pon [kW] o sp [m/s] - 6; [m] 7y [s]
04 2287 x 107 35 021  6.5x107* 0.0031
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Figure 1.: Schematic of the NTNU premixed hydrogen burner (left), and corresponding nu-
merical mesh and boundary conditions (right). All dimensions are reported in mm.

ment, and at 2 mm, 5 mm, 10 mm, 20 mm and 40 mm for the reactive flow case.

3. Methods

Large-eddy simulations with flamelet based thermochemistry and presumed FDF closure are
employed in this work. The Favre-filtered, reactive Navier-Stokes include transport equations
for continuity, momentum and absolute enthalpy (sum of formation and sensible enthalpies).
Additional equations are solved for the combustion model. These equations will be discussed
in the next section. The sub-grid scales (sgs) are modelled using a one-equation approach, in-
volving an additional transport equation for the sgs turbulent kinetic energy ks (Yoshizawa
1986). Flamelet models rely on the assumption that turbulent eddies can stretch and wrinkle
the flame, but cannot affect its internal structure due to the smaller characteristic time and
length scales of chemistry with respect to turbulence. Turbulence and thermochemistry can
thus be decoupled and the turbulent flame can be described by an ensemble of 1D laminar
flames (flamelets), which are parametrised by a limited number of controlling variables. The
sgs effect of turbulence on the reactions is modelled by presuming the shape of the control-
ling variables’ subgrid distribution via a filtered density function (FDF). Effects of differen-
tial diffusion are included following the method proposed in (Mukundakumar et al. 2021)
and extended for presumed FDF approaches as in (Ferrante et al. 2024b). Specific details of
combustion and differential diffusion modelling are discussed next.

3.1. Combustion Model

The flamelets database consists of premixed unstretched flamelets at different equivalence
ratios, parametrised using a progress variable ¢ based on water mass fraction Y90, and the
Bilger’s mixture fraction 2 (Bilger et al. 1990). These are defined as:

. Yimo(2) = Vi 0(2) oy (2 2H0) — (70 — 20,0) )
Yio(z) =Y o2) s (2. — 2H.0) =y (0.5 — 20.0)



where superscripts # and b refer to unburnt and burnt mixtures respectively, subscripts f and
o indicate fuel and oxdiser streams, and z; refers to the elemental mass fractions. Transport
equations for the Favre-filtered controlling variables ¢ and Z are solved together with the

corresponding variance equations (03, 03) and the transport equation for the absolute enthalpy
h. These equations read:
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where (i, is the turbulent sgs viscosity defined by the turbulence model, and Sc; and Pr; are
the turbulent Schimdt and Prandtl numbers, respectively, both set to a constant value of 0.4.
Two simulations are conducted, respectively with and without taking differential diffusion
into account, which are referred respectively as Le; # 1 and Le; = 1 in the remainder of
this paper for simplicity. The diffusion coefficients of the controlling variables D, and D,
are taken equal to the thermal diffusivity o when unity Lewis number is assumed for every
species. The source terms S, S, and Sj, are non-zero for the cases where differential diffusion
is taken into account. These and the corresponding diffusion coefficients will be discussed in
the next section. The filtered reaction rate w, in Eq. (2) is calculated as

U(czac,az _p//wccz czcz,ac, )dcdz ®)

where the progress variable reaction rate, w,(c, z), is taken from the 1D laminar flamelets
database. The joint filtered density function P(c, z) is assumed to be the product of Beta dis-

tributions both for ¢ and z, whose shape also depends on their sgs variances 02 and 02 These
quantities are computed by resolving their respective transport equations as in (Langella and
Swaminathan 2016; Chen et al. 2020 Ferrante et al. 2024a). The filtered temperature is com-
puted from the equation h = Ah §t fT (T") dT", where C), is the mixture specific heat
at constant pressure and Ah is the mlxture enthalpy of formation. The mixture density is
computed via an ideal gas state equation. The Favre-filtered values for Cp, ARY, mixture
molecular weight W (needed for the state equation), as well as heat diffusivity «, are also
precomputed in a manner similar to Eq. (5).

3.2. Differential Diffusion Modelling

In the present study, the effects of differential diffusion are included at the thermochemistry
level by employing a mixture averaged diffusion model in the solution of the 1D premixed
flamelets. For every species an averaged diffusion coefficient with respect to the mixture is
computed as:
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where Djj, is the binary diffusion coefficient of species j in species k£ and X and Y indi-
cate respectively the molar and mass fraction. As a consequence of differential diffusion,
mixture fraction and enthalpy are no longer constant along the flamelet. In the LES the
transport equations of enthalpy and controlling variables must be corrected, to be consis-
tent with the transport model adopted in the flamelet solution, implying that the terms S, S,
and S}, in Egs. (2)-(4) are non-zero. The correction derived and validated for laminar flames
in (Mukundakumar et al. 2021), and successively extended and validated for the presumed
FDF LES framework in (Ferrante et al. 2024b), is used here. In this approach, the controlling
variables are defined as a linear combination of the N, species mass fractions, for example:
z= Zg;l &Y. Two scalars (5., 5,) are then computed from the 1D flamelets as an average
of species mass fractions weighted by their mean Lewis number Lej, and their contribution
to the controlling variable &, for example: 5, = g;;l(fk — &n.)/LeYy. These scalars
are then pre-integrated consistently with Eq. (5). The filtered molecular diffusion term for
the controlling variables is computed from the thermal diffusivity and the gradient of these
scalars V - (ﬁlNDVﬁi). Two additional scalars are used to correct the total enthalpy diffusion
flux, which is written as V - (ﬁf)ﬁ?h/l VT + ﬁﬁVﬁTﬂ), where (351 and (52 account respectively
for local variations of specific heat and heat conductivity, and enthalpy redistribution, caused
by differential diffusion along a flamelet. The new set of transport equations now reads:
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3.3. Numerical Setup

The computational domain begins downstream of the three cylinders located 65 mm upstream
of the bluff-body base. The open ambient surrounding the bluff body is modeled as a cylinder
with a diameter d = 100 mm and height &~ = 100 mm. The domain is discretised using 2.5
million hexahedral cells, and the boundary layer is refined to ensure a 4 lower than one.
Within the reaction zone, cell sizes range from a minimum of 35 pm to a maximum of 400
pm, with an average size of approximately 100 pm, which corresponds to an average of 6.5
numerical cells within the laminar flame thickness. The quality of this mesh was assessed
using the Celik criterium (Celik et al. 2005) in order to resolve at least the 80% of the turbu-
lent kinetic energy throughout the computational domain. Fig. 1 (right) shows a cut plane of
the computational mesh and the boundary conditions applied in the simulations. The Favre-
filtered Navier Stokes equations under low-Mach approximation are solved using the finite



volume method in OpenFOAM-v9. A constant time step of 3 x 10~7 s is used to ensure the
Courant number remains below 0.5 in every cell of the computational domain. The Pressure
Implicit with Splitting of Operators (PISO) algorithm is selected for the pressure-velocity
coupling and an implicit Euler scheme is used for the temporal discretisation. The thermo-
chemical database is built on a set of freely propagating premixed hydrogen-air 1D flamelets
at atmospheric pressure, with reactants temperature of 300 K and the mixture fraction in the
reactants spanning the flammability range z € [0.007, 0.17]. The 1D flamelets solutions
are computed using the one-dimensional solver CHEM1D and the Burke mechanism (Burke
et al. 2012) (11 species and 21 reactions) is used as reaction mechanism. The 4D flamelets
database needed for the FDF approach (see Eq. (5)) is discretised with n. = 100 equispaced
points between 0 and 1 for the progress variable space, and n,2 = 50 points between 0 and
¢(1 — ©¢) for its subgrid variance space. The filtered mixture fraction space spans the flamma-
bility range, and a total of n, = 98 equispaced points is used. A total of n,2 = 15 points are
used for the mixture fraction subgrid variance, spanning exponentially the range [0, z(1 — 2)].
Boundary conditions are assigned as follows and highlighted in Fig. 1. At the domain inlet,
a mass flow rate of 7 = 0.00229 kg/s with a value of mixture fraction of z = 0.0125 is
imposed, which corresponds to the nominal equivalence ratio of 0.4 used in the experiments.
Zero normal velocity gradients and total pressure corresponding to the atmospheric pressure
are prescribed at the outlet(s) of the computational domain. The simulation is initialised with
a mixture fraction equal to zero (representing air at 300 K) throughout the entire domain.
Once the flow has convected the mixture fraction field downstream the bluff-body, a patch
with progress variable ¢ = 1 is imposed near the bluff-body to ignite the mixture.

4. Results and Discussion

4.1. Validation and flame structure

Comparisons between LES and experimental measurements of time-averaged and RMS axial
and radial velocity components at various streamwise (axial) locations are shown in Fig. 2.
Both the case with and without differential diffusion are reported, showing no significant
differences in mean velocity flow field between the two models.

The simulations results align well with the experimental data, particularly in capturing the
peaks of both velocity components and RMS fluctuations. However, some overestimation of
the RMS of radial velocity is observed in the region of the shear layer around a height of
20 mm. This could be related to the fact that subgrid scales are affected by thermal dilatation
effect in the flame normal direction, which is not taken into account in the estimation of
these RMS. This argument is further suggested by the fact that the RMS of radial velocity
was observed to better match the experimental measurements in the non-reacting case (not-
shown). Also, comparisons of OH*-Chem measurements with time averaged reaction rate
from LES, shown in Fig. 3, indicate that the LES accurately predicts both the shape and
length of the flame. It can be further observed that the location of highest reaction rate moves
towards the edge of the bluff-body when differential diffusion effects are included in the
model, and the comparison with experimental data improves in this case.

Further insight on the effects of differential diffusion is presented next. For an unstretched
premixed flame, a decrease in mixture fraction is expected in the preheat zone ahead of the
flame, followed by a re-increase in the flame region (Berger et al. 2022; Porcarelli and Lan-
gella 2024a). This behaviour, categorised in the Introduction as a one-dimensional effect, is
captured by the LES with differential diffusion model, as demonstrated in Fig. 4 by the pres-
ence of a region of mixture fraction with values around zZ = 0.011, which are lower than the
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Figure 2.: Radial profiles of axial and radial velocity, and their RMS, at different axial loca-
tions. (LES with Leg, = 1: == LES with Le; # 1: -, Exp @)

nominal value Z = 2,0, = 0.0125. In fact, since the resolved curvature in this region is small
and the positive resolved strain in the same region would increase the mixture fraction as
compared to an unstrained case (Porcarelli and Langella 2024a), the observed low values of
Z necessarily imply that one-dimensional effects of differential diffusion are captured in the
LES. Besides, the LES with differential diffusion model also predicts a significant increase
in mixture fraction in the post flame region (¢ > 0.5), above its nominal value. This increase
is only possible due to the combined effects of stretch and differential diffusion (positive
strain and curvature), as documented in previous studies (Berger et al. 2022; Lapenna et al.
2021; Porcarelli and Langella 2024a). This implies that the LES with unstretched flamelets
thermochemistry can, at least qualitatively, mimic this interplay between resolved stretch and
differential diffusion (multi-dimensional effect as categorised in the Introduction). As a con-
sequence of this enrichment, the LES also predicts superadiabatic temperatures, with peaks
around T = 1800K observed in the region of the flame anchoring point (Fig. 4, right). These
peaks are found to correspond to values of progress variable ¢ > 0.85. Consistently, a redistri-
bution of the reaction rate field is predicted with respect to the unity Lewis number case, with
higher values concentrated close to the flame anchoring point, also resulting in a shorter flame
as observed with reference to Fig. 3. The above analysis highlights significant effects of dif-
ferential diffusion in the studied configuration. Nevertheless, how the balance between strain
and curvature is affecting the interplay between stretch and differential diffusion, and how the
current modelling framework based on unstretched flames thermochemistry is capturing this
interplay is yet unclear. Insights on this aspect are provided in the next section.

4.2. Average resolved stretch effects

In premixed flames, differential diffusion effects are tightly coupled with flame stretch K.
This can be split into contributions of flame front curvature k; and flame tangential strain Sy
as

K=5+ kfsd. (10)
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Figure 3.: OH*-Chemiluminescence from experiments (Esgy and Dawson 2023) (left) and
midplane contours of mean heat release rate obtained from LES results with (centre) and
without (right) differential diffusion effects. All plots are normalised: experimental results
have been normalised by their respective maximum OH*-Chem value, while the numerical
results have been normalised by the maximum value of the Le = 1 case.

In particular, flame curvature induced either by turbulence or by intrinsic thermodiffusive
instabilities, is positively correlated with variations in mixture fraction, such that a convex
curvature towards the reactants causes mixture enrichment upstream of the flame, while a
cusp (concave towards reactants) produces a mixture fraction decrease (Williams 2018; Li-
patnikov and Chomiak 2005). Similarly, positive flame tangential strain produces a mixture
enrichment when coupled with differential diffusion (Porcarelli and Langella 2024a). The
contours in Fig. 5 indicate a region of intense positive tangential strain rate <5’t> ~ 7500 1/s
being generated at the edge of the bluff body, where the flame anchors, which is due to the
shear between the inlet flow and the recirculation region of hot gases.

The same figure reports radial profiles of mean flame tangential strain in progress variable
space for different axial locations. As one would expect, tangential strain decreases down-
stream. Its peak location, found for mean progress variable values (¢) > 0.8, is also found to
shift towards the product side as one moves downstream. The effect of mean resolved strain
on mixture fraction is also visible in Fig. 5. Consistently with the study in (Porcarelli and
Langella 2024a), higher levels of strain observed near the bluff body base limit the (one-
dimensional) differential diffusion effects on mixture fraction decrease in the low progress
variable region, and enhance its re-increase for higher values of ¢. This re-increase results in
overshoot of mixture fraction above 50% in the region of higher strain, as compared to the
nominal value. This in turns induces superadiabatic temperatures of the order of (7') ~ 2000
K. This phenomenon, which is linked to the relative magnitude of convective transport with
respect to diffusive transport of mixture fraction due to differential diffusion in strained
flames, is thus correctly captured by the LES at the resolved level. In the present configu-
ration, unlike what was observed by Berger et al. (Berger et al. 2022), strain appears to be
the main responsible for mixture fraction variations, dominating over curvature effects. The
comparison with the present bluff-body reacting dynamics further suggests that thermodiffu-
sive instabilities, which played a major role in the slot burner (Berger et al. 2022; Ferrante
et al. 2024b) for a similar equivalence ratio and massflow rates, are somewhat suppressed by
the significant strain at the bluff-body base, consistently with (Porcarelli and Langella 2024b;
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Figure 4.: Midplane contours of instantaneous filtered mixture fraction (left) and temperature
(right) obtained from the LES without (Le = 1) and with (Le # 1) differential diffusion
model. The mixture fraction field is the one obtained from its transport equation Eq. (8)

Porcarelli et al. 2025). Figure 5 also indicates that not only the peak reaction rate, but also
the extent of the area underneath the curve (which is proportional to the consumption speed
in physical space), increases in correspondence of regions of higher tangential strain rates
(see radial profiles). This is an expected effect of reacting mixtures at negative Markstein
lengths (Law 1989), and suggests that capturing the correct redistribution of mixture fraction
might be sufficient, in the context of flamelets combustion modelling, to predict the correct in-
crease in reaction rates. This is further confirmed by the fact that the flame shape and length,
thus the burning speed, is in very good agreement with the experimental observations (see
Fig. 3), which is not the case without differential diffusion modelling. On the other hand, one
has to keep in mind that strain effects on reaction rate are also linked to enthalpy and radicals
redistribution through the flame front as indicated in the a priori analysis of (Bottler et al.
2024). In the latter, however, errors were observed to remain below 10% in terms of major
species, temperature, density and reaction rates when using an unstretched flamelets database
as compared to strained flamelets, with larger errors for minor species. Unfortunately, minor
species mass fractions are not available in the experimental database for comparisons. Note
that errors on minor species are commonly expected within flamelets based approaches even
for hydrocarbon flames, where additional transport equations and methods are often used to
improve the accuracy of their predictions (e.g. see (Van Oijen et al. 2016)). The above re-
sults suggests that effects of strain in lean hydrogen flames can be accurately predicted with
unstretched flamelets thermochemistry, at least as long as most of the strain is resolved.
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Figure 5.: Top row, from left to right: Midplane contours of mean resolved tangential strain
rate (S;), mean mixture fraction, (Z), mean progress variable reaction rate, (&c), and mean
temperature (7.) obtained from LES with differential diffusion model. Isoline of mean
progress variable (¢) = 0.8 is marked as a blue dashed line (----). Bottom row, from left to
right: profiles of the same average quantities along the flame at the 4 axial locations marked
in the A1 contour plot: ¥y = 0.5 mm (=), y = 1.5 mm (=), y = 2.5 mm (=), y = 3.5 mm
(==). The dashed line indicates the nominal mixture fraction value z = 0.0125.

4.3. Reacting states

Figure 6 illustrates the joint probability density function of progress variable reaction rate
w. and progress variable ¢ at a random timestep. Only points on the flame with w. > 1 are
considered. Consistently with what observed by Berger et al. (Berger et al. 2022) for a jet
flame at the same equivalence ratio, differential diffusion effects (left) result in reaction rate
values higher than those found in an unstretched 1D laminar flame, which is due to the effect
of stretch on local enrichment. Since these states are significantly more abundant than states
associated to mixture fraction leaning, the global conditional average, (w|c), is also signifi-
cantly larger than the one associated to unstretched samples only (red line), highlighting the
significant effect of stretch on the reaction rate. Note that the latter curve still presents values
larger than those for the unstretched laminar 1D flamelet (black curve), due to diffusion of
mixture fraction from the enriched pockets in the nearby regions of non-zero stretch. Figure 6
(left) also indicates that increasing levels of tangential strain (dashed lines) yield an increase
of conditional reaction rate, in agreement with the trends observed in (Porcarelli and Langella
2024a). These effects are completely absent when considering the case without differential
diffusion (Figure 6, right), where the global conditional average matches the one obtained
using unstretched samples only.

Also, as expected, increasing levels of resolved strain does not affect the conditional reac-
tion rate. Figure 7 shows scatter plots of filtered mixture fraction z versus filtered progress
variable ¢, at a random timestep, coloured by mean stretch, strain and curvature respectively.
Global conditional averages as well as conditional averages obtained only using samples at
zero stretch, strain or curvature are also shown. Stretch and tangential strain are normalised
by the chemical time scale 7f, and curvature is normalised by the laminar flame thickness
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Figure 6.: Joint probability density function of progress variable reaction rate versus progress
variable at a random timestep. Both cases with (left) and without (right) differential diffusion
are shown. Solid lines represent global conditional average (w|c) (=), conditional average
restricted to unstretched reacting states (W|c, K = 0) (=), and the reaction rate for an un-
stretched 1D premixed laminar flamelet at the same equivalence ratio (==). Dashed lines in-
dicate the conditional averages at fixed levels of tangential strain S;.

dr, whose values are reported in Tab. 1. The plot on the left indicates a strong correlation
between positive values of stretch and mixture enrichment. The global conditional average of
mixture fraction versus progress variable shows the typical profile of a strained premixed 1D
flamelet in counterflow configuration (Porcarelli and Langella 2024a), as already observed in
Fig. 5, with an initial decrease in mixture fraction with respect to the nominal value followed
by a reincrease and eventual overshoot. The conditional average of unstretched reacting state,
(2], K = 0) (red line), is observed to align with the mixture fraction profile for an un-
stretched 1D premixed flamelet (blue line), confirming that stretch is driving this deviation.
Consistently with Fig. 6 and the results in (Berger et al. 2022), the values on the “unstretched”
conditional average curve are higher than those for the unstretched 1D flamelet. The two
rightmost graphs in Fig. 7 further reveal that stretch effects are primarily driven by tangential
strain in the present configuration, whereas curvature has a less pronounced influence. One
can notice that the conditional average at zero curvature, (z|c, ks = 0) (red line, rightmost
graph), aligns with the global conditional average (black line), consistently with results in
(Berger et al. 2022). Furthermore, the conditional average at zero strain, (3], S; = 0) (red
line in the central graph), appears to align with the unstretched conditional mean (red line
in the left graph). This milder influence of curvature effects, as compared to previous stud-
ies, is due to the fact that the positive tangential strain itself at the flame anchoring location
might be limiting the onset of thermodiffusive instabilities (observed instead in (Berger et al.
2022)), thus limiting the occurrences of strongly curved flame fronts (Porcarelli and Langella
2024b; Porcarelli et al. 2025). As a final remark, Fig. 7 (central graph) further illustrates the
conditional mean at zero curvature for increasing strain levels. This confirms the argument
for Fig.6 that increasing strain intensifies the local enrichment, as observed in (Porcarelli and
Langella 2024a) for laminar strained flamelets, leading in turn to the increase of reaction rate.
To further characterise the influence of stretch, in Figure 8 the probability density functions of
resolved stretch, tangetial strain and flame curvature, with and without differential diffusion,
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Figure 7.: Scatter plots of mixture fraction versus progress variable in the flame region.
Colours represent mean resolved normalised stretch (left), strain rate (center), and curvature
(right). Global conditional averages (z|c) are marked as solid black line (==). The nominal
mixture fraction is marked with a black dashed line (----). The mixture fraction from 1D un-
stretched premixed flamelet at the same equivalence ratio is plotted with a solid blue line (==).
Red lines (==) indicate conditional averages obtained considering points at zero stretch, strain
and curvature, respectively. The dashed lines (----) represent increasing levels of strain rate.

are shown. One can notice that curvature has a zero mode (although the mean remains slightly
positive due to a mild skewness to the right), which is believed to be the result of only turbulent
eddies motion. On the contrary, the PDF of strain indicates the presence of two peaks, which
are believed in turn to correspond to the effect of turbulent eddies and to the applied strain in
the shear region where the flame anchors (positive mode). This distribution is thus different
to that observed in (Berger et al. 2022) where only a peak around zero strain was observed. It
is interesting to note that the presence of differential diffusion causes an increase in the value
of tangential strain associated with this second peak (strain itself intensifies), as well as an
increased number of occurrences at this value. This is linked to the stabilization of the flame
closer to the bluff-body edge characterised by higher strain levels and an overall shortening
of the flame, and indicates that the hydrogen flame ‘chases’ the high strain region.

5. Conclusions

Large-eddy simulations with a flamelet-based combustion modeling and a recently-developed
model to account for preferential diffusion, have been used to investigate the coupling be-
tween preferential diffusion and stretch in bluff-body stabilised lean premixed hydrogen
flames subject to relatively high levels of flame tangential strain. The LES has been firstly val-
idated against available experimental data of velocity and OH*, showing that computational
results are accurate. The preferential diffusion model was shown to be able to predict the local
redistribution of mixture fraction in regions of non-zero strain and curvature. This redistribu-
tion was observed to cause the shift of the reaction source term peak towards the flame an-
choring point, resulting in an increased flame-tangential strain and a shorter flame compared
to the unity Lewis number case. Furthermore, the model captured the increase in reaction rate
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Figure 8.: Probability density function of resolved stretch, strain and curvature, showing the
comparison between the unity Lewis number case (==) and with differential diffusion (==).

caused by positive strain by the sole use of unstretched flamelets thermochemistry. These find-
ings demonstrate in the LES context that the considered differential diffusion model, based
on an unstretched flamelets database, is effective in mimicking the peculiar physics of lean
premixed hydrogen flames that exhibit coupling between stretch and differential diffusion,
particularly in a configuration characterised by significant flame-tangential strain rate. This
requires most of the strain and curvature to be resolved and the use of an appropriate cor-
rection for mixture fraction and progress variable. The insights provided within this work
thus represent a step forward the definition of modelling strategies for highly-resolved LES
simulations of lean premixed hydrogen flames.
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