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ARTICLE INFO ABSTRACT
Keywords: This study evaluates the effect of strain on the dynamic response of three-dimensional, thermodiffusively
Hydrogen premixed flames unstable lean premixed hydrogen flames. The analysis combines results obtained using a Sivashinsky-type

Thermodiffusive instabilities
Strained flames
High-fidelity simulations
Weakly non-linear model

weakly non-linear model in a stagnation-point flame configuration with fully non-linear, high-fidelity numerical
simulations featuring detailed chemistry and transport in a counterflow reactants-to-products setup. The flame
response to a polychromatic perturbation imposed along the third or ‘extruded’ dimension of the two strained
configurations is evaluated in the linear regime. Results from both approaches reveal a stabilising effect with
increasing strain, ultimately leading to the stabilisation of all the perturbation modes monitored at sufficiently
high strain rate, which is linked to a strain-induced local flow redistribution in correspondence of positively
and negatively curved flame fronts in the counterflow configuration. By integrating our previous findings in
two-dimensional counterflow configurations (Porcarelli et al, Proc. Combust. Inst. 41 (2025) 105906) with the
three-dimensional results presented here, we demonstrate for the first time that the onset of intrinsic flame
instabilities in thermodiffusively unstable mixtures can be suppressed at sufficiently high strain rate conditions
regardless of the direction of the imposed perturbation.
Novelty and significance statement

This study performs for the first time a linear stability analysis of three-dimensional, thermodiffusively
unstable lean premixed hydrogen flames in strained configurations using both a weakly non-linear model
and a fully non-linear model with detailed chemistry and transport. It is demonstrated that sufficiently high
applied strain rate tends to suppress the onset of intrinsic instabilities in thermodiffusively unstable lean
premixed hydrogen flames regardless of the direction of the imposed perturbation. This finding advances
our understanding on the response to strain of lean premixed hydrogen flames, and suggests that strained
configurations offer a viable strategy to control such flames in practical carbon-free and low-NO, combustion

systems.
1. Introduction with increased stretch. As a result, any imposed perturbation is am-
plified due to thermodiffusive effects, making the flame intrinsically
The global push towards hydrogen as a clean energy carrier has in- unstable [6].

tensified research into the dynamics of lean premixed hydrogen flames,
which are intrinsically unstable because of thermodiffusive effects [1].
This focus is driven by the need to control low-NO, hydrogen flames
in practical combustion systems.

Due to hydrogen’s differential and preferential diffusion effects, lean
premixed hydrogen flames are characterised by a distinctive response

In the limit of small amplitude perturbations, an initial regime
where the instability grows linearly in time can be identified, whose
growth rate depends on the local perturbation mode, allowing to re-
construct the so-called ‘dispersion relation’. The hydrodynamic theory
allows the analytical derivation of the dispersion relation of intrin-

to strain [2,3] and curvature [4], which together define flame stretch. sically unstable flames [7,8]. However, this theory is incomplete for
Unlike hydrocarbon fuels, sufficiently lean hydrogen/air mixtures have thermodiffusively unstable mixtures such as lean hydrogen/air. In the
a Lewis number Le below the critical value Le, as defined by Bechtold last decade, direct numerical simulations (DNS) based on comprehen-
and Matalon [5]. For these mixture conditions, the flame is charac- sive transport modelling have been thus performed to analyse both the

terised by a negative Markstein length, i.e. the flame speed increases
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linear and non-linear stability of thermodiffusively unstable lean hydro-
gen/air flames in a variety of flame setups, including two-dimensional
[9-12] and three-dimensional [13,14] unstretched freely propagating
flames, spherically expanding flames [15-17], and conical flames [18,
19]. The effects of stretch on the onset of intrinsic flame instabilities
has been recently studied from the curvature point of view in spher-
ically expanding flames, demonstrating the existence of a stabilising
effect at small flame radii (high stretch) [17]. However, fewer studies
exist addressing the flame dynamic response to tangential strain rate,
i.e. the other contributor to stretch, and whether it induces a similar
stabilisation effect remains thus unclear.

In a previous work [20], we performed a stability analysis of
thermodiffusively unstable lean premixed hydrogen flames in a two-
dimensional counterflow configuration, and found that any imposed
perturbation is damped above a sufficiently high strain rate. In the
present work, we extend this analysis to three-dimensional strained
configurations ‘extruded’ in the third dimension with periodic bound-
ary conditions. First, a preliminary assessment is performed over a
stagnation point flame by means of a Sivashinsky-type weakly non-
linear model [21]. Hence, the response of a lean premixed hydrogen
flame to an imposed perturbation is evaluated in a three-dimensional
counterflow configuration in the linear regime with a fully non-linear
model, consisting of detailed-chemistry numerical simulations with
comprehensive transport. Unlike [20], where the direction of the im-
posed perturbation was aligned with the flame-tangential velocity gra-
dient established to strain the flame, here the perturbation is imposed
in the third or ‘extruded’ dimension where the velocity component is
an invariant. The purpose of this work is to determine whether suffi-
ciently high strain suppresses the onset of intrinsic flame instabilities
in thermodiffusively unstable mixtures regardless of the direction of
the imposed velocity gradients established to strain the flame, thereby
generalising our previous findings. This study focuses on laminar con-
ditions to assess the potential for strained configurations to stabilise in-
trinsically unstable hydrogen flames, laying the groundwork for future
investigations into their behaviour in practical turbulent combustion
environments.

2. Computational models
2.1. Weakly non-linear model

G. Sivashinsky developed a family of weakly non-linear models
which retain validity for thermodiffusively stable and unstable flames
[21,22]. Sivashinsky et al. [23] later extended this model to account
for the effect of strain in a stagnation point flame configuration. This
model was derived under the assumption of constant density flow
and thus neglects thermal expansion across the flame. Despite this
strong assumption, this model is retained here as it provides useful
information on the linear stability characteristics of thermodiffusively
unstable flames in three-dimensional stagnation point configuration,
and on how their dynamic response is affected by increasing strain rate.

Fig. 1 illustrates the stagnation point configuration considered for
the analysis in the present work. The prescribed velocity field implies
a uniform strain rate K; on the flame. The flame front, nominally
planar and oriented perpendicularly to the x axis, is located at a
fixed distance from the stagnation surface and is stretched along the
y direction. The flow in the present configuration is homogeneous
in the third dimension, z. Small corrugations of the flame front are
described by the leading-order perturbation w(#, ¢, r), where n and ¢ are
rescaled coordinates along the flame surface in the y and z directions,
respectively, and 7 is a rescaled time coordinate. Perturbations are thus
modelled as:

W)e +4VHW) + VW) + 5 (V) + a(ny), =0, @

where the subscripts in the first and last term refer to derivatives with
respect to 7 and #, respectively. The equation above can be integrated
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Fig. 1. Sketch of the three-dimensional stagnation-point flame setup simulated
with the weakly non-linear model with imposed perturbation along the z
direction.

via a pseudo-spectral approach as described in [24]. The biharmonic
term 4V*(y) is stabilising and accounts for short-wavelength diffusive
effects. The Laplacian term V2(y) is destabilising and represents the
effect of thermodiffusive instability driven by differential diffusion of
heat and reactant. Note that the hydrodynamic instability is not taken
into account as the model assumes constant density. The non-linear
term %(Vx//)2 describes the effect of self-advection of the flame front
and continuously regenerates short-wavelength perturbations through
mode interaction, making the problem non-linear. The last term a(y),
represents flame stretch due to the stagnation-point flow. The equation
is derived through a matched asymptotic expansion in powers of &
near the thermodiffusive instability threshold Le ~ 1, where ¢ = 0.5
is a consistent thermodifussive instability parameter as discussed in
[25]. Strain rate enters the evolution equation at the same order as the
thermodiffusive instability through the scaled parameter a = K,/e?.
Different strain rates can thus be prescribed through the parameter
a from unstrained conditions (¢ = 0) to @ = 65 in the present
study. Imposing a similar polychromatic methodology to that used for
high-fidelity simulations (see Section 2.2) across the z direction, the
dispersion relation is reconstructed in the linear regime by tracking in
time an appropriately scaled non-dimensional growth rate @ of each
of the N = 128 perturbation modes identified by the non-dimensional
wavenumber k.

2.2. Fully non-linear model

High-fidelity, laminar reacting flow simulations are performed with
detailed chemistry using an in house low-Mach version of reacting-
Foam. In Einstein’s notation, the equation solved for the generic species
k reads
9(pYy) + Aopu;Yy) _a(PVk,iYk) +

ot x; ox;

i

Wiy, (2)

1
where p is the mixture density, V} ; is the diffusion velocity of species
k, w, is the molar rate of production of species k, W) is the molar
mass of species k, and subscript i denotes the spatial directions. Our
implementation introduced a mixture-averaged diffusion model with
velocity correction and temperature-dependent species thermodynamic
and transport properties as detailed and validated in [20]. Soret effect
is neglected to reduce computational cost coherently to our previous
work [20], where we found that this assumption has a negligible impact
on the quantitative predictions of the perturbation growth rates in
the linear regime (see Section 2.1 in [20]). Detailed kinetic data of
reactions and species transport are taken from the Conaire chemical
mechanism [26].

The setup consists of a lean premixed hydrogen/air flame (equiv-
alence ratio ¢ = 0.5) in a two-dimensional counterflow reactants-to-
products configuration as the one described in Porcarelli et al. [20],
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Table 1

Overview of the simulations investigated in the present work.
Case name a [s7'] s. [m/s] 6, [mm] 7, [ms] Ka [-]
Unstrained 0 0.485 0.405 0.834 0
a2000 1447.5 0.732 0.346 0.472 1.2078
a5000 3633.5 0.831 0.299 0.360 3.0570

which is ‘extruded’ in the third dimension by L, = 2 cm ~ 495, ,, where
8¢, is the unstretched laminar flame thickness. A sketch is provided
in Fig. 2. Periodic boundary conditions are prescribed along the z
direction. Note that to reduce the computational cost, we reduced the
domain dimension in the y direction from 2 cm as done in [20] to
1 cm in this study, as we will not impose any perturbation along this
direction. Note that the results of the stability analysis in the linear
regime are unaffected by the domain size [12]. The third dimension
is discretised with a uniform mesh of 800 finite volumes, such that a
uniform mesh of 800 x 400 x 800 elements with Ax = 2.5- 107 m
is achieved in all directions. The nominal applied strain rate in this
configuration is defined as

|| + |u,,\
a=—-
L

X

3

where L, = 2 cm is the domain length in the x direction, and u,
and u, are the velocities at the reactants and products boundary,
respectively. Two levels of strain a = 1447.5 s~ and ¢ = 3633.5 s71
are considered in this study, matching the two highest strain rate cases
in [20]. Note that these strain rate values are not directly comparable
to the those chosen for « in the weakly non-linear model, which is a
scaled parameter (see Section 2.1). A summary of the cases investigated
along with their consumption speed s, thermal flame thickness &,
chemical time scale 7,, and Karlovitz number is provided in lines 2
and 3 of Table 1. The Karlovitz number is defined as Ka = ad;,/sp,
where s; is the laminar flame speed (corresponding to the unstretched
consumption speed s, ). Note that the values in the case names refer to
the flamelet strain rate according to the definition in a one-dimensional
counterflow flamelet equation framework [2], as explained in Section
1 of the Supplementary Material, which also reports strain rate values
obtained using other definitions from literature. The computations are
performed with a third-order cubic scheme for the convective term of
all resolved quantities, combined with an implicit second-order Crank—
Nicolson discretisation scheme for time marching. A constant time-step
is chosen to ensure a maximum CFL number below 0.2. Unlike in
freely-propagating unstrained setups, here the basic state solution is
obtained from two-dimensional counterflow simulations at a = 1447.5
s~! and a = 3633.5 s7! in [20] after they achieved a steady state with
a stabilised flat flame, and is mapped over the 3D domain as starting
solution for the 3D simulations. Then, the flame is perturbed across the
z direction with a multi-wavelength perturbation of N = 42 modes with
initial amplitude A, = 0.025,, and the dispersion relation in the linear
regime is reconstructed following the polychromatic methodology by
Al Kassar et al. [12]. Note that the strain rates selected for this work
exceed the threshold set in [20] (a 2 700 s~1) required to obtain a
steady, stabilised flat flame in 2D, enabling its use as initial solution
for perturbation after mapping in 3D. For comparison, the results of an
unstrained 2D freely propagating flame obtained in [20, Sec. 3.1] are
also evaluated. A summary of the flame parameters for this case, which
will be indicated with the subscript  in the remainder of this work,
are reported in Table 1. It is worth noting that there is no coupling
between multi-dimensional perturbations in the linear regime, thus the
linear stability analysis for this 2D setup is still relevant for comparison
to that performed for the 3D cases presented in this work [27].
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Fig. 2. Sketch of the three-dimensional counterflow setup simulated with the
fully non-linear model with imposed perturbation along the z direction. The
flame front is identified by the thick surface coloured with the yellow-to-red
colourmap, representing the reactive region of the domain.
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Fig. 3. Dispersion relation for perturbations imposed along the z direction of
unstrained and different strained three-dimensional stagnation point flames,
obtained with the weakly non-linear model described in Section 2.1.

3. Results and discussion
3.1. Weakly non-linear model

The dispersion relation obtained numerically with the extended
weakly non-linear model from Sivashinsky et al. [23] are reported for
different strain rates in Fig. 3 for the three-dimensional stagnation point
flame configuration described in Section 2.1. Note that the reported
results refer to the growth rate of the different modes for an imposed
perturbations along the z direction, which is perpendicular to the
flame-tangential velocity gradient established to strain the flame (y
direction). Also note that since thermal expansion is neglected in the
model (see Section 2.1), the curves exhibit a zero derivative in the limit
of zero wavenumber (dw/dk|,— = 0).

The figure shows that the growth rate of each mode is diminished
with increasing strain rate. This indicates that the modes which are
intrinsically unstable in unstrained conditions progressively become
stable under the effect of strain. Ultimately, at the highest strain rate
conditions investigated (a = 65), all modes feature a stabilising negative
growth rate. These results suggest that sufficiently high strain rate can
suppress the onset of intrinsic instabilities growing in the direction per-
pendicular to that of the flame-tangential velocity gradients established
to strain the flame. These findings provide a first qualitative assessment
of the effect of strain in thermodiffusively unstable flames. However, it
is worth noting that the weakly non-linear model has been shown to
hold only under conditions of weak stretch [28] and near-unity Lewis
number [29]. Additionally, the stagnation point configuration may lose
reliability at high strain rates due to the flame being pushed towards the
wall, potentially leading to unpredictable flame-wall interactions [20].
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Fig. 4. Dispersion relation obtained over an iso-line at ¢ = ¢(&) in the plane
y = 0 for unstrained and different strained three-dimensional counterflow lean
premixed hydrogen flames. The axes are scaled with the unstretched laminar
flame thickness & f and chemical time scale 7, (see Table 1).

To draw robust conclusions, high-fidelity numerical simulations based
on a fully non-linear model with detailed chemistry and transport are
therefore required, as discussed in the following subsection.

3.2. Fully non-linear model

The results obtained with the 3D simulations described in Sec-
tion 2.2 are presented here. Unlike in our previous work [20], where
the perturbation was imposed along the same direction as the flame-
tangential velocity gradient established to strain the flame (y direction),
the perturbation is now applied perpendicular to that gradient (along
the z direction). Since the ‘extruded’ counterflow configuration features
a zero velocity component in the z direction (u, = 0), any perturbation
applied to the flame along this direction will not be affected by the
velocity field. This means that the flame will not feature any mode
shift, which is the case for perturbations along the y direction. This
allows to perform a classical linear stability analysis and reconstruct a
dispersion relation as in a freely propagating flame. The growth rate
of a perturbation mode identified by the wavenumber k is defined as

1dA
w=——,

A dt
where A is the amplitude of a given k evolving in time r. The amplitude
data are sampled in time over an iso-line in the plane y = 0 identified by
the iso-line of progress variable ¢ where the corresponding reaction rate
@, is maximum in unperturbed conditions. Here, the progress variable
is defined based on the water mass fraction:

€]

Y0
€= ymax )
H,0°

Note that due to the computational time to let flame fingers develop
in the non-linear growth regime, the analysis in this study is limited to
the linear growth regime.

The dispersion relations for the unstrained and strained cases of
Table 1 are reported in Fig. 4, together with the growth rate of hydrody-
namic or Darrieus-Landau instabilities wp; = (6> +62—06)'/2=06)/(1+0)
as defined in [8], where ¢ = p,/p, is the thermal expansion coefficient.

The graph shows that the dispersion relation curve is shifted down-
wards with increasing strain, validating the trend obtained with the
weakly non-linear model in Section 3.1. This indicates that for a given
perturbation mode, the associated growth rate decreases. Furthermore,
in the lower strain rate case, some of the lower wavenumber and higher
wavenumber modes that are unstable in unstrained conditions become
stable, displaying negative growth rates. More interestingly, for the
highest strain rate case all the modes become stable, confirming the
finding obtained preliminarily with the weakly non-linear model. The
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reader can find the time evolution of modal amplitude A(k) for cases
a2000 and a5000 in Section 2 of the Supplementary Material.

To understand how the observed shift of the dispersion relation
curve with increasing strain affects the global flame wrinkling, the
probability density function (PDF) of the local curvature sampled across
the same iso-line is reported in Fig. 5. The PDF is evaluated both
at the beginning (+ = 2.4z, ,, Fig. 5(a)) and towards the end of the
linear regime (+ = 3.67/,, Fig. 5(b)), and is normalised such that
fk];';‘:x P, dx = 1 to allow the comparison between the two instants. These
two instants are identified by inspecting the time ranges of constant
growth rate for each mode in the three cases (not shown). The graphs
show that for the highest strain case and at the beginning of the linear
regime, the range of curvature values with significant probability is
substantially narrower, suggesting that the flame front is characterised
by less pronounced local curvature values compared to the unstrained
and lower strain cases. At the later instant towards the end of the linear
regime, the range of curvature values with significant probability is
wider compared to the previous instant for the unstrained and a2000
cases, indicating that the local curvature has increased in time due to
the growth of intrinsic flame instabilities. In the moderate strain case
a2000, however, the widening is less pronounced as expected from
its dispersion relation (see Fig. 4), which exhibits lower growth rates
and a restricted range of unstable modes compared to the unstrained
case. Yet, most of the modes are still unstable, which explains why the
curvature range still widens in time. In contrast, the range of curvature
values with significant probability has further narrowed at the later
instant for case a5000, indicating that the curvature is decreasing
everywhere across the flame front and thus that the flame is restoring
its initial flat shape. Visual evidence of increasing and decreasing local
curvature in time is further provided for cases a2000 and a5000,
respectively, in Section 3 of the supplementary material. Combined
with the observed shift in the dispersion relation towards negative
growth rates at all modes (see Fig. 4), these findings demonstrate that
sufficiently high strain rate is able to suppress the onset of intrinsic
instabilities along the direction perpendicular to the flame-tangential
velocity gradient established to strain the flame, thereby confirming the
behaviour suggested by the weakly non-linear model. The mechanism
underlying this suppression is explored in the following sections.

3.3. Reaction rate distribution

Flame contours for cases a2000 and a5000 of Table 1 are shown in
Fig. 6 at an instant at the beginning of the linear regime (t = 2.47, ).
The flame is identified here as the iso-surface at the value of progress
variable where its reaction rate would peak in unperturbed conditions.
The surface is coloured with the progress variable reaction rate @, to
identify the regions of higher and lower reactivity. The lower strain
rate case exhibits the typical reaction rate pattern of an intrinsically
unstable flame front due to the thermodiffusive mechanism. Indeed,
positively (negatively) curved flame regions, i.e. concave towards the
products (reactants), are characterised by increased (decreased) reac-
tion rates, which enable the onset of the instabilities. Since instabilities
are suppressed for the higher strain case (see Section 3.2), one might
expect that an opposite behaviour occurs in this case. However, Fig.
6(b) shows that the reaction rate still increases (decreases) in positively
(negatively) curved flame regions, albeit its variation is less pronounced
due to the more limited curvature range. This finding suggests that
the observed suppression phenomenon is not due to thermodiffusive
mechanisms being reversed by macroscopic strain, but is rather linked
to possible strain-induced modifications of the local flow field where
the curved flame regions are located, which can result in a stabilising
hydrodynamic effect competing with the onset of intrinsic instabilities.
This aspect is investigated next.
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Fig. 5. Normalised PDF of curvature P, over an iso-line at ¢ = c(@!") in the plane y = 0 for the three different strain rate cases in Table 1. The PDF is evaluated
at two different timesteps: (a) at the beginning of the linear regime, and (b) towards the end of the linear regime.
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3.4. Displacement speed analysis

An investigation on the correlation between the local displacement
speed and curvature across the flame front is performed in this section.
The displacement speed measures the flame front speed relative the
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flow and is defined as

sy= 2 L&]:ﬂ[L(ﬁ_,_u.vc)]’ 6)
po | IVe| Dt po | IVel \ ot

where py, p, and u are the density of the unburnt mixture, the local

density, and the local velocity vector, respectively [30]. Note that the

expression above is scaled with the density ratio p/p, to account for

thermal expansion across flame front. The local curvature of the flame

front is defined as

k=V-n, @)

where n = —V¢/|Vc| is the unit vector normal to the flame front,
which is positive when pointing towards the reactants. The conditional
mean of the displacement speed on curvature (s,|x) for the three
cases of Table 1 is reported in Fig. 7. The sample points to compute
the conditional mean are taken on the same iso-line identified in
Section 3.2 at an instant at the beginning of the linear regime for
the three cases (r = 2.4rf,u). For an evaluation of the displacement
speed trends at a later instant (+ = 3.67/,), the reader is referred
to Section 4 of the Supplementary Material. To compare the curves
at different strain rates, the value at zero curvature (s;|x = 0) is
subtracted to the conditional mean values. The figure shows that the
dependence of the displacement speed on the local curvature remains
mainly unaffected as the strain rate varies. In an intrinsically unstable
case, the positively (negatively) curved flame fronts are expected to
locally propagate at increased (decreased) flame speeds, enabling the
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onset of the instability. The positive correlation observed between
displacement speed and curvature in the unstrained and a2000 cases
confirms this expectation. Conversely, positively (negatively) curved
flame fronts maintain an increased (decreased) flame speed for the case
a5000 of Table 1, i.e. this case has the characteristics of an intrinsically
unstable flame despite the analysis in Section 3.2 showed that it is
stable.

In order further shed light on this point, it is convenient to decom-
pose the density-scaled displacement speed into two different velocity
components as follows [30]:

4 1 ode Ve ) 8)

p

Sq —sa+un—sa+%(—u-n)— % <m5 +u- ﬁ
The first term s, in Eq. (8) represents the absolute speed of the flame
front, corresponding to its velocity relative to the laboratory frame.
The second term u, = p/py(—u - n) is the density weighted local flow
velocity encountered by the flame front along its normal direction.
The conditional mean of these two components are reported in Fig.
8 at the iso-line sampling points. Both the components exhibit an
opposite behaviour with increasing curvature for the a5000 case which
is intrinsically stable as compared to the other unstable cases. In a case
with growing instabilities, i.e. with increasing perturbation amplitude
in time, a positively (negatively) curved flame front is expected to
propagate upstream (downstream) in the domain towards the reactants
(products) with respect to the laboratory frame, which means it should
exhibit an increased (decreased) absolute speed (recall that n > 0 when
pointing towards the reactants). This behaviour is indeed observed in
the unstrained and a2000 cases. On the contrary, in an intrinsically
stable case, a positively (negatively) curved flame front should feature
a decreased (increased) absolute speed to enable the amplitude of the
instabilities to decrease in time with respect to the laboratory frame,
which is the behaviour observed for case a5000. Note that since the
absolute speed is measured with respect to the laboratory framework,
its variations as a function of curvature are orders of magnitude smaller
than the laminar flame speed or the consumption speed, which are
instead quantified with respect to the flow field. Yet, these variations
are meaningful to identify unequivocally whether the instability at a
positively/negatively curved flame front is growing or damping. Let
us now consider the local flow velocity component normal to the
flame front locally (right plot in Fig. 8). For the two unstable cases,
the graph shows that a positively (negatively) curved flame region
encounters a decreased (increased) local flow velocity normal to the
flame front. This flow distribution with local curvature allows the
instability to grow from an hydrodynamic perspective, as the local
flow field does not ‘oppose’ to the positively (negatively) curved flame
front upstream (downstream) propagation. Notably, the a2000 case
exhibits a significantly weaker negative correlation compared to the
unstrained case, suggesting that strain is playing a role in altering the
local flow field encountered by the flame front. This trend is instead
inverted for the higher strain case a5000. Here, positively (negatively)
curved flame fronts encounter regions of locally increased (decreased)
normal flow velocity which counteracts their upstream (downstream)
propagation, thereby preventing the instabilities to grow and instead
enabling a suppression mechanism. This analysis suggests that the
observed suppression of intrinsic instabilities by strain might be linked
to a configuration-based local flow redistribution in correspondence of
positively/negatively curved flame fronts, which enables a stabilising
hydrodynamic effect competing with Darrieus-Landau and thermodif-
fusive mechanisms, rather than to local thermodiffusive effects being
suppressed by strain.

4. Conclusions

This study revealed through complementary modelling approaches
a stabilising effect of strain on perturbations imposed along the per-
pendicular direction to the flame-tangential velocity gradient in three-
dimensional strained flame configurations. The analysis of the corre-
lation between the local reaction rate and displacement speed with
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Fig. 8. Conditional mean of the absolute speed (s,) and local flow velocity (u,)
components of the displacement speed versus curvature for the three different
strain rate cases in Table 1. The conditional mean is evaluated at an instant at
the beginning of the linear regime (¢ = 2.47, ) over an iso-line at ¢ = c(&"™)
in the plane y = 0.

curvature along the flame front revealed that the stabilisation mecha-
nism is not due to thermodiffusive effects being mitigated, but is rather
linked to hydrodynamic effects enabled by a strain-induced local flow
redistribution in correspondence of positively and negatively curved
flame fronts in the counterflow configuration.

These results enable the generalisation of the findings of our pre-
vious work, where we observed that any perturbation imposed along
the direction of the velocity gradient is damped at sufficiently high
strain rate in two-dimensional counterflow configurations. It can be
concluded that the onset of intrinsic flame instabilities in thermod-
iffusively unstable mixtures can be suppressed by sufficiently high
strain rate regardless of whether the imposed perturbation is aligned
or misaligned with the flame-tangential velocity gradient established
to strain the flame. Ultimately, it is demonstrated for the first time
with high-fidelity numerical simulations that sufficiently high strain
rate can stabilise lean premixed hydrogen flames that would be other-
wise intrinsically unstable. This finding paves the way for leveraging
strained configurations as a stabilisation strategy, enabling effective
control of intrinsic flame instabilities in practical turbulent lean pre-
mixed hydrogen combustion systems. In this framework, future works
should focus on investigating whether the strain-induced instability
suppression mechanism observed in this study is linked to a suppression
of synergistic effects in turbulent settings.
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