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A B S T R A C T

Avoiding flashback is a primary challenge in the development of modern burners, which should be capable of
substituting natural gas with hydrogen in domestic end-user devices. The heat exchange between the burner
plate and the burned and unburned gases, as well as the effects of preferential diffusion, significantly impact
the flashback of such burners fueled with hydrogen. For these effects, the design of the burner plate plays
a pivotal role. In this study, three-dimensional simulations with detailed chemistry have been performed to
investigate the effect of three competing physical mechanisms, namely, preheating of fresh gases, preferential
diffusion, and Soret effect, which drive the flame flashback dependence on the holes/slits size. Two different
geometries are considered: circular holes with varying diameters and slits with fixed lengths but different
widths. Steady-state simulations with decreasing inlet velocities are employed to estimate the critical inlet
velocity for flashback. Conjugate heat transfer (CHT) is considered for the heat exchange between the burner
plate and the gases. For circular holes, the enclosed geometry promotes more effective heat transfer, leading
to a higher influence of preheating effects for small diameters. This results in a non-monotonic dependence on
hole size, with a non-trivial optimum diameter to avoid flashback. This behavior is specific to circular holes
and differs from that observed in previously studied infinitely long slits, where a linear dependence on the
slit width was found. Additionally, the individual influence of non-unity Lewis numbers and Soret diffusion
is analyzed. Notably, the Soret effect, in combination with CHT, is found to instaurate a strong, non-linear,
self-accelerating mechanism that has a leading-order effect on the flashback propensity of larger holes. This
finding underscores the necessity of including both effects in numerical simulations for accurate estimations
of the flashback limits in domestic burners.
1. Introduction

In the context of the massive incorporation of renewable resources,
green hydrogen has emerged as a valid candidate to boost decarboniza-
tion in several sectors, including heating for residential and commercial
buildings [1]. Current heating devices are mainly fueled with natural
gas. They are equipped with flat or cylindrical burners that stabilize
the flame on perforated plates, typically featuring patterns of circular
holes and slits. The transition from natural gas to hydrogen presents
significant challenges in burner design due to the high flame speed
of hydrogen. Additionally, the impact of preferential diffusion and the
Soret effect must be considered. The Soret effect, also known as thermal
diffusion, is a process where species are transported under the influence
of a temperature gradient: lighter species, such as H2, exhibit negative
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coefficients, diffusing from cold to hot regions, whereas heavier species
behave oppositely [2].

A critical challenge in this transition is to prevent the flashback of
hydrogen flames, an undesirable phenomenon where the flame prop-
agates upstream of the burner plate into a preheating region, posing
significant safety risks. Flashback limits in domestic burners fueled with
hydrogen and hydrogen/methane blends have been investigated both
experimentally and numerically. On the experimental front, the burner
temperature was identified as a crucial factor influencing flashback [3,
4], and autoignition was explored as an alternative flashback initiation
mechanism [5]. On the numerical front, primarily two-dimensional
(2D) configurations were employed to simulate flashback in perforated
burners [6–11]. Due to the importance of the burner temperature for
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Fig. 1. Left panel: computational domain (fluid zone in light gray, solid zone in dark
gray). Right panel: slit geometry. Boundary conditions are indicated in red.

the flashback propensity, numerical models including the conjugate
heat transfer were found to be necessary for a correct estimation of
the flashback limits [6,7,9]. Additionally, non-unity Lewis numbers and
Soret diffusion were found to play a key role for the stabilization of
premixed flames in bluff-body configurations by Vance et al. [12,13]. In
recent works by Fruzza et al. [9,11] and Flores-Montoya et al. [10], two
distinct flashback regimes were observed for CH4-H2-air mixtures when
varying the H2 content: a bulk symmetric flashback and an asymmetric
flashback.

In a recent study, Fruzza et al. [14] addressed the limitations of
2D simulations by comparing them to 3D simulations. The findings
revealed significant differences between 2D and 3D results for practical
slits, underscoring the intrinsic three-dimensional nature of flashback
dynamics.

A crucial geometrical parameter influencing flashback in the design
of perforated burners is the diameter of the holes or the width of the
slits. This parameter has a substantial impact on the heat exchange
between the burner plate and the gases, as well as on the effects of
preferential diffusion, which plays a significant role in flashback [7,11].
In this study, we employ detailed numerical simulations to examine the
influences of preheating, preferential diffusion, and the Soret effect in
determining the dependence of flashback limits for H2-air flames on the
hole/slit size. Two configurations are investigated: circular holes with
varying diameters and slits with fixed length and varying widths. To
assess the effects of the hole/slit size on preferential diffusion caused by
both the non-unity Lewis number and the Soret effect, simulations are
also conducted with the unity-Lewis-number assumption and neglecting
Soret diffusion. Specifically, the Soret effect is identified as playing a
leading-order role in determining the dependence on the hole size, due
to a non-linear feedback mechanism that narrows the flashback limits
for larger holes.

2. Configuration and numerical methods

3D configurations representing arrays of holes or slits of different
shapes and sizes are considered, emulating a portion of a real burner
plate typically used in domestic condensing boilers. The computational
domain is shown in Fig. 1, where the slit geometry is shown in the
right panel. The slit width is denoted by 𝑊 , while the distance be-
tween two adjacent slits is denoted by 𝐷. The distance between the
centers of the round far ends of the slit is represented by 𝐿, so that
𝐿 = 0mm corresponds to a circular hole of diameter 𝑊 . The burner
2

plate thickness is 𝑡 = 0.6mm for all cases. Two different shapes are
investigated: circular holes with varying diameters, for which 𝑊 is
varied within the range 𝑊 ∈ [0.4mm–0.8mm], and slits with fixed
length 𝐿 = 2mm and width 𝑊 varied in the same range. The porosity
of the burner is defined as 𝜓 = 𝐴slit∕𝐴tot , where 𝐴slit is the perforated
area and 𝐴tot is the sum of the plate and the perforated areas. For
all the investigated geometries, the porosity is kept fixed at 𝜓 = 0.2
by adjusting 𝐷 when varying 𝑊 . Maintaining a constant porosity is
crucial as it allows the direct correlation of the flashback velocity to
a specific power input to the burner covered with the simulated slit.
Due to the symmetries of the problem, the computational domain can
be reduced to a quarter of the entire hole/slit. Symmetry boundary
conditions are imposed on the external edges of the domain, to consider
the interaction with the adjacent holes/slits. The fluid domain extends
enough both downstream (𝐻out = 8mm) and upstream (𝐻in = 4mm) of
the solid. We use H2-air mixtures at different equivalence ratios 𝜙.
Uniform velocity and uniform temperature of 𝑇𝑢 = 300K are set at the
inlet, and a pressure of 𝑝 = 1 atm is imposed at the outlet. At the fluid–
solid interface, a no-slip boundary condition is imposed for the velocity,
and zero-mass flux is imposed for the species. No thermal boundary
conditions are needed at the fluid–solid interface since the heat fluxes
are computed directly as described below.

For the fluid, transport equations of mass, momentum, energy,
and mass fractions of chemical species are solved. The gas phase is
modeled as an ideal gas. Inside the solid domain, the energy equation
is solved. The burner plate is modeled as a solid with properties
representative of practical stainless steel commonly used in burners,
with density 𝜌𝑠 = 7719 kgm−3, specific heat 𝑐𝑝,𝑠 = 461.3 J kg−1 K−1, and
thermal conductivity 𝑘𝑠 = 22.54Wm−1 K−1. The equations are solved
on a structured grid, with characteristic cell size in the reaction region
of 𝛥𝑥 = 25 μm ≃ 𝛿𝐹 ∕13, where 𝛿𝐹 is the 1D unstretched thermal flame
thickness computed for 𝜙 = 1.0. The mesh is slightly stretched in
both the 𝑥 and 𝑦 directions toward the domain boundaries and in the
z direction toward the inlet and outlet, far from the reaction zone.
Detailed chemistry for hydrogen-air mixtures is employed, utilizing
a reduced version of the Kee-58 skeletal mechanism [15] including
9 chemical species and 19 reactions. Full multicomponent diffusion
is modeled using generalized Fick’s law coefficients derived from the
Maxwell–Stefan equations [16–18]. Soret diffusion is modeled using
the empirically-based composition-dependent expression provided by
Kuo [16,19] as

𝐷𝑇 ,𝑖 = −𝛼𝑇 𝛽
∑

𝑗𝑀
𝛾
𝑗 𝑋𝑗

∑
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𝑗𝑋𝑗

(

𝑀𝛾
𝑖 𝑋𝑖

∑

𝑗𝑀
𝛾
𝑗 𝑋𝑗

− 𝑌𝑖

)

, (1)

where 𝛼 = 2.59 × 10−7, 𝛽 = 0.659, 𝛾 = 0.511, and 𝜂 = 0.489 are empirical
constants, while 𝑀𝑖, 𝑋𝑖, and 𝑌𝑖 are the molar mass, molar fraction, and
mass fraction of the species 𝑖, respectively. The gray Discrete Ordinates
(DO) method [20] is employed to model radiation, assuming the emis-
sivity of the fluid–solid interface to be 0.85. The conjugate heat transfer
between the fluid and the solid zones is modeled using Fourier’s Law to
compute the heat flux through the fluid–solid interface [16]. It should
be noted that no turbulence model is required, as all simulations exhibit
fully laminar flow, which is typical for domestic burners.

3. Solution methodology

We performed steady-state simulations using the ANSYS-Fluent 22.1
pressure-based coupled algorithm [16] and a second-order upwind
scheme for spatial discretization. To determine the critical inlet velocity
for flashback, simulations for each investigated condition start with a
relatively high inlet velocity, leading to a stable flame. This inlet veloc-
ity is progressively decreased until the steady-state solver can no longer
find a stable flame solution, indicating that the critical inlet velocity for
flashback has been reached. To estimate accurately the flashback inlet
velocity, the minimum decrement of the inlet velocity is specified as
𝛥𝑉 = 0.01m∕s. The cold-flow bulk velocity at the slit entry is defined
in
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Fig. 2. Normalized flashback velocity as a function of hole diameter for 𝜙 = 0.6, 0.8,
and 1.0. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)

considering the porosity of the burner as 𝑉S = 𝐴tot∕𝐴slit 𝑉in = 1∕𝜓 𝑉in.
Following Vance et al. [7], the flashback velocity 𝑉FB is defined as

𝑉FB = 𝑉S||FB = 1
𝜓
𝑉in||FB . (2)

This methodology has been validated in previous studies using de-
tailed transient simulations [14]. We point out that no thermo-diffusive
instabilities were observed for the investigated cases.

4. Results and discussion

4.1. Circular holes

This section discusses the effects of the diameter of circular holes
on the flashback velocity for three equivalence ratios of 𝜙 = 0.6, 0.8,
and 1.0. Flashback velocities are computed for varying diameters in
the range 𝑊 ∈ [0.4mm–0.8mm]. The results are shown in Fig. 2, where
𝑉FB is normalized with the unstretched laminar flame speed of the cor-
responding mixtures. As expected, 𝑉FB∕𝑠𝐿 is higher for leaner mixtures
due to the impact of preferential diffusion, which is consistent with
previous findings [7,11]. All curves exhibit similar trends, featuring a
weak dependence of the flashback velocity on the hole diameter from
𝑊 = 0.4mm to 𝑊 = 0.5mm, succeeded by a nonlinear increase for
𝑊 > 0.5mm. This behavior is unique to circular holes, contrasting with
infinitely long slits previously examined in the literature that exhibit a
linear dependence on the slit width [7]. Further, the slope of the curve
in the region with larger diameters increases as the equivalence ratio
decreases. This trend can be explained by the relative importance of
three effects: preheating of the unburnt mixture, preferential diffusion,
and the Soret effect. The dominance of one effect or the other is found
to lead to the occurrence of two distinct flashback mechanisms, which
clarifies the non-monotonic dependence of 𝑉FB∕𝑠𝐿 on the slit width and
will be discussed in more detail next.

In Fig. 3, we show the distribution of temperature, normalized
equivalence ratio, and H2 consumption rate for the last stable flame
before flashback with 𝑊 = 0.4mm and 𝑊 = 0.8mm, highlighting the
two flashback mechanisms. The local equivalence ratio 𝜑 is defined
using the Bilger formula [15] and normalized with the equivalence
ratio of the inlet mixture 𝜙in = 0.6. The molecular H2 consumption rate
𝜔H2

is normalized with the maximum H2 consumption rate obtained for
the corresponding 1D flame max(𝜔H2 ,1D). To visualize the flame front,
progress variable iso-contours are included. The progress variable is
defined as 𝐶 = 1 − 𝑌H2

∕𝑌H2 ,𝑢, where 𝑌H2
denotes the H2 mass fraction,

and 𝑌H2 ,𝑢 represents its value in the unburnt mixture.
For 𝑊 = 0.4mm, the flame is very close to the hole exit. No sig-

nificant enrichment is observed in this region, resulting in a relatively
uniform H2 consumption rate along the flame front for a given 𝐶. This
is due to the less significant role of the Soret effect and preferential dif-
fusion compared to the case of 𝑊 = 0.8mm. The relationship between
3

the geometrical dimensions and the impact of the different physical
mechanisms will be explored in greater detail next. Due to the small
size of the channel, with the thermal boundary layer thickness being
comparable with the radius of the hole, the mixture temperature is
approximately uniform when reaching the flame zone, with 𝑇 ≃ 900K
at 𝐶 = 0.3. The preheating of fresh gases is due to the heating of the
flow when passing through the hot hole: at steady-state, the heat lost
by the flame to the burner at the top of the plate is provided back to
the flow on the bottom and the inner surface of the plate (net of losses
through radiation), causing the gases to be preheated. This mechanism
is illustrated in Fig. 3(a), where the heat flux is indicated as �̇�. When
the inlet velocity is decreased, the flame finds a new stable position,
closer to the burner plate, further increasing the solid temperature and
the preheating of the mixture. The preheating of the fresh gases has two
competing effects on the stabilization of the flame. On the one hand, the
flow velocity increases linearly with temperature due to the decreased
density. Since flashback occurs when the flame speed is higher than the
flow velocity, this mechanism would suppress flashback. On the other
hand, the flame speed increases with the unburnt mixture temperature.
However, 𝑠𝐿 increases more than linearly with the mixture tempera-
ture [21], and thus faster than the flow velocity. When reducing the
inlet velocity, the preheating is progressively intensified until a critical
inlet velocity and a critical mixture temperature are reached. At this
point, the flame speed surpasses the bulk velocity, causing the flame to
propagate into the hole.

For the case with 𝑊 = 0.8mm, the main driver for flashback is
preferential diffusion due to the less-than-unity Lewis number of the
mixture and the Soret effect. For mixtures with effective Lewis numbers
smaller than unity, preferential diffusion leads to a leaner mixture
at the negatively curved tip of the flame (zone A in Fig. 3(b)), and
thus a subsequent enrichment in the flame base region (zone B) [22].
Additionally, the hole is sufficiently wide to sustain a cold flow at
its center, resulting in a non-uniform unburnt mixture temperature
at the hole exit, varying from 𝑇 ≃ 400K to 𝑇 ≃ 1000K along
the 𝐶 = 0.3 iso-line. Soret diffusion, induced by strong temperature
gradients, causes the light H2 species to diffuse toward hotter regions,
leading to the enrichment of the mixture upstream of the burner and
close to the hot burner plate (zone C). This increases the heat release
and the temperature gradients in this region, thereby promoting the
Soret effect. This is similar to the self-supporting mechanism discussed
for a bluff-body configuration by Vance et al. [13]. Both of these effects
result in an enrichment of the mixture in the flame base region near the
burner plate, with a peak of 𝜑∕𝜙in ≃ 1.4. Consequently, the hydrogen
consumption rate and the flame speed increase at the flame base, and
flashback is initiated in the critical region close to the wall where the
gas velocity is small.

The shape of the curve in Fig. 2 is determined by the relative
importance of preheating and preferential diffusion. However, a de-
tailed quantification of the individual contributions of preheating and
preferential diffusion and a comprehensive understanding of their in-
teractions as the hole diameter varies cannot be readily extracted from
the above analysis. Moreover, the specific contributions of non-unity
Lewis numbers and Soret diffusion and their influence on the flashback
velocity as the hole diameter varies are not yet clear. This investigation
is crucial to determine the necessity of including these two effects
in numerical simulations for an accurate estimation of the flashback
limits. To address this, flashback velocities are computed by indepen-
dently switching off these two effects while varying the diameter in
the same range as above for the case 𝜙 = 0.6. To eliminate the effect
of non-unity Lewis numbers, diffusion coefficients are computed by
assigning unity Lewis numbers for all species instead of employing
the full multicomponent diffusion model. Soret diffusion is neglected
by eliminating the temperature gradient-dependent term in the species
equations. This approach results in four cases: two for each effect being
neglected individually and two where either both effects are omitted
or considered. The laminar flame speeds and flame thicknesses used
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Fig. 3. Visualization of temperature (a), normalized local equivalence ratio (b), and normalized H2 consumption rate (c) profiles for two circular holes with 𝑊 = 0.4mm and
𝑊 = 0.8mm at the flashback limit for the case 𝜙 = 0.6. Progress variable iso-contours are plotted in white. The solid part is represented by a dashed line.
Fig. 4. Normalized flashback velocity as a function of hole diameter for the four
investigated cases. For each case, 𝑉FB is normalized with the corresponding 𝑠𝐿. (For
interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

for the normalization of these three cases are also obtained using the
corresponding diffusion models. The normalized flashback velocities
are shown in Fig. 4 as functions of the hole diameters. It is interesting
to note that, when the effects of Soret diffusion and non-unity Lewis
numbers are eliminated, the flashback velocity exhibits a monotonic
negative dependence on the hole diameter. In contrast, when these
effects are present (individually or together), a non-monotonic depen-
dence is observed, with 𝑉FB decreasing with 𝑊 for 𝑊 < 0.5mm, and
increasing for larger diameters.

To better understand the mechanisms driving flashback for small
and large diameters in the four different cases shown in Fig. 4, 2D
fields of normalized H2 consumption rate and normalized local equiv-
alence ratio are shown in Figs. 5(a) and (b) for the extreme diameters
𝑊 = 0.4mm and 𝑊 = 0.8mm, respectively. For a consistent compar-
ison, the results are shown for a fixed slit velocity 𝑉S = 4.00m∕s,
which do not necessarily correspond to the last stable flames before
flashback. Temperature iso-lines are included in the visualizations of
�̄�H2

, and progress variable iso-lines are included in the visualizations
of the local equivalence ratio. The local equivalence ratio for the case
‘‘𝐿𝑒 = 1 and Soret OFF’’ is not shown since no preferential diffusion is
present and the equivalence ratio is uniform. In Fig. 6, we also present
the variation of the displacement speed, 𝑠𝐷, along the flame front for
all cases. The displacement speed is defined as 𝑠D = 𝜌∕𝜌𝑢𝒗 ⋅ 𝒏, where
𝜌 is the density, 𝜌 is the density of the fresh mixture, 𝒗 is the flow
4

𝑢

Table 1
Averaged burner plate temperatures and heat fluxes at the top surface of the plate for
𝑉S = 4.00m∕s.
𝑊 [mm] Case 𝑇𝐵 [K] �̇� [W∕mm2]

0.4

𝐿𝑒 = 1, Soret OFF 716 0.449
𝐿𝑒 = 1, Soret ON 759 0.516
Multic., Soret OFF 849 0.627
Multic., Soret ON 843 0.625

0.8

𝐿𝑒 = 1, Soret OFF 738 0.362
𝐿𝑒 = 1, Soret ON 848 0.612
Multic., Soret OFF 917 0.540
Multic., Soret ON 940 0.580

velocity, and 𝒏 is the unit vector normal to the temperature iso-surface
corresponding to 𝑇 = 1200K. Its value for each case is normalized
with the corresponding laminar flame speed and plotted against the
transversal coordinate 𝑥, scaled by the hole diameter 𝑊 . To provide
further support for the analysis, Table 1 reports the volume-averaged
burner plate temperature, 𝑇𝐵 , and the averaged heat flux lost by the
flame at the top surface of the plate, �̇�, for the cases illustrated in Fig. 5.

When no preferential diffusion sources are present, the flame sta-
bilization is driven solely by the unburnt gases preheating for all
investigated diameters. A monotonic decrease in the flashback velocity
with 𝑊 can be observed in Fig. 4. This behavior can be attributed to
more intense preheating for smaller diameters. As shown in Table 1, the
more enclosed geometry of the case 𝑊 = 0.4mm leads to higher heat
flux from the flame to the unburnt mixture with respect to 𝑊 = 0.8mm.
As a result, for 𝑊 = 0.4mm, the unburnt mixture has a temperature
of around 800K when reaching the flame front region, while being
approximately 600K for 𝑊 = 0.8mm. As discussed previously, a more
intense preheating of the unburnt gases ultimately leads to higher
flashback velocities, as the critical temperature at which the flame
speed surpasses the bulk velocity is reached at higher inlet velocities.
For this reason, the flashback velocity decreases as the hole diameter
increases as shown in Fig. 4. Since no preferential diffusion effects
are present, flashback is solely driven by preheating, which is more
effective for smaller holes.

Enabling Soret diffusion does not result in significant changes for
𝑊 = 0.4mm. Notable enrichment is primarily observed at the bottom
and inner surface of the burner plate, where temperature gradients
are higher. In contrast, the downstream part of the channel reaches
a uniform gas temperature, resulting in lower temperature gradients
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Fig. 5. Visualization of the H2 consumption rate and normalized local equivalence ratio profiles for the four investigated cases. The hole diameters are 𝑊 = 0.4mm (a) and
𝑊 = 0.8mm (b), and the inlet velocity corresponds to 𝑉S = 4.00m∕s for all cases. Temperature and progress variable iso-contours are plotted in white.
Fig. 6. Normalized displacement speed as a function of the non-dimensional transver-
sal coordinate 2x∕𝑊 for the four investigated cases. The hole diameters are 𝑊 = 0.4mm
(a) and 𝑊 = 0.8mm (b).
5

from the center to the wall. Moreover, in the downstream part of the
hole, the Soret effect has already pushed most of the fuel toward the
wall so that no more fuel remains and the fuel flux toward the wall
ceases. For these reasons, no significant variations in the shape of the
displacement speed curve are observed in Fig. 6(a) compared to the
case without the Soret effect. Moreover, only minor increases in heat
flux to the burner plate and in solid temperature are observed as listed
in Table 1. In contrast, for larger holes, more fuel is available in the
hole and the impact of Soret diffusion is much more pronounced. Due
to higher temperature gradients from the center to the wall and greater
availability of fuel, significant enrichment is observed in the flame
base region for 𝑊 = 0.8mm. The peak value of 𝜔H2

shifts toward
the flame base region, and its maximum value increases. A higher
burning intensity near the burner plate raises the solid temperature
and the heat flux, further increasing the temperature gradients from
the channel center to the wall. This amplifies the Soret effect, which
leads to even richer mixtures and higher temperatures close to the wall
resulting in a non-linear self-accelerating mechanism. The flame speed
is then increased in the critical region close to the wall, as demonstrated
by the local maximum observed near the wall in Fig. 6(b), ultimately
leading to higher flashback velocities. This mechanism overtakes the
dominance of preheating effects for 𝑊 = 0.6mm, where we observe
the blue curve starting to grow in Fig. 4. Note that the impact of
preheating is not eliminated in this and the following cases, as doing so
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would require eliminating the heat transfer between the gases and the
burner plate, which would completely alter the flow and combustion
characteristics.

When the multicomponent model is enabled, no significant enrich-
ment at the flame base due to preferential diffusion is observed for
𝑊 = 0.4mm. The small channel dimension and the high preheating lead
to a quasi-hemispherical flame with a reduced absolute value of the
curvature, suppressing curvature-induced preferential diffusion effects.
The primary impact of the non-unity Lewis number is the thickening of
the flame. The impact of preferential diffusion on the laminar flame
thickness and speed, as well as fuel consumption rate, is a result
of the complex interactions of molecular and thermal transport and
the reaction kinetics [23]. Depending on the conditions, preferential
diffusion can increase or decrease the flame speed and thickness as
well as the consumption rate. Under the investigated lean conditions,
diffusion of intermediate species toward both the unburnt and burnt
regions spreads the flame front, increasing its thickness and reducing
the maximum consumption rate. The augmented thickness increases
the contact area between the flame and the burner plate, resulting in
higher heat flux and higher burner plate temperatures. As a result,
an enhanced preheating of the unburnt mixture is observed, which
leads to higher values of 𝑠𝐷 and consequently to higher flashback
velocities. This mechanism applies to both small and large diameters,
as shown in Table 1, where 𝑇B and �̇� exhibit comparable increases for
both 𝑊 = 0.4mm and 𝑊 = 0.8mm when multicomponent diffusion is
enabled. For 𝑊 = 0.8mm, we additionally observe the H2 consumption
at the tip of the flame being 45% of that in the flame base region,
due to curvature effects: the larger diameter promotes a conical shape
for the flame, facilitating curvature-induced enrichment of the flame
base. In conclusion, the enhanced preheating caused by the thickening
of the flame leads to increased flashback velocities for both small and
large holes, shifting the green curve upward compared to the red one
in Fig. 4. Furthermore, preferential diffusion effects become significant
for 𝑊 > 0.6mm, contributing to an increased slope of the curve.

When considering the combined effects of Lewis number and Soret
diffusion, we observe the superposition of the previously discussed phe-
nomena. Our detailed analysis of each effect confirms that, in contrast
to infinitely long slit configurations, the dependence of the flashback
velocity on the size of the circular hole is determined by the relative
importance of preheating, the Soret effect, and preferential diffusion.
Specifically, the effects of preheating lead to a negative dependence of
𝑉FB on 𝑊 : for small diameters, the heat transfer from the hot burner
plate to the fresh gases is more effective, leading to higher flashback
velocity compared to larger diameters. In contrast, as 𝑊 increases, the
Soret effect and preferential diffusion tend to increase 𝑉FB. Larger holes
result in higher temperature gradients from the center to the wall and
greater fuel availability, leading to enhanced enrichment of the flame
base due to the Soret effect. Moreover, a larger diameter encourages
a conical flame shape, facilitating curvature-induced enrichment at the
flame base. A greater impact of preferential diffusion effects for larger
diameters is consistent with the higher slope of the curve observed in
Fig. 2 for leaner mixtures, where preferential diffusion effects are more
pronounced. Notably, the combined effect of these two mechanisms
leads to a non-trivial optimum for circular holes, corresponding to a
minimum of 𝑉FB for 𝑊 = 0.5mm. Additionally, the impact of Soret
diffusion is found to play a crucial role, similar to non-unity Lewis
numbers, demonstrating that including such effects cannot be neglected
for estimations of flashback limits in domestic burners.

4.2. Slits

The investigation is extended to slits with a fixed length of 𝐿 = 2mm
and varying widths within the range 𝑊 ∈ [0.4mm–0.8mm]. Flashback
velocities are computed across three equivalence ratios, 𝜙 = 0.6, 0.8,
and 1.0, as shown in Fig. 7. For slits, 𝑉FB exhibits a linear depen-
dence on 𝑊 across the entire investigated range. While the flashback
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Fig. 7. Normalized flashback velocity as a function of slit width for 𝜙 = 0.6, 0.8, and
1.0. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

velocity is almost identical to the circular hole case for small widths,
its dependence on the slit width is more pronounced, with 𝑉FB ex-
ceeding that of circular holes by approximately 50% at 𝑊 = 0.8mm.
Notably, unlike the circular hole case, no optimal slit width to prevent
flashback is observed. Compared to circular holes, the results suggest
a reduced influence of preheating effects and an increased impact of
preferential diffusion effects on the relationship between 𝑉FB and 𝑊
for slits. Again, this is consistent with a higher flashback propensity
and a more pronounced dependence on the slit width lower equivalence
ratios. To better visualize the flashback mechanism in slits, contours of
temperature, normalized H2 consumption rate, and normalized local
equivalence ratio on the longitudinal section of the slit are shown in
Fig. 8 for the case 𝑊 = 0.5mm. Due to the elongated shape, the
preheating of the fresh gases is only observed at the rounded ends
of the slit, where the enclosed geometry promotes heat transfer. As a
result, the overall bulk velocity and the flame shape is less influenced
by preheating effects compared to circular holes, as these effects are
localized only at the slit ends. In the same critical regions, significant
enrichment is observed due to both preferential diffusion and the
Soret effect for all values of 𝑊 , leading to the initiation of flashback.
Consequently, preferential diffusion and the Soret effect dominate the
trend, leading to an almost linear dependence of 𝑉FB on 𝑊 . In general,
the flashback mechanisms in slits are similar to those described in
Section 4.1 for circular holes, and a more detailed analysis is not
deemed necessary: the key differences between circular holes and slits
are linked to the reduced impact of the preheating mechanism and the
loss of one symmetry in the flow, which leads to the enrichment of
the slit extremities resulting in lower resistance to flashback, as they
happen preferentially in the curved end-regions of the slits. Hence,
the analysis of the individual effects of non-unity Lewis numbers and
Soret diffusion is deemed unnecessary here, as it leads to the same
conclusions already presented, and can be found in the Supplementary
Material.

5. Conclusions

Detailed numerical simulations of lean hydrogen flames in 3D con-
figurations have been conducted to examine the competing effects of
preheating, preferential diffusion, and the Soret effect on the depen-
dence of the flashback propensity on the size of holes/slits within
perforated burners. The dependence of the flashback velocity on the
hole/slit size is found to be driven by the relative importance of these
two mechanisms when varying the diameter/width 𝑊 . Further, we
find that both non-unity Lewis numbers and Soret diffusion equally
contribute to the increase of the flashback limit and the dependence of
the flashback velocity on the size of the hole. Notably, the Soret effect
is found to have a leading-order effect on the flashback velocity for
larger holes: the enrichment of the region close to the hot walls causes
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Fig. 8. Visualization of temperature (a), normalized local equivalence ratio (b), and normalized H2 consumption rate profiles (c) at the flashback limit on the longitudinal section
(𝑥𝑧-plane) of the slit for the case 𝜙 = 0.6. Progress variable iso-contours are plotted in white. The solid part, corresponding to the slit extremity, is represented by a dashed line.
the flame to burn more intensely at the flame base, further increasing
the plate temperature and the temperature gradients that promote the
Soret effect, thereby resulting in a non-linear, self-accelerating feedback
mechanism. This finding highlights the necessity of including both the
Soret effect and the conjugate heat transfer between the fluid and the
solid zones in numerical simulations for the estimation of flashback
velocities.

For circular holes, a non-monotonic dependence of the flashback
velocity on the diameter is observed. Due to the enclosed geometry,
the preheating mechanism is dominant for small diameters, while
preferential diffusion effects are suppressed, causing 𝑉FB to decrease
when increasing 𝑊 . Indeed, preferential diffusion is found to become
the dominant mechanism for 𝑊 > 0.5mm, where the flashback velocity
exhibits a strong positive dependence on the hole diameter. An opti-
mum diameter for avoiding flashback is found at 𝑊 = 0.5mm, where
the two mechanisms balance.

In the case of slits, the elongated shape leads to a lower impact of
the preheating mechanism and a higher impact of preferential diffusion
effects in the investigated range of widths. As only preferential diffusion
drives the flashback dependence on the slit width, this relation is linear,
and a higher flashback propensity than that of circular holes is observed
within the entire investigated range.

Novelty and significance statement

This study pioneers an exploration into three competing mecha-
nisms, namely, preheating of the fresh gases, preferential diffusion, and
Soret effect, which determine the dependence of the flashback propen-
sity of lean hydrogen flames within domestic perforated burners on the
size of the holes/slits. Due to their enclosed geometry, which promotes
heat transfer and higher importance of preheating, circular holes are
found to exhibit non-monotonic dependence on hole size, with a non-
trivial optimum diameter to avoid flashback. This behavior is specific
to circular holes and differs from that observed in previously studied
infinitely long slits. These phenomena are further detailed through a
novel analysis of the relative impact of non-unity Lewis numbers and
Soret diffusion. The Soret effect, in combination with conjugate heat
transfer, is found to have a leading-order impact on the flashback limits
due to a non-linear self-accelerating feedback mechanism.
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