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 A B S T R A C T

The influence of thermal and differential-preferential diffusion on the flame dynamics and acoustic emission 
of laminar hydrogen–air slit flames is investigated using two-dimensional direct numerical simulations (DNS) 
and modal decomposition techniques. Simulations span a range of equivalence ratios (𝜙 = 0.4–0.7) and 
diffusion models, including mixture-averaged diffusion with and without the Soret effect and a simplified Unity 
Lewis number approximation. Proper Orthogonal Decomposition (POD) and Dynamic Mode Decomposition 
(DMD) reveal that dominant hydrodynamic instabilities persist across models, particularly at richer conditions. 
However, the inclusion of Soret and differential-preferential diffusion modifies the spectral structure of 
the dominant modes, such that energy is redistributed across higher-order components and a shift in the 
acoustic peak frequency is induced. These effects occur across all equivalence ratios, but are most evident at 
intermediate values where competing instabilities increase sensitivity to diffusion-driven modal interactions. At 
lean conditions, diffusion drives the dominant instability, while at richer conditions it modulates the spectral 
features of hydrodynamic modes. Neglecting thermal and differential-preferential diffusion fails to capture this 
behavior, potentially leading to underestimated sound levels at key hydrodynamic frequencies. These findings 
highlight the importance of detailed diffusion modeling to accurately predict combustion generated noise in 
hydrogen systems.
Novelty and significance statement

The present study is the first to provide a detailed numerical analysis of the effects of differential-
preferential and thermal diffusion on the dynamics and acoustic emissions of hydrogen–air slit flames. The 
novelty of this work lies in two main contributions. First, it demonstrates that diffusion model assumptions 
can substantially alter predicted instability growth rates and spatial organization in slit flames. Second, it 
establishes a clear link between these modeling-induced changes in instability behavior and measurable 
differences in the resulting acoustic field, essential for accurate prediction of flame dynamics and acoustic 
response.
1. Introduction

The global transition to cleaner energy sources has renewed interest 
in hydrogen as a carbon-free alternative to fossil fuels. Hydrogen can be 
produced from renewable sources and combusted without generating 
CO2, making it an attractive fuel for decarbonizing power generation 
and propulsion. However, the combustion characteristics of hydrogen 
differ significantly from those of conventional hydrocarbon fuels. The 
differences present unique challenges for stable and efficient energy 
conversion [1]. These arise since hydrogen has high diffusivity, broad 

∗ Correspondence to: Wüllnerstraße 5a, Aachen, 52062, Germany.
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flammability limits, and a laminar burning velocity up to an order 
of magnitude greater than methane [2]. These properties strongly 
influence flame dynamics and can intensify the interaction between 
unsteady heat release and acoustic waves in combustors [3]. Such cou-
pling may lead to thermoacoustic instabilities, where pressure waves 
and heat release interact to produce self-excited oscillations [4]. These 
instabilities result from the combined effects of fluid flow, chemi-
cal kinetics, and acoustics and are a concern in gas turbines using 
hydrogen-enriched or pure hydrogen fuels [5]. Pure hydrogen flames, 
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with even higher burning velocities and diffusivity than blends, often 
couple strongly with acoustics and show a greater tendency toward 
high-frequency instabilities if not properly controlled [6]. However, 
hydrogen does not invariably worsen thermoacoustic instability. Its 
influence depends on configuration and operating conditions [7]. 

In addition to the system-level thermoacoustic feedback, hydrogen 
flames are also prone to hydrodynamic and diffusion-driven instabil-
ities, which arise from the interplay of flow perturbations, density 
gradients, and species diffusion. The large thermal expansion across 
the flame creates a sharp density drop that makes the flame front 
susceptible to the hydrodynamic Darrieus–Landau (DL) instability [8]. 
DL instabilities amplify small wrinkles on the flame surface, increasing 
surface area and accelerating the flame. In shear layers, the strong 
velocity gradients typical of injectors and swirlers can further excite 
Kelvin–Helmholtz roll-up, enhancing flame wrinkling and promoting 
local extinction/reignition [9]. Hydrogen’s high laminar burning veloc-
ity and diffusivity make these effects more pronounced, since the flame 
can rapidly respond to flow perturbations and propagate into vortical 
structures [10].

Diffusion-driven instabilities arise from the unique diffusive prop-
erties of hydrogen and play an important role even when thermoa-
coustic feedback is controlled. In the classical literature (e.g., Williams, 
Combustion Theory [11]), these effects are collectively referred to 
as diffusional–thermal instabilities, originating from unequal heat and 
mass diffusion rates. In the present study, we distinguish between 
two aspects for clarity: differential diffusion, referring to disparities 
between mass and thermal diffusivities (i.e., non-unity Lewis number 
effects), and preferential diffusion, which describes species-specific 
diffusion differences (𝐷𝑖 ≠ 𝐷𝑗). Where convenient, we refer to the com-
bined action of differential (non-unity Lewis) and preferential diffusion 
as differential–preferential diffusion. For temperature–gradient–driven 
species transport, we use the term Soret effect (thermal diffusion of 
species). Collectively, we refer to differential–preferential diffusion 
and the Soret effect as non-equidiffusion. These mechanisms jointly 
contribute to the complex diffusion-driven instability behavior char-
acteristic of hydrogen flames. For reference, the Lewis number is the 
ratio of thermal to mass diffusivity, 𝐿𝑒 = 𝛼∕𝐷 (species-specific 𝐿𝑒𝑖 =
𝛼∕𝐷𝑖). In lean hydrogen–air mixtures, the effective Lewis number is 
governed by the deficient species, i.e., hydrogen, which has 𝐿𝑒H2

<
1 [12]. Under such conditions, differences in diffusion rates alter local 
flame temperatures depending on flame stretch, leading to higher-than-
adiabatic temperatures for positive stretch and lower-than-adiabatic 
temperatures for negative stretch [13]. 

To mitigate NOx emissions, lean hydrogen–air mixtures are com-
monly employed because of their lower adiabatic flame tempera-
tures [14]. However, such conditions amplify transport-driven effects, 
making thermodiffusive instabilities particularly important in practical 
combustors. The rapid diffusion of hydrogen relative to oxygen creates 
local equivalence ratio fluctuations, destabilizing the flame front and 
promoting intrinsic thermodiffusive instabilities [1]. These instabilities 
modify flame shape, enhance wrinkling, and lead to spatially and tem-
porally varying heat release. The resulting unsteady heat release can 
generate pressure perturbations that couple with the natural acoustic 
modes of the combustor [15], potentially triggering thermoacoustic 
instabilities that pose risks such as structural vibration, noise, and 
component damage if not accurately predicted and controlled. 

Predictions of flame-acoustic interactions in hydrogen flames are 
highly sensitive to transport properties, especially the Lewis number, 
and to the inclusion of thermal diffusion, i.e., the Soret effect. The 
slit flame or slot burner configuration has emerged as a canonical 
setup for experimentally and numerically analyzing such interactions 
in premixed flames. Some studies have focused on the role of Lewis 
number and transport modeling. For example, it was shown in [16] 
that increasing 𝐿𝑒 in acoustically excited laminar slit flames increases 
sound production, though the pressure response to flame surface fluc-
tuations was found to be low or inconsistent. Separately, studies of 
2 
flame structure and hydrodynamics have highlighted the role of gas 
expansion and shear-layer interactions in early-stage wrinkling, with 
implications for reduced-order modeling [17,18]. Recent experiments 
report that Lewis-number effects are stronger in hydrogen than in 
methane, with pronounced coupling between flow fluctuations and 
local heat release near the flame tip [19]. In multi-slit laminar flames, 
differences in flame-tip behavior can dominate the flame transfer func-
tion (FTF) when 𝐿𝑒 ≥ 1 [20]. Furthermore, distinct cellular structures 
and persistent pocket shedding across equivalence ratios have been 
linked to strong pressure fluctuations at the tip [21]. In addition, 
recent work suggests that including thermal diffusion and using phys-
ically more detailed transport models significantly affects predictions 
of flame behavior, especially in lean laminar regimes [1,22]. Yet, 
the influence of thermal diffusion and diffusion modeling assump-
tions on flame-acoustic coupling and thermoacoustic instability remains 
underexplored in the literature.

To address these gaps, a wide-slit H2/air flame is examined in the 
intrinsically unstable regime, allowing wrinkling, pocket shedding, and 
pressure oscillations to develop without external forcing. This canonical 
configuration limits confinement effects and makes the influence of 
transport processes, i.e., differential-preferential and thermal diffusion, 
clearly observable. The objective is to quantify how the diffusion model 
modifies the selection and growth of intrinsic instabilities and the 
convection of surface wrinkles, and how these modifications manifest 
in the emitted acoustic field.

This study is organized as follows. In Sections 2 and 3, the numerical 
methods and simulation setup are introduced. In Section 4, the effect 
of the diffusion model on the slit flames is discussed in detail. Finally, 
conclusions are given.

2. Numerical methods

2.1. General approach and modeling

The numerical framework comprises several key components: (1) 
the governing conservation equations, (2) spatial and temporal dis-
cretization schemes, (3) thermodynamic property evaluation, (4) trans-
port coefficient calculation, and (5) chemical reaction modeling. The 
evolution of the field variables is determined by the fully compressible 
Navier–Stokes equations for reacting flows [23].

The equations are discretized using a conservative finite-volume ap-
proach. The variables are reconstructed at the surfaces using a MUSCL 
scheme for conservation laws [24]. Advection fluxes are also computed 
by a modified advection upstream splitting method (AUSM) [25], 
while the viscous fluxes are calculated via a central difference scheme. 
Time integration is performed by a five-stage, second-order accurate 
predictor–corrector Runge–Kutta scheme that is stability-optimized and 
well suited for efficient multi-physics coupling [26].

Heat capacities are evaluated as a function of temperature using the 
NASA7 coefficients [27]. The diffusive mass flux of species 𝑘 is modeled 
by 

𝐣𝑘 = −𝜌𝐷𝑘,𝑚∇𝑌𝑘 −𝐷th
𝑘
∇𝑇
𝑇

, (1)

where 𝐷𝑘,𝑚 is the effective species diffusion coefficient and 𝐷𝑘th is the 
thermal diffusion coefficient accounting for the Soret effect. The species 
viscosity 𝜇𝑘 and thermal conductivity 𝜆𝑘 are also required to close the 
transport formulation. These transport properties are evaluated using 
three diffusion modeling approaches of decreasing physical fidelity, 
enabling a systematic isolation of the effects of differential-preferential 
and thermal diffusion.

1. ‘‘W. Soret’’ employs the mixture-averaged diffusion model [28], 
including thermal diffusion which captures the Soret effect.

2. ‘‘W/o. Soret’’ uses the same model but neglects thermal diffu-
sion, i.e., 𝐷th = 0 in Eq. (1).
𝑘
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3. ‘‘Unity Lewis’’ assumes equal thermal and mass diffusivity for all 
species (i.e., Le𝑘 = 1) and neglects thermal diffusion.

Thermal diffusion coefficients 𝐷𝑘th for hydrogen species (H and H2) 
in the mixture-averaged Soret effect model are computed following the 
methodology described in [29]. The numerical framework has been 
previously validated for both laminar and turbulent cases [18,30]. The 
reactive solver and the implementation of the reduced Soret model are 
validated in the Supplementary Material and in [31].

The chemical source-term formulation follows the standard
reactive–flow kinetics in [28]. The detailed H2/air mechanism of Li 
et al. [32] is used, which specifies the reactions and thermochemical 
data used by the solver. It includes 9 species and 19 elementary and 
intermediate reactions. Vance et al. [33] showed that this mechanism 
yields only minor deviations in flame dynamics and tracked flame 
position in dynamically stabilized H2/air flames in narrow channels 
when compared to the Konnov mechanism, which includes 15 species. 
Reaction rates and the corresponding analytic Jacobian are evaluated 
using code generated by pyJac [34]. 

In the discretization scheme used, the explicit time step is con-
strained by stability,
𝛥𝑡 ≤ min

(

𝛥𝑡adv, 𝛥𝑡dif f , 𝛥𝑡acoustics, 𝛥𝑡chem
)

,

For lean H2–air combustion, the chemical Jacobian yields very small 
𝛥𝑡chem, which makes the semi-discrete system stiff if chemistry is treated 
explicitly. Therefore, operator splitting is used: transport is advanced 
explicitly under the acoustic CFL condition, while chemistry is inte-
grated implicitly using pyJac-generated rates and analytic Jacobians 
for the Li et al. mechanism [32,34], thereby removing the chemical 
time step restriction from the global stability limit.  The transport equa-
tions are solved using the simulation framework m-AIA (multiphysics 
- Aerodynamisches Institut Aachen) [35], while the chemical kinetics 
are treated separately through a novel coupling of pyJac [34] and
SUNDIALS [36].

2.2. Data analysis

2.2.1. Proper Orthogonal Decomposition
Proper Orthogonal Decomposition (POD) is a standard tool for ex-

tracting dominant coherent structures from high-dimensional data and 
for constructing low-dimensional representations that capture most of 
the flow variability [37]. Given a collection of snapshots of a spatially 
distributed field (here, the vectorized heat release rate (HRR)), POD 
seeks an orthonormal basis that maximizes captured variance.

The snapshot matrix 𝑽 𝑁
1  is formed by stacking the spatial data 

computed on consecutive snapshots in contiguous columns 
𝑽 𝑁

1 = [𝒗1, 𝒗2,… , 𝒗𝑁 ] ∈ R𝑀×𝑁 , 𝒗𝑖 ∈ R𝑀 , (2)

where 𝑀 is the number of spatial degrees of freedom and 𝑁 the 
number of snapshots. The POD is performed via the singular value 
decomposition (SVD) of the snapshot matrix. Specifically, the SVD is 
formed 
𝑽 𝑁

1 = 𝑼 𝜮 𝒁⊤, (3)

where 𝑼 ∈ R𝑀×𝑟 and 𝒁 ∈ R𝑁×𝑟 have orthonormal columns, 𝜮 =
diag(𝜎1,… , 𝜎𝑟) with 𝜎1 ≥ ⋯ ≥ 𝜎𝑟 > 0, and 𝑟 = rank(𝑽 𝑁

1 ). The columns 
of 𝑼 are the spatial POD modes, and the corresponding temporal 
coefficients are obtained by 
𝑨 = 𝜮 𝒁⊤, (4)

so that the 𝑖th row of 𝑨 gives the time series of mode 𝑖. The modal 
energies are proportional to 𝜎2𝑖 , and the fraction of energy captured by 
the first 𝑘 modes is ∑𝑘

𝑖=1 𝜎
2
𝑖
/
∑𝑟

𝑖=1 𝜎
2
𝑖 .

Orthogonality is defined with respect to the discrete Euclidean inner 
product on the vectorized field, ⟨𝐚,𝐛⟩ = 𝐚⊤𝐛. On nonuniform meshes, 
a strictly 𝐿2-consistent inner product can be enforced by introducing 
3 
spatial weights 𝑾 𝑒 = diag(𝛥𝑉𝑗 ) and applying the SVD to 𝑾 1∕2
𝑒 𝑽 𝑁

1 , with 
modes 𝑾 −1∕2

𝑒 𝑼 . Note that we do not use this weighting. Since the POD 
region is discretized on a uniform grid, the Euclidean inner product 
is equivalent to a discrete 𝐿2 inner product up to the constant cell 
volume, which does not affect orthogonality or relative modal energies. 
Thus, the leading POD modes identified provide compact, physically in-
terpretable structures, e.g. shear layers, breathing/convecting patterns, 
or instability signatures ordered by their contribution to the dataset 
variance. 

2.2.2. Dynamic mode decomposition
While POD extracts spatial modes ranked by their energy content, 

it does not directly associate them with specific temporal dynamics. 
Dynamic Mode Decomposition (DMD) complements POD by identifying 
spatial structures tied to single frequencies and growth rates, thus 
providing a spectrally resolved view of the coherent motions. Similarly 
to POD, a snapshot matrix 𝑽 𝑁

1  is formed with the spatial data.
Following the method introduced by Schmid [38], DMD is applied 

to the sequence of instantaneous heat release rate (HRR) fields, ar-
ranged into two snapshot matrices 𝑽 𝑁−1

1 = [ 𝒗1 𝒗2 ⋯ 𝒗𝑁−1 ] and 𝑽 𝑁
2 =

[ 𝒗2 𝒗3 ⋯ 𝒗𝑁 ]. These matrices are related through a linear mapping 
𝑽 𝑁

2 ≈ 𝐴𝑽 𝑁−1
1 , where 𝐴 ∈ C𝑚×𝑚 is the full DMD operator advancing 

one snapshot to the next. To avoid forming 𝐴 explicitly, a reduced 
operator is obtained by projecting 𝐴 onto the subspace spanned by the 
left singular vectors 𝑈 of the SVD of 𝑽 𝑁−1

1 = 𝑈𝛴𝑊 ∗. In the present 
analysis, the singular value decomposition of 𝑉 𝑁−1

1  is carried out in 
full rank, i.e. without truncation of the singular spectrum. The reduced 
operator 𝐹DMD ∈ C(𝑁−1)×(𝑁−1) is therefore obtained by projection onto 
the POD subspace defined by 𝑈

𝐹DMD = 𝑈∗𝐴𝑈= 𝑈∗𝑽 𝑁
2 𝑊𝛴−1, (5)

which is consistent with the standard ‘‘exact DMD’’ formulation.
Its eigendecomposition provides the DMD modes and eigenvalues: 

𝐹DMD𝑌 = 𝑌 𝛬, (6)

where 𝛬 = diag(𝜇𝑛) are the Ritz eigenvalues and columns of 𝑌  are the 
eigenvectors. To reconstruct the flow field, DMD modes are obtained 
by 

𝛷 = 𝑽 𝑁−1
1 𝑊𝛴−1𝑌 , (7)

which is equivalent to 𝛷 = 𝑈𝑌 , as 𝑽 𝑁−1
1 𝑊𝛴−1 = 𝑈 . The snapshots are 

represented as 

𝒗𝑖 =
𝑁−1
∑

𝑛=1
𝑎𝑛𝜇

𝑖−1
𝑛 𝝓𝑛, 𝑖 = 1,… , 𝑁 − 1, (8)

where 𝑎𝑛 are the optimal amplitudes. Furthermore, each eigenvalue 𝜇𝑛
can be expressed in polar and exponential form

𝜇𝑛 = 𝑟𝑛𝑒
𝑖𝜃𝑛 = 𝑒𝜆𝑛𝛥𝑡,

𝜆𝑛 =
ln(𝜇𝑛)
𝛥𝑡

=
ℜ(ln(𝜇𝑛))

𝛥𝑡
+ 𝑖

ℑ(ln(𝜇𝑛))
𝛥𝑡

, (9)

The quantity 𝜆𝑛 represents the continuous-time eigenvalue correspond-
ing to the discrete-time eigenvalue 𝜇𝑛, characterizing growth/decay and 
oscillatory behavior. A negative real part of 𝜆𝑛 indicates a decaying 
mode, a positive part suggests growth, and a zero real part corresponds 
to neutral stability. The imaginary part 𝜆𝑖 of the complex frequency 
contains information about the temporal periodicity of the DMD mode. 
The frequency in the DMD mode can be computed by 

𝑓 = ℑ(ln𝜇𝑛)∕2𝜋𝛥𝑡. (10)
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Fig. 1. Computational domain of the slit flame. Inlet (bottom) and outlets 
(top, left, right) are given as NSCBCs. The grid is refined in the vicinity of the 
flame, with gradually decreasing mesh refinement levels. Sampling lines and 
refinement patches are shown schematically and are not to scale.

3. Simulation setup

To explore the inherent instabilities of premixed hydrogen–air 
flames and their associated acoustic emissions, a series of
two-dimensional direct numerical simulations (2D DNS) of laminar slit 
flames are performed. Since a fully compressible solver is employed 
to resolve acoustic pressure propagation, the time step is on the order 
of 3 × 10−8 s, making the computational cost substantial and there-
fore, the present study is limited to two dimensions. The simulations 
span a range of fuel–air equivalence ratios 𝜙 = {0.4, 0.5, 0.6, 0.7}, 
and incorporate three diffusion models: mixture-averaged with Soret 
diffusion (W. Soret) [28,29], mixture-averaged without Soret effects 
(W/o. Soret), and a simplified Unity Lewis number formulation (Unity 
Lewis). The chosen equivalence ratio range is representative of practical 
lean premixed hydrogen combustion. Even the richer cases considered 
(𝜙 = 0.6, 𝜙 = 0.7) achieve significant NO𝑥 reductions, reaching values 
several orders of magnitude lower than in stoichiometric flames [14].

All simulations are conducted at a constant ratio of inlet velocity 
to laminar flame speed, 𝑢∞∕𝑠𝐿 = 6, across all cases. This ensures 
that the flame length remains comparable across all equivalence ratios 
and modeling approaches. More fundamentally, fixing 𝑢∞∕𝑠𝐿 maintains 
consistent dimensionless flow and stretch conditions. For a steady slit 
flame, the kinematic balance 𝑠𝐿 = 𝑢∞ sin 𝛼 directly relates the cone 
angle 𝛼 to 𝑢∞∕𝑠𝐿, while the local stretch rate scales as 𝐾 ∼ 𝑠𝐿∕𝐷, 
where 𝐷 is the channel width, yielding a dimensionless stretch 𝜒 =
𝐾𝛿𝐿∕𝑠𝐿 ∼ (𝛿𝐿∕𝐷) that remains effectively constant for the different 
cases. Consequently, the flame-stretch response 𝑠𝑛∕𝑠𝐿 ≈ 1 − Ma𝜒 , 
where Ma is the Markstein number, varies with equivalence ratio only 
through changes in Ma and mixture transport properties, not due to 
geometric effects. Thus, this scaling approach isolates the impact of 
differential-preferential and thermal diffusion on flame dynamics while 
maintaining a comparable stretch environment [39,40].

Ambient conditions are 𝑇 = 291 K and 𝑝 = 1 bar. Analyses are 
performed after the flow reaches a statistically steady limit cycle. Each 
case is initialized by mapping a 1-D laminar flame solution with profiles 
of 𝑇 , 𝜌, 𝑌𝑘, and 𝑢 onto the 2-D domain as a planar segment near the 
channel exit. The front is then convected and develops under fully 2-
D dynamics. The transient to the permanent regime typically requires 
3×105–5×105 time steps. Then, we collect data over an additional (106)
4 
time steps for statistics. The number of cycles depends on 𝜙 because 
𝑢∞∕𝑠𝐿 is held fixed across cases. Consequently, the oscillation period 
varies with 𝜙. Approximately 10 cycles are analyzed for the leanest 
case (𝜙 = 0.4) and about 20 for the richest (𝜙 = 0.7).

The computational domain shown in Fig.  1 includes the entire inlet 
plenum and upstream channel to ensure that inlet perturbations and 
their effects are fully resolved [41]. The domain dimensions are 𝐿𝑥 =
𝐿𝑦 = 60𝐷, where 𝐷 = 1 cm denotes the channel width. The slit width 
used here (𝐷 = 1 cm) is an order of magnitude larger than in prior 
studies (𝐷∼1 mm; [42,43]. The wider geometry reduces wall damping 
and increases residence time, which makes it easier to identify the 
effects of non-equidiffusion and their interaction with Darrieus–Landau 
instabilities, leading to self-sustained oscillations.

To prevent artificial pressure-wave reflections, Navier–Stokes char-
acteristic boundary conditions (NSCBC) are applied at all inlet and 
outlet boundaries following [44]. Incoming waves are not set to zero. 
Instead, they are computed using relaxation coefficients to prevent drift 
while maintaining low reflection. The relaxation coefficients used for 
the inlet and outlet are 𝜂5 = 1.5 and 𝜂1 = 0.3. These non-reflecting con-
ditions minimize the formation of spurious standing waves that could 
otherwise interfere with flame dynamics and distort the development 
of intrinsic instabilities.

Local grid refinement is used near the flame to resolve steep gradi-
ents in the reaction zone, while a coarser mesh is employed in the far 
field. The flame front is resolved by at least 15 cells across the flame for 
all cases. Sampling lines are placed both along the flame front and in 
the acoustic field to monitor heat release rate fluctuations and pressure 
signals.

4. Results

To evaluate the impact of transport modeling on flame dynamics, 
cellular structure, and acoustic response, a comparative analysis of the 
selected fuel-air equivalence ratios and diffusion model formulations 
is presented. First, the overall flame topology and key quantitative 
properties are examined to establish a baseline understanding of how 
each model alters global flame characteristics across equivalence ratios. 
An analysis of the cellular flame structure follows, focusing on flame 
front features and the distribution of local curvature scales. Next, the 
acoustic field is assessed through spectral analysis of pressure signals, 
followed by a detailed examination of the flame dynamics using POD, 
which reveals how diffusion models affect the energy distribution and 
spatial structure of coherent flame modes. Finally, DMD is applied to 
resolve the dominant frequencies and growth behavior of the unsteady 
flame structures, providing a complementary frequency-centric view of 
the flame dynamics and its acoustic coupling.

4.1. Flame topology and transport model effects

Fig.  2 shows instantaneous snapshots of the four flames at a fully de-
veloped stage for three diffusivity models: mixture-averaged with Soret 
diffusion (‘‘W. Soret’’), mixture-averaged without Soret (‘‘W/o. Soret’’), 
and Unity Lewis, which eliminates differential-preferential diffusion 
altogether. The ratio 𝑢∞∕𝑠𝐿 is held constant to isolate transport effects 
from residence-time variations.

As the mixture becomes richer, the relative influence of thermodif-
fusive and hydrodynamic mechanisms shifts progressively. At 𝜙 = 0.4, 
non-equidiffusive effects dominate. The Soret effect drives hydrogen 
toward hot, positively curved regions (Soret flux 𝑱 Sor

H2
∝ −𝐷𝑇 ,H2

∇𝑇 ), 
thereby reinforcing the preferential diffusion mechanism. Fuel accu-
mulates at cusps, locally increasing the consumption speed 𝑠𝑛 and 
amplifying short-wavelength perturbations. Meanwhile, differential-
preferential diffusion depletes fuel at the flame tips, producing open 
tips with very low or vanishing burning rates. Together, these effects 
create deep HRR minima behind cusps and super-adiabatic temper-
ature pockets downstream due to strong local curvature. Removing 
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Fig. 2. Instantaneous heat release rate (HRR) and temperature contours for four equivalence ratios (blocks from left to right: 𝜙 = 0.4 to 0.7). Each block includes 
different transport model: with Soret diffusion (W. Soret), without Soret diffusion (W/o. Soret), and Unity Lewis number (Unity Lewis). Temperature fields are 
shown with offsets relative to the respective adiabatic flame temperature. The quantity max(HRR) denotes the maximum heat release rate in each case and is 
used for consistent visual scaling. HRR colorbar is shown with a transparency mapping option, so only the flame front region is visible. Animations of the HRR 
field for each flame are provided in the Supplementary Material. (For interpretation of the references to color in this figure legend, the reader is referred to the 
web version of this article.)
Soret diffusion (W/o. Soret) reduces this fuel-redistribution mechanism, 
yielding larger characteristic cell sizes, fewer secondary cusps, and 
shallower HRR valleys. The Unity Lewis case suppresses all differential-
preferential diffusion effects, and the flame remains nearly planar 
throughout the simulation, with no cellular instabilities developing.

At 𝜙 = 0.5, thermodiffusive instability remains active but weaker. 
The W. Soret case continues to redistribute hydrogen toward curved re-
gions, though the main manifestation shifts from deep cusp penetration 
to increased cell density at a somewhat larger mean wavelength. The 
W/o. Soret case shows further coarsening of the cellular pattern with 
shallower HRR modulation, while the Unity Lewis case exhibits only 
small-amplitude, long-wavelength undulations near the tip region.

At 𝜙 = 0.6, hydrodynamic instability becomes increasingly im-
portant, yet non-equidiffusive effects still strongly influence the flame 
structure. All three models exhibit wrinkles at scales comparable to 
the hydrodynamic length scale, which depends on the flame thickness 
and density ratio, but the resulting structures differ markedly. The 
W. Soret case shows sharper curvature peaks, more pronounced sec-
ondary structures along the flame front, and stronger spatial variations 
in heat release rate. These features indicate that thermal diffusion 
continues to amplify curvature-dependent effects and generate local-
ized hot spots, even while hydrodynamic wrinkling governs the overall 
flame geometry. The W/o. Soret case displays intermediate behavior. It 
retains curvature-dependent modulation from differential-preferential 
diffusion but lacks the additional fuel redistribution caused by the 
Soret effect. The Unity Lewis case produces the smoothest flame sur-
face and the most uniform heat release distribution, reflecting pure 
Darrieus–Landau dynamics without diffusion-driven amplification of 
local perturbations.

At 𝜙 = 0.7, differential-preferential diffusion effects are much 
weaker as the mixture Lewis number increases, and hydrodynamic 
instability dominates the overall flame shape for all models. Never-
theless, the Soret effect remains active: the W. Soret case still exhibits 
curvature-dependent HRR variations and slightly sharper temperature 
gradients than the W/o. Soret case, while the W/o. Soret and Unity 
Lewis flames become increasingly similar. All models produce compa-
rable large-scale structures, typically two broad lobes, with the primary 
dynamics governed by hydrodynamic instability.

In summary, at increasing equivalence ratio from 0.4 to 0.7, con-
trol shifts from short-wavelength thermodiffusive instability, which is 
strongly enhanced by Soret at lean conditions, to long-wavelength 
hydrodynamic instability. This transition explains the growth in the ob-
served wrinkle scale and the partial convergence of the three transport 
models in their large-scale geometry, while thermodiffusive effects, 
particularly Soret-driven enrichment near positively curved regions, 
5 
continue to influence local burning rates even at 𝜙 ≈ 0.6–0.7. This 
behavior is consistent with prior DNS of lean planar H2/air flames [45], 
where Soret diffusion accelerates the onset of cellular structures and 
increases local heat-release rates in positively curved regions. More-
over, the overall burning efficiency is ∼10%–15% higher with Soret 
once secondary cells have formed, indicating that similar redistribution 
mechanisms likely act in the present slit-flame configuration. 

The data in Table  1a, summarize the effects of the equivalence 
ratio (𝜙) and of the diffusion model on the key time-averaged flame 
characteristics for premixed H2-air flames. The mean flame length is 
defined as the distance from the flame base to the highest point along 
the 𝐶 = 0.5 contour of the progress variable

𝐶 =
𝑇 − 𝑇∞
𝑇ad − 𝑇∞

,

calculated from the temporally averaged flame profiles. The minimum 
and maximum flame length are evaluated from the 𝐶 = 0.2 and 𝐶 = 0.8
lines of the mean profile, respectively. Pockets shed from the tip leave 
the mean length unchanged, yet they increase the maximum length 
since their trace in the mean field is included when building the 𝐶 = 0.8
contour. The flame angle is measured between the point of maximum 
gradient along the flame front and the vertical symmetry axis. As 𝜙
increases from 0.4 to 0.7, there is a clear trend of increasing flame 
length and flame angle, regardless of the transport model used.

When comparing the three modeling approaches, several consistent 
trends appear. The Unity Lewis model produces the longest flames 
and the widest mean flame angles, especially under lean conditions, 
indicating a suppression of differential-preferential diffusion effects. In 
the present setup, the inlet velocity scales with the laminar burning 
velocity, 𝑢∞ = 𝐶 𝑠𝐿(𝜙,model), so the bulk advection time 𝜏bulk =
𝐿f lame∕𝑢bulk ≈ 𝐿f lame∕(𝐶 𝑠𝐿) depends on both the flame length and the 
model dependent 𝑠𝐿. At 𝜙 = 0.4, the Unity Lewis model yields a larger 
𝑠𝐿 than the mixture-averaged cases; despite the longer flame, the higher 
𝑠𝐿 leads to a smaller 𝜏bulk. At 𝜙 = 0.7, the Unity Lewis model predicts 
a slightly lower 𝑠𝐿 than the mixture-averaged model, so 𝜏bulk does not 
decrease and may even become comparable or larger. However, 𝜏bulk
reflects only mean-flow advection and may not represent the actual 
propagation of wrinkles and perturbations along the flame surface, 
which can deviate significantly from the mean advection velocity. This 
distinction motivates the introduction of a wrinkle-based time scale.

To quantify wrinkle advection along the flame surface, the mean 
flame position is extracted as an isocontour of YH2O at its half-maximum 
value. The instantaneous heat release rate perturbations HRR′(𝑠, 𝑡) =
HRRinst(𝑠, 𝑡) − HRR(𝑠) is projected onto this curve as a function of arc 
length 𝑠 and time 𝑡. To isolate the left branch of the V-shaped flame and 
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Table 1
(a) Summary of key flame properties for premixed H2-air simulations at various equivalence ratios (𝜙) using several diffusion models. Values include flame 
length (minimum/mean/maximum), flame angle 𝛾, wrinkle advection time 𝜏wrinkle (in comparison to bulk flow convection time), and normalized maximum 
temperature 𝑇max∕𝑇ad. (b) An illustration of the time-averaged flame front represented by the OH mass fraction (𝑌OH), which is used for the flame angle and 
flame length calculations. For cases in which no wrinkling is observed, the asterisk (*) denotes the normal advection time. 

 𝝓 Model Flame length 
[mm]
(min/mean/max)

Flame 
angle
𝜸

𝝉𝐰𝐫𝐢𝐧𝐤𝐥𝐞 [ms] 𝑇max
𝑇ad

 

 
0.4

W. Soret 18.9/22.1/25.8 7.29◦ 11.05 
(−25%)

1.155  

 W/o. Soret 21.3/24.1/26.9 6.75◦ 13.54 
(−12%)

1.149  

 Unity Lewis 27.9/29.6/30.2 8.41◦ 9.97* (/) 1.00  
 
0.5

W. Soret 22.9/24.5/26.4 7.31◦ 6.62 (−2.5%) 1.136  
 W/o. Soret 22.5/24.7/26.3 7.97◦ 7.15 (+4.5%) 1.101  
 Unity Lewis 28.4/29.3/29.6 8.44◦ 6.0* (/) 1.00  
 
0.6

W. Soret 25.5/27.4/29.1 7.33◦ 4.53 (−1.2%) 1.1208  
 W/o. Soret 24.7/26.1/27.9 8.33◦ 4.58 (+4.5%) 1.084  
 Unity Lewis 26.9/28.1/29.6 8.90◦ 4.48 (+3%) 1.00  
 
0.7

W. Soret 26.5/28.1/30.0 7.54◦ 3.5 (+4.5%) 1.106  
 W/o. Soret 25.3/26.8/28.7 8.43◦ 3.24 (+1%) 1.073  
 Unity Lewis 26.3/27.3/29.1 8.85◦ 3.65 (+4.2%) 1.00  
 (a) Flame properties data

 

  
(b) Flame angle visualization
avoid interference from counter-propagating waves on the right branch, 
spatial points are filtered to 0 < 𝑥 < 𝐷∕2. A Fast Fourier Transform 
is applied at each spatial location to identify the dominant oscillation 
frequency 𝑓dom. The phase 𝜙(𝑠) at this frequency is extracted along the 
flame surface and unwrapped to avoid discontinuities. Regions near 
the burner lip where wrinkles have not yet formed and the phase 
remains nearly constant are excluded to ensure that only established 
wave propagation is analyzed. This occurs primarily at lean conditions 
where the wrinkle development length is significant relative to the 
flame height. The wrinkle advection speed is then computed from the 
phase gradient as 𝑣wrinkle = 𝜔∕(𝑑𝜙∕𝑑𝑠), where 𝜔 = 2𝜋𝑓dom is the 
angular frequency. The computed wrinkle advection times 𝜏wrinkle are 
summarized in Table  1a. At lean conditions (𝜙 = 0.4), wrinkle propaga-
tion deviates significantly from bulk flow advection, with deviations up 
to 25% for the W. Soret case. These deviations diminish progressively 
with increasing equivalence ratio. At 𝜙 = 0.7, all transport models show 
wrinkle advection times within a few percent of the bulk flow estimate. 

The maximum temperature normalized by the adiabatic flame tem-
perature 𝑇max∕𝑇ad further illustrates the role of transport modeling. 
Values exceeding unity for the detailed transport cases reflect localized 
super-adiabatic conditions caused by non-equidiffusive effects, espe-
cially at lean conditions. The Unity Lewis model, by construction, limits 
𝑇max∕𝑇ad to 1. This emphasizes its inability to capture this important 
feature of hydrogen combustion. Overall, the results underscore that 
while Unity Lewis models can qualitatively reproduce general trends, 
they significantly underpredict the flame temperature due to neglecting 
the impact of differential-preferential diffusion, especially at leaner 
conditions. The inclusion of differential-preferential and thermodiffu-
sion yields a more accurate and physically representative description 
of flame dynamics, which is particularly relevant to capture the details 
of the flame structure and of the intrinsic instability mechanisms.

4.2. Cellular structure distribution

Fig.  3(a) shows the normalized heat release rate (HRR), where
HRRmax denotes the maximum HRR in the respective domain, together 
with the mass fraction of hydrogen radicals (𝑌H), plotted along the 
flame front as a function of arc length normalized by the laminar flame 
thickness. HRR is evaluated on the isoline of the progress variable 
𝐶 = 0.5, which is indicated by the solid white line in the right panel. 
Several cusps can be identified along this line marked by red circles 
at locations where HRR drops sharply. Due to the high diffusivity of 
hydrogen, leaner mixtures tend to accumulate in cusp regions, while 
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richer mixtures appear in convex areas oriented toward the unburnt 
gases. This results in localized quenching and vanishing HRR inside the 
cusps which is observed clearly in Fig.  2. Following [46], the smallest 
cell size 𝜆cell is defined as the distance between two adjacent cusp tips. 
Assuming a semicircular shape for the flame front between cusps, 𝜆cell
can be expressed as 𝜆𝑐𝑒𝑙𝑙 = 2𝑙∗∕𝜋, where 𝑙∗ is the arc length between 
two curvature peaks along the flame front. It is illustrated in Fig.  3(a). 
The distribution of 𝜆cell for different equivalence ratios and transport 
models is presented in Fig.  3(b).

Clear shifts in the dominant length scale are observed as 𝜙 increases. 
For the 𝜙 = 0.4 case, the case including thermodiffusion exhibits a 
bimodal distribution with peaks at normalized scales of approximately 
2.5 and 4, while disabling the Soret effect yields a single peak near 3. 
The Unity Lewis model shows no cellular structures (see Fig.  2). The 
observed length scales at lean conditions are qualitatively consistent 
with the thermodiffusive cell sizes reported by Berger et al. [46] for 
freely propagating lean hydrogen flames, confirming that thermodif-
fusive instability is the dominant mechanism. However, the bimodal 
character in the W. Soret case and the somewhat larger normalized 
scales suggest additional modulation by the slit-flame configuration. 
Limited residence time restricts the development of the finest-scale 
cells, while velocity gradients and flame anchoring near the burner lip 
may promote coarser structures that coexist with thermodiffusive cells.

At 𝜙 = 0.5, smaller structures dominate near 4, with cellular patterns 
persisting in both cases that retain differential-preferential diffusion 
effects, i.e., W. Soret and W/o. Soret. The absence of significant cel-
lular structures in the Unity Lewis case confirms that hydrodynamic 
instabilities alone are insufficient to drive cell formation at this equiv-
alence ratio. The contrast between these models reveals a transitional 
regime where differential-preferential diffusion (Le ≠ 1) remains the 
primary driver of cellular structure, though its influence is weakening 
compared to the leaner condition. The Soret effect introduces additional 
modulation but does not fundamentally alter the dominant length 
scale. As 𝜙 increases to 0.6 and 0.7, the distribution shifts toward 
larger length scales and the spectrum broadens, particularly when non-
equidiffusion is excluded. However, at 𝜙 = 0.7, an additional effect 
emerges. Although non-unity-Lewis effects weaken as 𝐿𝑒eff  increases 
and Markstein-number sensitivity diminishes, thermal diffusion still 
modulates the cell-size distribution. The Soret mechanism drives pref-
erential transport of hydrogen toward high-temperature regions (𝐽 SorH2

∝
−𝐷𝑇 ,H2

∇𝑇 ), maintaining curvature-dependent fuel redistribution even 
when stretch sensitivity from non-unity-Lewis effects has diminished.
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Fig. 3. (a) The normalized HRR ((HRRmax) denotes the maximum heat release rate value in each case.) and element mass fraction of hydrogen (𝑌H) with respect 
to the arc length of the flame isocontour at progress variable 𝐶 = 0.5. 𝑌H normalized by the values of a laminar, unstretched premixed flame at 𝑇  of isocontour. 
The laminar flame thickness normalizes the flame front curvature. Local minima in HRR, which correspond to flame cusps, are identified by red circles in the 
plot and shown on the corresponding flame contour image (right-hand side). b) Probability density functions (PDFs) of the normalized flame cell size, 𝜆cell∕𝑙𝑓 , 
where 𝑙𝑓  is the laminar flame thickness, for several equivalence ratios (𝜙 = 0.4–0.7) and diffusion models. PDFs are constructed from 300 snapshots spanning a 
total simulation time of 1.8×10−2 s, ensuring sufficient statistical resolution. Detailed statistics for PDF construction are provided in Table 1 in the Supplementary 
Material. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Fig. 4. Spatially averaged heat release rate (⟨HRR⟩𝐿) versus normalized cellu-
lar flame structure size (𝜆cell∕𝑙𝑓 ) for equivalence ratios 𝜙 = 0.4-0.7 with Soret 
effect. The heat release rate is averaged over individual cellular structures. 
Power-law relationships fitted to the data are shown by the solid lines. (For 
interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.)

Fig.  4 shows the distribution of the spatially averaged heat release 
rate ⟨HRR⟩𝐿 computed by spatially averaging the HRR over the arc seg-
ment between two consecutive cusps. This length-independent metric 
is evaluated over more than 150 snapshots for each flame case. A clear 
positive correlation is seen between the normalized cellular structure 
size 𝜆cell∕𝑙𝑓  and ⟨HRR⟩𝐿 across all equivalence ratios up to a certain 
length scale. Beyond this point, ⟨HRR⟩𝐿 remains nearly constant, even 
for larger cellular structures. Smaller cells consistently exhibit lower 
average heat release rates. For 𝜙 = 0.6 and 𝜙 = 0.7, a sharp drop in heat 
release is observed at very small scales when small cells form between 
larger cells. The surrounding structures deplete local fuel, which leads 
to insufficient reactant concentration for sustained combustion and 
gradual extinction of the smaller cell.

4.3. Sound pressure level

The observed acoustic spectra (Fig.  5) exhibit distinct frequency 
ranges that require interpretation in the context of established flame 
dynamics and sound generation mechanisms. The literature on laminar 
premixed flames identifies multiple physical processes that contribute 
to acoustic emission, each operating at characteristic time scales.

The broadband low-frequency emission observed across all cases is 
consistent with global flame dynamics. The characteristic convective 
time scale, 𝜏 ∼ 𝐿flame∕𝑢bulk, commonly used to describe the tempo-
ral response of laminar premixed flames [47], is adopted here as a 
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representative measure of the dominant flow time scale. Based on the 
wrinkle advection times in Table  1, 𝜏wrinkle ranges from 3.5 ms (𝜙 = 0.7) 
to 11.05 ms (𝜙 = 0.4), corresponding to frequencies of approximately 
90–285 Hz, which is in agreement with the observed low-frequency 
content in Fig.  5. The similarity between these convective frequencies 
and the spectral peak range suggests that the low-frequency component 
arises from large-scale, quasi-periodic modulation of the entire flame 
structure, i.e. flame breathing. Such behavior reflects the global re-
sponse of the flame–flow system, where variations in bulk flow rate and 
heat release feedback drive slow, spatially coherent oscillations of the 
mean reaction zone. These large-scale motions contrast with the higher-
frequency fluctuations associated with fine-scale wrinkle formation and 
local curvature dynamics, which dominate the upper portion of the 
spectrum.

While the low-frequency content is associated with global breathing 
and large-scale oscillations of the entire flame, the more pronounced 
spectral peaks at intermediate frequencies, particularly at 𝜙 = 0.6
and 𝜙 = 0.7, point to additional, more localized unsteady processes. 
These features warrant comparison with documented flame tip dy-
namics. Studies of acoustically excited laminar flames have identified 
pocket formation and flame element separation as sources of acoustic 
emission [48]. Haghiri et al. [49] further showed that flame annihila-
tion events, i.e., the mutual consumption of opposing flame elements, 
serve as efficient monopolar acoustic sources in turbulent premixed 
flames. Although the present flames are laminar and unforced, similar 
tip dynamics involving periodic pocket shedding are observed (see 
Supplementary Material), suggesting an analogous mechanism for the 
observed acoustic peaks.

The variation in peak frequency across diffusion models provides 
insight into the underlying time scales: at 𝜙 = 0.6, the dominant peak 
shifts by a 14% reduction from approximately 1200 Hz (Unity Lewis) to 
1050 Hz (W. Soret). However, the wrinkle advection times vary by less 
than 5% between these cases (Table  1), indicating that bulk advection 
cannot explain the observed frequency shift. Instead, the acoustic fre-
quency is set by local cellular dynamics involving multiple time scales. 
These include the time required for pockets to form and pinch off 
through flame consumption at the neck region and the oscillatory mo-
tion of the flame tip as it advances and retreats during pocket shedding. 
Physically, diffusion models influence the dynamics by modifying how 
rapidly local mixture gradients and curvature-induced variations in 
burning rate evolve. Therefore, differences in differential-preferential 
and thermal diffusion alter the characteristic time scale of pocket 
formation and tip oscillation, leading to the observed spectral shifts 
in acoustic emission, even though the global convective time scale 
remains nearly unchanged. These dynamics are directly influenced 
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Fig. 5. Sound pressure level (SPL) spectra of the acoustic field for several equivalence ratios (𝜙 = 0.4 – 0.7) and diffusion models. Insets show the corresponding 
pressure amplitude spectra (𝑃amp). Note the different scaling in the insets. (For interpretation of the references to color in this figure legend, the reader is referred 
to the web version of this article.)
Fig. 6. POD analysis of the heat release rate perturbation field for a fixed equivalence ratio 𝜙 = 0.6 for several diffusion models. The top row shows the energy 
contribution of the first ten POD modes, with cumulative energy plotted in red. The bottom row presents the frequency spectra of the temporal coefficients for 
each mode. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
by curvature-dependent consumption rates arising from differential-
preferential and thermal diffusion, which modify the temporal response 
of the flame beyond what global convective transport alone would 
predict.

Furthermore, thermodiffusive instabilities in hydrogen flames are 
known to exhibit intrinsic temporal behavior. Berger et al. [46] showed 
that such instabilities possess dispersion relations 𝜎(𝜅) linking growth 
rate and oscillation frequency to perturbation wavenumber with the 
imaginary component determining characteristic oscillation frequen-
cies of unstable modes. While their analysis considers planar and 
freely propagating flames, it demonstrates that cellular structures have 
inherent time scales not prescribed by the flow, which naturally influ-
ence the frequencies at which flame–acoustic coupling occurs in the 
present configuration. The cellular flame structure influences acoustic 
characteristics through its impact on heat release fluctuations since 
premixed flames can be represented acoustically as distributions of 
monopole sources [50] with sound pressure determined by the second 
time derivative of total reacting volume. While small variations appear 
at higher frequencies, they remain less significant in comparison to 
the dominant features associated with pocket shedding and flame-tip 
oscillations. 
8 
4.4. POD analysis

The proper orthogonal decomposition (POD) of the heat release rate 
field reveals the dominant spatial structures and their temporal evolu-
tion that cause unsteady flame dynamics. Each POD mode represents a 
spatially coherent structure, while the corresponding temporal coeffi-
cient encodes its time-dependent amplitude. The energy content of each 
mode reflects its statistical importance in reconstructing the dataset, 
and the spectrum of its temporal coefficient provides insight into the 
frequency range of the associated dynamics. This framework allows 
the decomposition of the complex flame behavior into interpretable 
physical contributions, ordered by their relative significance.

Theoretically, a traveling wave cannot be captured by a single real-
valued POD mode [51]. Since POD operates on real-valued fields, any 
traveling or convecting structure, i.e., one with spatial and temporal 
phase, requires a pair of orthogonal modes with nearly equal energy, 
similar shape, and phase-shifted temporal coefficients. These paired 
modes allow the construction of sine–cosine combinations that capture 
the phase rotation which is required to describe wave propagation. 
In contrast, breathing or pulsating modes are typically characterized 
by a symmetric shape and appear as isolated POD modes, lacking a 
partner due to the absence of directional phase progression. These 
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Fig. 7. POD analysis of the heat release rate perturbation field for several equivalence ratios (𝜙 = 0.4–0.7) for the cases with Soret effect. The top row shows the 
energy contribution of the first ten POD modes, with cumulative energy plotted in red. The bottom row presents the frequency spectra of the temporal coefficients 
for each mode. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
reflect flame–volume oscillations that are often acoustically driven or 
associated with global flame–pressure coupling. Deformation modes, 
similarly unpaired, describe localized distortions of the flame surface 
without net convective transport.

We first isolate the diffusion modeling effect at fixed equivalence 
ratio (𝜙 = 0.6), then examine the equivalence ratio trend with a single 
diffusion model. This approach shows that our mechanistic conclusions 
arise from the comparison of transport models, i.e., Unity Lewis vs. 
W/o. Soret vs. W. Soret, not from the interpretation of a single POD 
mode in isolation.

4.4.1. Diffusion modeling effect
Fig.  6 examines the impact of different diffusion models at a fixed 

fuel–air equivalence ratio 𝜙 = 0.6.
In the following, we apply two criteria across the three transport 

models – Unity Lewis, W/o. Soret, W. Soret: (i) leading-pair invari-
ance: near-constancy of the dominant frequency of 𝑎1,2(𝑡) and strong 
overlap of the leading subspace with the Unity Lewis baseline, which is 
interpreted as hydrodynamic drive; and (ii) energy compactness: large 
𝐸1+𝐸2 and a high cumulative share in the first modes, whose loss, 
i.e., broadening/redistribution into higher modes, signals modulation 
by non-equidiffusion and the absence of a single dominant mechanism.

All three cases show dominant contributions from the first two 
POD modes, but with varying degrees of energy concentration. The 
Unity Lewis case exhibits the most compact energy distribution with 
nearly 50% of the total energy captured by the first two modes, and 
approximately 70% within the first six modes, consistent with highly 
organized dynamics dominated by large-scale convective structures. 
Including differential-preferential diffusion, i.e., W/o. Soret, broad-
ens the spectrum, approximately 10 modes are required to capture 
a comparable 60% of the energy, although energy still remains fo-
cused in the leading modes. Reintroducing thermodiffusion, i.e., W. 
Soret, partially restores modal compactness at this equivalence ratio, 
though the extent of this recovery varies with 𝜙 as detailed in the 
Supplementary Material. At lean conditions (𝜙 ≤ 0.5), thermal diffusion 
amplifies multi-scale cellular structures, thereby spreading energy more 
broadly than differential-preferential diffusion alone. At 𝜙 = 0.6, 
however, the Soret effect appears to partially counteract the dispersive 
influence of differential-preferential diffusion, resulting in intermediate 
energy concentration. This non-monotonic dependence likely reflects a 
transition in the balance between thermodiffusive and hydrodynamic 
mechanisms.

Frequency analysis of the temporal coefficients confirms this pat-
tern. The Unity Lewis case displays narrowband peaks in the first two 
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modes and limited broadband content at other frequencies. In contrast, 
the W/o. Soret and W. Soret cases show increasingly broad spectral 
distributions, especially in higher-order modes. Furthermore, while the 
Unity Lewis case shows a dominant frequency near 1200 Hz in modes 
𝛹1 and 𝛹2, the other two cases exhibit a downward spectral shift with 
peaks closer to 1050 Hz. As noted in Section 4.3, the magnitude of 
these shifts cannot be explained by bulk advection alone (see Table 
1), indicating that diffusion physics drives the frequency change. These 
leading modes, given their energetic dominance and spectral alignment 
with the observed acoustic peaks, likely contribute significantly to the 
sound generation, a connection explored in detail in Section 4.4.3. This 
suggests that thermal and differential-preferential diffusion enhance 
modulation and facilitate coupling between coexisting instability mech-
anisms, reshaping the spectral distribution without altering the spatial 
organization of the leading convective pair.

Additionally, the Unity Lewis case exhibits clear higher-order har-
monics in modes 𝛹3 and 𝛹4 at approximately twice the base frequency. 
This structured spectral content reflects coherent, periodic flame dy-
namics governed by nonlinear self-excited oscillations. These harmon-
ics are absent or suppressed in the other cases, consistent with added 
transport-induced phase dispersion when non-equidiffusion is enabled. 
The spatial structures of the POD modes for the W/o. Soret and Unity 
Lewis cases at 𝜙 = 0.6 are shown in Fig.  8(b); the W. Soret case at 
𝜙 = 0.6 is included in Fig.  8(a) as part of the equivalence ratio series.

4.4.2. Equivalence–ratio trend
Having isolated modeling effects at 𝜙 = 0.6, we now examine 

how modal energetics vary with equivalence ratio. Fig.  7 presents the 
energy distribution among the first ten POD modes for cases with Soret 
effect across all 𝜙 values. To interpret these trends, we apply the same 
criteria used in the diffusion model comparison: leading-pair invariance 
and energy compactness. Additional details regarding diffusion model 
effects are provided in the Supplementary Material.

The equivalence ratio strongly influences both energy concentra-
tion and spectral organization. At the leanest condition (𝜙 = 0.4), 
energy spreads broadly across modes and remains sensitive to the 
diffusion model, behavior consistent with strong thermodiffusive in-
fluence relative to the Unity Lewis baseline. At the intermediate case 
(𝜙 = 0.5), the most distributed energy spectrum emerges, reflecting 
competing instability mechanisms where no single process dominates. 
At this equivalence ratio, the Lewis number has increased sufficiently 
to weaken pure thermodiffusive instability relative to 𝜙 = 0.4, while 
hydrodynamic effects remain less dominant than at richer conditions. 
The coexistence of these mechanisms produces a broad range of active 
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spatial and temporal scales. As 𝜙 increases to 0.6 and 0.7, the spectra 
become progressively more compact, with larger energy shares in the 
first mode pair and near-invariance across diffusion models. This com-
pactness indicates that hydrodynamic effects increasingly govern the 
dynamics. Nevertheless, even for these richer flames, the first ten modes 
capture less than 40% of the total energy, revealing significant activity 
in higher-order components. This persistent energy spreading suggests 
that while a dominant instability emerges, it coexists with secondary 
spatial and temporal features, resulting in complex, multi-modal flame 
behavior.

The frequency spectra of the temporal coefficients corroborate these 
energy-based observations. At 𝜙 = 0.5, a broad band of active fre-
quencies appears across multiple modes, consistent with the energetic 
competition between instability processes. In contrast, both the leanest 
(𝜙 = 0.4) and richest (𝜙 = 0.7) flames exhibit more organized spectral 
signatures with sharper peaks in the leading modes. Across all equiva-
lence ratios, several POD modes appear in pairs characterized by similar 
energy content and aligned dominant frequencies. These paired modes 
correspond to traveling wave structures. Convecting disturbances nat-
urally decompose into nearly energy-degenerate pairs with co-spectral 
peaks and approximately quadrature-phase temporal coefficients which 
enables reconstruction of propagating flame patterns.

To connect the spectral trends with spatial organization, we sum-
marize next the spatial POD structures at 𝜙 = 0.4 (W. Soret) shown in 
Fig.  8(a). The spatial structures can be described in four mode families: 
convective (C) modes correspond to downstream translation of coher-
ent structures, typically associated with wrinkle advection. Breathing 
(B) modes represent quasi-symmetric expansion and contraction of the 
flame front about its mean position, reflecting global oscillations in 
flame area and intensity and necessarily producing a net change in total 
flame area. Deformation (D) modes capture push–pull redistributions of 
the front with alternating regions of outward and inward displacement 
along the span; they may remain globally symmetric and may or may 
not change total area depending on the weighting of these regions. 
Finally, Modulated/Complex (M) modes exhibit superposed or mixed 
spatial–temporal behavior (e.g., concurrent convection and breathing, 
or higher-harmonic modulation).

The spatial structures of the POD modes for 𝜙 = 0.4 shown in Fig. 
8(a) reveal distinct physical mechanisms underlying the flame dynam-
ics. The leading modes exhibit well-organized patterns aligned with the 
flame front and can be grouped by their spatial and temporal character-
istics. The first two modes 𝛹1 and 𝛹2 form a canonical convective pair. 
Their spatial patterns show downstream-shifting wave-like features and 
their temporal coefficients peak at a shared dominant frequency. These 
observations are consistent with convective behavior , i.e., paired, 
near-degenerate energies; co-spectral peaks; and phase-shifted temporal 
coefficients. A second convective pair appears in modes 𝛹5 and 𝛹6 that 
are characterized by higher spatial frequency and shorter wavelength 
structures, which is consistent with smaller-scale traveling waves. The 
spatial organization of these modes is qualitatively consistent with the 
fine cellular structures observed in the corresponding flames (Fig.  2), 
suggesting that the POD decomposition captures the multi-scale flame 
organization arising from diffusion-driven instabilities.

In contrast, mode 𝛹3 exhibits a symmetric structure across the 
flame and lacks downstream phase progression, suggesting little spatial 
convection in its underlying physical mechanism , i.e., global, in-phase 
fluctuations without directional phase advance. Its frequency content is 
concentrated around a single peak as shown in Fig.  8, consistent with 
a global breathing or pulsating mode. Mode 𝛹4 also lacks a spatially 
shifted partner. Instead, it appears localized and oscillatory along the 
flame front which suggests a deformation or surface fluctuation mode 
not associated with convection. Therefore, only movement normal to 
the flame surface is captured. Finally, higher-order modes like 𝛹7 and 
𝛹8 are more spatially intricate and energetically weaker, but feature 
layered patterns transverse to the flame and broadband spectral con-
tent. These indicate modulated or nonlinear behavior that possibly 
reflects interactions between multiple instability mechanisms.
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Table 2
Classification of the first eight POD modes of the heat release rate field based 
on their dominant physical behavior for several equivalence ratios 𝜙. Mode 
types: Convective (C), Breathing (B), Deformation (D), and Modulated/Com-
plex (M).
 Mode # 𝜙 = 0.4 𝜙 = 0.5 𝜙 = 0.6 𝜙 = 0.7 
 1 (C) (C) (C) (C)  
 2 (C) (C) (C) (C)  
 3 (B) (C) (C) (M)  
 4 (D) (C) (C) (M)  
 5 (C) (M) (M) (C)  
 6 (C) (M) (M) (C)  
 7 (M) (M) (M) (M)  
 8 (M) (M) (M) (M)  

To consolidate these interpretations across all studied conditions, 
Table  2 classifies the first eight POD modes at each 𝜙 based on 
their dominant behavior. With increasing equivalence ratio, convec-
tive modes progressively dominate the energetic budget, while purely 
breathing or deformation modes vanish from the leading contributions. 
In this context, the breathing motion corresponds to a low-frequency 
modulation with strong variation of the heat release rate driven by 
flame-area changes; at higher 𝜙 its contribution is increasingly dwarfed 
by convective dynamics, a trend corroborated by the SPL, where 
low-frequency content weakens while the convective peak at higher 
frequencies strengthens.

4.4.3. Modal analysis and sound pressure coupling
A comparison between the POD results and the SPL spectra in Fig.  5 

offers further insight into the acoustic relevance of the dominant heat 
release dynamics. At lower equivalence ratios, such as 𝜙 = 0.4, the 
SPL amplitude is modest and primarily associated with low-frequency 
content. This result correlates well with the POD analysis, where the 
leading modes exhibit convective and breathing dynamics with peak 
frequencies in the sub-kilohertz range. As 𝜙 increases, both the SPL 
amplitude and spectral complexity grow, leading to more energetic and 
broadband excitation of the acoustic field. The POD results mirror this 
trend through increased modal energy spreading and the emergence of 
multi-scale wrinkling features.

At 𝜙 = 0.6, a clear alignment is observed between the dominant POD 
frequencies (Fig.  6) and the acoustic response for all diffusion models. 
In each case, a prominent spectral peak between 1050 and 1200 Hz
appears in both the POD and SPL spectra, indicating a hydrodynamic 
instability that consistently governs the acoustic emission. This peak 
is sharpest in the Unity Lewis model and reflects the strong energy 
localization in the leading POD modes. With differential-preferential 
diffusion (W/o. Soret), the peak remains present but is slightly dimin-
ished, while the inclusion of thermodiffusion (W. Soret) broadens the 
response and shifts a portion of the energy toward higher-order modes. 
Although the spectral shape varies across diffusion models, the core 
instability remains the primary acoustic source in all cases.

To further examine the acoustic relevance of the spatial structures 
revealed by the POD, a coherence survey between pressure and heat 
release dynamics was performed for the 𝜙 = 0.6, W. Soret case 
(Supplementary Material, Fig. 12). The results confirm that acoustic 
emission is governed predominantly by the lowest-order heat release 
modes, which represent global flame shape changes and large-scale 
wrinkling motion. The strongest coherence occurs in a narrow band 
near 1–1.2 kHz, consistent with the dominant radiated SPL. In contrast, 
higher-index modes, associated with localized curvature variations and 
small-scale perturbations in the burning rate, exhibit negligible acoustic 
coherence, indicating that such fine-scale features contribute minimally 
to the emitted sound. The same methodology may be applied to the 
remaining conditions; however, only this representative case is reported 
here for brevity.
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Fig. 8. First eight spatial POD modes 𝛹1–𝛹8 of (a) the heat release rate fluctuations for varying equivalence ratios 𝜙 = 0.4–0.7 using the W. Soret model and 
(b) W/o. Soret and Unity Lewis case results for the 𝜙 = 0.6 case (W. Soret can be referred to in (a)). Each mode is normalized by its maximum and shown 
with a consistent colormap for direct comparison. Black dots represent the nodal points of the spatial distribution. Dashed lines indicate a characteristic phase 
shift of 𝜆∕4 where applicable, highlighting convective structures. The black line shows the time-averaged flame front extracted at progress variable 𝐶 = 0.5. (For 
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
These results demonstrate that while thermodiffusive and
differential-preferential diffusion effects do not suppress the underlying 
flame instabilities, they significantly reshape their spectral organization 
by altering phase relationships and energy distribution among dom-
inant modes. Consequently, the acoustic emission frequency can shift 
away from the natural mode frequency toward one shaped by diffusion-
driven interactions. Although the underlying instability – whether 
hydrodynamic or thermodiffusive – remains active, non-equidiffusion 
modifies how it develops, how energy is partitioned across modes, and 
how effectively it couples to the acoustic field.

However, while POD effectively captures the dominant spatial struc-
tures of flame dynamics, it ranks modes purely by their energetic contri-
bution and does not explicitly resolve temporal coherence or frequency 
content. Acoustically relevant features that manifest at lower energy 
levels or arise from modal interactions may therefore be masked, partic-
ularly in cases with detailed diffusion modeling where energetic modes 
interact but are not easily separable through POD alone. To address 
this limitation, we complement the POD analysis with DMD, which 
directly identifies coherent oscillatory structures with fixed temporal 
frequencies and growth rates, providing insight into how diffusion 
effects determine the temporal organization and spectral content of the 
flame dynamics in relation to the observed acoustic response.
11 
4.5. Dynamic mode decomposition analysis

To further investigate the temporal organization of flame dynamics 
and to validate the trends observed in the POD analysis, Dynamic Mode 
Decomposition (DMD) is applied to the HRR field across all equiva-
lence ratios and diffusion models. DMD extracts modes characterized 
by fixed frequencies and growth rates, such that dominant spectral 
structures and their evolution under varying transport conditions can 
be identified.

As shown in Fig.  9, Dynamic Mode Decomposition of the HRR field 
yields continuous-time eigenvalues 𝜆𝑗 = 𝜎𝑗 + 𝑖𝜔𝑗 with growth rates 
close to zero (|𝜎𝑗 | ≲ (10−8) s−1), so |𝜎𝑗 |𝑇obs ≪ 1 and the dominant 
oscillations are effectively neutral over the record. For the investigated 
slit flame configuration, this near-zero growth behavior reflects two key 
physical mechanisms. First, instabilities have finite residence time. Per-
turbations grow as they convect along the flame but are continuously 
advected downstream and leave the domain at the flame tip, preventing 
unbounded amplification. Second, nonlinear effects including flame 
curvature, stretch, and local heat losses limit spatial growth before 
advection removes the structures. The near-zero growth rates thus 
indicate a statistically stationary state where instability generation, 
spatial growth, saturation, and advective removal balance. The near-
zero growth behavior was verified to be robust with respect to the 



B. Pedro-Beltran et al. Combustion and Flame 286 (2026) 114810 
Fig. 9. Dynamic Mode Decomposition of the HRR fluctuations for varying equivalence ratios (𝜙 = 0.4–0.7) and diffusion models at 𝜙 = 0.6. (a,b) Mode amplitude 
normalized by the leading mode amplitude of the same case (𝑎𝑛∕𝑎1) as a function of (a) the real part of the eigenvalues ℜ(𝜆𝑛), indicating growth or decay rates, 
and (b) frequency, showing the spectral content of the dominant modes. (c,d) Mode amplitude normalized by the leading mode amplitude of the W. Soret case 
(𝑎𝑛∕𝑎1,Soret) for each diffusion model, plotted as a function of (c) growth/decay rate and (d) frequency. The vertical red line in (a,c) marks the zero growth rate 
threshold. Dashed vertical lines in (b,d) indicate the dominant frequency for each 𝜙 value. (For interpretation of the references to color in this figure legend, the 
reader is referred to the web version of this article.)
chosen time-series length and window configuration, confirming that 
the observed marginal stability reflects a physical property of the flow 
rather than a numerical artifact of the DMD procedure. This has two 
important implications: (i) the observed dynamics represent persistent 
spatial patterns maintained by continuous generation and advection, 
capturing the intrinsic flame response under each transport model, 
and (ii) the consistency of this state across all equivalence ratios and 
diffusion models allows meaningful comparison of mode amplitudes 
and spectral content. This behavior is consistent with the statistically 
stationary temporal coefficients observed in the POD analysis.

The spectral content of the DMD modes reflects a clear trend with 
increasing equivalence ratio. Leaner flames exhibit narrowband, low-
frequency dynamics, while richer flames show progressively broader 
frequency spectra with multiple energetic peaks. This progression mir-
rors the increased spatial complexity and energy spreading across POD 
modes and substantiates the picture of richer flames being governed by 
multiple interacting instability mechanisms. 

At the fixed equivalence ratio 𝜙 = 0.6, DMD highlights how the 
diffusion model shapes the spectral alignment and energy content 
of dominant flame modes. The Unity Lewis case exhibits a sharp 
primary peak near 1200 Hz which is accompanied by a distinct sec-
ondary peak near 2400 Hz. This indicates the presence of a second 
harmonic. This structured spectral signature reflects highly coherent, 
periodic dynamics governed by nonlinear self-excited oscillations. Non-
equidiffusive effects shift the dominant peak downward and disperse 
the energy across a wider frequency range. DMD results for 𝜙 = 0.4, 
0.5, and 0.7 can be found in the Supplementary Material. Overall, the 
DMD shows that the dominant instability, typically hydrodynamic in 
richer flames, persists across all diffusion models, while its spectral 
signature is shaped by transport: differential-preferential and thermal 
diffusion redistribute energy across frequencies and thereby modify 
mode selection and coherence.

Conclusions

This study presents a detailed numerical investigation of the in-
fluence of non-equidiffusion on the flame dynamics and acoustic re-
sponse of premixed hydrogen–air slit flames. Using two-dimensional 
direct numerical simulations across a range of equivalence ratios (𝜙 =
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0.4, 0.5, 0.6, 0.7) and diffusion models, the effects of thermal and
differential-preferential diffusion are systematically evaluated.

The results show that differential-preferential and thermal diffusion 
mechanisms significantly affect hydrogen–air slit flame structure, par-
ticularly under lean conditions. The inclusion of the Soret effect leads 
to sharper flame cusps and cellular structures, while the Unity Lewis 
number approximation suppresses these features and fails to capture 
localized superadiabatic temperatures. The flame’s overall structure, 
dynamics, and cell size distribution are shown to be sensitive to the dif-
fusion model. Richer mixtures exhibit broader cellular scales dominated 
by hydrodynamic instabilities.

POD and DMD spectral analyses of the acoustic field reveal that 
diffusion modeling strongly influences the flame’s acoustic response, 
primarily by altering the organization and interaction of coherent 
structures. Across all equivalence ratios, the inclusion of preferential 
and thermal diffusion modifies the spectral characteristics of the dom-
inant modes and redistributes energy across interacting structures. At 
richer conditions, hydrodynamic instabilities remain dominant, but the 
inclusion of additional diffusion effects still modifies the energetic 
distribution and temporal coherence of the response. These effects are 
particularly evident at intermediate equivalence ratios, where diffusion 
alters how energy is partitioned among modes, leading to spectral 
shifts and changes in acoustic intensity. In particular, the effects of 
thermal diffusion on the organization of energetic modes are found 
to be dependent on the equivalence ratio, with different behavior at 
the leaner and richer ends of the studied equivalence ratio range. 
Furthermore, these findings emphasize that the acoustic manifesta-
tion of flame dynamics is governed by the type of instability and by 
how transport properties modulate the flame structure, coherence, and 
spectral expression. Even when hydrodynamic instabilities dominate, 
their physical behavior remains sensitive to the diffusion model, which 
influences how energy is distributed among modes and how strongly 
they couple to the acoustic field. Therefore, it is essential to accurately 
capture preferential and thermal diffusion to resolve the correct dy-
namic response and sound generation in premixed hydrogen flames. 
Simplified models may miss key modal interactions and underpredict 
the resulting acoustic emissions.

While the present slit-flame configuration is intentionally canonical, 
it is designed to isolate and quantify the fundamental mechanisms of 
diffusion acoustic coupling without geometric or turbulent complexity. 
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The resulting insights provide a physically interpretable foundation 
for understanding how preferential and thermal diffusion influence 
flame acoustic interactions. Building on this framework, future work 
would be to extend the analysis toward three-dimensional and more 
realistic combustor geometries, where these mechanisms interact with 
turbulence and confinement effects to shape the overall thermoacoustic 
response.
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