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Direct Numerical Simulations (DNS) of premixed hydrogen-air flames anchored in
a fully developed turbulent channel flow (TCF) are performed at a friction Reynolds
number of Reτ = 530 and thermochemical conditions susceptible to the emergence of
intrinsic thermodiffusive (TD) phenomena acting on the turbulent flame. Two premixed
flames are studied: a slower flame (ϕ = 0.25), predominantly propagating within the core
flow, and a faster one (ϕ = 0.35), reaching closer to the channel walls and intermittently
quenching on it. The present DNS database provides new insights into the characteristics of
premixed flames susceptible to TD phenomena and propagating in realistic near-wall shear
turbulence. The influence of varying turbulence intensity, and of wall-distance dependent
time and length scales, on the flame propagation characteristics is evaluated through a
detailed analysis of the local stretch factor I0, quantifying reactivity enhancements caused
by TD phenomena. At ϕ = 0.25, the flame response to the fluid motions is mainly forced
by the weaker turbulence present in the core flow. This results in an augmented I0 compared
to the laminar reference value, suggesting reactivity enhancement by the strongly nonlinear
interaction of TD phenomena with (relatively) weak turbulent motions present within the
core flow. At ϕ = 0.35, as the flame propagates from the core flow towards the channel
walls, the flame response is forced by turbulence of increasing intensity, resulting in a
corresponding augmentation of the Karlovitz number. Crucially, as the flame propagates
into the near-wall region, the peak value of I0 is colocated with the peak Reynolds stresses
(y+ ∼ 10). This observation suggests a strong (local) synergistic interaction between TD
phenomena and wall turbulence, ultimately resulting in significantly enhanced flame speed.

DOI: 10.1103/g5vm-6xjr

I. INTRODUCTION

Hydrogen, as a carbon-free energy carrier, holds significant promise for low-emissions combus-
tion applications [1,2]. In particular, premixed hydrogen flames under fuel-lean conditions are of
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technical relevance because of their reduced flashback propensity and low NOx emissions. However,
such fuel-lean hydrogen flames are subject to thermodiffusive (TD) phenomena that are intrinsic
to the flame front and that can strongly influence flame reactivity and combustion characteristics
beyond well-established scaling laws from combustion of natural gas [2].

The unique molecular and thermophysical properties of hydrogen, particularly its fast molecular
diffusion relative to other species (preferential diffusion) and heat (differential diffusion), quantified
by its low Lewis number (LeH2 ≈ 0.3), cause cellular instabilities in laminar flames that were
reported and investigated already decades ago [3,4]. The distinction between preferential and
differential diffusion adopted here is consistent with conventional definitions from the literature
[2,5,6]: preferential diffusion refers to unequal diffusion rates among individual species, associated
with nonequal Lewis numbers, whereas differential diffusion refers to unequal rates of heat and mass
diffusion, associated with nonunity Lewis numbers. A detailed explanation of the physical processes
leading to the occurrence of cellular instabilities is provided by Williams [5] that refers to them as
diffusive-thermal (DT) instabilities. More recent literature frequently use the alternative (and equiv-
alent) nomenclature thermodiffusive (TD) instabilities, arising in TD-susceptible flames and caused
by TD phenomena. The latter nomenclature is adopted in our paper. As discussed in recent studies
[2,7], differential diffusion is the governing mechanism underlying thermodiffusive instabilities in
lean premixed hydrogen flames, for which the effective Lewis number is sufficiently small [2,8].
Because of differential diffusion, molecular hydrogen is locally transported into positively curved
regions of the flame (convex towards the reactants) faster than other reactants and also faster than
heat is transported out of the same regions. Conversely, hydrogen concentration is locally reduced in
negatively curved regions (convex towards the products). This imbalance in mass and heat diffusion
represents the main driver of TD instabilities: the flame propagates at a locally varying mixture
fraction and flame speed, with richer regions burning hotter and faster, thus destabilizing the global
flame front and creating cellular structures that penetrate into the unburned gas [8–11]. These TD
phenomena and instabilities have been extensively investigated through theoretical, experimental,
and numerical studies in laminar flow configurations [8–10,12–15].

In turbulent flows, the additional effect of turbulent motions on flame-front wrinkling is superim-
posed, in a strongly nonlinear interaction, onto the intrinsic TD phenomena, simultaneously acting
on it, and potentially leading to a significant increase in the global burning rate. This effect has been
reported by several research groups and is also referred to as "synergistic interaction" in some studies
[16–20]. In such cases, the enhancement in turbulent flame speed and global burning rate cannot be
solely attributed to the increase in flame surface area caused by turbulence, as for more conventional
gaseous fuels (e.g., natural gas), nor to TD phenomena alone, but represents the outcome of
nonlinear interactions between these two processes. Several Direct Numerical Simulation (DNS)
studies of premixed hydrogen-air combustion have considered TD-susceptible flames in statistically
planar inflow-outflow configurations subjected to spectrally forced or decaying isotropic turbulence
[16,20–24]. While these isotropic-turbulence configurations provide detailed insights about the
response of TD-susceptible planar flames to very specific turbulence characteristics, they are not
able to correctly capture the flame response to the anisotropic structure and variance of characteristic
length and time scales occurring in realistic shear-generated turbulence.

In practical combustion applications, complex flow patterns and confinements typically cause the
interaction of flames with turbulent flows that are characterized by strongly anisotropic turbulent
velocity fields. Consequently, recent DNS studies have considered TD-susceptible flames in more
realistic shear-turbulence configurations. Examples include the turbulent slot flames studied by
Berger et al. [18,19] and the turbulent shear layers analyzed by Rieth et al. [25]. However, to
date, no DNS study has investigated the propagation characteristics of TD-susceptible premixed
hydrogen flames interacting with the structure of near-wall shear turbulence in fully developed
boundary layers.

The fully developed turbulent channel flow (TCF) is a canonical wall-bounded flow configuration
that is well characterized from a fluid mechanics perspective and enables the investigation of
turbulent premixed flame propagation in realistic, shear-driven turbulence. Figure 1(a) illustrates
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FIG. 1. (a) Turbulent jet flame, taken from Nicolai et al. [26]; (b) V-shaped flame anchored in a TCF
configuration, with hatched lines indicating the channel walls. The flames are colored by the hydrogen fuel
mass fraction YH2 , and the unburned and burnt regions are denoted by “u” and “b,” respectively.

a turbulent jet/slot flame colored by the fuel mass fraction, while Fig. 1(b) shows a V-shaped flame
anchored in a TCF configuration. These images qualitatively compare the global morphological
similarities and the complementary characteristics of two flame configurations featuring spatially
reversed unburned and burnt regions. Evidently, the DNS of the V-shaped premixed hydrogen flames
examined in the present TCF setup serves as a valuable complement to earlier DNS studies of jet
and slot flames conducted at comparable Reynolds numbers [19].

The TCF configuration with an anchored V-shaped flame, used here to examine the propagation
characteristics of thermodiffusively susceptible flames interacting with realistic shear-driven turbu-
lence under statistically steady conditions, has been employed extensively in previous studies, most
notably for investigations of turbulent flame-wall interaction (FWI), a topic of considerable practical
relevance in combustion systems [27]. Although turbulent FWI remains an active research area with
significant implications for flame stability, combustion efficiency, and pollutant formation [27], it is
not the focus of the present study.

One of the earliest DNS investigations of a V-shaped flame anchored in turbulent Couette flow at
relatively low Reynolds numbers was conducted by Alshaalan and Rutland [28], who employed a
single-step chemical model to study FWI. A few years later, Gruber et al. [29] performed a DNS of a
premixed hydrogen-air flame anchored in turbulent Poiseuille flow at a friction Reynolds number of
Reτ = 180 under fuel-rich conditions (ϕ = 1.5), using detailed chemical kinetics and transport. As
is common in experimental and numerical TCF studies, the friction Reynolds number Reτ = h/δν ,
defined by normalizing the channel half-width with the viscous length scale, is used throughout the
following discussion to characterize the confined turbulent flow (see next section for details).

These initial FWI studies, employing anchored V-shaped flames, revealed key differences be-
tween single-step and detailed chemistry models, and highlighted the role of streamwise-elongated
vortical structures in the turbulent boundary layer in governing flame propagation and quenching.
Subsequent DNS efforts shifted attention away from FWI-induced quenching and toward the
dynamics of near-wall flame propagation during boundary-layer flashback in hydrogen-air flames
[30–32], including the influence of inlet mixture stratification [33].

Computational constraints limited most early DNS studies to comparatively low friction
Reynolds numbers (Reτ ∼ 180), restricting the scale separation that could be achieved. More recent
DNS work has extended TCF investigations to higher friction Reynolds numbers (Reτ = 313–395),
enabling the analysis of propagation and quenching characteristics of ammonia- and methane-air
flames [34,35].

However, among these earlier efforts, only a few studies have focused on hydrogen flames and,
crucially, even fewer on thermochemical conditions susceptible to the occurrence of TD phenomena.
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For instance, while featuring realistic three-dimensional turbulence and detailed chemical kinetics,
the FWI investigation of Gruber et al. [29] did not consider TD-susceptible flames. More recently,
Schneider et al. [36,37] examined laminar FWI of TD-susceptible hydrogen flames but this study
was limited to laminar head-on quenching (HOQ) in a two-dimensional (2D) configuration.

To date, no full-fledged DNS study has examined in detail the propagation characteristics
of premixed hydrogen flames susceptible to thermodiffusive (TD) phenomena while nonlinearly
interacting with realistic near-wall turbulence at elevated Reynolds numbers.

The present work addresses this gap by simulating fuel-lean premixed hydrogen-air flames an-
chored in a fully developed turbulent channel flow at Reτ = 530 and at thermochemical conditions
prone to TD effects (ϕ = 0.25 and ϕ = 0.35), using detailed chemical kinetics and transport. This
friction Reynolds number substantially exceeds those used in previous DNS studies of reactive
flows in fully developed turbulent channels, enabling the occurrence of a wider range of dynam-
ically relevant scales and, consequently, greater separation of scales in the turbulence-chemistry
interaction. The resulting dataset provides a high-fidelity reference database for the development and
validation of turbulent combustion models applicable to shear flows near solid walls. In addition, this
investigation provides the first detailed assessment of TD-susceptible hydrogen flame propagation
in a canonical wall-bounded shear flow characterized by strong anisotropy and realistic near-wall
turbulence at such (relatively) high Reτ . The pronounced variation in turbulence intensity with wall
distance leads to localized changes in the Karlovitz number, which modulate the nonlinear interplay
between turbulence and TD effects and, in turn, shape the global flame-propagation behavior.

Although the primary focus is on flame-propagation dynamics in the presence of near-wall
turbulence, one of the simulated conditions (ϕ = 0.35) also exhibits intermittent flame quenching at
the solid surface. This behavior provides an opportunity to complement insights from earlier two-
dimensional studies [36,37], extending them to a fully three-dimensional turbulent environment.

In summary, the present study aims to answer the following research questions:
(1) What are the global flame propagation characteristics of TD-susceptible premixed hydrogen-

air flames interacting with realistic near-wall turbulence?
(2) How is the local topology and microstructure of the TD-susceptible flames affected by the

turbulent motions as a function of the wall-normal distance?
(3) How does the nonlinear interaction between near-wall turbulence and TD phenomena vary

the stretch factor I0 with the wall-normal distance and with the associated variation in Karlovitz
number?

The remainder of this paper is structured as follows. Section II describes the numerical setup and
computational methodology. Section III presents the DNS results and analysis. The study concludes
with a summary of the main findings in Sec. IV.

II. COMPUTATIONAL SETUP

The configuration used in this study builds on the numerical setup of Gruber et al. [29] to in-
vestigate the structure and propagation of fuel-lean premixed hydrogen-air flames susceptible to TD
phenomena, extending the configuration to a higher friction Reynolds number of Reτ = h/δν = 530
(up from 180) where h is the channel half-width and δν is the viscous length scale [38]. Figure 2
shows a schematic of the computational setup, including boundary conditions. Three-dimensional
(3D) rendered videos of the flames are provided as Movies 1 and 2 in the Supplemental Material
[39].

A premixed fuel-oxidizer mixture enters the computational domain at its inlet boundary
(x = 0) and the flame stabilizes at the flame holder (shown as a cylinder in Fig. 2), propagating
downstream and outward toward the walls in the form of a V-shaped surface. The streamwise,
wall-normal, and spanwise directions are denoted as x, y, and z, respectively, and nonreflective
Navier-Stokes characteristic boundary conditions are applied [40,41] at the inflow (x = 0) and
outflow (x = Lx) planes. The no-slip walls at y = 0 and y = Ly are assumed to be perfectly smooth,
isothermal and inert surfaces, with zero wall-normal fluxes of the chemical species. Periodic
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FIG. 2. Schematic representation of the simulated V-shaped flame anchored in a TCF configuration. The
orange surface denotes the flame front, and the flame anchor is depicted as a cylinder.

boundary conditions are applied in the homogeneous spanwise direction (z = 0 and z = Lz). A
flame holder is required because the mean flow velocity is considerably larger than the turbulent
flame speed [29], and it is modeled through a fixed energy deposit. Flame stabilization is therefore
achieved by a localized source term in the energy equation, which can be interpreted as a continuous
highly localized heat source, as illustrated in Fig. 18. This approach neither influences the flow
field nor the local flame characteristics sufficiently far from the flame holder and outside of the
hot core. For further clarification, Sec. S1 in the Supplemental Material [39] shows that the fluid’s
enthalpy remains unaltered downstream the flame holder except for a narrow region of the flow
centrally located within the channel. The flame holder has a diameter of 1 mm, which corresponds
approximately to 53 wall units, i.e., lengths normalized by the viscous scale δν as x+ = x/δν ,
y+ = y/δν and z+ = z/δν . Its center is located at x+

anc = y+
anc = 530 on the channel centerline,

equidistant from the walls and the inlet and spanning the homogeneous direction. Additional details
on the DNS initialization and the numerical solver are provided in Sec. II A.

The flow parameters, channel geometry, and numerical grid resolution of the DNS are presented
in Table I. The computational domain is chosen to be considerably larger than the minimal channel
requirements [42]. A rectilinear computational mesh is employed which is uniform in both the
streamwise and spanwise directions. The mesh is mildly stretched in the wall-normal direction to
resolve the near-wall boundary layer, but remains sufficiently fine towards the core flow to resolve
the thin flame front. There are two grid points within y+ = 1 and 16 grid points within y+ = 10,
satisfying the recommended resolution for viscous sublayers [43]. The nominal friction Reynolds
number of Reτ = 530 corresponds to a bulk Reynolds number of Rem ≈ 9,625 and a centerline
Reynolds number of Rec ≈ 11 000 for the approaching flow.

The detailed chemical kinetics scheme for hydrogen oxidation developed by Li et al. [44]
is employed, which consists of nine species and 19 elementary reactions. Nitrogen is treated
as an inert species and chemical pathways leading to formation of nitrogen oxides are omitted.
No heterogeneous or catalytic surface reactions are included, assuming chemically inert walls.

TABLE I. Parameters of the DNS setup, where h is the channel half-width.

Reτ = 530 Lx × Ly × Lz = 8h × 2h × 3h h = 1 cm
Tw = Tu = 750 K Nx, Ny, Nz = 3200, 750, 1200 Uτ = 2.19 m/s
p = 2 bar �x+, �y+, �z+ = 1.33, 0.62−1.51, 1.33 δν = 18.86 µm
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TABLE II. Characteristic flame properties of the homologous 1D laminar FP flames representative of
configurations ϕ = 0.25 and ϕ = 0.35. The thermal flame thickness is defined as δF = (Tb − Tu )/ max(dT/dx),
where the subscripts “b” and “u” denote the burnt and unburned mixture, respectively. The definitions of the
effective Lewis number Leeff , critical Lewis number Lecrit and instability parameter ω2 can be found in [8].

ϕ = 0.25 ϕ = 0.35

Equivalence ratio ϕ 0.25 0.35
Laminar burning velocity sL / [m/s] 1.27 3.08
Thermal flame thickness δF / [µm] 260 212
Adiabatic flame temperature Tb / [K] 1462 1703
Effective Lewis number Leeff 0.38 0.43
Critical Lewis number Lecrit 0.73 0.60
Instability parameter ω2 3.10 1.20
Nominal Damköhler number Da0 0.042 0.129
Computational costs / 106 CPUh 81.84 50.11

Although the assumption of nonreactive solid surfaces, and the resulting overprediction of near-
wall radical concentrations, has been shown to overestimate heat-release rates during FWI and
quenching of stoichiometric or fuel-rich flames [45], this assumption does not adversely affect the
fuel-lean conditions considered here. A mixture-averaged diffusion model is used (CHEMKIN and
TRANSPORT libraries [46]) to capture the effects of differential and preferential diffusion, which
are particularly important for hydrogen flames [2]. The Ludwig-Soret effect (thermal diffusion) is
also included, as it is known to have significant quantitative impact on hydrogen flames, amplifying
the effects of TD phenomena [47–49].

Two premixed flames are examined: the first configuration consists of an ultra-lean, homo-
geneous mixture of air and hydrogen burning at an equivalence ratio of ϕ = 0.25, primarily
propagating in the core flow; the second configuration has a nominal equivalence ratio of ϕ = 0.35,
with a flame that propagates faster and extends closer to the walls, featuring near-wall combustion
and intermittent FWI and quenching. In the latter configuration, to represent the near-wall com-
positional variance often found in gas-turbine burners, the mixture is mildly stratified at the inlet
plane with a leaner layer entering the domain in the vicinity of the wall. In Sec. S2 of the Supple-
mental Material [39] the equivalence-ratio profiles of the homogeneous (ϕ = 0.25) and stratified
(ϕ = 0.35) mixtures are shown as functions of the wall-normal distance. In the following, the two
cases are referred to by their nominal equivalence ratios (ϕ = 0.25 and ϕ = 0.35). The fresh gas
temperature is chosen to match the nominal temperature in large stationary gas turbines for power
generation. The pressure is limited to p = 2 bar due to the extreme computational costs required to
fully resolve the flame structure at the high-pressure conditions present in gas turbines (typically
exceeding 10 bar). Table II summarizes the nominal properties of homologous one-dimensional
(1D) laminar, freely propagating (FP) flames. Both turbulent flames considered here are expected
to be susceptible to TD phenomena under the present conditions, as their effective Lewis numbers
fall below the critical threshold given by linear stability theory [50] and the parameter ω2 is positive
[8]. The latter quantity is based on the theoretical work of Matalon et al. [12] and can quantify
the TD response as presented by Howarth et al. [22] and Howarth and Aspden [8]. In addition,
linear stability analysis conducted numerically confirms that the thermochemical conditions of both
flames are susceptible to TD phenomena, as shown in Sec. S3.1 in the Supplemental Material [39].
Table II also provides estimates of the nominal near-wall Damköhler number (Da0 = tw/tF), which
characterizes the ratio between the timescales of flow and chemical reaction and it is calculated here
from the nominal laminar flame time tF = δF/sL and the viscous wall timescale tw = ν/U 2

τ of the
nonreactive TCF configuration [29,33].
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(a) (b)

FIG. 3. Comparison of the nonreactive, fully developed turbulent channel flow precursor DNS at Reτ =
530 with DNS data from Moser et al. [43] at Reτ = 590. (a) Nondimensional mean streamwise velocity U +.
(b) Nondimensional streamwise rms velocity fluctuation u+

rms.

A. DNS solver

The simulations are performed using the DNS solver S3D [51]. The algorithm solves the Navier-
Stokes equations for a compressible reactive fluid on a structured Cartesian mesh using high-order
numerical schemes. Spatial derivatives are computed using an eighth-order explicit centered finite
difference scheme (with third-order one-sided stencils used at the domain boundaries), and a
tenth-order explicit spatial filter is employed to remove high-frequency noise and reduce aliasing
error. Time integration is performed with a fourth-order six-stage explicit Runge-Kutta method.
S3D is implemented in FORTRAN 90 and parallelized using the Message Passing Interface (MPI)
for interprocess communication in parallel execution. The simulations, parallelized using a domain
decomposition of 80 × 25 × 30 MPI ranks, were carried out on the Betzy HPC facility, located at
NTNU in Trondheim, using 60 000 AMD CPU cores (500 nodes). The estimated total computational
cost for each configuration is provided in Table II.

In order to adopt realistic initial flow conditions and inlet boundary conditions for the reactive
simulations, a precursor simulation of a nonreactive, fully developed TCF with streamwise and
spanwise periodicity is conducted, in which the flow is driven by an imposed streamwise pressure
gradient. The reactive simulations are initialized by superimposing the thermochemical state of
homologous (nominal) 1D laminar flames, parametrized in an assumed V shape, onto an instanta-
neous instance of the turbulent flow field provided by the precursor simulation. The time-dependent
velocity fluctuations required at the upstream inlet boundary of the reactive simulations are imposed
as temporally evolving turbulence, obtained by sampling in time a cross section of the inert precursor
simulation. This procedure provides realistic turbulent inflow conditions at the inlet of the reactive
simulations [29–31,33]. Instantaneous samples of the solution used for the analysis presented below
are extracted after a sufficient time from the start of the simulations (beyond 2 ms), once statistically
stationary conditions had been reached. As the S3D solver has not previously been applied to predict
TCF configurations at such an elevated friction Reynolds number (Reτ = 530), the nonreactive
precursor DNS is used to validate the characteristic flow profiles against the DNS of Moser et al. [43]
at Reτ = 590. Figure 3(a) shows the normalized mean streamwise-velocity profile U + = 〈u〉/Uτ as
a function of wall-normal distance y+, while Fig. 3(b) presents the corresponding normalized root
mean square (rms) velocity fluctuations u+

rms =
√

〈(u − U )2〉/Uτ , where u is the instantaneous, U
the averaged velocity field and Uτ the friction velocity [38]. The results are in excellent agreement
with the reference data, confirming the applicability of the flow solver at the Reynolds number
considered in this study.
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III. RESULTS

The presentation of the results is structured as follows: first, the global propagation characteristics
of the turbulent flames are examined in Sec. III A; next, the local flame structure is analyzed in
Sec. III B; lastly, Sec. III C investigates the near-wall flame propagation, including an analysis of
the intermittent FWI/quenching process.

A. Global characteristics of the turbulent flames

The DNS provides fully resolved 3D instantaneous data of the flow field and of the thermo-
chemical state. The present flame configuration allows for spatial averaging along the statistically
homogeneous spanwise direction (z+) and in time. In addition, spatial averaging is performed across
the symmetry plane y+ = 530. A reaction progress variable PV = YH2O − YH2 − YO2 is used to
define the flame front and is normalized as a function of the local mixture composition:

Cnorm = PV − PV min(ZBilger )

PV max(ZBilger ) − PV min(ZBilger )
. (1)

In Eq. (1), ZBilger is the mixture fraction following the definition from Bilger et al. [52], and
PV min and PV max are obtained from a database of 1D laminar FP flames with equivalence ratio
corresponding to the local mixture fraction. This normalized progress variable definition accounts
for local mixture variation due to differential and preferential diffusion effects, as well as superadi-
abatic states resulting from TD phenomena. It enables a threshold selection for the flame isosurface
that consistently represents the flame surface along its wrinkled front, in both positively and
negatively curved regions, as shown in Sec. S4 of the Supplemental Material [39]. This is a crucial
feature required to properly and consistently analyze flames susceptible to TD phenomena [8,20].
Figure 4 presents wall-to-wall longitudinal sections of the 3D domain for both flames: ϕ = 0.25 in
(a, c, e, g, i) and ϕ = 0.35 in (b, d, f, h, j). The normalized temperature Tnorm, streamwise velocity
u+ = u/Uτ , mixture fraction ZBilger, norm, OH radical mass fraction YOH, norm, and heat-release rate
HRRnorm are shown as instantaneous (inst.) and averaged (avg.) fields in the upper and lower
half of each panel, respectively. All thermochemical quantities are normalized by the homologous
(nominal) 1D laminar FP flame values: the temperature and the mixture fraction are normalized
by the adiabatic flame temperature and mixture fraction of the unburned gas, respectively, while
the OH mass fraction and the heat-release rate are normalized using their respective peak values.
In Figs. 4(a) and 4(b), isocontours of the normalized progress variable are superimposed on the
temperature field. In the following analysis, an isovalue of Cnorm = 0.7 is used to define the flame
front, as it closely corresponds to the location of peak heat-release rate along the wrinkled flame
surface. Figure 4 shows that the ϕ = 0.25 flame remains largely confined to the outer region of the
core flow and does not penetrate into the near-wall region, whereas the ϕ = 0.35 flame propagates
much closer to the walls, encountering stronger turbulence and interacting with the wall further
downstream. The instantaneous images reveal that, immediately downstream of the flame holder,
both flames develop pronounced wrinkling and form the characteristic cellular structures associated
with flames susceptible to TD phenomena. The curvature of these cellular structures, along with
the overall wrinkling of the global flame front, intensifies as the flames propagate downstream and
toward the walls, as qualitatively evidenced by the instantaneous snapshots of the solution. Besides
the influence of turbulent motions on flame wrinkling and microstructure, the flame itself exerts
a significant feedback on the incoming turbulent flow of the unburned reactants. Figures 4(c) and
4(d) show instantaneous and mean streamwise velocity fields, expressed in wall units u+, together
with the flame front (isosurface Cnorm = 0.7) and instantaneous streamlines. In agreement with the
observations of Gruber et al. [33], the boundary layer is displaced towards the walls and becomes
appreciably thinner when the ϕ = 0.35 flame occupies the near-wall region, as indicated by both
the velocity contours and streamline deflection. For the leaner flame at ϕ = 0.25, this effect is
less pronounced because the flame remains largely confined to the core flow. Intermittently, the
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FIG. 4. Instantaneous and averaged flame structures and velocity field for both simulated flames ϕ = 0.25
(a, c, e, g, i) and ϕ = 0.35 (b, d, f, h, j). Panels (a) and (b) show the normalized fields of temperature Tnorm; (c)
and (d) show streamwise velocity u+; (e) and (f) show Bilger’s mixture fraction ZBilger, norm; (g) and (h) show
OH mass fraction YOH, norm; and (i) and (j) heat-release rate HRRnorm in physical space. The colored lines in
the temperature field (a) and (b) denote different isovalues of the normalized progress variable Cnorm, where
Cnorm = 0.7 is used to define the flame front. In panels (e) and (f) the vertical lines mark the boundaries of the
four spatial bins A–D, positioned at different longitudinal locations (in the streamwise direction), that will be
used in the statistical analysis. White boxes highlight the region which is magnified and shown in Fig. 5.

opposite trend is observed: streamlines bend inward toward the channel centerline, reflecting the
reduced influence of the flame on the outer boundary-layer development. Figures 4(e) and 4(f)
clearly highlight the variation of the local mixture fraction along the flame front, with locally
enriched mixture in the positively curved cellular domes, separated by narrow cusps characterized
by locally leaner mixture. The instantaneous fields of YOH, norm and HRRnorm in Figs. 4(g)–4(j)
exhibit significant variation along the flame front, highlighting positively curved cellular domes
and structures with locally enriched mixture and higher reactivity, separated by negatively curved
narrow cusps with lower reactivity. In both flames (ϕ = 0.25 and ϕ = 0.35), typical effects of
TD phenomena are present: superadiabatic temperatures that exceed the nominal adiabatic flame
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FIG. 5. Zoomed view of instantaneous flame structure and velocity field corresponding to the white boxes
in Fig. 4 for the ϕ = 0.25 flame (a)–(e) and the ϕ = 0.35 flame (f)–(j).

temperature (Tnorm > 1), local mixture enrichment (ZBilger, norm > 1), formation of cellular structures
and strong spatial variations in reactivity indicators such as the OH radical and heat-release rate. To
gain further insights into the local flame structure, Fig. 5 presents a magnified view of the regions
highlighted by the white boxes in Fig. 4. Close inspection of the instantaneous flame front reveals the
characteristic local flame response associated with TD phenomena. Positively curved bulges (convex
toward the unburned mixture) display superadiabatic temperatures (Tnorm > 1), locally enriched
mixture fractions (ZBilger, norm > 1), elevated radical concentrations, and intensified heat-release
rates. In contrast, negatively curved cusps exhibit locally leaner mixtures with reduced tempera-
ture and reactivity. The reactivity variations present along the wrinkled flame front, accelerating
some regions while decelerating others, lead to flame stretch and substantial increase in flame
surface area, ultimately enhancing the overall burning rate of the turbulent flame. As expected, visual
comparison of the normalized fields shows that the ϕ = 0.25 flame [Figs. 5(a)–5(e)] attains higher
peak values than the ϕ = 0.35 flame [Figs. 5(f)–5(j)]. Previous laminar studies have demonstrated
that the intensity of TD phenomena increases with decreasing equivalence ratio [53–55]. The present
results confirm that this trend persists for TD-susceptible flames interacting with near-wall shear
turbulence.

1. Regime diagram classification

To broadly characterize the turbulent flame behavior, the combustion regime must be determined
first, as it identifies the relationship between turbulent and chemical scales. This classification
is essential for practical applications, since many turbulent combustion processes and models
are calibrated for specific regime conditions. The Karlovitz number (Ka) is a key dimensionless
parameter used to quantify the local interaction between the smallest turbulent scales and the
chemical scales of the flame [5,56]. In this work Ka is evaluated following the procedure of Gruber
et al. [33] for reactive TCF configurations. It is defined as the ratio of the local flame time to the
Kolmogorov time scale, Ka = tflame/tη. In the present TCF configuration, the (local) Kolmogorov
time scale is a function of the wall distance, its value decreasing from the core flow towards the
near-wall region of the flow, and it is obtained from the DNS flow field as tη = (ν/ε)1/2, where ν

denotes the kinematic viscosity and ε the turbulent dissipation rate [38]. A flamelet table is generated
from 1D FP flames spanning varying mixture compositions, which is used to determine the local
flame timescale tflame = δF/sL in the turbulent flame, as a function of the local mixture composition
ZBilger and reaction progress Cnorm.
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(a) (b)

(c) (d)

FIG. 6. Karlovitz number as a function of the wall-normal distance y+. (a) and (b) The local flame time
tflame and Kolmogorov timescale tη, as well as the resulting Karlovitz number Kain in correspondence of the
inlet plane (x+ = 0) for the ϕ = 0.25 and the ϕ = 0.35 flame, respectively. (c) and (d) The effective Karlovitz
number Ka immediately upstream of the flame front (0.1 � Cnorm � 0.3) for both flames. The Karlovitz number
at the inlet and the inverse of the nominal Damköhler number are shown for comparison.

Figures 6(a) and 6(b) illustrate the wall-normal profiles, in correspondence of the domain inlet
(x+ = 0), of the turbulent (tη) and chemical (tflame) timescales, and of the resulting inlet Karlovitz
number (Kain) for both flames simulated. The channel wall is located at y+ = 0 in the figures.
Because the lower equivalence ratio yields a larger chemical time scale tflame, the ϕ = 0.25 flame
exhibits higher inlet Karlovitz numbers Kain than the ϕ = 0.35 flame for identical inlet turbulent
timescales tη [Figs. 6(a) and 6(b)]. The effective Karlovitz number Ka, evaluated immediately
upstream of the flame front (0.1 � Cnorm � 0.3), is shown in Figs. 6(c) and 6(d). Section S4 in
the Supplemental Material [39] illustrates, in an exemplary image, the progress variable range
of 0.1 � Cnorm � 0.3 in the immediate upstream vicinity of the flame front (Cnorm = 0.7), also
providing further details on the evaluation procedure. For both equivalence ratios, Ka increases
monotonically from the core region toward the walls. In the ϕ = 0.35 case [Fig. 6(d)], a pronounced
local maximum appears, coinciding with the peak in turbulence intensity within the buffer layer;
further discussion of this behavior is provided in Sec. III C. For reference, Fig. 6 also reports the
inlet Karlovitz number Kain and the inverse nominal Damköhler number Da0 (Table II). Consistent
with the observations of Gruber et al. [33], a single global parameter, such as the nominal Damköhler
number, cannot adequately characterize the combustion regime in the TCF configuration, as both
turbulent and chemical time scales vary substantially with wall distance. As previously argued [33],
the inlet profile of Kain provides a more representative approximation of the effective Karlovitz
number governing flame behavior. However, because the anchored V-shaped flame significantly
alters the local flow field in the downstream region of the flow and the presence of the wall induces
significant heat loss, the correspondence between Kain and the effective Ka breaks down in the
near-wall region. Furthermore, it should be noted that values of the effective Karlovitz number
are only shown for wall distances larger than y+ = 4 in Fig. 6. This choice reflects the physical
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FIG. 7. Peters-Borghi Regime Diagram of the flame front at different wall-normal positions for both flames
ϕ = 0.25, ϕ = 0.35.

interpretation of the effective Karlovitz number in the near-wall region. For the ϕ = 0.35 flame, the
nominal thermal flame thickness is δ+

F = δF/δν ≈ 11. At wall distances below approximately half
a flame thickness, wall heat loss and quenching effects strongly alter the flame structure, such that
present estimates of the effective Karlovitz number evaluated upstream of the flame front are no
longer physically well defined. Even though effective Karlovitz number estimates are only shown
for y+ � 4, the local spatial resolution employed by the DNS solver in the near-wall region is
substantially finer, with two grid points within y+ = 1 and 16 grid points within y+ = 10. This
ensures that the effective Karlovitz number boundary values at y+ = 4 are based on well-resolved
primitive quantities. For the ϕ = 0.25 flame, the results in Fig. 6(c) should be interpreted with
caution, as only a limited number of flame realizations reach the near-wall region (y+ � 100). It
is also important to note that the Karlovitz numbers reported in Figs. 6(c) and 6(d) are computed
using local values of the flame time, leading to an approximately fivefold increase in Ka between
the core flow and the wall. If, instead, the nominal values of the flame time are used, the near-wall
rise in Karlovitz number is even more pronounced, approximately 16-fold for the ϕ = 0.25 flame
and eightfold for the ϕ = 0.35 flame.

Based on the analysis of the Karlovitz number, the simulated flames are classified according
to their combustion regime. The combustion regime is uniquely defined by two of the following
quantities [16]: the flame Reynolds number ReF = urms
0 / (sLδF), the Karlovitz number Ka2 =
u3

rmsδF / (s3
L
0) and the Damköhler number Da = sL
0 / (urmsδF), where 
0 is the integral length

scale of the flow. Figure 7 positions the simulated flames on the Peters-Borghi diagram [57] as a
function of the wall-normal distance y+. Both flames reside within the thin reaction zone regime,
characterized by Karlovitz numbers greater than unity and Kolmogorov scales smaller than the
laminar flame thickness. As the wall is approached, the increasing turbulence intensity shifts the
flames upward in the combustion-regime diagram, i.e., toward larger values of urms/sL.

2. Turbulent flame speed and flame surface area

In turbulent combustion modeling and for accurate numerical prediction of combustion pro-
cesses, the turbulent flame speed and the flame surface area are of fundamental interest. Based
on the early work of Damköhler [58], the modified first Damköhler hypothesis has emerged, which
is relevant for many combustion models and postulates a direct relation between these quantities for
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turbulent flame surface wrinkling:

sT

sL
= I0

AT

A0
. (2)

In Eq. (2), sT is the turbulent flame speed, AT is the instantaneous turbulent flame surface area, A0

is the fuel cross-sectional area and I0 is known as the stretch factor [59,60], and also referred to in
the literature as a reactivity factor [36], burning factor [61], or burning efficiency [20].

For turbulent combustion of conventional hydrocarbon fuels in air, where the effective Lewis
number is close to unity, the first Damköhler hypothesis holds and the stretch factor remains
near unity (I0 ∼ 1) [62]. In contrast, flames with effective Lewis numbers well below unity are
susceptible to TD phenomena, which can substantially elevate local reactivity and burning rate.
These localized enhancements accelerate the global flame front beyond what would be expected
from surface-area wrinkling alone, leading to stretch-factor values that may exceed unity by several
fold.

In TD-susceptible premixed flames, the stretch factor provides a quantitative measure of their
departure from the conventional behavior described by the first Damköhler hypothesis, and thus
reflects the relative influence of TD effects on the burning rate. Several recent studies [8,23,63,64]
suggest that accurate prediction of the stretch factor is essential for reliably capturing the propaga-
tion characteristics of hydrogen flames affected by TD phenomena.

In the following analysis, the turbulent flame speed is estimated by evaluating the consumption
speed, computed from the volume-integrated hydrogen source term in each one of the longitudinal
bins A–D:

sT = − 1

ρuA0YH2, u

∫
V

ω̇H2 dV. (3)

In Eq. (3), ρu and YH2, u denote the density and mass fraction of hydrogen in the unburned mixture,
and A0 is the mean flame-surface area present within each longitudinal bin. The hydrogen source
term ω̇H2 is integrated within the volume V of the corresponding bin. Therein the instantaneous, tur-
bulent flame surface area AT is evaluated geometrically from the interpolated Cnorm = 0.7 isosurface
using triangulation [65].

Figures 8(a) and 8(b) show the longitudinal evolution along the streamwise direction of the tur-
bulent flame speed, normalized by the respective laminar burning velocity, and of the instantaneous
flame-surface area, normalized by the respective mean flame-surface area, for the ϕ = 0.25 and
ϕ = 0.35 flames, respectively. Both quantities increase for increasing longitudinal (streamwise) po-
sition; fluctuations are highlighted by the colored corridors that mark one standard deviation around
the mean. Notably, the leaner flame at ϕ = 0.25 exhibits a greater enhancement in turbulent flame
speed, while both flames yield a similar increase in surface area. Figures 8(c) and 8(d) illustrate
the longitudinal evolution in the streamwise direction of the stretch factor I0. For reference, the
range of I0 values that is found in (initially planar) 2D laminar flames susceptible to TD phenomena
is shown by the gray corridor. It is important to note that the stretch factor estimated from these
2D laminar configurations strongly depends upon the domain size in the transversal direction and,
thereby, upon the resulting geometrical confinement of certain wavelengths, as demonstrated by
Berger et al. [10]. This observation is also reproduced for the present operating conditions in Sec.
S3.2 of the Supplemental Material [39].

Crucially, in turbulent flames, the growth of flame-surface instabilities induced by TD phenom-
ena is modulated by the characteristic time and length scales of the surrounding fluid motions, which
may either suppress or amplify the instability, rather than by the size of the computational domain.

Figures 8(c) and 8(d) show a pronounced rise in the stretch factor for both turbulent flames at
downstream locations beyond x+ ≈ 3000, indicating significant synergistic interactions between
turbulence and TD phenomena. As expected, the leaner ϕ = 0.25 flame, for which TD effects are
more pronounced, exhibits the larger values of I0. For the ϕ = 0.35 flame, the stretch factor exceeds
its laminar reference only for x+ � 3300, coinciding with the region where the flame approaches the

093202-13



RONG, SCHNEIDER, NICOLAI, HASSE, AND GRUBER

(a) (b)

(c) (d)

FIG. 8. Spatial evolution in the streamwise direction of the normalized turbulent flame speed (sT/sL) and
of the surface-area ratio (AT/A0) at ϕ = 0.25 (a) and ϕ = 0.35 (b). The colored, shaded corridors indicate one
standard deviation around the mean. The stretch factor I0 is shown for both turbulent flames in (c) and (d),
respectively. The gray-shaded area represents the range of I0 values at laminar reference conditions.

wall and enters the buffer layer, characterized by elevated turbulence intensity. Section III C provides
further evidence that increases in I0 correlate with heightened levels of turbulence intensity.

To quantitatively assess the differences between the two flames, the magnitude of the progress-
variable gradient |∇PV |, the displacement speed sd , and the flame stretch K are evaluated at the
flame front (Cnorm ≈ 0.7). The displacement speed of the isosurface describing the flame front is
computed following the methodology of Echekki and Chen [66], based on a decomposition into
reaction, diffusion, and curvature contributions. The density-weighted displacement speed is defined
as s̃d = (ρsd )/ρu. Flame stretch is given by K = Ks + sd κc, where Ks is the strain-rate contribution
and κc is the flame curvature [9,67]. The strain rate Ks = ∇t · ut is obtained from the divergence of
the tangential velocity, and the mean flame curvature κc = ∇ · n is evaluated from the flame-normal
vector n = −∇PV /|∇PV |, pointing toward the unburned mixture.

Figure 9 shows the streamwise evolution of the mean absolute progress-variable gradient (a),
mean displacement speed (b), and mean absolute flame-stretch rate (c). With increasing streamwise
position, both flames display the same overall behavior: flame stretch increases, the local flame
thickness decreases (reflected in larger progress-variable gradients), and the displacement speed
gradually declines.

The mean displacement speed reaches 1.72 times the laminar burning velocity for the ϕ = 0.35
flame and 1.84 times for the ϕ = 0.25 flame. The consistently higher values of |∇PV |, s̃d, and |K|
for ϕ = 0.35 indicate a locally thinner and faster flame that is subjected to stronger stretch as it
propagates closer to the walls, where turbulence intensity is elevated.

B. Local analysis of the topology and microstructure of the turbulent flame

First, the topology and curvature radius of the flame front are examined. The local flame
microstructure is then analyzed, with emphasis on flame curvature, as it plays a critical role in
modulating the effects of TD phenomena on the flame-front acceleration [8,68,69].
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(a) (b) (c)

FIG. 9. Spatial evolution in the streamwise direction of the mean values of (a) the absolute progress-
variable gradient |∇PV|, (b) the density-weighted displacement speed s̃d, and (c) the absolute flame stretch
rate |K|. All quantities are evaluated at the flame front (Cnorm ≈ 0.7).

1. Local flame topology and most probable curvature

To quantify the geometrical features of the flame front, the principal curvatures κ1 and κ2 are
computed as the minimum and maximum eigenvalues of the gradient of the flame normal vector
[70]. They are related to the mean curvature κc = ∇ · n = (κ1 + κ2)/2 and the Gaussian curvature
κg = κ1 κ2 [71]. Based on the sign and magnitudes of the principal curvatures (normalized by
the respective thermal flame thickness δF), the flame surface topology can be classified into six
canonical types [22,72]: flat flame (FF), leading point (LP), leading edge (LE), saddle point (SP),
trailing edge (TE), and trailing point (TP). Hereby, "leading" and "trailing" correspond to positive
and negative curvature, respectively, and points and edges can be interpreted as spherically and
cylindrically curved, respectively.

Figure 10 shows scatter-plot distributions of the flame-surface topology classification for both
ϕ = 0.25 and ϕ = 0.35 flames in Figs. 10(a) and 10(d), respectively. For both cases, the flame
surface is predominantly classified as either flat (FF) or exhibits cylindrical curvature (LE, TE),
characterized by the dominance of a single principal curvature. In the case of the richer ϕ = 0.35
flame, the distribution ranges to larger principal-curvature magnitudes. This suggests stronger
flame-surface deformation, which is consistent with the tendency of the richer flame to propagate
closer to the wall and into regions of more intense turbulent motions. To better relate the flame
topological classification with its spatial position, the figure also shows joint-PDF distributions of
principal curvatures colored by mean streamwise position, x+, and by wall-normal distance, y+.
Analysis of the plots reveals that regions characterized by large magnitudes of the flame-surface
curvature, which are a considerable fraction of the cylindrically curved flame surfaces (LE and TE),
are preferentially associated with more downstream locations [Figs. 10(b) and 10(e)]. In contrast,
flame elements classified as nearly flat (FF) are predominantly found at mean streamwise positions
of approximately x+ � 3000. In addition, these flat-flame surfaces remain, on average, farther
away from the wall [Figs. 10(c) and 10(f)]. For the ϕ = 0.35 flame, the largest principal-curvature
magnitudes are observed close to the wall, whereas the ϕ = 0.25 flame shows only weak variation
as function of wall-normal distance across the different topological classes. Overall, these results
indicate that strongly curved flame regions are associated with downstream flame development and,
in the ϕ = 0.35 case, also with smaller values of the wall-normal distance. In the central (bulk)
region of the channel flow, less affected by the strong turbulent fluid motions originating within the
wall boundary layers, the flame surface remains topologically flat, as shown by the joint distributions
in Figs. 10(a) and 10(d).

Next, the curvature radius Rm = 1/|κc| of the flame front is analyzed. This is related to the mean
size of the cellular structures. Figure 11 illustrates the spatial evolution in the streamwise direction of
the most probable curvature radius of the flame front. For both flames, the most probable curvature
radii show a rapid threefold decrease between the most upstream region of the flow considered
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FIG. 10. (a) and (d) Joint PDFs of the principal curvatures, κ1 and κ2, normalized by the respective laminar
flame thickness and with topological classification into six flame-surface categories. (b) and (e) Corresponding
topology distribution colored by the mean streamwise location, x+. (c) and (f) Corresponding topology
distribution colored by the mean wall-normal distance, y+.

FIG. 11. Spatial evolution in the streamwise direction of the most probable curvature radius maxPDF(Rm )
of the flame front, normalized by the respective thermal flame thickness. For comparison, the most unstable
wavelength λωmax and the critical wavelength λcrit. are marked as horizontal lines while the Taylor microscale λ
is shown by the colored dotted lines.
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FIG. 12. Normalized mixture fraction plotted against curvature of the flame front, colored by the normal-
ized heat-release rate, in bins A–D for flames ϕ = 0.25 (a)–(d) and ϕ = 0.35 (e)–(h). The red curve denotes
the conditional average 〈ZBilger, norm | κcδF〉.

and a longitudinal position of x+ ≈ 2000; a slower decrease is observed further downstream.
This suggests that the most significant topological changes in the flame local morphology, mainly
towards smaller structures characterized by stronger curvature, occur upstream of x+ ≈ 2000 while,
downstream of this position, the size of the cellular structures remains nearly constant on average.
To compare the most probable curvature radii observed in the turbulent flames with the characteristic
length scales of the intrinsic TD instabilities in the corresponding laminar flames, the most unstable
wavelength λωmax and the critical wavelength λcrit are shown as horizontal reference lines in Fig. 11
(Note that λωmax and λcrit are shown only for the ϕ = 0.35 mixture, as the corresponding values for
both equivalence ratios are very close to one another.). Both quantities are obtained from a numerical
dispersion relation, following the procedure described in Sec. S3.1 in the Supplemental Material
[39]. The most unstable wavelength λωmax represents the perturbation size associated with the
maximum linear growth rate, whereas the critical wavelength λcrit denotes the stability limit below
which perturbations are attenuated. The most probable curvature radius of both flames matches
the most unstable wavelength at upstream locations of x+ ≈ 1000, suggesting that intrinsic flame
TD instabilities dominate the flame topology in this region. However, further downstream (beyond
x+ ≈ 2000), values of the curvature radii are close to the critical wavelength and become even
smaller. This is an interesting observation, indicating that, in TD-susceptible flames that propagate
in realistic and strongly anisotropic shear turbulence, flame structures smaller than the geometrical
stability limit of TD instabilities can locally occur due to the nonlinear flame response to turbulent
forcing and modulation. Moreover, the present analysis also suggests that the Taylor microscale λ,
estimated from the DNS dataset and marked by the dotted lines in Fig. 11, is of the same order as
the most probable curvature radii and characteristic length scales of intrinsic TD instabilities.

2. Local flame microstructure

Figure 12 analyzes the correlation between flame curvature and TD phenomena, showing the dis-
tribution of the normalized mixture fraction over curvature, colored by the normalized heat-release
rate, for the flame front in correspondence of the four bins A–D (cf. Fig. 4). Consistent with previous
observations, TD phenomena are more pronounced at the lower equivalence ratio (ϕ = 0.25) with

093202-17



RONG, SCHNEIDER, NICOLAI, HASSE, AND GRUBER

FIG. 13. Thermochemical state space of the normalized reaction rate of hydrogen |RRH2 |norm versus the
normalized temperature Tnorm, colored by flame curvature, in bins A–D for both flames at ϕ = 0.25 (a)–(d) and
ϕ = 0.35 (e)–(h). The dotted red line shows the conditional average 〈|RRH2 |norm | Tnorm〉 while the black line
represents the homologous (unstrained) 1D laminar FP flames. A vertical black line is placed in correspondence
of the adiabatic flame temperature (Tnorm = 1) to aid visualization of superadiabatic states Tnorm > 1.

larger peak values of the normalized mixture fraction and heat-release rate. More specifically,
the leaner flame at ϕ = 0.25 [Figs. 12(a)–12(d)] exhibits similar trends at all locations A–D: the
mixture fraction increases in positively curved regions and decreases in negatively curved regions,
revealing a strong correlation, which is also highlighted by the conditional average. This behavior is
also reflected by the local heat-release rate variation, resulting in increased reactivity of positively
curved regions. Also, peak values slightly increase with the streamwise position, suggesting a role
of turbulence modulation in the characteristic response of the flame to TD phenomena. In the flame
at ϕ = 0.35 [Figs. 12(e)–12(h)], similar trends apply to bins A and B, while the flame structure
differs in bins C and D. This is due to flame propagation taking place closer to the walls, where the
strongest turbulence intensity is present and FWI/quenching intermittently occurs. This is discussed
in Sec. III C.

To quantify the correlation between flame curvature, local reactivity and superadiabatic tem-
perature, Fig. 13 presents the state space of the normalized absolute reaction rate of hydrogen
|RRH2 |norm over the normalized temperature Tnorm, colored by the local flame curvature. The absolute
reaction rate of hydrogen, normalized by the respective homologous 1D FP flame |RRH2 |norm =
(|RRH2 |DNS − |RRH2 |1D

min)/(|RRH2 |1D
max − |RRH2 |1D

min), serves as a measure of the overall reactivity.
The DNS data clearly evidence that higher magnitudes of normalized reaction rate and normalized
temperature are found in the ϕ = 0.25 flame [Figs. 13(a)–13(d)], highlighting more pronounced
thermodiffusive effects at the leaner equivalence ratio. Furthermore, Fig. 13 reveals the following
trends for both flames:

(1) States with increased reaction rate or superadiabatic temperature (Tnorm > 1) exhibit positive
curvature.

(2) Superadiabatic temperatures occur mainly behind the peak reaction rate in the post-oxidation
zone, and they are governed by high positive curvature and therefore enriched mixture.

(3) Further downstream, the values of curvature, reaction rate and flame temperature increase,
indicating amplification of the TD phenomena with increasing turbulence intensity modulating the
response of the flame.

093202-18



DIRECT NUMERICAL SIMULATION OF PREMIXED …

FIG. 14. (a) Statistics of the instantaneous flame position of the ϕ = 0.35 flame in the physical space y+

over x+. (b) Blue curves show the u+
rms profiles on the abscissa as function of the wall distance y+ on the

ordinate for different streamwise locations x+ within the reactive DNS. The maximum value of each profile is
marked in red and the black dashed line denotes the profile of the inert precursor DNS.

For reference, the homologous (unstrained) 1D laminar FP flames are shown by the black curves,
aligning well with flat and mildly curved portions of the flame front and separating flame structures
subject to positive and negative curvature. Notably, the conditional average (red dotted lines) closely
matches the unstrained 1D laminar FP flame solution at ϕ = 0.35 [Figs. 13(e)–13(h)], while it
clearly exceeds it at ϕ = 0.25 [Figs. 13(a)–13(d)], highlighting more pronounced TD phenomena
acting on the flame structure.

C. Flame propagation in the vicinity of the wall

The core flow features relatively large scales and low turbulence intensity, leading to a qualita-
tively similar flame response at both equivalence ratios investigated. However, as the flame front
propagates closer to the wall, it encounters varying local conditions and an increasing level of
turbulence intensity. Therefore, a variation in the flame response is expected between the core flow
and the near-wall region of the flow, with flame quenching intermittently occurring at the “cold”
isothermal walls. As reported by Gruber et al. [29,33], the flame front substantially modifies the
incoming turbulent flow even on the reactants side, producing an abrupt shift in the characteristic
turbulent time and length scales across the flame brush toward the products. In addition, the degree
of strain imposed on the flame front varies with wall-normal distance, as anisotropic turbulent
motions of different intensities interact with it. These combined effects lead to distinct flame
characteristics depending on proximity to the walls. The following discussion focuses only on the
flame at ϕ = 0.35, which frequently propagates toward the channel boundaries, in contrast to the
leaner flame at ϕ = 0.25 that remains predominantly confined to the core flow.

1. Flame interaction with the turbulent boundary layer

To confirm that, in the ϕ = 0.35 flame configuration, a sufficient number of flame samples are
present within the near-wall region of the turbulent boundary layer, the statistics of the instantaneous
flame-surface position (described by Cnorm = 0.7) are shown in Fig. 14(a). On average, the flame
front resides at a wall distance of approximately y+ ≈ 100. However, its fluctuations—within two
and three standard deviations of the mean—extend all the way to the solid walls for streamwise
positions x+ � 3500. The overall minimum and maximum instantaneous flame locations are also
indicated, enclosing the range corresponding to three standard deviations about the mean. The

093202-19



RONG, SCHNEIDER, NICOLAI, HASSE, AND GRUBER

FIG. 15. Joint PDF of the thermochemical state (normalized temperature Tnorm (a)–(d), mixture fraction
ZBilger, norm (e)–(h), OH-radical mass fraction YOH, norm (i)–(l), and heat release rate HRRnorm (m)–(p) of the ϕ =
0.35 flame over the normalized progress variable Cnorm for bins I–IV in wall-normal direction, corresponding
to Fig. 14. The red line denotes the conditional average, while black lines show the 1D laminar FP profiles with
detailed transport (solid line) and unity Lewis number assumption (dashed line).

strength of the turbulent motions interacting with the flame front is characterized in Fig. 14(b),
which presents the dimensionless rms velocity fluctuation (u+

rms) as a function of wall-normal
distance y+, colored by streamwise position x+. Red markers highlight the peak of each u+

rms
profile. For comparison, the corresponding nonreactive precursor DNS is shown as a black dashed
line, evidencing the compression and acceleration of the turbulent boundary layer caused by the
presence of the flame that occupies the channel core and deflects the incoming reactants flow. The
comparison highlights the flame-induced compression and acceleration of the turbulent boundary
layer, consistent with earlier observations by Gruber et al. [29,33]. This behavior is also evident
in Figs. 4(c) and 4(d), where the streamwise-velocity boundary layer and streamlines are displaced
and steepened as a consequence of flame propagation. Guided by the location of the peak turbulent
fluctuations, four spatially segregated bins, labeled I–IV in Fig. 14, are defined for further analysis
in the wall-normal direction.

Variations in the local flame structure as a function of wall-normal distance are examined
using bins I–IV (see Fig. 14). Figure 15 presents joint PDFs of the thermochemical state—
normalized temperature Tnorm [Figs. 15(a)–15(d)], normalized mixture fraction ZBilger, norm [Figs.
15(e)–15(h)], normalized OH mass fraction YOH, norm [Figs. 15(i)–15(l)], and normalized heat-
release rate HRRnorm [Figs. 15(m)–15(p)]—as functions of the normalized progress variable Cnorm.
Conditional averages are plotted in red, while solutions of homologous 1D laminar FP flames
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calculated using mixture-averaged transport (including the Soret effect) and unity Lewis number
assumptions appear as black reference lines.

Bin I, located closest to the wall, displays markedly different thermochemical behavior and
will therefore be discussed separately. Bins IV–II, on the other hand, quantitatively describe the
monotonic transition from the core flow to the near-wall region. As the flame moves toward the
wall—from bin IV (farthest from the wall) to bin II—the turbulence intensity increases corre-
spondingly. Across all bins, the combined influence of turbulence and TD phenomena manifests
as broad state-space distributions: substantial mixture-fraction variability, superadiabatic tempera-
ture excursions, elevated radical concentrations, and enhanced heat-release rates. With increasing
turbulence levels for decreasing wall-normal distance, fluctuations about the conditional means also
grow, consistent with expectations for stronger turbulent forcing. Comparison of the conditional
averages (red lines in Fig. 15) with the 1D laminar FP-flame solutions (black lines) shows the
closest agreement in bin IV (panels d, h, l, and p), which corresponds to the core-flow region. The
similarity between the turbulent and laminar thermochemical states progressively deteriorates when
moving toward the wall through bins III–I. This trend reflects the increasing turbulence intensity
acting on the flame front in bins III and II, and the growing influence of heat loss in bin I.

Bin I lies very close to the wall (y+ � 5), within the viscous sublayer, where FWI significantly
alters the flame structure. The conditional averages exhibit markedly reduced temperature and heat-
release rate, together with a substantial spread in mixture fraction. Intermittent quenching of the
flame on the solid surfaces also occurs in this region. A more detailed analysis of the observed FWI
and intermittent flame quenching is provided in Sec. III C 3.

2. Stretch factor I0

Because the flame front only intermittently reaches wall-normal distances below y+ ≈ 100
[Fig. 14(a)], the methodology of Howarth and Aspden [8] and Day et al. [73] is adapted to evaluate
the stretch factor I0 in bins I–IV. In this approach, flame trajectories, interpretable as “flamelets”
[74], are extracted using the direction of the progress-variable gradient. For each trajectory, the
local thermal flame thickness, δ∗

F = (Tb − Tu)/ max(dT/dl ) and the local consumption speed,
s∗

c = −1/(ρuYH2, u)
∫

l ω̇H2 dl evaluated along the trajectory l , are determined. Further details on the
flame-trajectory analysis and related procedure, together with a convergence-sensitivity study with
respect to the number of trajectories, are provided in Sec. S5 in the Supplemental Material [39].
Figures 16(a)–16(d) present the histogram distributions of the normalized local flame thickness
for bins I–IV. Although the mean flame thickness remains close to the laminar reference in all
wall-normal regions, the distributions broaden and become increasingly bimodal when moving
from the core flow [bin IV, Fig. 16(d)] toward the wall [bin I, Fig. 16(a)]. The coloring, based
on the normalized maximum equivalence ratio along each trajectory, shows that, in bins II and
III [Figs. 16(b) and 16(c)], thinner flames tend to be associated with locally enriched mixtures.
The distributions of normalized local consumption speed are shown in Figs. 16(e)–16(h). The
ensemble-averaged value across the trajectories yields the stretch factor, I0 = 〈sc/sL〉traj.. As the
flame approaches the wall, the distributions widen and extend to larger values, increasing from bin
IV [Fig. 16(h)] toward bin II [Fig. 16(f)]. The color coding further highlights the correlation between
local equivalence ratio and consumption speed: enriched mixtures produce higher trajectory flame
speeds, whereas leaner mixtures result in reduced values.

Figure 17(a) shows the stretch factor I0, together with one standard deviation, evaluated in bins
I–IV as a function of wall-normal position. To provide a direct illustration of the relationship
between the wall-normal variation of the stretch factor I0 and of the turbulence intensity, Fig. 17(b)
compares the wall-normal profiles of I0 and u+

rms. A clear increase in I0 is observed when moving
from the core flow toward the wall, with both the mean and fluctuation levels reaching a pronounced
peak in bin II, which aligns with the location of maximum turbulence intensity. For reference, the
range of I0 values corresponding to the homologous laminar flames is indicated by the gray-shaded
region, highlighting the substantial synergistic interaction between turbulence and TD phenomena.
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FIG. 16. Distribution of the local flame thickness (a)–(d) and local consumption speed (e)–(h) for the bins
I–IV in wall-normal direction, for the ϕ = 0.35 flame. The histograms are colored by the average trajectory-
wise maximum equivalence ratio, and the dashed line annotates the mean value of each distribution.

These combined effects strengthen with increasing turbulence intensity, leading to elevated stretch-
factor values particularly in bins II and III.

As shown in Fig. 14(a), the flame-front position exhibits strong wall-normal fluctuations, which
substantially influence the flame’s response to the combined effects of turbulent forcing and TD
phenomena. Consequently, the I0 estimates reported in Fig. 8(d), computed from quantities sampled
in longitudinal bins extending across the wall-normal direction, tend to be lower than those in
Fig. 17(a), where the bins are defined based on wall distance alone. For instance, the peak value
of the averaged stretch factor I0 is approximately 1.16 in the former case, compared to about 1.2
in the latter. This difference provides additional evidence that the strongest synergistic interactions
between TD effects and boundary-layer turbulence arise within the buffer layer, where they coincide
with the peak intensities of shear-driven, anisotropic turbulent motions (bin II).

(a) (b) (c)

FIG. 17. Averaged stretch factor I0 in bins I–IV corresponding to different wall-normal distances (a). The
blue corridor denotes one standard deviation. For reference, the range of I0 values for homologous laminar
flames is marked by the gray-shaded area. Stretch factor as a function of wall-normal distance, shown together
with the u+

rms profile evaluated at x+ = 3000 (b). Local stretch factor I0 plotted against the local Karlovitz
number (c).
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Importantly, the present DNS analysis establishes a quantitative correlation between the local
Karlovitz number, defined by the black dots in Fig. 6, and the local stretch factor I0, shown in
Fig. 17(c) in a shear-driven, wall-bounded turbulent channel flow flame. At relatively low Karlovitz
numbers (Ka ∼ 1–2), I0 rises steeply, exceeding its laminar counterpart for Ka � 1.8. At elevated
Karlovitz numbers (Ka ∼ 2–6), the increase in I0 becomes more gradual and approaches a linear
trend. In summary, the present results demonstrate a monotonic increase of the local stretch factor
I0 with increasing local Karlovitz number Ka. This behavior is consistent with earlier findings in
other turbulent-flame configurations, such as the turbulent slot flames studied by Berger et al. [19]
and the statistically planar flames interacting with forced isotropic turbulence examined by Lu and
Yang [75], Yao and Blanquart [20], and Hunt and Aspden [24].

3. Flame-wall interaction

The channel walls, which confine the present turbulent reacting-flow configuration, influence
not only the characteristics of the turbulent flow that approaches the flame from the unburned side,
but also its propagation in their immediate vicinity. This dual effect is qualitatively visible in the
instantaneous fields of Fig. 4 and quantitatively supported by the statistics in panels [(a), (c), (i),
and (m)] of Fig. 15. At the wall, strong heat losses and localized quenching dominate the flame
structure and its propagation behavior. The primary objective of the present study is to investigate
the interaction between thermodiffusive effects and shear-driven turbulence over a range of tur-
bulence intensities, i.e., at varying wall-normal distances, rather than to provide a comprehensive
characterization of flame-wall interaction (FWI). Accordingly, the present simulation does not yield
a flame that consistently and systematically reaches the wall at statistically steady-state conditions,
as also indicated by the averaged fields in Fig. 4. Instead, wall quenching occurs only intermittently,
more frequently for the ϕ = 0.35 case, which permits the analysis of only a relatively small number
of flame-wall interaction events.

FWI has traditionally been studied in two idealized premixed-flame configurations: head-on
quenching (HOQ), where a planar flame propagates normal to the wall and quenches due to heat
losses or reactant depletion, and side-wall quenching (SWQ), where a flame propagates parallel
to the wall and is continuously quenched within a near-wall quenching layer. When the mean
flame-propagation direction is neither normal nor parallel to the wall, as in the present rod-stabilized,
V-shaped turbulent flame developing in a fully developed channel flow, the interaction is commonly
referred to as oblique wall quenching (OWQ) [76–78].

Recently, De Nardi et al. [79] introduced a simplified infinitely fast catalytic-wall model to rep-
resent heterogeneous surface reactions during FWI in hydrogen-air mixtures. The model treats the
wall as an efficient sink for radicals by assuming instantaneous adsorption of all hydrogen radicals
present in the fluid cells adjacent to the surface. This approach represents the opposite limiting
case to the widely used inert-wall assumption employed in earlier FWI studies [29,30,33,80,81]. As
such, its adoption helps resolve uncertainties related to transient spikes in wall heat-release rate that
may arise from recombination of overpredicted radical concentrations in stoichiometric or fuel-rich
flames. However, this transient heat-release augmentation is not observed in fuel-lean 1D laminar
FWI simulations, either by De Nardi et al. [79] or in our own computations. Therefore, the standard
assumption of isothermal, chemically inert walls is considered adequate to accurately represent
the FWI process in the present work. Consistently, the 3D DNS data also show no evidence of
heat-release enhancement at the wall during turbulent FWI, as demonstrated in Fig. 5(j).

Figure 18 shows an instantaneous snapshot of the V-shaped flame anchored in the TCF configu-
ration at Reτ = 530 and ϕ = 0.35. The 3D volume rendering displays the normalized temperature
field, along with a flame-surface isocontour at Cnorm = 0.7, colored by the normalized Bilger
mixture fraction ZBilger, norm. Vortical structures are visualized using the Q criterion, with red and
blue isosurfaces indicating positive and negative isovalues, respectively. The wall-heat flux (WHF)
�w, normalized by the quenching WHF of the corresponding 1D laminar-flame HOQ �0

w,q, is
represented by the color pattern on the solid walls. The WHF, evaluated at the wall (index w),
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FIG. 18. Instantaneous snapshot of the ϕ = 0.35 flame with the normalized temperature Tnorm rendered
as volume, normalized mixture fraction ZBilger, norm shown on the Cnorm = 0.7 flame surface and the normalized
WHF �w/�0

w,q on the walls. Turbulent structures are illustrated by the Q criterion, with red and blue isosurfaces
representing positive and negative isovalues, respectively.

is defined as

�w = −λ
∂T

∂xi

∣∣∣∣
w

nw
i , (4)

where λ is the thermal conductivity and nw
i the wall-normal unit vector. An animation of Fig. 18 is

provided as Movie 2 in the Supplemental Material [39].
Under laminar conditions, SWQ and OWQ typically produce substantially lower WHF levels

than HOQ [77,82]. In contrast, WHF values observed in turbulent SWQ are comparable to those
from 1D HOQ, making the latter a convenient normalization reference. Figure 19 shows the tem-
poral and spanwise (z+) distribution of the normalized WHF at the streamwise location x+ = 4200.

FIG. 19. Spanwise and temporal values of the normalized WHF sampled at streamwise position x+ = 4200
at the lower wall (a) and the upper wall (b).
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FIG. 20. (a) Histogram of the normalized quenching WHF �w, q/�
0
w, q, colored by the bin-averaged

normalized curvature κcδF. (b) Distribution of the normalized quenching Péclet number (Peq = xq/δF), colored
by the bin-averaged normalized heat release rate HRRnorm of the quenching flame.

These data confirm the occurrence of FWI and further demonstrate that local WHF values can
exceed the 1D HOQ reference level. Additionally, Movie 3 in the Supplemental Material [39]
provides an animation of the instantaneous WHF at both walls, highlighting all instances of FWI.

For a more detailed characterization of the FWI process, the local flame-quenching point is
extracted. The identification of turbulent flame quenching and the associated quenching distance
is challenging, and different criteria or approaches may be reasonable. In the present case of
turbulent side-wall quenching of hydrogen flames subject to thermodiffusive effects, two particular
challenges arise. First, in turbulent side-wall-quenching flames, the instantaneous flame reaches
the wall at different locations, multiple local quenching events may occur simultaneously, and
the positions of flame quenching and maximum wall-heat flux do not necessarily align in space
and time [82,83]. Second, the flame is subjected to thermodiffusive effects, which induce local
mixture variations [36]. As a consequence, fixed isovalues of thermochemical quantities (such
as temperature or radical concentration) are not applicable to accurately track the local reaction
zone and flame quenching. The present approach combines a normalized progress-variable, which
accounts for the local mixture variation [cf. Eq. (1)], and a marker to capture the effect of heat losses
from FWI [84]. For the latter purpose, a normalized enthalpy threshold, based on the local mixture
fraction and progress variable, is employed. It is defined as hnorm = hmean/hmean,u(ZBilger,Cnorm ),
where the normalization uses the respective unburned enthalpy from a manifold of 1D FP flames
based on the mixture fraction ZBilger and progress variable Cnorm. The quenching point is then
identified from the intersection of these two isosurfaces. This approach is similar to that used
in the work of Wang et al. [85] and Zhu et al. [45], where the flame quenching position has
been defined as the intersection of a progress-variable isovalue with a temperature isoline or with
an isoline of the normalized hydrogen source term, respectively. Further details can be found in
Sec. S6 in the Supplemental Material [39]. This approach provides a consistent identification of
the quenching location, the corresponding quenching WHF (�w,q), and the associated quenching
distance (xq). Here �w denotes the WHF defined in Eq. (4), whereas �w,q refers specifically to its
value at the quenching point. Figure 20(a) shows histograms of the normalized quenching WHF,
colored by the bin-averaged flame curvature. The distribution is constructed based on 99 248 data
points. Owing to TD effects, positively curved regions of the flame front exhibit elevated WHF
values, often exceeding the 1D laminar HOQ reference, because local fuel enrichment enhances
the burning intensity. In contrast, negatively curved regions experience reduced WHF due to
locally fuel-lean conditions. Figure 20(b) presents the distribution of the normalized quenching
Péclet number (the nondimensional quenching distance, Peq = xq/δF), colored by the bin-averaged
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normalized heat-release rate. The results clearly demonstrate that turbulent motions substantially
reduce the quenching distance relative to the 1D laminar HOQ case, and that quenching occurring
closer to the wall is associated with increased local and mean heat-release rates. This trend is
likely linked to TD-induced modifications of the microscopic flame structure via mixture-fraction
variance: localized fuel enrichment in positively curved regions enhances reactivity and flame
power, enabling the flame to propagate closer to the wall at specific locations.

In summary, the present 3D DNS analysis shows good qualitative agreement with key findings
from 2D laminar HOQ studies of flames affected by TD phenomena [36,37]. TD effects manifest
clearly in the turbulent FWI process, producing a broad range of WHF magnitudes: positively
curved flame segments lead to locally enriched mixtures and elevated WHF, whereas negatively
curved regions yield lower WHF due to localized fuel-lean conditions. Moreover, the quenching
distance in the turbulent configuration is markedly smaller than in the laminar HOQ cases. This
reduction has important practical implications, as it indicates potentially higher near-wall thermal
loads and thus increased relevance for combustor-wall design and safety considerations.

IV. CONCLUSION AND OUTLOOK

The present study reports direct numerical simulations (DNS) of fuel-lean premixed hydrogen
flames—susceptible to thermodiffusive (TD) phenomena—anchored in fully developed turbulent
channel flow (TCF) at a friction Reynolds number of Reτ = 530. Two flame configurations are
investigated: an ultralean premixed flame at an equivalence ratio of ϕ = 0.25, which predomi-
nantly propagates within the channel core, and a mildly stratified flame at ϕ = 0.35, which burns
slightly faster and therefore advances closer to the walls, intermittently undergoing FWI and
quenching. Both turbulent-flame configurations exhibit characteristic TD-driven features, including
superadiabatic temperatures, cellular flame structures, localized fuel enrichment and depletion, and
pronounced spatial variations in local reactivity. With respect to the three research questions intro-
duced earlier, the present analysis provides the following insights into the propagation of premixed
hydrogen flames influenced by TD phenomena and interacting with realistic shear turbulence in a
canonical fully developed TCF environment:

(i) Global flame-propagation characteristics. Both flames propagate at varying wall-normal
distances and therefore experience different turbulence intensities and local Karlovitz numbers.
These variations enhance flame stretch, increase flame-surface area, and ultimately raise the tur-
bulent flame speed. The stretch factor I0 increases in the streamwise direction and quantifies the
flame-speed augmentation caused by locally enhanced reactivity induced by TD phenomena. This
behavior indicates a synergistic interaction between turbulence and TD effects, with I0 exceeding
its laminar reference value. Notably, the ultra-lean ϕ = 0.25 flame exhibits a stronger increase in
I0 and thus more pronounced synergistic effects, despite burning predominantly in the core region
of the channel. Although TD instabilities are only weakly developed under the present conditions,
characterized by the relatively high reactant preheat temperature typical of gas-turbine applications,
the resulting increase in I0 within the turbulent flames remains significant and carries important
implications for modeling and practical deployment.

(ii) Flame topology and microstructure. Both flames exhibit comparable topological features,
consisting predominantly of cylindrically curved or nearly planar flame elements, and display
similar mean curvature radii when normalized by the thermal flame thickness. The most probable
curvature radius is of the same order as the most unstable wavelength, the critical wavelength, and
the Taylor microscale. Moreover, the microscopic flame structure shows a clear correlation with the
local flame curvature, highlighting the central role of curvature in turbulent-combustion modeling.
Downstream evolution reveals similar trends in the development of TD instabilities for both flames,
with the leaner case (ϕ = 0.25) exhibiting more pronounced manifestations, including higher
normalized superadiabatic temperatures, enhanced reactivity, and stronger mixture enrichment.

(iii) Effects of the wall-normal distance on flame propagation. As the ϕ = 0.35 flame propagates
from the core flow toward the walls, it experiences increasing turbulence intensities and a broad-
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ening range of local Karlovitz numbers, which amplify fluctuations in the thermochemical state.
The stretch factor I0 rises systematically with the local Karlovitz number and reaches its maximum
within the buffer layer, where the most intense unsteady motions and velocity fluctuations occur. The
fact that I0 exceeds its laminar reference value provides clear evidence of synergistic interactions
between turbulent boundary-layer dynamics and TD phenomena. This behavior is particularly
significant for practical applications, as it relates directly to the risk of boundary-layer flashback
in hydrogen-fired combustors.

Further work should investigate turbulent propagation of premixed hydrogen-air flames suscep-
tible to stronger TD phenomena and shear-driven turbulence intensity, respectively targeting higher
pressures and Reynolds numbers, to broaden the parameter space of flow and thermochemical
conditions and improve the generality of the present conclusions. In particular, analyses based
on different ratios between turbulence length scales and intrinsic flame instability wavelengths
may provide additional insights into the mechanisms that control propagation of TD-susceptible
premixed flames in turbulent boundary layers.
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