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Abstract

Direct Numerical Simulation (DNS) of premixed hydrogen-air flames anchored in a fully
developed turbulent channel flow (TCF) is performed at a friction Reynolds number of
Re, = 530 under thermochemical conditions that favour the occurrence of intrinsic thermo-
diffusive (TD) phenomena in the turbulent flame. The resulting database offers new insights
into premixed flames susceptible to TD phenomena while propagating in realistic near-wall
shear turbulence. The combined influence of varying turbulence intensity and of the wall-
distance-dependent time and length scales on flame propagation is examined through detailed
analysis of the local stretch factor /o, which quantifies the reactivity enhancement induced by
TD phenomena. As the flame propagates from the core flow toward the walls, it is forced by
turbulence of increasing intensity, with a corresponding rise in the Karlovitz number.
Crucially, in the near-wall region the peak of /» coincides with the peak Reynolds stresses
(aty* ~ 10) within the buffer layer. This co-location indicates a strong local synergy
between TD phenomena and the near-wall coherent structures that dominate the most active
region of wall turbulence, situated between the viscous sublayer and the inertial layer. The

resulting amplification of the turbulent flame speed can ultimately trigger boundary layer
flashback.

Introduction

Hydrogen is a carbon-free energy carrier with strong potential for low-emission combustion
applications [1], [2]. Fuel-lean premixed hydrogen flames are particularly attractive due to
their low flashback propensity and reduced NOx emissions, but they are also highly
susceptible to thermo-diffusive (TD) effects. This sensitivity is primarily caused by the rapid
molecular diffusion of hydrogen relative to heat and other species, reflected in its low Lewis
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number, Ley, ~ 0.3 [2], [3]. Differential diffusion locally enriches positively curved flame
regions and depletes negatively curved regions, thereby modifying flame speed, promoting
cellular flame structures, and increasing the susceptibility to TD instability. In turbulent
flows, turbulence-induced flame wrinkling couples nonlinearly with the intrinsic TD
response, leading to a synergistic enhancement of the global burning rate that cannot be
explained by flame-surface-area increase or TD effects alone [4], [5], [6]. Previous DNS
studies of TD-susceptible premixed hydrogen-air flames have mainly considered statistically
planar flames in inflow-outflow configurations with isotropic turbulence [4], [6]. While these
studies provide valuable insight under well-defined turbulence conditions, they do not
capture the anisotropy and broad range of length and time scales associated with realistic
shear-generated turbulence. More recent DNS studies have addressed TD-susceptible flames
in turbulent slot flames [5] and shear layers [7]. However, TD-susceptible premixed hydrogen
flames interacting with near-wall turbulence in fully developed boundary layers have not yet
been investigated.

The present work addresses this gap by performing DNS of fuel-lean premixed hydrogen-air
flames anchored in a fully developed turbulent channel flow at Re, = 530 using detailed
chemistry and transport under conditions prone to TD effects. The comparatively high
friction Reynolds number provides a broad range of dynamically relevant scales and
pronounced wall-normal variations in turbulence intensity. The resulting dataset serves as a
high-fidelity reference for turbulent combustion model development in wall-bounded shear
flows. This study examines how TD-susceptible hydrogen flames propagate under realistic
near-wall turbulence and how the interaction between TD effects and wall-normal variations
in Karlovitz number Ka modifies the stretch factor I, and the global flame-propagation
behaviour.

Numerical Setup

The present configuration builds on the V-shaped anchored turbulent channel flow flame
setup of [8], extending it from Re, = 180 to Re, = h/6§,, = 530, where h is the channel half-
width and 6, is the viscous length scale. Further details on the numerical setup, boundary
conditions, and DNS solver are provided in [§].

Two premixed flames are considered. The first is an ultra-lean homogeneous hydrogen-air
flame at ¢ = 0.25, which primarily propagates in the channel core. The second has ¢ = 0.35,
propagates faster, and extends closer to the walls, thereby exhibiting near-wall combustion.
The fresh-gas temperature is T = 750 K, representative of stationary gas-turbine conditions,
while the pressure is limited to p = 2 bar to maintain full DNS resolution at feasible
computational cost. Hydrogen oxidation is described using the detailed mechanism of Li et
al. [9], with mixture-averaged diffusion, including the Soret effect. The simulations are
performed with the DNS solver S3D [10], which solves the compressible reactive Navier-
Stokes equations on a structured Cartesian mesh using high-order finite differences.

Results and Discussion

Figure 1 presents wall-to-wall longitudinal sections of the 3D domain for both flames. The
normalized temperature T,ory,, mixture fraction Zgjigernorm » and radical mass fraction
YoH norm are shown as instantaneous (inst.) and averaged (avg.) fields in the upper and lower
halves of each panel, respectively. The ¢ = 0.25 flame remains largely confined to the region
of the core flow and does not penetrate the near-wall region, whereas the ¢ = 0.35 flame
propagates much closer to the walls, encountering stronger turbulence and interacting with
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the wall further downstream. In both flames (¢=0.25 and ¢=0.35), typical effects of TD
phenomena are present: super-adiabatic temperatures that exceed the nominal adiabatic flame
temperature (Tyorm > 1), local mixture enrichment (Zgjiger,norm > 1), formation of cellular
structures and strong spatial variations in reactivity indicators such as the OH radical and
heat-release rate.
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Figure 1: Instantaneous and averaged flame structures for both flames.

To evaluate the stretch factor I, as a function of the wall-normal distance y*, the
methodology of Howarth et al. [3] and Day et al. [11] is adapted. Figure 2(a) shows the stretch
factor, together with the root mean square (rms) velocity fluctuation profile u;, measured
atxt = 3500 streamwise position, as a function of the wall-normal distance. A clear increase
in the stretch factor I, is observed when moving from the core flow toward the wall, with I
reaching a distinct peak, which aligns with the location of maximum turbulence intensity in
the buffer layer. For reference, the range of I, values corresponding to the homologous
laminar flames is indicated by the gray-shaded region, highlighting the substantial synergistic
interaction between turbulence and TD phenomena. These combined effects strengthen with
increasing turbulence intensity, as visible in the increased values of I, and u},.
Importantly, the present DNS analysis establishes a quantitative correlation between the local
Karlovitz number and the local stretch factor in a shear-driven, wall-bounded turbulent
channel flow flame, shown in Fig. 2(b). At relatively low Karlovitz numbers (Ka ~1-2), I,
rises steeply, exceeding its laminar counterpart for Ka 2 1.8. At elevated Karlovitz numbers
(Ka ~2-6) the increase in I, becomes more gradual and approaches a linear trend.
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Figure 2: Stretch factor Iy and rms velocity fluctuation ujt,, as a function of wall-normal distance

(a). Turbulent stretch factor 1 plotted against the local Karlovitz number Ka (b).
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