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Abstract

Accurately modeling lean hydrogen-air turbulent premixed flames represents a
central challenge in combustion science, driven by the interplay between intrinsic
flame instabilities and turbulence. This work presents a novel curvature-based
subgrid-scale wrinkling-factor model implemented within a Thickened-Flame LES
framework that captures the coupled dynamics of instabilities and turbulence in a
unified formulation. The model is validated across configurations of increasing
complexity, demonstrating improved predictive performance compared with
standard closures. Broader modeling aspects related to extending the framework to
mixtures with varying thermodiffusive instability propensity are also discussed.

Introduction

The decarbonization of energy and propulsion systems has renewed interest in lean
hydrogen-air combustion as a carbon-free alternative to hydrocarbon fuels [1].
However, hydrogen flames operating under technically relevant lean conditions are
highly susceptible to intrinsic flame instabilities (IF1), driven by the combined action
of hydrodynamic Darrieus-Landau (DL) and thermodiffusive (TD) mechanisms.
These instabilities generate complex, multiscale cellular structures characterized by
enhanced flame surface area and increased burning velocity, whose interaction with
turbulence is synergistic [2, 3]. Large-eddy simulation (LES) is the method of choice
for investigating turbulent combustion at practical scales. In TD-unstable mixtures,
LES accuracy depends critically on the SGS wrinkling factor model, which must
account for the unresolved flame surface area generated by both turbulence and IFI.
Existing approaches either address turbulence alone or treat turbulent and intrinsic
wrinkling as independent, superimposed contributions. This work presents a unified
curvature-based formulation that inherently captures both mechanisms and discusses
its modeling aspects and applications in the broader context of turbulent lean
hydrogen-air flames.

Methods

To accurately capture flame structure and propagation on typical LES grids, this
work employs the dynamic thickened flame (DTF) model. A local thickening factor
is applied to the species and energy equations, enabling the flame front to be
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sufficiently resolved within the LES mesh. As a result, the Favre-filtered species and
enthalpy equations read:
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where p, u, h; p represent density, mass fraction of species, total enthalpy, and
pressure, respectively. The turbulent eddy transport is approximated using the
gradient-diffusion hypothesis, and the turbulent viscosity is modeled with the WALE
model. To predict pure mixing and avoid unphysical dissipation, an Q flame sensor
is employed to detect the flame front. All simulations were carried out using an in-
house solver based on the OpenFOAM suite, in which the detailed transport
properties were implemented. The curvature-based wrinkling factor £, is formulated
as a power-law function of the resolved absolute flame curvature || = |V-n| and the
LES filter size A:
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where n = —VC/|VC]| is the flame normal vector and &, is the unstretched laminar
flame thickness. The calibration constants A =0.0277, B=4, and C=1/6 are
obtained via least-squares fitting on an experimental database of turbulent lean
hydrogen-air Bunsen flames [4].

Results

The model is first applied to the Bunsen burner configuration from which it was
calibrated, serving as an in-sample validation. Results show that the curvature-based
approach generally outperforms standard closures in reproducing global flame
observables, with improvements becoming more pronounced at higher turbulence
levels where IFI-turbulence coupling is most significant. The framework is then
extended to a bluff-body stabilized lean hydrogen-air flame (NTNU burner [5]),
representing an out-of-sample validation on a fundamentally different configuration.
Both mean and fluctuating flow fields are well reproduced, and the model
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demonstrates improved accuracy in capturing the heat-release-rate distribution
compared with reference closures, particularly when sub-grid contributions are most
critical. Finally, the model is applied to a further industrial-relevant configuration,
the HYLON burner [6], representing a step towards real-world combustor
geometries. This application assesses the robustness and generalizability of the
curvature-based formulation under conditions of greater geometric and
thermochemical complexity. The figure shows preliminary results from applying the
2k model to the HYLON burner. The left panel displays the mean temperature field,
revealing the stabilized flame structure. The right panel reports radial profiles of
mean and fluctuating temperature and major species mole fractions (O, H2, H-O) at
several axial locations, showing overall satisfactory agreement between LES
predictions and experimental data.
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Figure 1. Preliminary LES results for the HYLON burner configuration. Left:
time-averaged temperature field. Right: radial profiles of mean and fluctuating

temperature, major species mole fractions (O, Hz, H20), at four axial locations;
symbols denote experimental data, lines LES predictions.
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