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Abstract 

High-fidelity Large Eddy Simulations (LES) are employed to assess the Dynamic 

Thickened Flame Model (DTFM) in predicting the turbulent flame speed 𝑆𝑡  of lean 

hydrogen flames. Due to strong thermo-diffusive effects and high stretch sensitivity, 

standard closures often exhibit limitations. This work compares classical efficiency 

functions with recent hydrogen-specific formulations using Direct Numerical 

Simulation (DNS) data as reference. 

  

LES – Turbulence Chemistry Interaction (TCI) models for DTFM 

Due to H₂ peculiar properties and the thin flame front under pressure, predicting 𝑆𝑡 is 

increasingly challenging and pushes modelling approaches to their limits. The TFM 

addresses resolution demands by artificially increasing flame thickness by a 

thickening factor (F), which lowers the computational cost of resolving the flame 

front. However, the thickening damps the flame wrinkling and suppresses 

instabilities, causing the model to underestimate turbulent flame speed. To correct 

for this, an efficiency function is introduced into the TFM to compensate for the 

unresolved flame surface area that is lost due to the thickening operation. Four 

closures are considered: Colin, Charlette, Schuh, and Ramirez [1,2,3,4]. The Colin 

and Charlette models, developed for unity Lewis number fuels, neglect thermo-

diffusive instabilities (TDI) and do not account for stretch sensitivity changes 

induced by flame thickening. In particular, Colin’s model uses a similarity 

assumption based on sub-grid turbulent velocity and integral length scales, while 

Charlette's adopts a power-law formulation depending only on sub-grid velocity. The 

Schuh model extends the Charlette formulation to hydrogen by incorporating TDI 

effects through a power-law correction derived from 2D DNS of freely propagating 

laminar flames, with and without thickening, allowing 𝐸𝑇𝐷𝐼 [3] values below unity 

and mitigating the overprediction of 𝑆𝑡 at resolutions comparable to the laminar 

flame thickness. 

 

 𝐸𝑇𝐷𝐼 =
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The Ramirez model decouples stretch and wrinkling: stretch sensitivity is suppressed 
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via a unity Lewis number assumption, while aerodynamic and TDI effects are 

captured through a data-driven correlation based on Karlovitz and Reynolds 

numbers. Wrinkling is handled through a fractal formulation with a dynamic fractal 

dimension D, computed from the local Karlovitz strained number [4]. 

 

 𝐼0
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References DNS cases & LES numerical setup 

Two high-fidelity 3D DNS of a flame-in-a-box configuration are performed by 

SINTEF using the PeleLMeX solver, with the flame stabilized by adjusting the inlet 

velocity and perturbed with homogeneous isotropic turbulence. Both cases feature 

𝑢′ =  15 𝑚/𝑠 with integral length scales of 310 μm and 620 μm, at operating 

conditions 𝑝 =  15.5 𝑏𝑎𝑟, 𝜙 =  0.455, 𝑇𝑖𝑛 =  693 𝐾, yielding 𝑆𝑙 = 1.07 m/s and 

𝛿𝑙 = 27.158 μm over a domain of 1.86 × 1.86 × 3.72 mm³. For consistent comparison, 

the DNS turbulence field is spectrally filtered and reconstructed via inverse Fourier 

transform to initialize the LES-TFM inflow. To assess TFM and its closures, a test 

matrix combining mesh sizes of 23.25, 46.5, 62, and 93 μm with thickening factors 

of 5, 10, 15, and 20 is defined, with a minimum of 6 points across the flame front. 

Simulations are performed in Ansys Fluent using the dynamic Smagorinsky model 

for all the efficiency functions. The Colin, Charlette, and Schuh closures use a stiff 

chemistry solver with mixture-averaged transport and the Boivin mechanism (9 S, 

12 R), while the Ramirez closure requires a unity Lewis number assumption, a tuned 

single-step mechanism, and the Direct Source solver. 

 

Results 

The DNS results are reported in terms of averaged 𝑆𝑡, stretch factor (𝐼0), and 

wrinkling (𝜃). Since both reference cases show the same trends, only the results for 

the larger integral length scale case are shown, as they offer better LES quality.  

 

Table 1. DNS reference case 

 

Turbulence details 𝑆𝑡̅  [𝑚/𝑠] 𝜃̅ [−] 𝐼0̅ [−] 
𝐿𝑡 = 620 𝜇𝑚 − 𝑢′ = 15 𝑚/𝑠 22.70 7.38 2.44 

 

 
 

Figure 1. Heat release and temperature fields for LES. ∆𝑥 = 46.5 𝜇𝑚 − 𝐹 = 10 
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Colin and Charlette efficiency functions systematically underpredict turbulent flame 

speed due to underestimation of total flame surface wrinkling, with errors reaching 

up to 40% at the finest mesh and lowest thickening. Despite this, the error in 𝑆𝑡 is 

less pronounced, as excessive stretch sensitivity partially compensates for the 

missing wrinkling, artificially improving the flame speed prediction. 

 

Table 2. Colin and Charlette efficiency functions results 

 

 𝑺𝒕 [𝒎/𝒔] → 𝑫𝑵𝑺 = 𝟐𝟐. 𝟕𝟎 𝒎/𝒔 

Δx 

[μm] 

F-Charlette Eff. F-Colin Eff. 

5 10 15 20 5 10 15 20 

23.25 20.35 20.50 15.60  22.13 17.71 13.96  

46.5  17.22 16.17 14.34  16.73 14.52 12.74 

62   15.89 13.88   13.90 12.39 

93    12.70    11.02 

 

The stretch oversensitivity increases with flame thickening. As shown by Detomaso 

et al. [5], a thickened flame responds to a reduced stretch 𝐾/𝐹, as the physical flame 

responds to 𝐾. At the same time, increasing the thickening factor or coarsening the 

mesh reduces the resolved flame surface area, weakening aerodynamic effects and, 

consequently, the effective stretch acting on the flame. This effects, for mesh sizes 

comparable to the laminar flame thickness can even lead to a turbulent flame speed 

overshoot. Given the inability of the Colin and Charlette models to recover 

unresolved flame surface area, the Schuh model is introduced to account for thermo-

diffusive instabilities (TDI), which are neglected in the classical efficiency functions. 

 

Table 3. Schuh efficiency function: ETDI correction factor.     

 

Δx 

[μm] 

F - 𝑬𝑻𝑫𝑰 Schuh correction F- 𝑺𝒕 [𝒎/𝒔] → 𝑫𝑵𝑺 = 𝟐𝟐. 𝟕𝟎 𝒎/𝒔 

5 10 15 20 5 10 15 20 

23.25 0.83 0.77 0.73  21.30 17.43 13.34  

46.5  1.35 1.39 1.41  20.14 18.95 16.07 

62   1.44 1.47   16.28 15.29 

93    1.56    13.39 

 

When 𝐸𝑇𝐷𝐼 >  1, the model improves  𝑆𝑡 predictions, but wrinkling remains 

underestimated and stretch is overpredicted, leading to uncontrolled error 

compensation that cannot be defined a priori. When 𝐸𝑇𝐷𝐼  <  1, intended to correct 

stretch oversensitivity, it instead further degrades the flame speed prediction. 

The Ramirez model decouples the turbulent flame speed formulation factors:         
𝑆𝑡 = 𝑆𝑙 ∙ 𝐼0

𝑚𝑜𝑑 ∙ (𝜃𝑟𝑒𝑠 ∙ 𝐸𝑠𝑔𝑠) where 𝐼0
𝑚𝑜𝑑 represents the stretch contribution and 

𝐸𝑠𝑔𝑠 the unresolved wrinkling, both evaluated dynamically. Despite good a priori 
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agreement, the Ramirez closure loses consistency in LES because it relies on inlet-

based DNS quantities rather than locally computed ones, causing systematic 

underestimation of both stretch and wrinkling and ultimately larger errors than 

classical formulations. 

 

Table 4. Ramirez model results  

 

Δx 

[μm] 

𝑬𝒔𝒈𝒔 ∙ 𝜽𝒓𝒆𝒔 𝐼0
𝑚𝑜𝑑[−] 𝑆𝑡 [𝑚/𝑠] 

10 15 10 15 10 15 

23.25 4.42 2.42 1.43 1.35 6.76 3.49 

46.5 4.67 3.87 1.52 1.49 7.59 6.16 

62  3.99  1.54  6.57 

 

Conclusion  

Under the investigated conditions (693 K, p = 15.5 bar), the latest hydrogen-

specific efficiency functions do not improve the baseline model predictions. A key 

open issue for further model development is the choice of transport model: the 

mixture-averaged approach tends to overpredict 𝐼0, while the unity Lewis number 

assumption neglects differential diffusion, Soret effect and super-adiabatic 

temperature.  
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