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ABSTRACT 
This paper presents large eddy simulation (LES) turbulent 

combustion models for premixed methane/hydrogen/air mixtures 

which account for stretch, heat loss and Lewis number effects by 

means of a previously proposed turbulent flame speed expression 

[1]. In this expression stretch and heat loss effects are introduced 

by means of strained non-adiabatic laminar consumption speed 

calculations in fresh-to-burnt counter flow configurations with 

detailed chemistry, and preferential diffusion of hydrogen is 

accounted for by calculating an effective Lewis number of the 

reactants. 

To validate and analyze the performance of the models, 

large eddy simulations of fully premixed atmospheric bluff body 

stabilized methane/hydrogen/air flames are compared against 

experimental measurements [2, 3]. Heat release distributions 

and mean flame shapes are compared against OH* 

chemiluminescence data. Flame dynamics are investigated by 

extracting flame transfer functions (FTFs) with system 

identification (SI) methods and comparing them with measured 

FTFs from experiments. 

 

Keywords: LES combustion modelling, CH4/H2/air 

premixed flames, flame dynamics, stretch and heat losses. 

 
NOMENCLATURE 
Subscripts 

𝑢 Unburnt mixture (i.e. reactants) 

𝑝 Burnt mixture (i.e. products) 

𝑆𝐺𝑆 Sub-grid-scale property 

𝑡 Turbulent property 

Superscripts 
̅  Reynolds averaged/filtered 
̃  Favre averaged/filtered 

Greek letters 

𝛼  Thermal diffusivity 

𝛽 Heat loss coefficient 

𝛴  Flame surface density 

∆𝐿𝐸𝑆  LES filter length 

𝛤𝐾  Efficiency function 

𝛿𝐿0 Laminar flame thickness 

𝛿𝑡 Turbulent flame brush thickness 

𝜀 Turbulence dissipation rate 

𝜅 Flame stretch 

𝜈 Kinematic viscosity 

𝑞̇ Total heat release rate per volume 

𝜌 Density 

Φ Equivalence ratio 

𝜔̇ Reaction rate 

Latin letters 

𝑐 Progress variable (0 in the reactants, 1 in the products) 

ℎ Enthalpy 

𝑘 Turbulence kinetic energy 

𝑙 Turbulent length scale 

𝑢 Velocity 

𝑥 Volumetric (or molar) fraction 

Other 

𝐹𝑇𝐹 Flame transfer function  

𝐻𝑇𝐶 Heat transfer coefficient 

𝑆𝐼  System identification 

∆𝐻𝑐
𝑜 Lower heating value 

𝐿𝑒∗ Effective Lewis number 

𝑆𝑐 Laminar flame consumption speed 

𝑆𝑐𝑡 Turbulent Schmidt number 

𝑆𝐿0 Laminar unstretched adiabatic flame speed 

𝑆𝑡 Turbulent flame speed 

 

1. INTRODUCTION 
Recent international commitments towards carbon neutral 

energy production are motivating an increased interest in the 

development of gas turbine engines able to operate with 

hydrogen blended fuels. However, current lean-premixed 
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combustor technologies are not yet able to handle reliably the 

full range of 0-100% hydrogen contents blended with natural 

gas. One challenge is to predict the flame stabilization and 

dynamics when hydrogen, which has a higher reactivity than 

natural gas, is added to the fuel. In lean-premixed combustors, 

flames are stabilized by recirculating hot gases with the help of 

bluff-bodies and/or swirlers. Depending on the interplay between 

hydrogen addition, heat losses and flame stretch in the hot gas 

recirculation zones, different flame stabilization shapes (such as 

M-flames, V-flames or detached flames) can be present in a 

combustor. Modelling of such stabilization shapes are crucial for 

the prediction of the combustor dynamics response [2–4]. 

Several efforts have been made in the literature to model the 

effects of stretch, heat loss and preferential diffusion of 

hydrogen.  

Mercier et al. [5] investigated the impact of heat losses in 

LES context with the FTACLES (Filtered Tabulated Chemistry 

for LES) combustion modelling approach for 60% and 90% vol. 

H2 in fuel for CH4/H2/air premixed swirl flames and concluded 

that the inclusion of heat losses produced flame stabilization in 

agreement with experiments. However, it was pointed out that 

the model could be improved by explicitly modelling the effect 

of flame stretching. Chatelier et al. [6] used the same approach 

and burner configuration for 60% vol. H2 content in fuel for 

CH4/H2/air premixed flame to extract FTFs. Despite reasonably 

well predicted mean flame shape and FTF, excluding explicit 

modelling of flame stretch caused over-predicted heat release 

rates at the outer shear layer. Tay-Wo-Chong et al. [7] proposed 

a LES version of the ExtTFC (Extended Turbulent Flame 

Closure) model which accounts for stretch and heat loss effects 

in CH4/air flames and showed that the inclusion of stretch and 

heat loss effects are required to predict flame stabilization and 

dynamics correctly. A similar approach has later been used by 

Nassini et al. [8] for industrial burner simulations. Recently, 

Kutkan et al. showed in RANS (Reynolds averaged Navier 

Stokes) context [1, 9] that the inclusion of Lewis number effects 

together with stretch and heat loss effects into algebraic 

combustion models has a good potential to model CH4/H2/air 

flame shapes and stabilization. The objective of the present work 

is to extend the previously proposed modelling approaches [1, 9] 

to large eddy simulations (LES). 

The rest of the paper is organized as follows: Section 2 

describes the LES combustion modelling approaches based on 

the proposed turbulent flame speed expression which includes 

stretch and heat loss modelling. Two different reaction rate 

closure models (described in section 2.1 and section 2.2) are 

compared in this paper. The experimental setup and numerical 

methods are illustrated in section 3. Cold flow, unforced and 

forced reacting flow results in comparison with experiments are 

presented and commented in section 4. Finally, in section 5 the 

main conclusions of the present study are summarized. 

2. LES MODELLING OF TURBULENT PREMIXED 
COMBUSTION 
Turbulent premixed combustion can be modelled by solving 

a Favre averaged/filtered combustion progress variable 𝑐̃ 
transport equation [10, 11]. 

 

 

𝜕(𝜌̅𝑐̃)

𝜕𝑡
+
𝜕(𝜌̅𝑢̃𝑗𝑐̃)

𝜕𝑥𝑗
+
𝜕

𝜕𝑥𝑗
(𝜌̅𝑢𝑗𝑐̃ − 𝜌̅𝑢̃𝑗 𝑐̃)

=
𝜕

𝜕𝑥𝑗
(𝜌𝐷

𝜕𝑐

𝜕𝑥𝑗

̅̅ ̅̅ ̅̅ ̅̅ ̅
) + 𝜔̅̇ 

(1) 

 

Where ̅  and ̃  refer to filtered and Favre filtered quantities. 

Modelling the unresolved scalar fluxes from standard gradient 

assumption and following [12] to model the right hand side 

(RHS) from flamelet approach, Eq. (1) reduces to [10]: 

 

 
𝜕(𝜌̅𝑐̃)

𝜕𝑡
+
𝜕(𝜌̅𝑢̃𝑗𝑐̃)

𝜕𝑥𝑗
=
𝜕

𝜕𝑥𝑗
(𝜌̅
𝜈𝑆𝐺𝑆
𝑆𝑐𝑡

𝜕𝑐̃

𝜕𝑥𝑗
) + 𝜌𝑢〈𝑆𝑐〉𝑠𝛴 (2) 

 

where 𝜈𝑆𝐺𝑆 represents the sub-grid-scale turbulent viscosity, 

𝑆𝑐𝑡 = 0.7 is the turbulent Schmidt number, 𝜌𝑢 is the unburnt gas 

density, 〈𝑆𝑐〉𝑠 is the flame surface averaged laminar consumption 

speed and 𝛴 is the sub-grid-scale flame surface density, which 

needs to be modelled in the LES framework. 

 

2.1 Extended turbulent flame speed closure model for 
CH4/H2/air mixtures in LES context (ExtH2TFC)  
The turbulent flame closure (TFC) combustion model 

assumes that the reaction rate source term can be expressed as 

[13]:  

 

 𝜔̅̇ = 𝜌𝑢〈𝑆𝑐〉𝑠𝛴 = 𝜌𝑢𝑆𝑡,𝑆𝐺𝑆|∇𝑐̃| (3) 

 

where |∇𝑐̃| is the modulus of the Favré-averaged progress 

variable gradient and 𝑆𝑡,𝑆𝐺𝑆 is the sub-grid-scale turbulent flame 

speed, which is modeled as described in section 2.3. 

 

2.2 Extended Lindstedt and Vaos model for CH4/H2/air 
mixtures in LES context (ExtH2LV) 
Lindstedt and Vaos derived the following RANS closure by 

assuming 〈𝑆𝑐〉 ≈ 𝑆𝐿0, and modelling the flame surface density 𝛴 

from fractal theories [14]. 

 

 𝜔̅̇ = 𝐶𝑅𝜌𝑢
𝑆𝐿0
𝑢𝜂𝐾

𝜀

𝑘
𝑐̃(1 − 𝑐̃) (4) 

 

In Eq. (4), 𝐶𝑅 is the reaction rate coefficient that needs to be 

tuned, 𝑢𝜂𝐾 = (𝜈𝜀)
0.25 is the Kolmogorov velocity scale, and 𝑘 

and 𝜀 are the turbulent kinetic energy and dissipation rate 

respectively. The following RANS closure was proposed in [9] 

by replacing 𝐶𝑅𝑆𝐿0 with 𝑆𝑡, and the resulting model was entitled 

as the ExtH2LV model. 

 

 𝜔̅̇ = 𝜌𝑢
𝑆𝑡
𝑢𝜂𝐾

𝜀

𝑘
𝑐̃(1 − 𝑐̃) (5) 
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Further derivation of the ExtH2LV model is provided in the 

Appendix A. Using relations given with Eq. (6) LES formulation 

for this model is derived in Eq. (7): 

 

 𝑘 ≈ 𝑘𝑆𝐺𝑆, 𝜀 ≈  𝜀𝑆𝐺𝑆 ≈
𝑘𝑆𝐺𝑆
1.5

∆𝐿𝐸𝑆
  (6) 

 

 

 𝜔̅̇ = 𝜌𝑢
𝑆𝑡,𝑆𝐺𝑆
𝑢𝜂𝐾,𝑆𝐺𝑆

√𝑘𝑠𝑔𝑠

∆𝐿𝐸𝑆
𝑐̃(1 − 𝑐̃) (7) 

 

where 𝑢𝜂𝐾,𝑆𝐺𝑆 ≈ (𝜈𝜀𝑆𝐺𝑆)
0.25, 𝑘𝑆𝐺𝑆, 𝑆𝑡,𝑆𝐺𝑆 are the sub-grid-scale 

Kolmogorov velocity, turbulent kinetic energy and turbulent 

flame speed, respectively, and ∆𝐿𝐸𝑆 is the LES filter length. 

 

2.3 Turbulent flame speed for CH4/H2/air flames 
The turbulent flame speed, used in this study was proposed 

in [1, 9] in the RANS context as: 

 

 𝑆𝑡 = 𝑆𝑐 +
0.4

√𝐿𝑒∗
𝑢′0.8𝑆𝑐

0.45𝛼𝑢
−0.25𝑙𝑡

0.25 (8) 

 

where 𝑆𝑐, 𝐿𝑒
∗, 𝑢′, 𝛼𝑢 and 𝑙𝑡 are the laminar non-adiabatic 

stretched consumption speed, effective Lewis number, turbulent 

velocity, unburnt thermal diffusivity and turbulent length scale, 

respectively. Stretch and heat loss effects are included in the  𝑆𝑐 
as described in the next section. The effective Lewis number 𝐿𝑒∗ 
is calculated for CH4/H2/air mixtures as proposed in [15]: 

 

 𝐿𝑒∗ =
𝛼

𝑥𝐻2𝐷𝐻2 + 𝑥𝐶𝐻4𝐷𝐶𝐻4
 (9) 

 

where, 𝑥𝐻2 and 𝑥𝐶𝐻4 are the mole fractions of species in the fuel, 

𝐷𝐻2 and 𝐷𝐶𝐻4  are the binary mass diffusion coefficients with 

respect to inert N2 gas, and 𝛼 is the thermal diffusivity of the 

mixture. All transport properties in Eq. (9) are evaluated at the 

temperature, corresponding to the maximum heat release rate in 

the 1D unstretched adiabatic laminar flame calculation [1, 9]. 

For LES implementation Eq. (8) is modified as: 

 

 𝑆𝑡,𝑆𝐺𝑆 = 𝑆𝑐 +
𝐴

√𝐿𝑒∗
𝑢′𝑆𝐺𝑆
0.8 𝑆𝑐

0.45𝛼𝑢
−0.25∆𝐿𝐸𝑆

0.25 (10) 

 

where the turbulent fluctuation velocity and turbulent length 

scale are modelled using the sub-grid-scale turbulent kinetic 

energy and the filter length as: 

 

 𝑢′ ≈ 𝑢𝑆𝐺𝑆
′ = √

2

3
𝑘𝑆𝐺𝑆 ,  𝑙𝑡 ≈ ∆𝐿𝐸𝑆 = 𝑉𝑐𝑒𝑙𝑙

1 3⁄
 (11) 

 

with 𝑉𝑐𝑒𝑙𝑙  representing the computation cell volume. 

In Eq. (10), the coefficient 𝐴 for the ExtH2LV model is equal 

to the one in RANS (𝐴 = 0.4), while for the ExtH2TFC model, a 

coefficient readjustment to 𝐴 = 0.7 was implemented. 

Coefficient readjustment was shown to be necessary in several 

studies [16–18] when adapting TFC models, based on progress 

variable gradient, from RANS to LES. The value 𝐴 = 0.7 was 

adjusted based on a good agreement in the experimental mean 

flame length with the 0% H2 case, as shown in section 4.2. The 

values of the coefficients in both LES models, were kept the 

same for all the mixtures listed in Table 1. 

 

2.4 Stretch and heat loss modelling 
Stretch and heat loss modelling is composed of two steps. In 

the first step, laminar flame consumption speeds 𝑆𝑐 are tabulated 

for different levels of strain and heat loss. 𝑆𝑐 values are 

calculated in a fresh-to-burnt counter flow flame configuration 

in Cantera 2.4.0 [19] using the detailed chemical mechanism 

Aramco-Mech 1.3 [20], and transport properties modelled with 

a multi-component transport formulation and Soret thermal 

diffusion. Different levels of heat loss 𝛽 are simulated by 

decreasing the burnt mixture temperature 𝑇𝑝 below the adiabatic 

flame temperature 𝑇𝑎𝑑  according to Eq. (12), while keeping the 

unburnt mixture temperature 𝑇𝑢 constant. Flame stretch is 

evaluated from the maximum velocity gradient at the unburnt 

side (Eq. (12)) and raised by gradually increasing the flow 

velocities of burnt and unburnt jets. 

 

 𝛽 =
𝑇𝑝 − 𝑇𝑢

𝑇𝑎𝑑 − 𝑇𝑢
  ,     𝜅 = 𝑚𝑎𝑥 |−

𝜕𝑢

𝜕𝑥
| (12) 

 

Laminar consumption speeds are calculated with Eq. (13) 

under varying strain 𝜅 and heat loss 𝛽 conditions. Look-up tables 

are formed for the mixtures listed in Table 1. 

 

 𝑆𝑐 =
1

𝜌𝑢∆𝐻𝑐
𝑜𝑌𝑓

∫ 𝑞̇
+∞

−∞

𝑑𝑥 (13) 

 

where 𝜌𝑢, ∆𝐻𝑐
𝑜, 𝑌𝑓 and 𝑞̇ are the unburnt mixture density, lower 

heating value, mass fraction of the fuel, and total heat release rate 

per unit volume, respectively. Further detail on tabulation can be 

found in refs [1, 9]. 

The second step is the evaluation of stretch and heat losses 

in LES. Following [7], flame stretch 𝜅 can be evaluated in the 

LES framework by accounting for the resolved scales 𝜅𝑚𝑒𝑎𝑛  and 

the sub-grid-scale 𝜅𝑆𝐺𝑆 contributions. 

 

 

𝜅 = (𝛿𝑖𝑗 − 𝑛𝑖𝑛𝑗̃ )
𝜕𝑢𝑖̃
𝜕𝑥𝑗⏟          

+

𝜅𝑚𝑒𝑎𝑛

 

        Г𝐾 (
𝑘𝑆𝐺𝑆
𝑆𝐿0

,
∆𝐿𝐸𝑆
𝛿𝐿0

)
√𝑘𝑠𝑔𝑠

∆𝐿𝐸𝑆
[
1

𝐿𝑒
(1.76 + tanh(𝐿𝑒 − 2))]

⏟                                
𝜅𝑆𝐺𝑆

 

(14) 

In Eq. (14),  𝛿𝑖𝑗 is the Kronecker delta and 𝑛𝑖 is the component 

of local vector normal to the flamelet 𝑛⃗ , which is modelled as 

[8]: 

 𝑛⃗ =
∇𝑐̃

|∇𝑐̃|
 (15) 
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The term Г𝐾  represents the efficiency function, whose 

evaluation is given in detail in [7]. 𝛿𝐿0 is the adiabatic 

unstretched thermal laminar flame thickness calculated from 

𝛿𝐿0 = (𝑇𝑎𝑑 − 𝑇𝑢) max (𝑑𝑇 𝑑𝑥⁄ )⁄  in a 1D unstretched flame. The 

term in brackets in Eq. (14), containing the Lewis number 𝐿𝑒 of 

the fuel was proposed in [21] to better fit average turbulent flame 

stretch values computed from direct numerical simulations of 

CH4/H2/air and C3H8/H2/air flames. For 𝐿𝑒 = 1 this term is equal 

to 1 thus recovering the 𝜅𝑆𝐺𝑆 expression used in [7, 22, 23] for 

CH4/air flames. For mixtures with hydrogen, 𝐿𝑒 is calculated 

from 𝐿𝑒 = 𝑥𝐶𝐻4 𝛼 𝐷𝐶𝐻4⁄ + 𝑥𝐻2 𝛼 𝐷𝐻2⁄  as indicated in [21]. 

The heat loss parameter 𝛽 is calculated in LES following 

[23]: 

 𝛽 = 1 −
ℎ𝑢 − ℎ̃

𝑐̃𝑌𝑓∆𝐻𝑐
0
 (16) 

 

where ℎ𝑢, 𝑌𝑓 and ∆𝐻𝑐
0 are total unburnt enthalpy (sensible plus 

the standard formation enthalpy), fuel mixture fraction and lower 

heating value of the fuel, respectively. The local enthalpy ℎ̃ is 

obtained by solving the Favre filtered enthalpy transport 

equation. 

In summary, Eq. (14) and (16) are used for stretch and heat 

loss evaluation over the LES computational domain and based 

on their values, laminar consumption speed 𝑆𝑐 is interpolated 

from the look-up tables, which were formed by means of Eq. (12) 

and (13). 

 

 

3. EXPERIMENTAL AND NUMERICAL MODEL SETUP 
3.1 Experimental setup 

The experiments modeled in this paper were carried out in 

the atmospheric test rig described in [2]. As shown in Figure 1, 

the rig consists of a cylindrical combustion chamber with inner 

diameter of 44 mm, 3 mm thick quartz walls, and a length of 75 

mm. The combustor has been operated with 5 different mixtures 

of CH4/H2/air premixed gas. The mixture properties and inlet 

conditions are presented in the Table 1. The reactants inlet 

temperature is equal to 296 K for all the cases. 

  
TABLE 1. OPERATING CONDITIONS IN TERMS OF THERMAL 

POWER, VOLUME FRACTION OF H2 IN THE FUEL, 

EQUIVALENCE RATIO AND INLET BULK VELOCITY 

 

𝑃 [𝑘𝑊] 𝑉𝑜𝑙𝐻2  [%] Φ [-] 𝑢𝑖𝑛𝑙𝑒𝑡  [𝑚/𝑠] 

7 0 0.7 11.8 

7 25.2 0.7 11.8 

7 56.6 0.7 11.5 

7 67 0.7 11.4 

7 100 0.4 17.1 

 

Particle image velocimetry (PIV) measurements of the cold 

flow were carried out by ensemble averaging of 5000 vector 

fields. OH* chemiluminescence imaging was captured using the 

same camera setup as for PIV and the planar view was obtained 

using a 3 point Abel deconvolution. 

Acoustic forcing was provided by horn drivers with 

harmonic signal at a range of discrete frequencies [200-2200 

Hz]. The flame response is measured by the spatially integrated 

heat release rate 𝑄 by tracking the measured radiation emitted 

from OH* radicals, using a photo multiplier tube (PMT) 

equipped with a ultra-violet (UV) band pass filter. Since the 

flames are fully premixed, the PMT signal 𝐼(𝑡) is assumed to be 

proportional to the global heat release rate. Velocity fluctuations 

𝑢̂𝑟𝑒𝑓
′ (𝑡)/𝑢̅̂𝑟𝑒𝑓  at the dump plane (𝑧 = 0 𝑚𝑚 in Figure 1) are 

computed with the multiple microphone method (MMM). 

Further details on the experimental setup and the measurement 

methods can be found in [2]. 
 
3.2 Numerical model setup 

CFD simulations were performed in Ansys Fluent 2019 R3 

[24] on the 360o 3D geometry. The combustion chamber 

computational domain has been doubled in length compared to 

the experimental setup to increase the distance between the outlet 

boundary condition and the flame in order to provide flow 

continuity. Figure 1 shows the geometry, dimensions, and 

boundary conditions of the computational domain. The inlet 

turbulence is calculated with a spectral synthesizer method 

having 5% turbulence intensity and 0.014 m of hydraulic 

diameter (same conditions of previous RANS in [1, 9]). 

The mesh was created using the BetaCAE ANSA 20 

software, having around 14 million cells in total and its section 

view is shown in Figure 2. The averaged 𝑦+ value in the domain 

is around unity (𝑦+ ≈ 1) having 𝑦+ ≈ 1.5 in the inlet pipe 

section and 𝑦+ ≈ 0.7 in the combustion chamber section. 

 

 
 
FIGURE 1. MEASUREMENTS (IN MM) OF BURNER CAD 

GEOMETRY AND BOUNDARY CONDITIONS OF 

COMPUTATIONAL DOMAIN (DASHED WINDOW REFERS TO 

THE X-Z COMPARISON PLANE). 

Dynamic kinetic energy SGS model is selected, which 

solves an equation for 𝑘𝑆𝐺𝑆. The default wall boundary treatment 

in Fluent was used [24], which applies laminar stress-strain 

relation when the mesh is fine enough to resolve the laminar 

sublayer, and applies the law of the wall otherwise. The SIMPLE 

scheme with second order implicit transient formulation is 
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selected for time discretization. For spatial discretization, second 

order discretization is used for pressure, bounded central 

differencing is used for momentum, and the QUICK scheme was 

selected for the remaining scalar transport equations. 

 

 
 
FIGURE 2. COMPUTATIONAL GRID SECTION VIEW. 

Calculations and experiments have been performed at 

atmospheric pressure. The thermal conductivities and viscosities 

of the mixture were calculated across the flame in Cantera for all 

fuel blends and were introduced as temperature dependent 

polynomial coefficients in the CFD solver. The thermal wall 

boundary conditions are introduced as temperature distributions 

at walls as indicated in Figure 1. These distributions are obtained 

from the previous RANS calculations [9] where the conjugated 

heat transfer was solved for the same cases. The LES cases are 

initialized from these RANS solutions. 

Combustion models are defined via UDFs (User Defined 

Function). After initialization, statistically steady condition is 

obtained after 10 flow-through-times. Mean properties are 

plotted averaging over 2 flow-through-times after steadiness is 

achieved. Averaging over 4 flow-through-times was also tried 

and no difference on mean flame shape and mean axial heat 

release rate (HRR) was observed. 

 

 

4. RESULTS AND DISCUSSION 
The mesh resolution is tested with the Ҫelik LES quality 

indicator [25]: 

  

 
𝐼𝑄𝐿𝐸𝑆,𝜈 =

1

1 + 0.05 [
𝜈 + 𝜈𝑆𝐺𝑆

𝜈
]
0.53 

(17) 

 

Figure 3 shows 𝐼𝑄𝐿𝐸𝑆,𝜈 values at various section planes in 

the computational domain for the cold flow and reacting flow 

cases corresponding to the 0% H2 case in Table 1. For a good 

quality LES simulation, resolving minimum 80% of kinetic 

energy,  0.8 ≤ 𝐼𝑄𝐿𝐸𝑆,𝜈 ≤ 1 is suggested in [25]. As observed 

from Figure 3, the mean value of 𝐼𝑄𝐿𝐸𝑆,𝜈 is varying between 0.9 

to 0.95 for the cold flow and varies in a higher range for reacting 

flow, which confirms the sufficient resolution of the LES mesh, 

used in this study. 

 

 
 

FIGURE 3. MEAN 𝐼𝑄𝐿𝐸𝑆,𝜈 CONTOURS, A) COLD FLOW, B) 0% H2 

REACTING FLOW. 

4.1 Cold flow results 
For the cold flow conditions of case 1 in Table 1, Figure 4 

shows the velocity power spectral density (PSD) measured by a 

hot-wire and sampled from LES at a point in the middle of the 

inlet pipe at the dump plane.  

 

 
 
FIGURE 4. PSD COMPARISON OF SAMPLED VELOCITY 

SIGNALS FROM COLD FLOW EXPERIMENT AND LES AT A 

POINT (𝑥 = −8 𝑚𝑚, 𝑦 = 0 𝑚𝑚, 𝑧 = 0 𝑚𝑚). 

A relatively good agreement between the experiment and the 

LES is achieved. Calculated and measured PSD curves have the 

same slope up to high frequency range (around 104 Hz) showing 

that LES could capture the correct characteristics of the flow for 
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the large scales of turbulence. Deviation of the slope around 104 

Hz (small scales of turbulence) is attributed to the SGS model 

used in the LES. 

In Figure 5, mean and RMS (root mean square) values of the 

axial and transversal velocities for the case with 𝑢𝑖𝑛𝑙𝑒𝑡 =
11.8 𝑚/𝑠 (the representative for the cases with 0-67% H2) from 

cold flow experiment are compared with the cold flow LES. The 

asymmetric axial velocity distribution due to supporting rods is 

captured well by LES in the mean velocity plots with some small 

deviations in the RMS plots. LES slightly over-predicts the axial 

velocity RMS for positive x values while providing very good 

agreement for negative x values. Similar trends are also observed 

in transversal velocity plots, having good agreements in the 

mean velocity plots. In the RMS plots LES slightly over-predicts 

the experimental values. 

 

4.2 Reacting flow results without acoustic forcing  
LES of the unforced reacting flows were carried out for all 

the fuel mixtures in Table 1. Figure 6 shows on the left the 

normalized heat release rate (HRR) contours at the middle cross 

plane (X-Z comparison plane shown in Figure 1) and the axial 

HRR distributions from LES simulations in comparison with the 

Abel deconvoluted OH* chemiluminescence images and axial 

intensity plots from experiments. Normalization of axial HRR 

distributions from LES is done provided that the area under the 

distribution from experiments (based on OH* 

chemiluminescence) and the LES is the same. This represents 

that the total heat release from LES is equal to those from 

experiments.  

In Figure 6 d, vertical dashed lines show the flame centroid 

heights ℎ𝑐𝑒𝑛𝑡., calculated as: 

 

 ℎ𝑐𝑒𝑛𝑡. =
∫𝑧𝑞̅ 𝑑𝑧

∫ 𝑞̅ 𝑑𝑧
 (18) 

 

where 𝑧 is the axial coordinate, 𝑞̅ is the heat release rate 

integrated over planes normal to the 𝑧 axis. ℎ𝑐𝑒𝑛𝑡. is plotted 

separately in Figure 7 for different mixtures. 

As observed from Figure 6 a, b and c, both models could 

capture the correct flame stabilizations for all the cases, i.e. the 

V-flame to the M-flame shape transition. This is achieved due to 

the inclusion of stretch and heat loss effects in the formulations 

through Eq. (10). The importance of such effects on the correct 

stabilization of the flames was shown in previous studies [1, 7, 

9, 22, 23]. 

Comparing Figure 6 a and c for the mixtures, the ExtH2TFC 

model over-predicts the flame length for the case with 0% H2, 

while under-predicts it for the other mixtures. On the other hand, 

the ExtH2LV model predicts correct flame lengths for all the 

mixtures (see Figure 6 b and c for the mixtures) except for the 

0% H2 case where it is under-predicted. 

 

 
 

FIGURE 5. EXPERIMENT VS LES COMPARISON PLOTS OF 

AXIAL AND TRANSVERSAL MEAN AND RMS VELOCITIES 

FROM COLD FLOW. 
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FIGURE 6. HEAT RELEASE RATE DISTRIBUTIONS FROM 2 DIFFERENT LES MODELLING APPROACHES: A) ExtH2TFC, B) ExtH2LV, 

AND C) ABEL DECONVOLUTED OH* CHEMILUMINESCENCE IMAGES FROM EXPERIMENTS. D) NORMALIZED AXIAL HEAT 

RELEASE DISTRIBUTIONS ARE SHOWN IN THE RIGHT COLUMN. CONTOUR VALUES ARE NORMALIZED WITH THE MAXIMUM 

LOCAL INTENSITY. DASHED LINES REFER TO FLAME CENTROID HEIGHTS CALCULATED FROM EQ. (18). CONTOURS ARE 

PLOTTED AT THE X-Z COMPARISON PLANE SHOWN IN FIGURE 1 WITH RED DASHED RECTANGLE. 
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FIGURE 7. FLAME CENTROID HEIGHT VARIATION AGAINST 

VOLUMETRIC H2 CONTENT IN THE FUEL MIXTURE. 

Figure 6 d shows that the HRR distributions are better 

predicted with ExtH2LV model compared to ExtH2TFC, as the 

peaks of the ExtH2TFC model curves are biased towards the 

dump plane (𝑧 = 0 𝑚𝑚 plane). ExtH2LV model curves show 

more uniform distributions similar to experimental ones. This is 

also observed from contour plots, comparing Figure 6 a and b, 

HRR contours intensify towards the dump plane (max HRR is 

reached at the dump plane) in the ExtH2TFC model, while 

ExtH2LV model contours exhibit more uniform distributions 

which are also seen in the experiments. The main reason is that 

ExtH2TFC model is proportional to the gradient of progress 

variable 𝜔̅̇ ∝ |∇𝑐̃| which takes its maximum value at the flame 

attaching points to the solid zones. On the other hand, ExtH2LV 

model also takes its maximum value at the flame attaching points 

due to its dependency on turbulent dissipation rate through 𝜔̅̇ ∝
𝜀

𝑘
≈

√𝑘𝑠𝑔𝑠

∆𝐿𝐸𝑆
. However, the variation of this term from walls to the 

flow field is not strong as the gradient term |∇𝑐̃|, and secondly 

the variation of  
𝜀

𝑘
≈
√𝑘𝑠𝑔𝑠

∆𝐿𝐸𝑆
 term is further smoothed by the 

multiplication with the 𝑐̃(1 − 𝑐̃) term in the ExtH2LV closure. 

For the cases with 100% H2, both models over-predict the 

outer shear layer quenching (see the last row of Figure 6 a, b and 

c). This causes discrepancies in the axial HRR distribution plots 

(see Figure 6 d) in the region close to the dump plane (𝑧 =
0 𝑚𝑚). This over-quenching at the outer shear layer for the case 

with 100% H2 was also observed in the previous RANS 

calculations [1, 9]. To elaborate this behavior, heat loss 

parameter 𝛽, total stretch 𝜅, and interpolated consumption speed 

𝑆𝑐 contours over the domain are plotted in Figure 8 together with 

the tabulated laminar consumption speed. The over-quenched 

region for the case with 100% H2 is indicated with black circles 

in the heat loss, stretch and consumption speed contour plots in 

Figure 8 a, b and c. The corresponding region in the consumption 

speed tabulation plot is also indicated with a black rectangle in 

Figure 8 d. As it can be observed, calculated stretch and beta heat 

loss parameter values correspond to the region where the steep 

gradients occur in the tabulated 𝑆𝑐 curves, and causes abrupt 

extinctions.  

 

 
 
FIGURE 8. X-Z COMPARISON PLANE A) MEAN 𝛽, HEAT LOSS 

PARAMETER CONTOURS, B) MEAN 𝜅, TOTAL STRETCH 

CONTOURS, C) MEAN 𝑆𝑐, INTERPOLATED CONSUMPTION 

SPEED CONTOURS AND D) 𝑆𝑐, TABULATED LAMINAR 

CONSUMPTION SPEED PLOT, OF 100% H2 + 0% CH4 FLAME 

(FROM ExtH2LV LES SIMULATION). 

 

Comparing the flame centroid heights in Figure 7, despite 

small deviations, both models could correctly capture the center 

of HRR distributions for all the mixtures which is important in 

terms of time delay predictions under acoustically forced 

conditions. 

Figures 6 and 7 show that, ExtH2LV model predicts the 

flame stabilizations in very good agreement with experiments in 

terms of flame shape, axial HRR distribution and of flame length. 

With slight deviations in terms of HRR distribution over the 

flame, ExtH2TFC also predicts the flame stabilizations in good 

agreement with experiments. However, due to better 

performance of the ExtH2LV model, it was chosen for the flame 

dynamics studies. The comparison of flame dynamics with the 

ExtH2TFC model is subject of future studies. 
 

4.3 Flame dynamics 
The flame transfer function (FTF) represents the dynamic 

response of the flame to acoustic perturbations. Its gain 

(magnitude) indicates the intensity of heat release rate 

fluctuations and its phase (angle) provides information about the 

time delay. Both are influenced by the length of the flame. The 

FTF is defined as the ratio of heat release rate fluctuations to 

velocity fluctuations in the frequency domain. 

 

 𝐹𝑇𝐹(𝜔) =
𝑄′(𝜔)/𝑄̅

𝑢̂𝑟𝑒𝑓
′ (𝜔)/𝑢̅̂𝑟𝑒𝑓

 (19) 

 

where 𝜔 refers to the angular frequency, 𝑄 is the heat release 

(volume integrated heat release rate) and 𝑢̂𝑟𝑒𝑓 is the 

instantaneous mass weighted averaged axial velocity at a 



 

 9  

reference plane chosen upstream of the flame. The fluctuations 

( ′) are normalized with the mean values ( ̅ ). 

 

 
 

FIGURE 9. A) BROADBAND WAVELET EXCITATION SIGNAL, 

AND B) POWER SPECTRAL DENSITY PLOTS FOR THE 

MIXTURE WITH VOLUMETRIC FUEL CONTENT OF 56.6% H2 + 

43.3% CH4. 

 

The capability of the ExtH2LV model to capture flame 

dynamics is investigated based on the extraction of flame 

transfer functions with LES-SI methods and their comparison to 

experimental FTFs. For this purpose, TFDtools [26] libraries, 

developed by Prof. Polifke’s research group at TUM (Technical 

University of Munich) are used for the creation of excitation 

signals and the extraction of FTFs. The cases are excited with a 

broadband wavelet signal of 12% of amplitude and the signal 

length is kept equal to 4 flow-through-times. This corresponds 

approximately to a signal-to-noise-ratio of 8 in the amplitude of 

the excitation signal, and to 10 times the longest time delay for 

the signal length, which guarantees an identification quality of 

over 90% according to ref. [27]. As an example, the broadband 

signal and its PSD is shown in Figure 9 for the case with 56.6% 

H2. As observed from Figure 9 a, the excitation signal is white 

noise in nature and its energy is uniformly distributed within the 

entire frequency band (Figure 9 b). The frequency range is 

selected to cover the maximum cut-off frequency observed in the 

experiments. 

In Figure 10, the gain and phase of the FTFs are plotted for 

the different H2 contents. Comparing the experimental FTFs 

(dotted lines), the M flames (56.6%, 67% and 100% H2) show 

oscillations in the FTF gain, while the V flames (0% and 25.2% 

H2) do not. These oscillations were investigated in [3, 28] and it 

was indicated that, their presence is due to the vortex shedding 

from the cylindrical supporting rods shown in Figure 1. These 

vortices perturb the flame as they are travelling into it and cause 

modulations in the total heat release and consequently in the FTF 

gain due to convective-acoustic interference. Flames whose cut-

off frequency (𝜔𝑐 = 2𝜋𝑢̂𝑟𝑒𝑓/ℎ𝑐𝑒𝑛𝑡.) is higher than the vortex 

shedding frequency (𝜔𝑐 > 𝜔𝑠, i.e. shorter flames) are prone to 

show modulations in FTF gain, due to convective interference 

between shed vortices and acoustic velocity fluctuations which 

can augment or annihilate flame surface area [3, 28]. Cut-off 

frequencies are calculated for the cases with 0% and 25.2% H2 

in Appendix B. Vortices do not cause large changes in the total 

heat release of V flames mainly because these flames are longer 

(have lower cut-off frequency) compared to M flames and 

vortices can affect only the inner shear layer (the outer shear 

layer being quenched). In Figure 11 the different interaction 

between vortices for M and V flames is shown by means of 

vorticity and heat release contours. Further discussion of these 

vortex-flame interaction is provided in [3, 28]. 

Figure 10 a shows good agreement between ExtH2LV model 

and experiment for the V flame case with 0% H2, in terms of 

general trends of the gain and phase plots. Shifted gain and over-

predicted phase curves in the ExtH2LV model predictions is the 

possible result of shorter flame length prediction compared to 

experiments (see the case with 0% H2 in Figure 6).  

M flame cases with 56.6% and 67% H2 show excellent 

agreements in the phase and very good agreements in the gain 

plots (see Figure 10 c and d). Relating FTF gain and phase with 

global heat release and flame length, respectively, ExtH2LV 

model correctly predicts the flame dynamics for these cases. For 

these cases, very good agreements were achieved in the mean 

flame shape, length and axial HRR distribution plots. 

Additionally, these cases are relatively insensitive to thermal 

wall boundary conditions due to being stabilized as M flames 

with some distances from the side walls. 

For the case with 100% H2, similar to the other M flame 

cases (cases with 56.6% and 67% H2) excellent agreement is 

achieved for the FTF phase (see Figure 10 e phase plot). On the 

other hand, discrepancies are present in the gain plot (see Figure 

10 e gain plot). In comparison to the other M flame cases, this 

case is affected more by the thermal wall boundary condition, 

and this is observed by the over-quenching at the outer shear 

layer in the mean flame shape and with disagreement around 𝑧 =
0 𝑚𝑚 region at axial HRR distribution (see Figure 6) plots. The 

reason of relatively high sensitivity to heat losses is that, in this 

case, the equivalence ratio is 0.4 (lower flame temperature) while 

it is 0.7 for all the other cases (see Table 1). Consequently, 

thermal boundary conditions used for this case may have caused 

relatively higher heat losses than reality, resulting in over-

quenching at the outer shear layer (see Figure 8) and accordingly 

discrepancies in the FTF gain plots. 

Comparing FTF gains from ExtH2LV model and experiment 

for the case with 25.2% H2, results show that modulations are 

present in the model prediction, while they are not in 

experiments (see Figure 10 b, gain plot). On the other hand, 

reasonably good agreement is achieved for the phase plot (see 

Figure 10 b, phase plot). This case can be assumed as a 

transitional operation point between V to M flame (see Figure 6) 

which makes the most sensitive case to both heat losses and flow 

disturbances. Figure 6 shows that ExtH2LV model prediction for 

the mean flame shape and axial distribution is in good agreement 

with experiment but with a slight under-prediction in flame 

length. This is also seen from flame centroid heights comparison 

in Figure 7. Possible explanation for the disagreement in gain 

plot in Figure 10 b is that, although the mean flame is predicted 
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as V flame, due to its shorter length compared to experiment, the 

ExtH2LV model flame has higher cut-off frequency than the 

vortex shedding frequency (𝜔𝑐 > 𝜔𝑠), which provides suitable 

condition (see Appendix B) for modulations as mentioned above 

and remarked in [3].  

 

 
FIGURE 11. INSTANTANEOUS X VORTICITY AND HEAT 

RELEASE RATE CONTOURS PLOTTED ON Y-Z PLANE (FROM 

ExtH2LV LES SIMULATION). 
 

It is noteworthy to mention that wall temperature 

measurements were not performed in the experiments, instead 

there were rough measurements from a similar setup (square 

sectioned combustion chamber operated with an ethylene flame). 

For these measurements, the temperature was in the range of   

593 K – 833 K (at different locations from z = 0.01 m to z = 0.03 

m) on the outside surface of the combustor wall. Using these 

rough measurements, a parametric RANS study was conducted 

(not in this paper) to find a proper heat transfer coefficient (HTC) 

at side walls by assigning different HTCs. HTC = 150 W/m2K 

produced reasonable agreement on wall temperatures and flame 

shapes in the RANS context, and that value kept as constant for 

all the cases [1, 9]. Obtained temperature distributions from 

RANS cases were assigned as temperature distributions at walls 

in this study.  

For the cases with 0% and 25.2% H2, to test the model’s 

sensitivity to heat losses, different levels of heat losses were 

simulated changing the side wall HTC in the LES context (not 

presented in this paper for brevity). It was seen that varying HTC 

on the side walls in a range from 100 to 200 W/m2K produced 

very similar flame lengths. On the other hand, the model 

coefficient 𝐴, together with the 𝐿𝑒∗ number has a direct impact 

on the heat release rate and the flame length (𝜔̅̇ ∝
𝐴

√𝐿𝑒∗
) [1]. The 

model coefficient 𝐴 for the ExtH2LV was calibrated based on 

turbulent flame speed measurements and validated using this 

configuration. Further investigations in other configurations will 

be carried out to confirm the transferability of this value to other 

conditions and geometries. As a further extension, the 𝐿𝑒∗ 
number can be considered as a field variable depending also on 

stretch and heat losses rather than on mixture fraction only as 

calculated in this study. 

FIGURE 10. FLAME TRANSFER FUNCTION COMPARISON PLOTS (EXPERIMENT VS ExtH2LV LES MODEL). 
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The ExtH2LV model is capable to predict the general trends 

of FTF gain and phase plots in good agreement with 

experiments. The impact of the supporting rods on the flame 

dynamics seen in experiments of the M-flame cases are also 

captured by the model. The detailed analysis of the rods on the 

flame dynamics using CFD is part of future studies. 

 

 
5. CONCLUSION 

A novel premixed combustion model (ExtH2LV) is 

proposed for turbulent CH4/H2/air flames. The model accounts 

for flame stretch, heat losses and effective Lewis number in LES 

context. Stretch, heat loss and Lewis number effects are 

introduced by means of a previously proposed turbulent flame 

speed expression. The model is validated with atmospheric bluff-

body stabilized CH4/H2/air turbulent premixed flame 

experiments ranging from pure methane to pure hydrogen under 

lean mixture conditions. The ExtH2LV model is compared with 

the authors’ previously proposed model (ExtH2TFC) and 

experiments. Both models are derived for the RANS closure and 

then transformed into LES models using proper relations. The 

ExtH2LV model does not need model coefficient re-adjustment 

for its transformation to LES context.  

In the proposed ExtH2LV closure as well as in the ExtH2TFC 

closure, stretch and heat loss modelling approaches (Eq. 14, 15 

and 16) are responsible for the mean flame shape and 

stabilization, while the model coefficient 𝐴, together with 𝐿𝑒∗ is 

responsible for the flame length (𝜔̅̇ ∝
𝐴

√𝐿𝑒∗
). Thanks to the 

inclusion of stretch, heat loss and Lewis number effects in their 

formulations, both models could correctly predict the flame 

stabilizations and the V to M flame transition as H2 content in the 

mixture increases. ExtH2LV showed improvements with respect 

to ExtH2TFC in the mean flame shapes.  

The ExtH2LV model is also tested for its capability to 

reproduce flame dynamics under acoustically forced conditions 

via identification of FTFs which are compared against 

experiments. Results show that the ExtH2LV model is capable of 

reproducing flame dynamics with good agreement with 

experiments. It is also shown that the correct flame stabilization 

in the mean flame shape does not guarantee the correct flame 

dynamics. Heat loss effects and hydrodynamic disturbances on 

flame dynamics are discussed and it is shown that their effects 

can become prominent under certain conditions. 

To place the proposed ExtH2LV modelling approach 

amongst the others in the literature, the pros and cons can be 

listed as follows. For its pros: it can be used for premixed flame 

simulations in RANS and LES context with detailed chemistry 

approach. Stretch, heat loss and Lewis number effects can simply 

be accounted for through algebraic relations of turbulent flame 

speed 𝑆𝑡 and reaction rate 𝜔̅̇ ∝ 𝑆𝑡 terms. The validity range of 

the modelling approach for high pressure and partially premixed 

conditions can be extended through further calibrations of the 

turbulent flame speed against spherical expanding turbulent 

flame measurements as explained in [1]. For its cons: since the 

reaction rate term is function of turbulence parameters (𝜔̅̇ ∝
𝜀

𝑘
≈

√𝑘𝑠𝑔𝑠

∆𝐿𝐸𝑆
), due to increased turbulent dissipation rate and decreased 

kinetic energy, the model over-predicts reaction rates where the 

flame interacts with the walls. To remedy this phenomenon, 

further studies on wall quenching models can be incorporated in 

the modelling approach.  

As future steps, investigation on the model predictions with 

more accurate thermal wall boundary conditions, and extension 

of the model validation range to high pressure, rich and/or 

partially premixed conditions, where diffusivity effects are more 

important, are planned.  
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APPENDIX A: ExtH2LV MODEL DERIVATION 

The flame surface density 𝛴 can be modelled from fractal 

theories as in [14, 29]. 

 

 𝛴 = (
𝐿𝑜
𝐿𝑖
)
𝐷−2 𝑐̃(1 − 𝑐̃)

𝛿𝑡
 (A.1) 

 
In Eq. (A.1), 𝐿𝑖 and 𝐿𝑜 represent the inner and outer cut-off 

scales, respectively, 𝐷 is the fractal dimension of the flame 

surface (2 ≤ 𝐷 < 3) and 𝛿𝑡 is the turbulent flame brush 

thickness [29]. The 𝑐̃(1 − 𝑐̃) term represents the probability of 

finding the flame at a certain position and 𝛿𝑡 is used to normalize 

the probability value [29]. 𝐿𝑖 and 𝐿𝑜 can be modelled using the 

Kolmogorov and turbulent integral length scales as: 

 

 𝐿𝑖 = 𝜂𝐾 =
𝜈0.75

𝜀0.25
,   𝐿𝑜 = 𝑙𝑡 = 𝐶𝜇

0.75
𝑘1.5

𝜀
 (A.2) 

 

To model the turbulent flame brush thickness 𝛿𝑡, it is 

assumed that 𝛿𝑡 is proportional to the flame surface wrinkling 

length scale 𝐿𝑦 in the BML (Bray-Moss-Libby) model [30]: 

 

 𝐿𝑦 = 𝐶𝐿𝑙𝑡
𝑆𝐿0
𝑢′
 ∝  𝛿𝑡 =

1

𝐶𝜇
0.5
𝑙𝑡
𝑆𝐿0
𝑆𝑡

 (A.3) 
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Comparing 𝐿𝑦 and 𝛿𝑡 in Eq. (A.3), turbulent velocity 𝑢′ is 

replaced by turbulent flame speed 𝑆𝑡 in order to address the 

stretch, heat loss and Lewis number effects. This change is 

reasonable, since the relation 𝑆𝑡 ∝ (𝑢
′)0.7−0.8 is known from the 

literature studies [1, 31] and 𝑆𝑡 ∝ 𝑢
′ relation is known from the 

Damkohler’s hypothesis [32]. 

Additionally, 𝐶𝐿 coefficient in 𝐿𝑦 in Eq. (A.3) is replaced by 

1 𝐶𝜇
0.5⁄  (𝐶𝜇 = 0.09 as in Eq. (A.2)), as it cancels out when Eq. 

(A.2) and (A.3) are substituted into Eq. (A.1). 

Substituting 𝐿𝑖, 𝐿𝑜 and 𝛿𝑡 from Eq. (A.2) and Eq. (A.3) into 

Eq. (A.1), and assuming 𝐷 = 7/3 as in [14], yields the following 

expressions for the flame surface density 𝛴 and for the reaction 

rate source term 𝜔̅̇ in RANS context: 

 

 𝛴 =
𝜀

𝑘

𝑆𝑡
𝑆𝐿0

𝑐̃(1 − 𝑐̃)

𝑢𝜂𝐾
,   𝜔̅̇ = 𝜌𝑢

𝑆𝑡
𝑢𝜂𝐾

𝜀

𝑘
𝑐̃(1 − 𝑐̃) (A.4) 

 

where 𝑢𝜂𝐾 = (𝜈𝜀)
0.25 is Kolmogorov velocity scale, 𝑘 and 𝜀 are 

turbulent kinetic energy and dissipation rate respectively. 

 

 
APPENDIX B: CUT-OFF FREQUENCIES FOR ExtH2LV 
LES CASES WITH 0% AND 25.2% H2 

The flame response angular cut-off frequency is calculated 

from Eq. (B.1) following [3]: 

 

 𝜔𝑐 =
2𝜋𝑢̂𝑟𝑒𝑓

ℎ𝑐𝑒𝑛𝑡.
 (B.1) 

 
where ℎ𝑐𝑒𝑛𝑡. is the flame centroid height, defined by Eq. (18), 

and 𝑢̂𝑟𝑒𝑓 is the averaged axial velocity at dump plane (𝑧 = 0). 

𝑢̂𝑟𝑒𝑓 and ℎ𝑐𝑒𝑛𝑡. are obtained from the unforced ExtH2LV LES 

results for the cases with 0% and 25.2% H2, and the cut-off 

frequencies are found as 𝜔𝑐 = 4354 𝑟𝑎𝑑/𝑠 and 𝜔𝑐 =
5430 𝑟𝑎𝑑/𝑠, respectively. 

The condition for the presence of modulations in FTF gain 

was given as 𝜔𝑐 > 𝜔𝑠 in [3]. Vortex shedding frequency of 

supporting rods is calculated as 𝑓𝑠 ≅ 850 𝐻𝑧, by taking DFT 

(Discrete Fourier Transform) of the sampled velocity signal at 

the axial location downstream of the supporting rods (in wake 

region) from the unforced LES simulation. The angular vortex 

shedding frequency is calculated as follows. 

 
 𝜔𝑠 = 2𝜋𝑓𝑠 = 5340 𝑟𝑎𝑑/𝑠 (B.2) 

 
𝜔𝑠 (Eq. (B.2)) is the same for the cases with 0% and 25.2% 

H2, since the inlet bulk velocity is the same for these cases (see 

Table 1).  

Comparison shows that, the 𝜔𝑐 > 𝜔𝑠 condition is not 

satisfied for the case with 0% H2, while is satisfied for the case 

with 25.2% H2. 
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