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ABSTRACT 

Hydrogen micromix combustion is a promising concept to 

reduce the environmental impact of both aero and land-based 

gas turbines by delivering carbon-free and ultra-low-NOx 

combustion without the risk of autoignition or flashback. The 

EU H2020 ENABLEH2 project aims to demonstrate the 

feasibility of such a switch to hydrogen for civil aviation, within 

which the micromix combustion, as a key enabling technology, 

will be matured to TRL3. The micromix combustor comprises 

thousands of small diffusion flames where air and fuel are 

mixed in a crossflow pattern. This technology is based on the 

idea of minimizing the scale of mixing to maximize mixing 

intensity. The high-reactivity and wide flammability limits of 

hydrogen in a micromix combustor can produce short and low-

temperature small diffusion flames in lean overall equivalence 

ratios. 

In order to mature the hydrogen micromix combustion 

technology, high quality numerical simulations of the resulting 

short, thin and highly dynamic hydrogen flames, as well as 

predictions of combustion species, are essential. In fact, one of 

the biggest challenges for current CFD has been to accurately 

model this combustion phenomenon. The Flamelet Generated 

Manifold (FGM) model is a combustion model that has been 

used in the past decades for its predicting capabilities and its 

low computational cost due to its reliance on pre-tabulated 

combustion chemistry, instead of directly integrating detailed 

chemistry mechanisms. However, this trade for a lower 

computational cost may have an impact on the solution, 

especially when considering a fuel such as Hydrogen. 

Therefore, it is necessary to compare the FGM model to 

another combustion modelling approach which uses more 

detailed complex chemistry.

The main focus of this paper then, is to compare the flame 

characteristics in terms of position, thickness, length, 

temperature and emissions obtained from LES simulations 

done with the FGM model, to the results obtained with more 

complex chemistry models, for hydrogen micromix flames. This 

will be done using STAR-CCM+ to determine the most suitable 

numerical approach required for the design of injection 

systems for ultra-low NOx.  

Keywords: Hydrogen; micromix; Combustion; ENABLEH2; 

STAR-CCM+; FGM Kinetic rate; Thickened Flame; Complex 

Chemistry; Eddy Dissipation Concept;  

NOMENCLATURE 

c  Progress variable 

Da  Damköhler number 

Dlam  Laminar Diffusivity 

E  Efficiency factor 

F  Thickening factor 

f  Mean reaction rate multiplier 

Ka  Karlovitz number 

lo  Integral length 

rk  reaction rate 

Ret  Turbulent Reynolds number 

SL  Laminar flame speed 

Sct  Turbulent Schmidt number 

T  Temperature 

u’  Turbulence intensity (speed) 

v  Kinematic viscosity 

Wi  Species-specific weight 

Yi  ith species’ mass fraction 
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y  unnormalized progress variable 

Z  Mixture fraction 

δL  Laminar flame thickness 

η  Kolmogorov microscale 

ϒ  Heat loss ratio 

μt  Turbulent viscosity 

�̇�𝑖   Net reaction rate of species i 

Ω  Reaction zone sensor 

φ  Equivalence ratio 

ρ  Density 

τ  time scale 

Ξ   Wrinkling factor 

INTRODUCTION 

The pollutants emitted by conventional hydrocarbon fuels used 

in gas turbine applications include carbon dioxide (CO2), 

oxides of nitrogen (NOx), carbon monoxide (CO), unburned 

hydrocarbons (UHC) and soot. These pollutants are toxic for 

humans and contribute to atmospheric pollution and global 

warming [1]. To protect the environment and achieve a climate 

neutral economy, the European commission adopted a 2050 

long-term strategy that aims to reduce emissions of pollutants 

by 80 to 95% [2]. To do so, the new technologies developed 

need to be more sustainable than ever. This implies a switch 

from fossil fuels to more renewable forms, such as hydrogen. 

Although hydrogen combustion emits oxides of nitrogen, it 

mainly produces water and doesn’t produce any other 

pollutants associated with hydrocarbons. Therefore, hydrogen 

is the ideal fuel to use when aiming to reduce the emissions of 

pollutants to protect the environment and the human health.  

For the gas turbine industry to switch to hydrogen fuels, it is 

important to develop tools that accurately predict its 

combustion process. The ENABLEH2 project aims to prove 

that a switch to liquid hydrogen in the civil aviation field is 

feasible. One of the key studies of this project is related to 

maturing hydrogen micromix combustion technology through 

a combination of numerical and experimental research. A key 

part of this study will be an analysis of the position, length and 

temperature of small hydrogen diffusion flames and how these 

are influenced by micromix injector geometry and spacing. The 

predictive capability of the hydrogen combustion models 

currently used in state-of-the-art Computational Fluid 

Dynamics (CFD) tools namely STAR-CCM+, ANSYS-Fluent 

and AVBP will also be assessed. This is essential to the 

development of micromix combustion technology, considering 

that hydrogen atoms behave differently than traditional fuels. 

These models will subsequently be validated and calibrated for 

hydrogen combustion using the data generated from the 

experiments and will be used for a comprehensive evaluation 

of the design space for conditions that lie outside the 

capabilities of the experimental facilities. 

One of the biggest challenges for CFD so far has been to 

accurately model and predict combustion process. The 

complexity of combustion CFD comes from the simultaneous 

modeling of the flow’s physics and chemical reactions which 

makes it difficult to predict accurately the emissions of 

pollutants.  For propulsion systems, it is important to predict 

accurately the flame’s length, shape, position and temperature. 

To do so, the combustion models used in CFD should ideally 

include and solve a detailed chemistry mechanism. However, 

the computational cost of modeling complex chemistry limits 

the accuracy of the combustion models being developed. To 

reduce the computational cost of combustion modelling, many 

CFD models are developed for a precise flame’s regime. The 

Borghi diagram has traditionally been a popular tool to 

characterize the flame’s regime, but most found in the literature 

assume a Lewis number near unity. While this is an acceptable 

assumption for hydrocarbons, this is not valid for hydrogen 

because its mass transport is faster than its heat transport which 

results in a Lewis number less than unity [3]. The modified 

flame diagram for non-premixed hydrogen flames proposed by 

M. Lopez [4] was used to characterize the hydrogen flame’s 

regime of this study, which are diffusion flames at an 

equivalence ratio of 0.5 under a pressure of 15 bar. From this 

diagram, it was determined that a flamelet combustion CFD 

model could be used. 

The Flamelet Generated Manifold (FGM) model is a promising 

combustion model with a low computational cost that has been 

used in the past decades for its predicting capabilities, 

especially for hydrocarbons combustion [5]. This combustion 

model assumes that the turbulent flames can be represented by 

a set of flamelets and parametrize their thermodynamic and 

chemical states inside a table that is used to model three-

dimensional flames. This table contains a minimum number of 

scalars, hence the FGM model’s lower computational cost.  

However, in order to be a valid approach, this trade for a lower 

computational cost should not have a major impact on the 

solution when modelling hydrogen diffusion flames. Therefore, 

it is necessary to compare the FGM model to another 

combustion model that uses a more detailed chemistry, such as 

the Complex Chemistry (CC) model. Unlike the FGM model, 

the CC model is also suitable for turbulent flow where there is 

a strong separation between mixing and chemical timescales. 

To model the turbulence-chemistry interaction with the CC 

model, the Eddy Dissipation Concept (EDC) model can be used. 

Combustion models’ sensitivity to the mesh is another factor 

that increases the computational cost of combustion CFD. For 

high fidelity approaches such as Large Eddy Simulations (LES), 

a finer mesh is needed to accurately predict the flame’s position, 

thickness and length.  The Thickened Flame Model (TFM) 

available within STAR-CCM+ addresses the computational 

cost of mesh refinements by thickening the flame’s fronts, 

which allows to resolve the flame on a coarser volume mesh. 

This model is only available for LES simulations. The scaling 

strategy used by the TFM model also raises questions regarding 

the accuracy of the solution and its applicability to non-

premixed flames.   

There are a lot of gaps in knowledge when it comes to hydrogen 

combustion. Most CFD-related numerical studies in the public 

domain have been limited to hydrogen blends with 
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hydrocarbons rather than pure hydrogen [5, 6, 7]. Regarding 

pure hydrogen micromix combustion, although the FGM model 

has been calibrated for this application, this has only been done 

at low pressure [8]. As for the combustion CFD models, the 

literature shows that the FGM model and the TFM model have 

been mainly studied using hydrocarbons and partially premixed 

flames [9, 10]. For the CC model, the research done mainly 

studies the chemistry of hydrocarbons and uses acceleration 

methods to reduce computational cost [11, 12]. To the authors’ 

knowledge, there are no research available in the public domain 

for the CC model with the TFM model for hydrogen at high 

pressure and no work comparing the EDC model to the FGM 

model for hydrogen combustion. 

 Therefore, the focus of this study is to compare LES and 

Reynolds-Averaged Navier Stokes (RANS) predictions made 

by the FGM model to the ones made by the CC model for 

hydrogen diffusion flames using STAR-CCM+. Hydrogen 

properties and reaction rates are believed to be drastically 

influenced by temperature and pressure. Therefore, the 

predictions of both combustion models are compared under 

high temperature and high-pressure inlet conditions. Thus, the 

response of both combustion models to extreme combustion 

conditions (high pressure and high temperature) is evaluated.  

This study also addresses the effects of the TFM model on the 

predictions made by the CC model.  In the future, the simulation 

results generated from this study will be used to evaluate the 

predictive capability of both models using the data generated 

from the experimental campaign. This data will subsequently 

be used to validate and calibrate the combustion models. A key 

outcome of this will be an assessment of the suitability and 

limitations of using the lower fidelity models which require 

lower computational resources for preliminary design space 

exploration of low-emissions hydrogen micromix combustion 

systems.  

1 HYDROGEN FLAME REGIME 

For turbulent premixed combustion, there are three flames 

regimes; the flamelet regime, the thin reaction zones regime 

and the broken flame regime [13].  A laminar flame is referred 

to as a flamelet [13]. Under certain conditions, a turbulent flame 

can be represented by a set of flamelets [14]. The regime 

depends on the mixing and chemical characteristics of the flame 

and can be characterized by the Karlovitz number Ka and the 

Damköhler number Da. The latter represents the ratio of mixing 

time to chemical time and is given by equation (1). [13] 

𝐷𝑎 =
𝜏𝑡𝑢𝑟𝑏

𝜏𝑐ℎ
= (

𝑆𝐿

𝛿𝐿
) (

𝑙0

𝑢′
) (1) 

Where 𝜏𝑐ℎ  is the chemical time scale, which is a function of the 

laminar flame speed SL and the laminar flame thickness δL, and 

𝜏𝑡𝑢𝑟𝑏 is the turbulence time scale, which is a function of the 

integral length lo scale and the turbulence intensity u’. A high 

Damköhler number (Da > 1) means that the chemistry happens 

faster than the mixing. The Karlovitz number represents the 

ratio of chemical time to turbulence dissipation time. The 

following equation (2) presents the Karlovitz number as a 

function of the turbulent Reynolds number and the Damköhler 

number. [13] 

𝐾𝑎 =
𝜏𝑐ℎ

𝜏𝜂
= (

𝛿𝐿

𝑆𝐿
) (

𝑣

𝜂2) =
√𝑅𝑒𝑡

𝐷𝑎
 (2) 

Where 𝜏𝜂 is the Kolmogorov time scale, which is a function of 

the molecular kinematic viscosity v and the Kolmogorov 

microscale η. The latter is the smallest turbulence length scale 

and represents the turbulent kinetic energy dissipation to fluid 

internal energy [15]. A low Karlovitz number means that the 

turbulence dissipates at a slower rate than the chemical 

reactions’ rate.  The turbulent Reynolds number Ret presented 

in equation (3) relates the Kolmogorov length scale to the 

integral length scale. [13] 

𝑅𝑒𝑡 =
𝑢′𝑙0

𝑣
= (

𝑙0

𝜂
)

4/3

 (3) 

For a high Damköhler number with a small Karlovitz number 

(Ka < 1) the flame front is not penetrated by the turbulent eddies 

and the transport of heat and mass inside the flame is mainly 

controlled by the chemical processes. Therefore, the turbulent 

flames are considered flamelets. With a relatively high 

Karlovitz number (1< Ka < 100), turbulence influences the 

transport properties in the flame, but they are still mainly 

governed by the chemical processes. This leads to the thin 

reaction zones regime. For higher Karlovitz numbers and lower 

Damköhler numbers, the structure of the flame can’t be 

associated with the flamelet’s structure and the flame is in the 

broken flame regime where quenching might occur [13].  

Because of the high maximum flame speed associated with 

hydrogen, the Damköhler number for hydrogen combustion is 

expected to be high. The laminar flame speed SL varies 

proportionally with thermal diffusion. Being a lightweight atom, 

Hydrogen diffuse faster than any other conventional fuel atoms, 

hence its higher thermal and mass diffusivity. [15] 

Lopez [4] previously studied the flame characteristics and 

emissions of hydrogen micromix combustor injectors. The 

geometric model and boundary conditions used in his study are 

also used in the present study. In the preliminary research of his 

study and with preliminary LES simulations, he has shown that 

for hydrogen combustion, the flames studied are expected to be 

in the thin reaction zones regime with a high Damköhler 

number. Damköhler numbers Da, Karlovitz numbers Ka, and 

turbulent Reynolds numbers Ret were calculated at different 

operating pressure P ϵ[1,5,10,20] bar and for different 

equivalence ratio φ ϵ[0.5,2]. The modified Borghi diagram for 

non-premixed flames presented in Figure 1 contains these 

values evaluated for an air stream temperature Tair of 600K and 

a hydrogen temperature TH2 of 300K.  

In Figure 1, the smallest Damköhler number for all pressure 

evaluated is associated to an equivalence ratio of 0.5 and the 

flames are predicted to be in the lower limit of the thin reaction 

zones regime. An increase in pressure could lead to the broken 
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flames’ regime due to the resulting higher turbulent Reynolds 

number.  Because the operating pressure of 15 bar is inside the 

pressure range plotted in Figure 1, the flames of this study are 

expected to be in the thin reaction zones regime. Therefore, it’s 

possible to model them with the FGM model, which is suitable 

for flames in the thin reaction zones regime with a high 

Damköhler number [16].  

Figure 1: Non-premixed flame diagram for a range of 

operating pressure P ϵ[1,5,10,20] bar and for different 

equivalence ratio φ ϵ[0.5,2], at Tair=600K and TH2=300K. [4] 

2 FLAMELET GENERATED MANIFOLD MODEL 

Flamelet models are used for combustion processes where 

turbulence is not expected to significantly alter the flame 

structure from that of a laminar flame. The FGM model 

provides a chemical source term which incorporate finite-rate 

chemical influence on the flame stabilization. The flamelets are 

parametrized by mixture fraction Z, heat loss ratio ϒ and the 

progress variable c. The fluctuations due to turbulence in the 

mixture fraction are accounted for by its variance Zvar. The 

progress variable c indicates the chemical state of the 

combustion zone and is a normalized value that is calculated 

using equation (4) [16]. 

𝑐 =
𝑦 − 𝑦𝑢

𝑦𝑏 − 𝑦𝑢
 (4) 

Where y, yb and yu are unnormalized progress variables. The 

unnormalized progress variable y is the one of the mixture, yu 

is the one at the initial unburnt state and yb is the one at the burnt 

state.  The unnormalized progress variable of the mixture y is 

defined by equation (5). [16] 

𝑦 = ∑(𝑊𝑖𝑌𝑖) (5) 

Where Yi is the ith species’ mass fraction and Wi is a species-

specific weight used to determine its importance when defining 

the progress variable. The unnormalized progress variable 

variance yvar is calculated with an algebraic relationship which 

is defined by the multiplication of a model constant cv by the 

product of the square of its gradient and the square of the mesh 

size Δ. The transport equation of the unnormalized progress 

variable y is given in equation (6). [16] 

�̇�𝑦 =
𝜕𝜌𝑦

𝜕𝑡
+ ∇ ∙ (ρuy) − ∇ ∙ (Γ𝑦∇𝑦) (6) 

Where �̇�𝑦  is the source term, ρ is the density and Γ𝑦  is the 

diffusivity which varies with the material properties and is 

calculated using equation (7).[16] 

Γ𝑦 = 𝜌𝐷𝑙𝑎𝑚 +
𝜇𝑡

𝑆𝑐𝑡
 (7) 

Where Dlam is the laminar diffusivity, μt is the turbulent 

viscosity and Sct is the turbulent Schmidt number. The term on 

the far-right accounts for turbulent diffusivity. The source term 

used in equation (6) depends on the progress variable source 

selected. Unlike the others progress variable sources available, 

the FGM Kinetic Rate model doesn’t assume where the reaction 

occurs in the system to position the flame [16]. The governing 

equations used during the tabulation process depends on the 

reactor type selected. For diffusion flames, a 0D Constant 

Pressure reactor type generates the FGM tables. The governing 

equations for the tabulation process using the 0D Ignition 

reactor type are given in equation (8). [16] 

𝜕𝑇

𝜕𝑡
= − ∑

ℎ𝑖 (
𝜕𝑌𝑖

𝜕𝑡
)

𝐶𝑝

𝑁

𝑖=1

 (8) 

Where Cp is the heat capacity and hi the enthalpy of the ith 

species. The governing equations presented in equation (8) are 

solved for each mixture fraction Z and each heat loss ratio ϒ. 

During the integration of the FGM tables, the turbulent 

fluctuations are accounted for by Probability Density Functions 

(PDF). For the mixture fraction Z and the progress variable c, 

the fluctuations are accounted for by a Beta PDF. For the heat 

loss ratio ϒ, a delta function is used. A beta PDF 𝑃𝑐(𝑐|𝑍) is 

parametrized by the normalized progress variable c and its 

variance while being conditioned on mixture fraction to 

account for the turbulent fluctuations of the progress variable c. 

A beta PDF 𝑃𝑍(𝑍) is parametrized by the mixture fraction Z 

and its variance Zvar to model the turbulent fluctuations of the 

mixture fraction Z. The density weighted averages of the 

mixture fraction and its variance, the progress variable and its 

variance and the heat loss are obtained after the integration of 

the FGM table. For each parameter, the average quantity Q is 

integrated by using equation (9). [16] 

�̃�(�̃�, �̃�, �̃�, �̃�𝑣𝑎𝑟, �̃�𝑣𝑎𝑟) = ∫ ∫ 𝑄(𝑍, 𝑐, �̃�)𝑃𝑐(𝑐|𝑍)𝑃𝑍(𝑍)𝑑𝑍𝑑𝑐
1

0

1

0

 (9) 

During the simulation, the FGM model interpolates these 

variables from the table generated to model the turbulent flames. 

[16] 

3 COMPLEX CHEMISTRY MODEL 

Unlike the FGM model, the Complex Chemistry model can 

model the turbulence-chemistry interactions and doesn’t 

assumes that turbulent flames can be represented by flamelets. 

It is suitable to model turbulent flames where the turbulent 

mixing happens faster than the reactions. The computational 
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cost of the CC model is higher than the FGM model because it 

uses a more detailed chemistry to model the combustion 

process. [16] 

The CC model uses a species transport equation to solve the 

chemistry. The integration of the chemical source terms is done 

by the CVODE solver assuming a constant pressure reactor. 

The species transport equation is given in equation (10). [16] 

𝜔𝑖 =
𝜕

𝜕𝑡
𝜌𝑌𝑖 +

𝜕

𝜕𝑥𝑗
(𝜌𝑢𝑗𝑌𝑖 + 𝐹𝑘,𝑗) (10) 

Where ωi is the source term, which is the net rate of production 

of the species I, and Fk,j is the diffusion flux which is calculated 

using Fick’s law. The species transport equation presented in 

equation (10) is solved using an operator splitting algorithm 

that integrates the chemical state before solving the transport 

equation with an explicit reaction source term. The chemical 

state of each cell is integrated every time step τint using equation 

(11). [16] 

𝑌𝑖
∗ = 𝑌𝑖 + ∫ 𝑟𝑘

𝜏𝑖𝑛𝑡

0

(𝕐, 𝑇, 𝑝)𝑑𝑡 (11) 

Where Yi* is the mass fraction of the chemical state after the 

time step, rk is the reaction rate, T is the temperature and 𝕐 is 

the species mass fraction vector. The source term for the ith 

species ωi is then solved using equation (12). [16] 

𝜔𝑖 = 𝜌𝑓 (
 𝑌𝑖

∗ − 𝑌𝑖

𝜏𝑖𝑛𝑡
) (12) 

Where f is the mean reaction rate multiplier. The latter and the 

integration time τint depends on how the turbulence-chemistry 

interaction is modeled. The Eddy Dissipation Concept (EDC) 

is a turbulence-chemistry interactions model that is suitable for 

diffusion flames and that considers the effects of turbulence 

when solving the species transport equation by applying a mean 

reaction rate multiplier f lower than 1 that is calculated using 

equation (13) [16]. 

𝑓 = ([𝐶𝑙 (
𝑣𝜏𝑡𝑢𝑟𝑏

𝐿2
)

0.25

]

−3

− 1)

−1

 (13) 

Where τturb is the turbulent time scale, L is the turbulent length 

scale and Cl is the fine structure length factor which has a 

default value of 2.1377. The turbulent time scale τturb is given 

by the Kolmogorov turbulent time scale τη multiplied by a 

constant that has a default value of 0.4082. During unsteady 

simulations with the EDC model, the time-step τ over which the 

chemical state of each cell is integrated is given by the turbulent 

time scale τturb multiplied by a scaling factor which has a default 

value of 1. For a steady state model, the time-step τint is 

calculated with the approximate residence time in the cell τres 

instead of the turbulent time scale τturb. [16] 

The governing equations of the CC model are also solved with 

the CVODE solver and are presented in equation (14). [16] 

𝜕𝑇

𝜕𝑡
= − ∑

ℎ𝑖�̇�𝑖

𝐶𝑝𝜌

𝑁

𝑘=1

= − ∑
ℎ𝑖

𝐶𝑝
(

𝜕𝑌𝑖

𝜕𝑡
)

𝑁

𝑘=1

 (14) 

Where �̇�𝑖  is the net reaction rate of species i and hi is the 

enthalpy of species i.  The ordinary differential equation 

presented in equation (11) is then integrated using Jacobian 

matrices to calculate the chemical state within a cell, which 

makes the CC model computationally expensive.  Although 

there are different acceleration methods available, none are 

used in the current study. [16]  

4 THICKENED FLAME MODEL 

Since the flame thickness is usually thin, especially for 

premixed laminar flames, the mesh resolution required to 

resolve the flame’s internal structure is high.  Because the flame 

speed is determined by the flame’s internal structure, a fine 

mesh resolution is essential to ensure its accurate prediction. 

The high maximum flame speed associated with hydrogen 

combustion results in thinner flames, due to the flame thickness 

being inversely proportional to the flame speed [15]. Therefore, 

the mesh resolution required is also high for hydrogen diffusion 

flames.  
The Thickened Flame Model (TFM) resolves the flame fronts 

without the expensive computational cost associated with a fine 

mesh resolution by artificially thickening them to resolve them 

directly on the mesh. To do so, the thermal and species local 

diffusivities are increased while the laminar flame speed is kept 

unchanged by adjusting kinetic constants. [16] 

The TFM model thickens the flame by using a thickening factor 

F that multiplies local diffusivities and divides the reaction rate. 

Since the Damköhler number Da is inversely proportional to 

the flame thickness, increasing the flame thickness by a factor 

F will also decreases the Damköhler number by the same factor 

which reduces the flame’s sensitivity to the turbulent mixing 

done by vortexes smaller than the mesh size Δ multiplied by F. 

An efficiency factor E is introduced to correct the sub grid scale 

effect of the thickening factor F on the flame front wrinkling.  

After the thickening of the flame, the efficiency factor E 

multiplies the diffusivities and the reaction rate to account for 

the vortexes smaller than the thickened flame. [16] 

The artificial thickening provided by the TFM model happens 

only in the region of the flame fronts to ensure that the flow 

field characteristics aren’t affected by the increased 

diffusivities. The thickened zone is controlled by the reaction 

zone sensor Ω. The thickening factor F is a function of the 

reaction zone sensor Ω and is calculated with equation (15). [16] 

𝐹 = 1 + (𝐹𝑚𝑎𝑥
𝑙𝑜𝑐 − 1)Ω (15) 

Where 𝐹𝑚𝑎𝑥
𝑙𝑜𝑐  is the maximal thickening factor that can be 

applied within a cell, which is depends on the flame’s number 

of cells and the maximum flame thickening factor. The methods 

to calculate the flame reaction zone sensor Ω depends on the 

combustion model selected. For the CC model, the turbulence-

chemistry interaction is defined by the TFM model instead of 

the EDC model. The reaction zone sensor can be calculated 

with the reaction rate method by using equation (16). [16] 

Ω = 𝑡𝑎𝑛ℎ (𝛽Ω

𝜔

𝜔𝑚𝑎𝑥
) (16) 

Where βΩ is a constant with a default value of 100 that controls 

the gradients nearby the flame fronts’ edges, ω is the cell 
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reaction rate and ωmax is the maximum reaction rate in the 

domain. Unlike the other models available to calculate the 

efficiency factor E, the Wrinkling Factor Ratio model is based 

on DNS data and spectral analysis done by Colin & al. [20]. 

With the Wrinkling Factor Ratio model, the efficiency factor E 

is the ratio of the wrinkling factor of the laminar flame to the 

wrinkling factor of the thickened flame. The expression of the 

wrinkling factor is given by equation (17). [16] 

Ξ = 1 +
𝑢′

Δ𝑒

𝑆𝐿

(
2 ln 2

3𝑐𝑚𝑠(√𝑅𝑒𝑡 − 1)
) (0.75𝑒

[−1.2(
𝑢′

Δ𝑒
𝑆𝐿

)
−0.3

](
Δ𝑒
𝛿𝐿

)
2/3

) (17) 

Where u’Δe is the turbulent velocity in the local subgrid scale, 

Δe is the local filter size and cms is a constant. With the Power 

Law Thermal Diffusivity, the laminar flame thickness is 

calculated with equation (18). [16] 

𝛿𝐿 = 2
𝛼𝑢

𝑆𝐿
(

𝑇𝑏

𝑇𝑢
)

0.7

 (18) 

Where Tb is the burnt temperature, Tu is the unburnt 

temperature and αu the unburnt thermal diffusivity. With 

STAR-CCM+, the correlations available to calculate the 

laminar flame speed SL that is used with the TFM model are 

fuel dependent and were only developed for hydrocarbons [16]. 

Therefore, they cannot be used with hydrogen and a user-

function must be defined to calculate the laminar flame speed. 

This function is discussed in the methodology section.  

5 METHODOLOGY 

5.1 Geometry, mesh and boundary conditions 

A double injector combustor was used to model the hydrogen 

diffusion flames of this study. This allows to study the flame 

characteristics of two single flames. The geometry used is 

presented in Figure 2.  

Figure 2: Geometry of the double injector combustor used. 

To help the convergence of the simulations using the CC model, 

a slightly converging 0.5m liner was added at the end of the 

geometry presented in Figure 2. Both inlets are mass flow inlets 

with values set so that the equivalence ratio is 0.5. The outlet of 

the domain is a pressure outlet and the operating pressure is 15 

bar. For the temperature, the air at the inlet is at 600K and the 

hydrogen at the inlet is at 300K. To represent the large number 

of injectors that will be used for testing, the boundary of the 

side walls is set to periodic and the boundary of the top and 

bottom walls is set to symmetric. The same mesh is used by all 

simulations, even with the TFM model activated. This allows 

to compare the results independently of the mesh and to 

validate the prediction capabilities of the TFM model. The 

mesh is made of polyhedral cells and is fine enough to obtain a 

courant number near or below unity in the flame region during 

the LES simulation and to accurately resolve the flame internal 

structure. The maximum cell size was set to 0.25mm, the base 

size to 1mm and the volumetric growth rate to 1.1 to ensure a 

smooth transition. Many surface refinements were added to 

capture the flow inside the fuel injectors and air channels and 

to ensure a convective courant number near unity in those 

problematic regions. The mesh was refined to a cell size of 

0.06mm in the region where the air meets with the fuel and in 

the flame region, which was determined to be 22 mm long by 

preliminary simulations. The mesh has 8.245 million elements 

for the RANS simulations and the FGM simulations in LES and 

has 9.372 million elements for the simulations in LES of the 

CC model with the EDC model and the CC model used with the 

TFM model. The increase in elements is due to the addition of 

a longer liner.  

5.2 Physic models 

To model the combustion process, a chemistry mechanism is 

required by both the FGM model and the CC model. An 

investigation of existing reaction mechanisms for hydrogen 

combustion, with air, was previously done by G. Babazzi et. al. 

[17].  This study recommends using the chemistry mechanism 

proposed by C. V. Naik for hydrogen combustion which 

considers 9 species (H2, H, O2, O, OH, HO2, H2O2, H2O and N2) 

and includes 25 reactions. The NOx emissions are activated in 

the RANS simulations as a post processing step [18]. Because 

the Naik mechanism doesn’t include the chain reactions for 

NOx, its emissions are modeled with the NOx thermal model 

and thus, the NOx Zeldovich mechanism provided by STAR-

CCM+. For the CC model, the NOx Zeldovich model uses O 

and OH concentration.  

The species weights Wi used to calculate the unnormalized 

progress variable y is set to 1 for H2O and to 0 for the other 

species to indicate that the combustion is completed when the 

mass fraction of water reaches its maximum value. Although 

other intermediate species are produced, the main product of 

hydrogen combustion is water. Therefore, this simplification 

for the species weight should not have a significant impact on 

the solution. However, future work should be done to analyze 

the effect of accounting for other intermediate species if they 

are important for flame stabilization [16]. 

Every simulation is three dimensional, adiabatic and uses the 

ideal gas model with the segregated flow model and the 

segregated fluid enthalpy model. The RANS steady simulations 

use SST K-omega turbulence and the flow is incompressible. 

The LES simulations use the WALE Sub grid Scale model, the 

implicit unsteady solver is set to second order and the flow is 

compressible. With the multi-component gas model, the 

dynamic viscosity is calculated using Sutherland’s Law with 
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the default values. The molecular diffusivity is accounted for 

through a Schmidt number.  Lopez [4] previously studied the 

flame characteristics of hydrogen micromix combustor 

injectors. For the same geometry and boundary conditions used, 

but with an equivalence ratio of 0.4, it was found that a Schmidt 

number of 0.238 models more accurately the fluid properties 

upstream of the reaction. For the Lewis number, the FGM 

model assumes a value of 1 [16]. To maintain a similarity 

between the solving procedure of the FGM model and the CC 

model, the Lewis number of the latter was also set to 1. 

Moreover, all the RANS and LES simulations used the same 

values of turbulent Prandtl and turbulent Schmidt number. 

For the TFM model, the values for the maximum flame 

thickening factor and the number of cells were left constant, 

since this study is not focused on calibrating the TFM model. 

For the laminar flame speed, since the available correlations are 

for hydrocarbon fuels, a user-function must be defined. Ravi et 

al. [19] developed the correlation presented in equation (19) to 

calculate the laminar flame speed based on temperatures, 

pressure and equivalence ratio.  

𝑆𝐿 = [𝑎1 + 𝑎2∅ + 𝑎3∅2 + 𝑎4∅3 + 𝑎5∅4] [
𝑇𝑢

𝑇𝑟𝑒𝑓
]

(𝑏1+𝑏2∅+𝑏3∅2+𝑏4∅3)

 (19) 

The correlation presented in equation (19) is valid for 

temperature between 270K and 620K and over the range of 

pϵ[1,30]atm and φϵ[0.5,5]. The coefficients a and b for a 

pressure of 10 atm and 20 atm over the range φϵ[0.5,2] were 

developed for a reference temperature of 320K, which is close 

to the initial hydrogen temperature of 300K. The coefficients 

for the laminar flame speed correlation at 15 atm were 

interpolated from the coefficient values obtained by Ravi et al 

at 10 atm and 20 atm. The laminar flame speed correlation error 

is ± 13cm/s [19]. At ambient temperature and pressure, the 

flame speed of hydrogen can reach 210 cm/s [15]. Under this 

condition, the correlation’s incertitude represents ± 6.2%  of 

the flame speed. Since the temperature is expected to be higher 

and because the flame speed increases with the unburned 

temperature, the correlation’s incertitude at ambient pressure is 

expected to be lower than ± 6.2% of the flame speed. If we 

consider that the operating pressure is also higher and that the 

flame speed decreases with pressure, the correlation’s 

incertitude at ambient temperature is expected to increase. 

Because the flame speed varies less with pressure than with 

temperature [15], the effect of the latter is considered more 

significant. Thus, the correlation’s incertitude at high pressure 

and high temperature is expected to be near ± 6.2%  of the 

flame speed. Although this does not account for errors made by 

the authors while developing the correlation, it is considered an 

acceptable correlation to use. In the future, more work should 

be done to develop and implement laminar flame speed 

correlations for hydrogen within the TFM model.  

Regarding the simulation procedure, for each combustion 

model a RANS simulation initialize the LES simulation without 

the TFM model. Before starting to monitor time-averaged 

values, the LES simulations are run at least two times the 

residence time. For the TFM model, only its effects using the 

CC model are analyzed. The LES simulation of the CC model 

with the EDC model that ran before the time-averaging process 

is used to initialize the LES simulation with the TFM model.  

To obtain a courant number near or below unity in the flame 

region, the time-step for every LES simulation is 0.9μs. 

Furthermore, the number of inner iterations during each time 

step time is set to 35 to ensure the residuals converge to the 

second or third order of magnitude. As a result, more than 90% 

of the turbulent kinetic energy spectrum was resolved during 

the LES simulations, which was calculated using half of the 

sum of the variance of the velocity components. 

6 RESULTS AND DISCUSSION 

To compare the LES and RANS predictions made by the FGM 

model to the ones made by the CC model with and without the 

TFM model, the values are normalized over the range of the 

selected scale In all figures, LES(𝑡̅) represents time-averaged 

contours and LES(ti) instantaneous contours. 

For diffusion flames, combustion takes place where the air and 

fuel are in stoichiometric proportion. At the flame’s surface, the 

mixture fraction Z is stoichiometric and equals to the 

stoichiometric mass fraction of fuel [15]. Therefore, it is 

possible to visualise the flame by locating where in the domain 

the mass fraction of hydrogen is near its stoichiometric value of 

0.0285. The contours of hydrogen’s mass fraction near its 

stoichiometric value are shown in Figure 3. 

Figure 3: Contours of the mass fraction of H2. 

It is possible to observe in Figure 3 that for the RANS 

simulations, the FGM model predicts asymmetric flames in 

terms of length and thickness, and the CC model with the EDC 

model slightly in terms of shape. The FGM model RANS 

simulation predicts that the lower flame is thinner and 23.68% 

shorter than the upper flame. It also predicts thicker flames 

compared to the CC model with the EDC model. As for the 

flame’s position, the latter predict flames that are more 

detached from the walls and that are on average 7.39% higher 

than the FGM model. Furthermore, for the RANS simulation, 

the FGM model predicts flames that are on average 22.14% 

longer than the ones predicted by the CC model used with the 

EDC model.  
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By modeling the turbulence-chemistry interactions, the effect 

of turbulence on combustion is accounted for through an 

increased turbulent diffusivity [16]. This results in a higher 

flame speed propagation and an increased turbulent mixing [16]. 

Because the combustion process in diffusion flames depends 

more on the mixing rates than on the chemical rates [13], 

considering the effect of turbulence leads to a faster 

consumption rate, which results in a shorter flame. The FGM 

Kinetic Rate model doesn’t consider that the internal structure 

of the flame is driven by turbulence like the EDC model does 

for the CC model’s species chemical source term by applying a 

mean reaction rate multiplier f lower than 1 in equation (12), 

which explains why the flame predicted by the FGM model is 

longer. This also means that the FGM model predicts a slower 

flame propagation, which results in a higher residence time, 

hence a thicker flame.  Because the flame propagation speed 

modifies its position, this also explain why the latter predicts a 

lower flame height.  Furthermore, when the turbulent mixing is 

faster than the chemical reactions, the shear layer between 

hydrogen and fuel often stretch and curve and the flame front 

appears more wrinkled due to turbulence [13]. This explains the 

wrinkled shaped flame predicted by the RANS simulation of 

the CC model with the EDC model.  

For the time averaged LES simulations, the FGM model 

predicts thicker symmetric flames while the CC model with the 

EDC model predicts asymmetric flames in terms of length. The 

CC model with the EDC model LES simulation predicts that 

the lower part flame is on average 18.71% longer than the upper 

part flame. Furthermore, the average flames length predicted is 

28.36% longer than the one predicted by the corresponding 

RANS simulation. This is the opposite for the FGM model, 

since the average flames length predicted by the LES 

simulation is 11.27% shorter than the one predicted by the 

RANS simulation. These variations in symmetry in terms of 

thickness and length between the RANS and LES simulations 

of the FGM model and the CC model with the EDC model 

could indicate that different states are being predicted by both 

simulations. The model’s sensitivity to the mesh and the 

boundary conditions might trigger changes in aerodynamics. 

Coupled with heat release, these changes might be leading to 

bi-stable solutions. In the future, a full injector array should be 

modeled to analyze better the flames interactions and remove 

any potential effect due to the periodic or symmetric boundary 

conditions being imposed.  

For both LES and RANS simulation, the FGM model predicts 

flames that are slightly thicker. Because of the high maximum 

flame speed associated with hydrogen combustion, the 

hydrogen flames are expected to be thin. Thus, it is possible that 

the FGM model tends to overpredict the flame’s thickness, 

especially when used in a RANS simulation. The FGM model’s 

predictions in terms of thickness need to be validated in the 

future, when experimental data is available. Because this study 

is focusing on the effect of using a more detailed chemistry 

combustion model, the effects of the TFM model when 

activated with the FGM model was not studied. Future work 

should be done with the FGM model to analyze the impact of 

modeling more properly the turbulence-chemistry interactions 

by using the TFM model. This would allow to study the TFM 

model impacts on how the progress variable is resolved and 

how this affects the predicted flames characteristics. 

For the LES simulation of the CC model with the TFM model 

activated, modeling the turbulence-chemistry interaction with 

the TFM model instead of the EDC model results in flames 

predicted to be 37.59% longer than the ones predicted by the 

RANS simulation with the EDC model and 7.19% longer than 

the ones predicted by the LES simulation with the EDC model. 

Furthermore, the TFM model predicts a thinner flame when 

compared to the other simulations (RANS and LES) done with 

the EDC model. The differences between the predicted results 

of the EDC model and the TFM model could be due to their 

respective method of calculation of the laminar flame speed. 

Since there are no valid correlations for the laminar flame speed 

of hydrogen in STAR-CCM+, the one developed by Ravi et al. 

[19] was used. Considering its error of ±13 cm/s, it is possible 

that the laminar flame speed was overestimated during the 

simulation.  Moreover, because the flames studied are under 

high pressure conditions, they tend to be thinner which could 

imply that they are not being resolved well enough to accurately 

predict the flame speed. The lack of experimental data at high 

pressure and high temperature regarding the laminar flame 

speed of hydrogen is a limitation of the TFM model. To 

highlight the differences between the combustion models, the 

axial evolution of the average mass fraction of hydrogen along 

the reaction zone is analyzed and shown in Figure 4. 

Figure 4: Evolution of the average mass fraction of H2. 

It is possible to observe in Figure 4, that for both LES and 

RANS simulations, the CC model with the EDC model is 

predicting a faster consumption of hydrogen than the FGM 

model. This could be related to the turbulence-chemistry 

interactions being accounted for in the CC model with EDC 

model, which results in being able to model a combustion 

process where the turbulent mixing is very rapid, such as in 

micromixed flames. On average, it is the CC model used with 
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the TFM model that is predicting the slowest consumption of 

hydrogen along the reaction zone. This observation relates well 

to the TFM model prediction of longer flames. Furthermore, the 

RANS simulations for the CC model with the EDC model and 

the FGM model are predicting that hydrogen is consumed 

sooner than their respective LES simulations, thus at a faster 

rate. During the LES simulations, the wall functions solved 

differently the flow going through the air channels, which 

increased their effective area compared to the ones predicted by 

the RANS simulations, thus predicting a lower air velocity at 

their outlet. Because the flame’s position is influenced by the 

jet and cross flow characteristics, this caused the hydrogen to 

penetrate the combustion domain less horizontally and at a 

slower velocity. This resulted in a slower flame propagation in 

the domain. Furthermore, the LES simulation capacity to model 

the small turbulent scales and to resolve the larger ones, which 

is important considering that diffusion flames are formed due 

to turbulent mixing in the shear layer between fuel and oxidizer, 

lead to the prediction of larger vortexes below the jet and cross 

flow where the reactions are predicted to occur. Thus, the 

predicted residence time increased and, unlike the RANS 

simulations, less unconsumed hydrogen is predicted to be 

diffused inward between both flames near the injectors, which 

occurs downstream of the injectors, when the flow becomes 

less influenced by the recirculation zones. The slower flame 

speed propagation, the higher residence time and the reduced 

inward diffusion of hydrogen near the injectors predicted by the 

LES simulations might explain why hydrogen is predicted to be 

consumed later in the domain. 

For the CC model with the EDC model, the additional 

turbulence modeling provided by the LES simulation seems to 

capture the local species transport inside of the flame, which 

locally creates zones poor in hydrogen. This seems to 

contribute to local quenching and to the extension of the 

combustion process further downstream of the recirculation 

zones compared to the corresponding RANS simulation. 

Combined with the slower flame speed propagation and higher 

residence time caused by the added turbulence modeling of the 

LES simulation, the latter predicts longer flames than the 

corresponding RANS simulation. Moreover, the flames’ shape 

seems to be more influenced by the recirculation zones, which 

makes the flame front appears less wrinkled. 

For the FGM model, the propagation of hydrogen in the domain 

is not as uniform when the effect of turbulence is added through 

LES. Just like its corresponding RANS simulation, the FGM 

model LES simulation predicts a slower flame speed 

propagation than the one predicted by the CC model with the 

EDC model because it doesn’t model turbulence-chemistry 

interaction. Combined with the reduced air channels outlet 

velocity, the FGM model LES simulation predicts that 

hydrogen penetrates the slowest the reaction zone. Therefore, 

the velocity in the recirculation zones is lower and the flow is 

less attached to the them. This allows unconsumed hydrogen to 

diffuse inward from them more easily than the CC model with 

the EDC model LES simulation. Because this diffusion still 

occurs downstream of the injectors, it is more difficult to 

identify the flames’ position. This could explain why the FGM 

model LES simulation predicts an average flames length that is 

shorter than its RANS simulation, while simultaneously 

predicting that hydrogen is completely consumed later in the 

combustion domain. Furthermore, because the turbulence-

chemistry interaction and the turbulent effect on combustion 

are accounted for by the CC model with the EDC model, the 

turbulent mixing in the recirculation zones is captured better 

compared to the FGM model LES simulation. Therefore, the 

CC model with the EDC model LES simulation predicts there 

is less unconsumed hydrogen to be diffused inward between 

both flames from the recirculation zones. This could explain 

why the latter predicts flames that are longer than the ones 

predicted by the FGM model LES simulation, while 

simultaneously predicting that hydrogen is consumed sooner in 

the combustion domain. 

The FGM model assumes that the species molecular and 

thermal diffusivities are close, which results in a Lewis number 

near unity. This is not valid for hydrogen because its mass 

transport is faster than its heat transport, which results in a 

Lewis number less than one [3]. Therefore, heat accumulates 

locally during hydrogen combustion which results in the local 

increase of burned gas temperature. The contours of normalized 

temperature are shown in Figure 5.  

Figure 5: Contours of normalized temperature. 

It is possible to observe in Figure 5 that for the RANS and the 

LES simulations, the FGM model predicts a lower flame 

temperature near the injector than the CC model with the EDC 

model. This relates to the faster consumption of hydrogen 

observed previously for the CC model with the EDC model. 

Because hydrogen is consumed sooner in the reaction zone, 

heat will locally be released closer to the fuel inlet. The local 

increase in temperature predicted by the CC model with the 

EDC model could be related to the effect of properly accounting 

for the turbulence-chemistry interactions. Indeed, combustion 

process for diffusion flames where the turbulent mixing is faster 

than the chemical reactions often results in increased heat 

release rates, which also modifies the turbulent flow [13]. 

However, this is not the case for the FGM model, which 

assumes that the flames can be represented by a set of flamelets. 
Coupled with its assumption of a Lewis number of one, the 

FGM model tends to underestimate the temperature near the 
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injectors, but predicts a higher temperature further away from 

them. Moreover, for the LES simulations, the temperature 

locally increases in the recirculation zones due to the higher 

residence time in them. Because the CC model with the EDC 

model LES simulation predicts that the reactions mainly occur 

there, the temperature locally drops between both of them. This 

is not the case for the FGM model LES simulation because 

more hydrogen diffuses inward from the recirculation zones, 

which gives a more uniform temperature profile. Furthermore, 

all LES simulations predict that less heat is being produced 

locally near the fuel injectors. The differences with the RANS 

simulations in terms of heat near the inlet is significant and 

should be verified once the experimental data is available. This 

could be due to the LES simulation capacity to better model 

turbulence, as previously explained. The temperature predicted 

by each model should influence the predictions of NOx 

production, since NOx emissions are highly dependent on 

temperature. The contours of normalized NOx are shown in 

Figure 6 for the FGM model and the CC model with the EDC 

model using RANS.  

Figure 6: RANS Contours of normalized mass fraction of NOx. 

Figure 7: Contours of normalized mass fraction of OH.  

It is possible to observe in Figure 6 that for the RANS 

simulations, the FGM model predicts lower NOx emissions 

than the CC model with the EDC model. By underestimating 

the flame’s temperature, the FGM model also underestimate 

significantly the NOx produced. This is caused by the natural 

increase of NOx emissions with the flame’s temperature [1]. It 

is also interesting to analyze the predictions of the other species 

involved in the thermal NOx mechanism, such as OH. The 

contours of normalized OH mass fraction are shown in Figure 

7 for the FGM model and the CC model with the EDC model. 

It is possible to observe in Figure 7 that for the RANS and the 

LES simulations, the FGM model predicts lower OH emissions 

than the CC model with the EDC model. To be produced, NOx 

requires the presence of OH. Thus, higher OH content can be 

related to higher NOx emissions. Because the FGM model 

underestimates OH emissions, the underestimation of NOx was 

expected. It should be noted that the 0D Ignition reactor type 

used to generate the FGM tables is known for overpredicting 

the intermediate species of the reaction, such as OH [16].  

However, by not including important minor species such as OH, 

the progress variable is not able to accurately represent the 

related chemistry, which could lead to its underprediction when 

the species is looked up in the flamelet table. This accentuate 

the relevance of solving the detailed chemistry by accounting 

for the reaction rates of the mechanism like the CC model does. 

Due to the computational cost of the latter, future work should 

be done to overcome the FGM model’s underprediction of 

certain species by modifying the progress variable’s definition 

when generating the flamelet table.  

CONCLUSION 

This work contributed to obtain a wide variety of results in 

RANS and LES for the same injector, mesh and boundary 

conditions, with different combustion models, to analyze the 

impact of using a combustion model with a more detailed 

chemistry and the impact of accounting more appropriately for 

the turbulence-chemistry interactions. 

Significant differences in terms of flame’s thickness, length, 

position, temperature and emissions were observed between the 

predictions made by the Complex Chemistry model used with 

the Eddy Dissipation Concept model and the Flamelet 

Generated Manifold model. These differences could be due to 

the FGM model assuming that the species molecular and 

thermal diffusivities are close, which is not the case for 

hydrogen. They could also be explained by the EDC model 

accounting for the turbulence-chemistry interactions of these 

hydrogen flames more properly, which leads to their inner 

structure being driven more by turbulence. Moreover, both 

combustion models are showing different solutions between 

their respective LES and RANS simulations, which could be 

due to the model’s sensitivity to the mesh and the boundary 

conditions triggering changes in aerodynamics that are being 

coupled with heat release. Regarding the Thickened Flame 

Model, the flames predicted are significantly thinner and longer 

than any other combustion model analyzed in this study. This 

could be due to the laminar flame speed being overestimated 

due to the high-pressure conditions or due to the laminar flame 

speed correlation used. 

In conclusion, because of the different solutions obtained with 

LES and RANS for a same combustion model, the predictions 

need to be validated in the future, when experimental data is 

available. Moreover, a full injector array should be modeled to 

analyze if the boundary conditions could be the source of the 

differences between the solutions obtained. Therefore, the 

ability of the FGM model to accurately model the combustion 
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of hydrogen within reasonable tolerances has not been 

invalidated by this study. Moreover, due to the lack of 

correlations available in the literature for the laminar flame 

speed of hydrogen at high pressure and temperature, it is not 

recommended to use the TFM model to model hydrogen 

combustion at such conditions until further work is done to 

develop an appropriate correlation with a low incertitude. 

Afterward, it is highly recommended to calibrate the parameters 

of the TFM model, such as the maximum thickening factor, for 

hydrogen combustion. Another important contribution of this 

study is the use of LES, which blurred the differences between 

the different combustion model analyzed. Therefore, to obtain 

least uncertainty when modeling hydrogen micromix 

combustion, it is recommended that future work be done using 

LES with a non-unity Lewis number by modeling multi-

component diffusion for the CC model with the EDC model and 

to compare the results with the TFM model activated. 
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