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 A B S T R A C T

Premixed burners, commonly used in micro Gas Turbines (mGT), are prone to flame instabilities when fueled 
with hydrogen or hydrogen blends. Humidification and Exhaust Gas Recirculation (EGR) provide solutions to 
prevent flashback in an mGT burner without requiring any combustor redesign. Currently, these solutions are 
rarely considered, and no prediction methodology exists. Therefore, a low-complexity method using a hybrid 
0D/1D model was proposed in previous work to predict the dilution levels necessary to prevent flashback, 
based on an easily accessible parameter, the laminar flame speed. This work aims to verify the potential of 
humidification and EGR, as well as the predicted dilution levels generated by the 0D/1D model, through 
high-fidelity simulations.

To achieve this, Large-Eddy Simulations (LES) of an original mGT combustor layout are performed using a 
complex chemistry approach with an Adaptive Mesh Refinement methodology. These simulations compare pure 
methane combustion, considered as a reference case, to a case with a CH4/H2 blend of 50/50%𝑣𝑜𝑙, highlighting 
flashback, and to cases that implement solutions to limit this flashback — such as humidification and EGR — 
for different hydrogen fractions, 50% and 100%. The numerical results show that flashback is prevented in 
all solution cases. The 50% H2 case with humidification exhibits behavior most similar to the reference case. 
Whereas the EGR case results in a longer and colder flame, the case with 100%H2 plus water shows a shorter, 
more reactive flame with a high turbulent flame speed near the flame foot, indicating conditions near the limit 
of flashback disruption.
1. Introduction

Given the non-dispatchable and intermittent nature of renewable 
energy sources, hydrogen as a clean energy carrier can provide a 
suitable solution to store the excess of electricity coming from renew-
able energies, i.e. using Power-to-Gas to convert by electrolysis this 
excess renewable electricity into the so-called ‘‘Green hydrogen’’ [1]. 
For the reconversion of this green H2 into electricity, combustion-
based technologies, such as Gas turbines (GTs) and micro Gas Turbines 
(mGTs), remain efficient and reliable technologies [2]. Especially in 
a decentralized production with cogeneration, mGT technologies offer 
great advantages related to their high adaptability and flexibility, in 
terms of operation and fuel [3]. Nevertheless, lean premixed (typical 
configuration in GTs or mGTs) hydrogen/air flames feature well-known 
flame instabilities, such as intrinsic instabilities at a smaller scale, 
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and flashback at a larger scale. The high temperatures and reaction 
rates reached in the combustor can potentially lead to a fast upstream 
traveling of the flame front due to a flame speed larger than the bulk 
speed, potentially causing major and irreversible damage to the facility.

To achieve a stable and controlled hydrogen-firing combustion, 
especially with 100% H2 fueling as a target, three main strategies stand 
out in literature: many small rich diffusion flames (bundle-burners, 
multi-cluster, or micromix) [4,5], co-axial staging (stabilized propa-
gation using advanced aerodynamics) [6], and longitudinal or axial 
staging for sequential combustion (controlling the ignition time and 
firing temperature in the first stage, and stabilizing the flame in the sec-
ond stage) [7]. The main conclusion from the literature is that hydrogen 
combustion, especially pure hydrogen combustion, typically requires 
a combustor redesign. This combustor redesign consists of modifying 
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the injector configuration or layout. Thus, the final combustors are 
or might be no longer suitable for other fuels, such as H2 blends, 
natural gas, or biogas, limiting the fuel and operational flexibility of 
the gas turbine. Although a complete and stable combustion at 100%
H2 firing is possible, as shown in the literature by these few examples of 
existing solutions involving a redesign, the maximal hydrogen fraction 
experimentally tested in a mGT without any redesign of its combustor is 
around 20% in a 3 kWe mGT [8]. To reach 100% H2 in a 100 kWe mGT, 
Banihabib et al. [9] had to propose a complete redesign of the mGT 
combustor, integrating FLOX® (flameless oxidation) nozzles [10,11] 
to the original combustor design. This combustor design enabled this 
100 kWe mGT to be the first successful mGT tested running on 100% 
hydrogen with NOx emissions below the standard limits, still offering 
fuel flexibility.

In a context of increasing fuel flexibility with small-scale cogenera-
tion units, development must focus on one specific chamber, designed 
and adapted for various fuels and operating conditions. So far, an 
alternative solution to avoid any redesign of the combustor stands in 
using diluted combustion air to slow down the reaction. Hence, this 
work aims at stabilizing hydrogen combustion in mGTs without any 
combustor redesign. The ambition is thus to demonstrate the viability 
of flame stabilization methods under diluted conditions, stemming from 
modifications to the mGT advanced cycle, such as humidification and 
Exhaust Gas Recirculation (EGR). Usually considered as a negative 
effect, performing air humidification or EGR alters the combustor inlet 
conditions, slowing down the flame speed and reducing the reaction 
rate and temperature, as shown several times in the literature [12–17]. 
The work of Stathopoulos et al. [18] can be highlighted for the experi-
mental demonstration of steam injection for increased flashback safety 
in a swirl-stabilized high-pressure combustor. However, using EGR for 
the dilution effect of CO2 and N2 for flashback limitation has not yet 
been tested numerically or experimentally. Nevertheless, despite the 
real difficulty to emulate a large recirculation of exhaust gases (still 
too barely developed on a real mGT), we can highlight some works 
which are assessing the CO2 dilution effect on CH4/H2 blends. The 
experimental work of du Toit et al. [16] has shown a NOx emission 
reduction, while Hasti et al. [17] have numerically observed, using 
Large-Eddy Simulations (LES), the effect of CO2 dilution on the flame 
shape, showing longer but less wrinkled flames.

Besides this potential in reducing the chance of flashback appari-
tion, humidification enables increasing the mGT electric efficiency by 
increasing the specific heat capacity [19], and EGR enables reducing 
the penalty cost when performing carbon capture by increasing the 
CO2 content in the exhaust gases [20]. Nevertheless, these dilution so-
lutions, with both advantages — the positive impact on the mGT cycle 
and potential flashback limitation — are currently little considered, and 
no prediction methodology for the dilution levels of humidification or 
EGR aiming at limiting flashback exists. Up to now, we can only high-
light the work of Pousada et al. [21] which recently presented a model 
based on LES with a thickened flame model for flashback limitation 
using water injection in a high pressure GT, using optimization of the 
operating conditions based on Global Sensitivity Analysis (GSA) with a 
surrogate model.

To fill this research gap, and in the continuity of a previous pa-
per [22], our work aims at stabilizing hydrogen combustion in mGTs 
without any combustor redesign, using humidification and EGR to 
prevent flashback. As there was no prior indication on which dilu-
tion levels to be used to prevent flashback, and we aimed to avoid 
using significant amount of numerical resources to perform CFD at 
random operating conditions, a first paper [22], being the first part 
of our work, focused on a methodology for fast and low-complexity 
predictions of the dilution level to prevent flashback based on an easy-
to-get parameter, the laminar flame speed. To do so, a parametric 
study over a specific range of operating conditions of the Turbec T100 
mGT [23] combustor was presented. Using a hybrid combustor model 
(low complexity and computationally fast model), combining a 0D 
2 
Chemical Reactor Network (CRN) with 1D laminar flame calculations, 
the necessary minimal water amount or EGR ratio is assessed and 
optimized to reach the same level of laminar flame speed as reached in 
classical pure methane combustion. This methodology also allows for 
predicting the combustion temperature and emissions at a reduced cost. 
The 0D/1D analysis shows that a CH4/H2 blend of 50/50%𝑣𝑜𝑙 requires 
either a water-to-air ratio of 𝛺 = 3.4%, or an EGR ratio of 77% for 
flame stabilization. Burning up to 100% H2 involves 𝛺 = 10.25%, while 
no solution exists when performing EGR.

This proposed low computational cost model aims at offering a 
calculated estimation of the condition to avoid flashback involving a 
fast and low-complexity tool for any mGT operator, based on an easy-
to-get criterion, the laminar flame speed. In this previous paper [22], 
we discussed the choice and pointed out the limitations of this sim-
plified criterion. Based on the literature, there could indeed be more 
refined parameters, including turbulence and flame dynamics. Hence, 
as a second step of our work, this paper focuses on the verification 
with high-fidelity simulations, using LES with complex chemistry of 
the actual combustor geometry of the T100 mGT to verify whether the 
previous 0D/1D predictions lead to flashback limitation.

In this paper, the combustor layout and operating conditions are 
first described, followed by a detailed description of the numerical 
setup. Then, the results section features a verification of the numerical 
results with available data, a qualitative analysis of the combustion 
performances, a stability analysis of the different combustion regimes, 
and finally, a discussion about the effect of turbulence on the flame 
front to confront laminar and turbulent flame speeds, and verify the 
statement of the proposed strategy oriented to the laminar flame speed.

2. Combustor layout & operating conditions

The combustion chamber considered for the simulations is the one 
of the Turbec T100 mGT [23]. At nominal operating conditions, this 
mGT produces a net electrical power output of 100 kWe. The Turbec 
T100 mGT operates using the recuperated Brayton cycle, meaning that 
the dry air is first compressed by the variable speed compressor. Then 
the compressed air is preheated up to 865K in the recuperator using the 
heat from the exhaust gases before entering the combustion chamber 
to be heated further till 1225K by burning natural gas. The T100 
combustor itself features a can swirl burner (or counter-current flow, 
see Fig.  1) where the combustion air is entering between the outer 
casing and the inner walls of the combustor. The air reaches then the 
dilution holes, the pilot and main injectors by passing on the external 
surface of the inner walls. 

The layout characteristics of this combustor are (Fig.  1): a pilot 
flame exploiting a diffusion flame, fed by 12 air injectors and 6 fuel 
injectors; a premixed combustion as main flame using two rows of 
swirler (a first one to premix fuel and air, and a second one to enhance 
the flow momentum ending with 30 swirled injectors); and 9 dilution 
holes to cool down the exhaust gases to avoid any damages at the 
turbine inlet.

The operating conditions of the Turbec T100 mGT at the nomi-
nal point for classical pure methane combustion, considered as ref-
erence case (Ref case), are presented in Table  1. The thermal power 
remains constant for all simulated cases. When the mGT operates 
with hydrogen-firing, flashback is most likely to appear in the pre-
mixing zone of the main injectors from 20–25%𝑣𝑜𝑙 H2 as observed 
experimentally by Tuncer et al. [24].

The operating conditions of the cases that will be simulated in this 
paper are selected based on the results provided by the hybrid 0D/1D 
analysis presented in [22]. Pure methane combustion, considered as 
the reference case, will be compared to a case for which the operat-
ing conditions lead to flashback (FB case) involving a CH4/H2 blend 
of 50/50%𝑣𝑜𝑙, and to cases with a solution to limit flashback for 
different hydrogen fractions, 50% and 100%. Among the considered 
solution cases, for a CH /H  blend of 50/50% , we are comparing 
4 2 𝑣𝑜𝑙
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Fig. 1. The Turbec T100 combustion chamber is a reverse (or counter-current) flow can burner.
Table 1
Operating conditions of the Turbec T100 mGT at nominal operating point for 
a classical pure methane combustion, considered as reference case (Ref case).
 Net electrical power output, 𝑃𝑒 100 kWe  
 Fuel consumption, 𝑃𝑡ℎ 333 kWth 
 Air mass flow rate, 𝑚̇𝑎𝑖𝑟 800 g s−1  
 Pressure in the combustor, p 4 bar  
 Inlet air temperature, 𝑇𝑖𝑛 865K  
 Inlet fuel temperature, 𝑇𝑖𝑛 300K  
 Global equivalence ratio, 𝜙𝑔𝑙𝑜𝑏𝑎𝑙 0.14  
 Local main flame equivalence ratio, 𝜙𝑚𝑎𝑖𝑛 0.41  

3 different solutions: an oxidizer temperature decrease (50H2LT case), 
a humidified case (50H2Ω), and an EGR case (50H2EGR case). Fi-
nally, a 100% H2 case is also simulated under humidified conditions 
(100H2Ω). The hybrid 0D/1D analysis presented in [22] shows that 
a CH4/H2 blend of 50/50%𝑣𝑜𝑙 requires a water-to-air ratio of 3.4%, 
or at least an oxidizer temperature decrease of 60 ◦C, to ensure stable 
combustion. When performing EGR, a ratio of 77% is needed for this 
fuel mixture, while no solution exists for 100% H2. This limit within 
the hydrogen fraction to around 55% when performing EGR is related 
to the EGR cycle itself. As detailed in [22], the model for the EGR 
case is constructed such that the exhaust gases are recirculated, cooled, 
and dried (i.e., water is removed). Consequently, the main species 
contributing to combustion dilution is N2 together with a fixed and 
limited amount of residual water and CO2, whose concentration rapidly 
decreases as the hydrogen fraction increases. This leads to an already 
high EGR ratio of 77% at 55% H2, which is close to the technical limits 
on achievable EGR levels. Combustion air humidification shows a major 
advantage by allowing it to burn up to 100% of H2, requiring a water-
to-air ratio of 10.25%. The defined simulated cases are summarized in 
Table  2. The details on composition and comparison between different 
processes to perform humidification and EGR are presented in [22]. 
In the previous study [22], the comparisons and conclusions have led 
to consider dry cooled EGR (exhaust gases cooled down to 30 ◦C and 
water condensed and removed), and to inject water at 450K using a 
saturation tower.

3. Numerical set-up

The LES, presented in this paper, are performed using the mas-
sively parallel flow solver YALES2 [25]. This finite-volume code solves 
the low-Mach number Navier–Stokes equations using a projection 
method [26] for variable density flows [27]. Equations are solved using 
3 
a 4 th order centered scheme in space and a 4 th order TFV4 A scheme in 
time [28] (low-storage RK4 blended with Lax Wendroff-type scheme) 
for high precision. The numerical code has been validated several times 
for different configurations [29,30]. Especially, the validated LES of 
the lean-premixed Preccinsta burner with wall heat loss is comparable 
to the cases presented in this paper [31]. The turbulent sub-grid scale 
stresses are modeled with the local dynamic Smagorinsky model [32]. 
The stability of the time integration is ensured with an adaptive time 
step that keeps the CFL number under 0.4. The species diffusion velocity 
is modeled with the Hirschfelder and Curtiss approximation [33]. 
Moreover, the chosen operating conditions lead to a Reynolds Number 
Re = 37500 and a dimensionless wall distance 𝑦+ = 40 in the main 
swirler. Therefore, we use a classical log-law profile as wall model [34] 
in our simulations. Adiabatic walls are considered (no heat losses).

The combustion is simulated by coupling finite-rate chemistry to a 
detailed chemical mechanism. The conservation equations for reacting 
flows (mass, species, momentum and energy) are solved by transporting 
all species and evaluating the source terms from the considered kinetic 
mechanism for our LES, the DRM19 [35] (21 species and 84 reactions). 
This reduced kinetic scheme has been chosen for its versatility to deal 
with the different operating conditions and fuel blends at a reduced 
computational cost. It has been compared to several kinetic schemes 
(from more complete to other reduced kinetic schemes) at the T100 
mGT operating conditions in [14,22] using 0D/1D calculations on tem-
perature, species, and ignition delays evolutions. In addition, to avoid 
constraints imposed by the limited chemical time step an operator 
splitting method [36] is used relying on stiff integration of ordinary 
differential equations solver CVODE [37].

A combustion model of artificially thickened flame is used to cor-
rectly predict the combustion and to model the sub-grid scale turbu-
lence/chemistry interaction on the LES grid. In our LES, the dynamic 
Thickened Flames model (TFLES) [38] is implemented by modifying 
the conservation equations with a thickening factor F and the efficiency 
function E of Charlette et al. [39] (considering a static formulation 
with 𝛽 = 0.5), to have the thermal flame thickness 𝛿𝑇 = 𝐹 ⋅ 𝛿0𝐿 and 
flame speed 𝑆0

𝑇 = 𝐸 ⋅ 𝑆0
𝐿 where 𝑆0

𝑇  is the sub-grid scale turbulent 
flame speed [40]. A flame sensor is employed to activate locally and 
dynamically the flame thickening to obtain 5 points mesh resolution 
in the flame front. This flame sensor is based on the source term of 
a virtual progress variable c, and excluding heat release points with a 
value under 10% of the maximum HRR 𝜔̇𝑐,𝑚𝑎𝑥. This progress variable 
is computed as 𝑐 = 𝑌𝑐∕𝑌𝑐,𝑒𝑞 , where 𝑌𝑐 = 𝑌CO2

+ 𝑌CO + 𝑌H2O and 𝑌𝑐,𝑒𝑞 is 
𝑌  at chemical equilibrium.
𝑐
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Table 2
Cases considered for the LES simulations with the description of their operating conditions.
 Case name Fuel Dilution Operating conditions  
 Ref 100%𝑣𝑜𝑙 CH4 – Nominal conditions of the Turbec T100  
 FB 50%𝑣𝑜𝑙 CH4/50%𝑣𝑜𝑙 H2 – Nominal conditions of the Turbec T100  
 50H2LT 50%𝑣𝑜𝑙 CH4/50%𝑣𝑜𝑙 H2 – Premixed flow temp. = 760 K (instead of 830 K) 
 50H2Ω 50%𝑣𝑜𝑙 CH4/50%𝑣𝑜𝑙 H2 𝛺 = 3.4% Nominal conditions of the Turbec T100  
 50H2EGR 50%𝑣𝑜𝑙 CH4/50%𝑣𝑜𝑙 H2 𝐸𝐺𝑅 = 77% Nominal conditions of the Turbec T100  
 100H2Ω 100%𝑣𝑜𝑙 H2 𝛺 = 10.25% Nominal conditions of the Turbec T100  
In addition, an Adaptive Mesh Refinement (AMR) algorithm is used 
for the LES simulations [41]. By dynamically refining the mesh in the 
flame region, based on a combustion criterion using the flame sensor 
of the TFLES model, the mesh is optimized in terms of cell quantity 
and distribution. The AMR algorithm dynamically refines the mesh 
all along the flow simulation to lead to the LES mesh. The flame 
sensor detects the region of the domain where the heat release value is 
higher than a reference value (defining where the combustion occurs). 
Then, a triggering adaptation strategy, based on an error metric-based 
strategy (triggered at each 𝜖 > 𝜖𝑚𝑎𝑥), allows refining the region where 
fluctuations are observed according to the defined target metrics. In 
addition, a security margin is used by the algorithm in terms of cell 
number surrounding the flame. The number of propagating cells around 
the flame is set for two reasons. First, it ensures that any unexpected 
flame fluctuation is always captured by the refined mesh area. Then, it 
avoids unnecessary refinement during the resolutions. Indeed, by sur-
rounding the potential flame fluctuations, it avoids refining too often, 
limiting thus the CPU cost contribution of the AMR. For the validation 
and the full details of the AMR methodology, the reader is invited to 
read [41–44]. This method enables the mesh to be refined only in areas 
where finer cells are needed to capture important phenomena, such 
as the flame front, automatically resulting in an optimized mesh and 
reducing manual meshing effort.

The automatically refined mesh obtained for the LES simulations 
includes a ranging number of cells from 60 to 80 million tetrahedral 
cells (depending on the case), where the size of the cells ranges from 
𝛥 = 700 μm (𝛥∕𝐷 = 5.26 ∗ 10−3, with 𝐷 the diameter of the 
combustor, and 𝛥∕𝛿0𝐿 = 2.6) in the flame front region to 𝛥 = 3mm
(𝛥∕𝐷 = 22.6 ∗ 10−3, and 𝛥∕𝑙𝑡 = 0.36) in the domain. The cell size 
in the flame front is set to limit the thickening factor to a maximum 
of 12. It is globally set at the lowest possible values to maintain a 
good balance between accuracy and computational cost for the six 
considered cases. The AMR has an impact on the total CPU cost. It 
represents 1 to 3% of the total CPU load.

For all cases, the simulation ran over 2 through flow times 𝜏𝑡𝑓  (time 
needed for the flow to cross the combustion chamber divided by the 
residence time) to ensure that the flow is well established. An additional 
3 𝜏𝑡𝑓  were used to obtain the statistics presented in this paper. The total 
of 5 𝜏𝑡𝑓  required 576 kCPUh.

4. Results and discussions

This section presents the obtained LES results, where the six consid-
ered cases are compared to verify whether the predetermined operating 
conditions of the solution cases lead to a stable and safe combustion.

4.1. Model verification

A proper validation would require flow field measurements of the 
flame region to fully validate the LES results. However, this is unfor-
tunately technically impossible and has never been achieved in a real 
facility with a complete running mGT, since there is no option for 
optical access, nor for detailed measurement of temperature, species, 
or velocity. Nevertheless, there is still the option to validate the outlet 
conditions of the Ref case at nominal conditions. The LES results are 
thus compared with data available from the datasheet of the Turbec 
4 
Table 3
Comparison of the 0D/1D and LES results for the combustor outlet conditions 
with experimental data for the Ref case, showing similar outcomes for the TIT, 
and molar fractions of the O2, CO2 and CO emissions.
 Datasheet [23] Experimental [45] 0D/1D [22] LES  
 T [K] 1220 1207.4 ± 12 1201 1205.7 
 𝑋O2  [%𝑣𝑜𝑙] – 17.53 ± 0.2 17.67 17.55  
 𝑋CO2  [%𝑣𝑜𝑙] – 1.46 ± 0.04 1.47 1.5  
 𝑋CO [ppmv] <15 3 ± 5 0 4  

T100 [23], experimental measurements of the outlet flow conditions for 
the Ref case [45], and the results provided by our 0D/1D model [22]. 
The LES results presented in Table  3 are the time- and space-averaged 
values at the combustor outlet. The comparison shows that the Turbine 
Inlet Temperature and the O2, CO2 and CO emissions predicted by both 
the 0D/1D model and the LES differ from the experimental data by 
less than 1%. This agreement indicates that the global thermochemical 
balance at the combustor exit is reasonably captured by the numerical 
model, even though this level of validation does not guarantee the 
accuracy of the predicted local flame structure, turbulence–chemistry 
interaction, or detailed flow features inside the combustor.

Only the outlet conditions of the Ref case can be validated with 
experimental data, since the other presented cases have never been 
attempted on the actual Turbec T100 mGT facility, or any other facility 
of its kind. Hence, the LES results are compared to the results from 
our 0D/1D model for a cross-validation in Table  4 by calculating the 
relative discrepancy 𝜖 for the TIT, and molar fractions of O2, H2O and 
CO2. This relative discrepancy does not exceed 1.5% for the TIT, and 
4% for the O2 molar fraction, while the highest relative discrepancies 
are reached by the H2O and CO2 molar fractions. Considering the 
technical limitations to obtain detailed experimental data for all the 
studied cases, it can be acknowledged that the LES results are within 
a fairly realistic range, and the present assessment should therefore be 
regarded as a partial validation. This assessment against available data 
brings some confidence in analyzing the results for this first essential 
step in fueling an actual mGT burner with hydrogen.

4.2. Flashback phenomenology

The fast upstream traveling of the flame front across the injec-
tor occurring during flashback follows one of these three distinctive 
mechanisms [46,47]: the thermo-acoustic flashback, the boundary layer 
flashback, or the core flow flashback. The thermo-acoustic flashback is 
caused by pulsating pressure oscillation due to thermo-acoustic insta-
bilities, which leads to pulling the flame back into the injector. The 
boundary layer flashback is due to a velocity deficit of the bulk flow 
at the injector wall. Finally, the core flow flashback is created by an 
expected or unexpected swirled flow inside a channel-shaped injector, 
creating a vortex that stretches the flow centerline to the upstream.

As shown in Fig.  2, which compares the passive scalar Z of the 
oxidizer/fuel mixture fraction between the Ref and the FB cases, bound-
ary layer flashback is the dominant mechanism in the Turbec T100 
combustor. This passive scalar is a mixture fraction based on atomic 
conservation transported on the Eulerian grid. This mixture fraction is 
calculated on the Bilger definition from the provided initial fuel and 
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Fig. 2. LES results for the Ref case of the passive scalar of the mixture fraction Z compared to the Z field of the FB case, the instantaneous reaction rate 𝜔̇𝑇  and 
the temperature color fields showing the boundary layer flashback apparition near the main flame swirler.
Table 4
Comparison for cross-validation between the reduced-order 0D/1D model and 
the LES results for the combustor outlet conditions for the FB, 50H2LT, 50H2Ω, 
50H2EGR, and 100H2Ω cases, showing the relative discrepancy for the TIT, 
and molar fractions of the O2, H2O, and CO2.
 T[K] 𝑋O2

 [%𝑣𝑜𝑙] 𝑋H2O [%𝑣𝑜𝑙] 𝑋CO2
 [%𝑣𝑜𝑙] 

 FB 0D/1D 1193.4 17.8 3.4 1.1  
 LES 1199.8 17.2 4.1 1.4  
 𝜖 0.5% 3.6% 16.3% 19.4%  
 50H2LT 0D/1D 1151.8 17.8 3.4 1.1  
 LES 1157.7 17.2 4 1.3  
 𝜖 0.5% 3% 15.4% 16.3%  
 50H2Ω 0D/1D 1166.5 16.8 8.6 1.1  
 LES 1167.3 16.5 8.6 1.3  
 𝜖 0.1% 2.1% 0.4% 14.3%  
 50H2EGR 0D/1D 1187.6 8.9 4.2 5.1  
 LES 1170.2 8.7 4.6 4.8  
 𝜖 1.5% 1.9% 9.1% 6.5%  
 100H2Ω 0D/1D 1119.7 15.1 19.7 0  
 LES 1114.4 15.6 18 0  
 𝜖 0.5% 3.4% 9.7% 0%  

oxidizer composition. Indeed, the passive scalar Z fields clearly indicate 
a higher concentration of the fuel/oxidizer mixture near the inner wall. 
The Turbec T100 relies on two swirlers to support the main flame: the 
first premixes the fuel with the oxidizer, while the second enhances the 
momentum. The rapid expansion of the swirled air ensures effective 
mixing through the shear layer in the initial part of the injector and 
helps maintain the mixture along the inner walls. This process is further 
amplified by the second swirler, which helps create the flame front 
in the shear layer between the main and pilot flows. Ultimately, the 
instantaneous reaction rate 𝜔̇𝑇  and the temperature color fields in 
the FB case reveal that the flame recedes from the upper flame front 
through the main injectors. The results indicate that flashback is not 
caused by auto-ignition in the premix chamber but by boundary layer 
flashback within the channel leading to the second swirler of the main 
flame.

While this conclusion remains valid, several aspects deserve further 
discussion. In the present simulations, the grid resolution (𝑦+ = 40) 
in the near-wall region is such that both the wall shear stress and the 
velocity profiles are modeled rather than resolved. One may thus ques-
tion whether the identified flashback mechanism could differ from that 
occurring in the actual configuration. Nevertheless, when comparing 
our results with the three flashback mechanisms commonly reported 
in the literature, and considering the wall-modeled LES results that 
5 
reveal a clear velocity deficit along the injector walls, the only mecha-
nism consistent with our simulations is boundary-layer flashback, even 
though the boundary layers inside the injectors are modeled rather 
than fully resolved. Thermo-acoustic flashback cannot be captured 
in the present framework, since a variable-density solver is used. In 
addition, the injector geometry prevents the occurrence of core-flow 
flashback. From a numerical standpoint, the conclusion is therefore 
self-consistent within the assumptions and limitations of the model, 
although it may not fully reflect the behavior of the actual burner. In 
the real burner, a coupled mechanism involving both boundary-layer 
flashback and thermo-acoustic effects cannot be excluded, as pressure 
fluctuations during operation may promote flashback events. Assessing 
such combined mechanisms would require the use of a compressible 
flow solver.

In case of boundary layer flashback, as suggested in literature [48,
49], the upstream flame propagation occurs when the flow velocity 
gradient at the wall equals the ratio between the laminar flame speed 
and the flame thickness: 
𝑈
𝑑

≤
𝑆0
𝑙

𝛿0𝑙
, (1)

where 𝑈 is the bulk velocity and 𝑑 is the space between the walls in the 
injector, while 𝛿0𝑙  and 𝑆0

𝑙  are respectively the laminar flame thickness 
and the laminar flame speed. This approach has been adapted in this 
paper by switching the laminar flame thickness 𝛿0𝑙  by the diffusive 
thickness 𝛿, defined as: 

𝛿 =
𝐷𝑡ℎ

𝑆0
𝑙

, (2)

with 𝐷𝑡ℎ the thermal diffusivity in fresh gases. This leads to a flame
Propagation allowance number (𝑃𝑎), defined as: 

𝑃𝑎 = 𝑈
𝑑

⋅
𝛿
𝑆0
𝑙

, (3)

with 𝑈 representing the time-averaged velocity flow field in the swirler 
channel of the main flame, and 𝑑 the spacing in the swirler channel 
where flashback is about to occur for 𝑃𝑎 < 1. Fig.  3 shows the probabil-
ity density of the 𝑃𝑎 number calculated from the LES results for the FB 
case of points located in the premixing swirler of the main flame. The 
distribution of the 𝑃𝑎 number indicates that most points are below the 
defined flashback threshold, with an average value of 0.73. However, 
all hydrogen combustion simulations in mGT combustors conducted by 
the author suggest that operating conditions can potentially lead to 
flashback events even when 1 < 𝑃𝑎 < 2. Finally, the calculated mean 
values of 𝑃𝑎 in the main swirler for all cases are compared in Table  5, 
showing that all solution cases involve 𝑃𝑎 > 2.
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Fig. 3. Probability Density Function (PDF) of the 𝑃𝑎 number for the flashback case (FB case), showing that most of the point in the main flame swirler are 
𝑃𝑎 < 1 with an average at 𝑃𝑎 = 0.73.
Table 5
Mean values of Pa number for all simulated 
cases, showing that tha solution cases have val-
ues higher than the defined flashback threshold 
𝑃𝑎 = 2.
 Cases Pa [–] 
 Ref 4.96  
 FB 0.73  
 50H2LT 4.98  
 50H2Ω 4.9  
 50H2EGR 8.84  
 100H2Ω 4.8  

4.3. Performance comparison

In this section, a qualitative analysis of the flame behavior is pre-
sented to determine whether flashback is truly avoided in cases where 
a dilution solution or temperature reduction is employed.

Consumption and heat release rates
The instantaneous H2 source term 𝜔̇H2

 flow field distributions (Fig. 
4(a)) and the time-averaged and fluctuating values of the HRR 𝜔̇𝑇
flow fields (Fig.  4(b) and (c)), all made dimensionless by dividing it 
through the maximal time-averaged HRR of the Ref case, are used for 
a qualitative analysis. The H2 source term fields (Fig.  4(a)) show where 
H2 is produced (positive values in red) and consumed (negative values 
in blue). The negative values of the H2 source term 𝜔̇H2

 consumption 
area provide thus an indication on the H2 consumption rate of the 
different considered cases. The joint analysis of these quantities allows 
highlighting the main differences in the combustion process of the 
solution cases compared to the Ref and FB cases.

First, the flashback for the FB case is clearly confirmed by the 
H2 consumption and peak of HRR in the main swirler, unlike in 
the solution cases. Then, these solution cases present a different be-
havior between themselves in the way of consuming the H2. The 
H2 source term flow field distributions of the 50H2Ω and 100H2Ω
cases show a slightly larger region of H2 consumption than the 50H2LT 
and 50H2EGR cases. However, these larger regions are not necessarily 
correlated with larger regions of high mean HRR, as for the 50H2Ω
case. The time-averaged HRR distribution of the 50H2Ω case is actu-
ally similar to the one of the Ref case, with the same level of HRR 
fluctuations. Nevertheless, for the 100H2Ω case, the consumption zone 
of H2 extends even further downstream compared to the location of 
the observed peak of mean and fluctuating HRR (in Fig.  4(b) and (c)), 
showing a thicker consumption area than the 50H2Ω case. Compared 
to the Ref case, both 50H2LT and 50H2Ω cases show very similar time-
averaged and fluctuating HRR flow fields, while both 50H2EGR and 
100H2Ω cases present the most different distribution. However, higher 
values of HRR fluctuation are generated by the 50H LT case, compared 
2
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to the Ref and the solution cases fueled by 50%𝑣𝑜𝑙 H2, near the main 
injectors, potentially reducing the flame stability, while the dilution 
effect of water of the 50H2Ω smooths the fluctuations of HRR tending 
to the same distribution as for the Ref case. The EGR case presents the 
lowest values of consumption rate, and mean and fluctuating HRR in 
the flame region due to the high dilution level, facing a spatial delay 
in the oxidation of the reactants, and a lower reactivity. In opposition, 
the moderate level of dilution of the 100H2Ω case does not reach to 
shift the reaction point more downstream of the injectors. This narrow 
distribution near the injectors with higher peaks of time-averaged and 
fluctuations of the 100H2Ω case is a sign of potential flame instability. 
The higher consumption rate of the 100H2Ω case near the flame base 
region provides a thicker and shorter area compared to the 50H2Ω
case, indicating possible stronger preferential diffusion effects. This 
preferential diffusion may lead to locally increasing H2 consumption 
speed, involving a higher reactivity, and resulting in an upstream shift 
of the point of maximal reaction. This shorter and anchored flame front 
can potentially accelerate flashback formation [50].

Flame length
To quantify the shift observed for the diluted cases of the point 

where most of the reaction occurs, the characteristic flame length 𝐿𝑓
is calculated as the distance between 𝑧∕𝐷 = −0.4 (excluding the pilot 
flame and with D the diameter of the burner) and the stream-wise 
center of HRR intensity of the snapshot [51]: 

𝐿𝑓 =
∫ 𝑧 𝜔̇𝑇 ,𝑥𝑦 𝑑𝑧

∫ 𝜔̇𝑇 ,𝑥𝑦 𝑑𝑧
, (4)

with 𝜔̇𝑇 ,𝑥𝑦 the time-average of the HRR integrated along the axial 
direction z. The flame length of each case is reported in Fig.  4(b) by the 
white dashed line. The diluted conditions (except the 100H2Ω case), or 
reduced inlet temperature, clearly moving the point of reaction down-
stream, as shown by the slightly longer flame length of the 50H2LT, 
50H2Ω and 50H2EGR cases (with very similar lengths as the Ref case). 
Indeed, this spatial delay of the whole reactant oxidation (due to the 
inlet temperature reduction and/or diluted conditions) facilitates the 
flashback reduction by moving forward to the point where most of 
the reaction occurs. The wider reacting area of the 50H2EGR case 
is confirmed by its longer flame length compared to the other cases, 
while the 100H2Ω case shows a shorter flame length close to the one 
shown by the FB case. This behavior was also assessed by the progress 
variable analysis from the hybrid 0D/1D calculations. On the contrary, 
the observed behavior of the 100H2Ω case tends towards the FB case.

Radial profiles
To extend these first observations and conclusions, a quantitative 

comparison is performed using the radial profiles of the time-averaged 
and fluctuating values of the temperature (Fig.  5(a) and (b)), and the 
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Fig. 4. The instantaneous H2 source term 𝜔̇H2
 flow field distribution (a), the time-averaged (b) and fluctuating values (c) of the HRR 𝜔̇𝑇  flow fields, both 

normalized by the maximal time-averaged HRR of the Ref case, show wider reacting region for the solution cases with a shift forward of the point where most 
of the reactions occur, except for the 100H2Ω case, as highlighted by the flame length position (reported in (b)).
ratio of the fluctuations over the time-averaged values of HRR 𝜔̇𝑇  (Fig. 
5(c)) at three different axial positions 𝑧∕𝐷 = 0∕ 0.12 ∕ 0.23 (positions 
reported in Fig.  4(c)). In addition, the different regions of the burner 
from the center line to the burner walls are reported along the radial 
axis: the pilot flame from 𝑟 = 0𝑅 to 𝑟 = 0.38𝑅, the main swirling jet 
of the premixed flame from 𝑟 = 0.44𝑅 to 𝑟 = 0.59𝑅, and the ORZ from 
𝑟 = 0.59𝑅 to 𝑟 = 1𝑅.

As first observation, it can be stated that the time-averaged temper-
ature profiles are similar for all cases at the three specified positions 
(Fig.  5(a)). Nevertheless, three minor discrepancies can be highlighted. 
The first one is the slightly higher temperature level in 𝑧∕𝐷 = 0 of 
the FB case at the radial level of the main jet resulting from flashback, 
whereas this profile tends to re-align with the other case profiles at 
𝑧∕𝐷 = 0.12. Then, the 100H2Ω case shows a higher temperature level 
at the same radial level (around 𝑟 = 0.44𝑅) in 𝑧∕𝐷 = 0.12, compared 
to all the other cases. The third main difference, as already assessed, is 
the global lower temperature profiles of the 50H2EGR case at the three 
axial positions.

Regarding the temperature fluctuations in 𝑧∕𝐷 = 0 (Fig.  5(b)), 
both the FB and, to a lesser extent, the 100H2Ω cases have more 
variations in the region of the main swirling jet (between 𝑟 = 0.44𝑅
and 0.59𝑅) than the other cases. However, all profiles become similar 
7 
in 𝑧∕𝐷 = 0.12, except the profile of the 100H2Ω case, which shows 
fewer fluctuations because of the homogeneous shorter flame on the 
whole injectors circumference. At 𝑧∕𝐷 = 0.23, all profiles are similar.

Finally, when looking at the HRR ratio (Fig.  5(c)), the high level of 
fluctuations generated by the 100H2Ω case at the flame base (𝑧∕𝐷 = 0), 
compared to the other cases, is an additional sign of risk of flame insta-
bility. Indeed, the HRR variations of this case shows a peak reaching 
almost 8 times the values reached by the time-averaged HRR in the 
main jet region, and this case still has the highest fluctuations in both 
other radial regions (pilot flow region and ORZ region). Next to this 
case, there is the FB case that presents slightly lower fluctuations than 
the 100H2Ω case in the main jet region, with almost a HRR ratio of 5.5, 
and similar profiles than the other cases in both pilot flow and ORZ 
positions. For both 𝑧∕𝐷 = 0.12 and 𝑧∕𝐷 = 0.23 positions, the 100H2Ω
case has the lowest variations of HRR compared to the other cases, 
potentially because of the higher reacting and shorter flame leading to 
the early consumption of the reactants. In these positions, we can see 
the flow interaction between the ORZ and the main swirling jet for the 
other cases, with a peak of reaction in the shear layer of these flows, 
ensuring the good mixing of the species and the flame stabilization, as 
also experimentally observed in a similar configuration by [52].
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Fig. 5. Azimuth means of the radial profiles in three different axial position 𝑧∕𝐷 = 0∕ 0.12 ∕ 0.23 showing the time-averaged temperature (a), the temperature 
fluctuations with the RMS values (b), and the ratio of the fluctuations over the time-averaged of the heat release rate 𝜔̇𝑇 , showing that the 50H2Ω case is the 
closest to the Ref case in terms of performances.
4.4. Flame stability

In this part, the LES results are used for a stability analysis of 
the different cases. Although the mechanisms leading to instability 
are numerous, and still difficult to predict with a reliable method, 
especially when acoustic waves are not simulated, some insights may 
be gained by identifying some characteristics of instability.

Combustion regime
Since the main flame of the studied burner is premixed, a turbulent 

regime diagram is first drawn to learn more about the combustion 
regime, as proposed by Peters [53]. In this diagram, the turbulent 
flame is characterized by the turbulent velocity 𝑢′ and turbulent length 
8 
scale 𝑙𝑡 used with laminar flame characteristics, such as the unstretched 
laminar flame speed 𝑆0

𝑙  and the diffusive thickness 𝛿 (as defined in Eq. 
(2)) [40]. The turbulent velocity 𝑢′ is defined by the Root Mean Square 
(RMS) velocities in the three spatial directions: 

𝑢′ =

(

𝑢′2𝑥 + 𝑢′2𝑦 + 𝑢′2𝑧
3

)

1
2

, (5)

and the turbulent length scale 𝑙𝑡 is calculated using the turbulent 
velocity 𝑢′ and the viscous dissipation rate 𝜖: 

𝑙 = 𝑢′3 , (6)
𝑡 𝜖
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Fig. 6. Combustion regime diagram comparison between all the simulated cases using scatter plots of the ratio 𝑢′∕𝑆0
𝐿 in function of the ratio 𝑙𝑡∕𝛿. For all cases, the 

combustion regime is mainly the thickened-wrinkled flame. To quantify the point distribution, the percentage of points above and below Ka = 100 are highlighted 
in red.
𝜖 = 2𝜈𝑆𝑖𝑗𝑆𝑖𝑗 , (7)

with 𝜈 the kinematic viscosity and 𝑆𝑖𝑗 the fluctuating strain rate. Fi-
nally, the different region of the diagram are separated by the Karlovitz 
number, defined as follow: 

𝐾𝑎 =
(

𝑙𝑡
𝛿

)−1∕2
(

𝑢′

𝑆0
𝑙

)3∕2

(8)

Fig.  6 shows the scatter plots with a density map of the fresh gases 
before the flame, to compare the turbulent regime diagrams of all 
cases [54], from white to dark blue to count the number of point. 
The aim of this distribution comparison is to highlight similarities or 
discrepancies. Indeed, the obtained point distributions are sensitive to 
the way of computing the physical quantities 𝑙𝑡∕𝛿 and 𝑢′∕𝑆0

𝐿, giving 
thus only major trends. To build the results shown in Fig.  6, the region 
of the fresh gases in the main swirler and injectors before the main 
flame has been manually defined to select the points of the domain 
considered for the calculation of the required dimensionless numbers.

For all cases, most of the points are found between the lines defined 
by the Karlovitz numbers Ka = 1 and Ka = 100, i.e. in the so-called
thickened-wrinkled flame regime [40]. In this combustion regime, the 
turbulent vortices can enter, thicken and modify the flame preheat 
zone, but not the reaction zone, which is only wrinkled. Moreover, we 
can observe that a not negligible fraction of points are located above 
the Ka = 100 line. Most of these points located above Ka = 100 are 
a result of the contribution of the dynamics of the second swirler. As 
explained, this swirler (injecting only the oxidizer) is used to enhance 
the tangential momentum of the main injectors for flame stabilization. 
To quantify the point distribution, the percentage of points above 
9 
and below Ka = 100 are highlighted in red in Fig.  6, pointing out 
the contribution of the second swirler on the combustion regime. For
thickened flames (Ka > 100), both diffusion and reaction zone are 
affected by turbulent motions, and laminar structure could no longer be 
identified. In addition, most of the points are found above the turbulent 
Reynolds number line of Re𝜏 = 100, corresponding to moderate to 
significant turbulence near the flame.

The diagram matching best the Ref case (Fig.  6), showing almost the 
same point distributions, is the 50H2Ω case, followed by the 50H2LT 
case, and the 50H2EGR case, which shows however more points in the
thickened flame regime (42.6% compared to 35.7% in the Ref case). 
Among the solution cases, the farthest from the Ref case is the 100H2Ω
case. With 24.4% of points in the thickened flame regime, the point 
distribution of this case is closer to the 13.5% of the FB case compared 
to the 35.7% of the Ref case. This reduced amount of points in the 
FB case in the thickened flame regime comes from the lower amount of 
fresh gases available for the main injectors due to flashback.

Flame topology
The flame topology, the vorticity and turbulence interaction of the 

solution cases are compared to the Ref and FB cases in Figs.  7 and 8. 
In Fig.  7, using 3D instantaneous iso-contours of the flame sensor of 
the TFLES model (from an iso-value of the defined progress variable), 
the flame front shape is colored by the temperature (left-hand side 
contour), and the instantaneous iso-contour of the Q-criterion (at 8 ⋅
10−8 s−2), highlighting the resolved turbulent structures [55], is colored 
by the 𝑢′∕𝑆0

𝐿 ratio (right-hand side contour). In Fig.  8, the normalized 
vorticity is shown using a grayscale color, highlighted using a red flame 
front contour (iso-line defined by the 3D contour printed on the slice).
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Fig. 7. Flame topology comparison between the Ref case, the FB case and the solution cases. The left-hand side contours shows the 3D instantaneous iso-contours 
of the flame sensor of the TFLES model (from an iso-value of the defined progress variable), highlighting the flame front shape, colored by the temperature, and 
the right-hand side shows the instantaneous iso-contour of the Q-criterion (at 8 ⋅ 108 s−2), colored by the 𝑢′∕𝑆0

𝐿 ratio. As the Ref case, the solution cases present 
an anchored flame base conjugated to the turbulence shaping the flame front.
The presented results show that the diluted and lower inlet tem-
perature conditions allow limiting the flashback apparition by either 
spreading the burning area or reducing the HRR or the H2 consump-
tion local concentration. The main observed characteristics on the 
flame/turbulence interaction are for all cases: an anchored flame base 
to the outer section of the main injectors; a higher temperature located 
in the inner surface of the flame coming from the hotter pilot gases; an 
ORZ flame stabilization mechanism (by reducing the axial momentum 
and belting the flame base) conjugated with an increased small-scaled 
turbulence in and out of the flame top and high 𝑢′∕𝑆0

𝐿 ratio; and a 
more upstream anchor point observed for the 100H2Ω case with a lower 
𝑢′∕𝑆0

𝐿 ratio near the flame base.
All cases present a flame base anchored to the outer section of 

the main injectors, showing a global V-shape flame topology. For all 
cases, the inner flame envelope attached to the main injectors shows 
higher temperature values compared to the outer one. This anchoring 
zone of the flame envelope stresses the stabilizing effect of the ORZ 
near the flame base on the combustion process. Then, we can also 
observe that the 50H2LT and 50H2Ω cases show the flame shape and 
Q-criterion distribution the closest to the Ref case. In addition, all cases 
globally present a strong vorticity near the flame base shaping the 
external envelope of the flame due to the ORZ. Nevertheless, contrary 
to the 100H Ω and FB cases, the other cases show small-scale vortices 
2
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surrounding and penetrating the top of the flame, conditioning its more 
wrinkled shape. This difference with the 100H2Ω case was already 
presumed when comparing the combustion regime diagrams. Indeed, 
these observed penetrating vortices are due to the contribution of the 
30% of points in the thickened flame regime of the Ref, 50H2LT, 50H2Ω
and 50H2EGR diagrams, in which both diffusion and reaction zone 
are affected by turbulent motions. Another difference of the 100H2Ω
and FB cases is the lower 𝑢′∕𝑆0

𝐿 ratio near the flame base (already 
observed with the combustion regime diagram Fig.  6), down to around 
𝑢′∕𝑆0

𝐿 ∼50 while the other cases show a range from 100 to 150, 
justifying the observed smaller penetration of the turbulence in the 
flame. On the other hand, Fig.  8 shows less small turbulence structure 
for these two cases. The shorter and highly reactive flame observed in 
both cases is limiting the interaction between turbulence and the flame 
tip.

Finally, the 50H2EGR case shows a wider flame, expanding more 
downstream compared to the other case. In addition, a less continuous 
flame shape near the flame base can be observed, and a more wrinkled 
top flame, which may lead to a less stable and well-attached flame. This 
converges with the previous observations for this case. Nevertheless, 
the high level of vortices entering and shaping the flame has to be 
correlated to the higher percentage of points in the thickened flame



A. Pappa et al. Applications in Energy and Combustion Science 26 (2026) 100482 
Fig. 8. Flame/turbulence interaction comparison between the Ref case, the FB case and the solution cases is shown using the instantaneous normalized vorticity, 
with the flame front footprint highlighted using a red contour. The turbulence is highly shaping the flame tip of the 50H2EGR case.
regime observed in Fig.  6 compared to the other cases, with almost 
43% of the points for the 50H2EGR case.

Frequency analysis
After analyzing the impact of the dilution on the turbulent structure 

interaction with the flame front, a frequency analysis is performed. 
Fig.  9 shows the Power Spectral Density using a Welch method [56] 
of the axial velocity for an arbitrary point in the shear layer between 
the Inner Recirculation Zone (IRZ) and Outer Recirculation Zone (ORZ) 
of the main flame. First, a global signal decrease with frequency is 
observed for all cases. This global decrease is expected due to the 
inertial spectrum being dominated by turbulence. Then, the Ref case 
shows a clear peak between 3 and 4 kHz. The only case that repro-
duces this peak is the 50H2Ω case, while the other cases show no 
dominant frequency. This frequency, between 3 and 4 kHz, corresponds 
to instabilities/fluctuations of turbulent smaller-scales, and indicates 
that the measurement location lies within the vortex breakdown region 
generated by the swirling flow. Indeed, the probe is positioned in the 
shear layer between the IRZ and ORZ of the main swirling flame. The 
vortex breakdown location is thus not the same for the Ref and 50H2Ω
cases as the other cases. In contrast to the other solution cases, this 
similar mode could be explained by the lower dilution level of the 
11 
50H2Ω case compared to the 50H2EGR and 100H2Ω cases. However, 
although no dilution is performed for the 50H2LT case, no dominant 
frequency can be distinguished either. Therefore, in this study, we 
cannot state that the dominant mode of the Ref case is suppressed by 
diluted conditions.

4.5. Local flame states comparison

To analyze the flame dynamics locally in the solution cases, the 
domain volumes near the main premixed flame of all cases were 
axially sampled into sub-volumes along the streamwise direction to 
obtain statistically converged quantities, as done in [57]. Then, the 
time-averaged turbulent flame speeds 𝑆𝑇  and surface areas 𝐴𝑇  were 
computed for each sub-volume, and their normalized streamwise evolu-
tions are shown in Fig.  10. Several definitions of turbulent flame speed 
are available in the literature. In this study, the turbulent flame speed 
is defined as a turbulent consumption speed based on the reaction rate 
of the fuel mass fraction 𝜔̇𝐹 : 

𝑆𝑇 = − 1
0 ∫ 𝜔̇𝐹 𝑑𝑉 , (9)
𝜌𝑌𝐹𝐴𝑇 𝑉
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Fig. 9. The normalized PSD of the axial velocity for an arbitrary point in the shear layer between the IRZ and ORZ of the main flame shows for the Ref case 
one distinguishable mode between 3-4kHz, only reproduced by the 50H2Ω case.
Fig. 10. Streamwise evolution of 𝑆𝑇 ∕𝑆0
𝐿 and 𝐴𝑇 ∕𝐴0

𝑇  showing that the 50H2LT and the 50H2Ω cases behave similarly to the Ref case, while the 50H2EGR case 
presents a rising turbulent flame speed 𝑆𝑇  along with an increasing flame surface from foot to top. On the contrary, the 100H2Ω reaches a 4 times higher 𝑆𝑇
than the Ref case at the flame foot before dropping down.
with 𝜌 the unburnt gas density, 𝑌𝐹  the fuel mass fraction in the unburnt 
mixture, and 𝐴0 is a reference surface, selected equal to the time-
averaged flame area of the Ref case 𝐴0

𝑇 = ⟨𝐴̄𝑇 ,𝑟𝑒𝑓 ⟩ for this work. The 
turbulent flame surface is created and calculated from the iso-surface 
defined by the flame sensor of the TFLES model at an iso-value 𝑆 = 0.5. 
As explained in the numerical setup section, this flame sensor is defined 
based on a progress variable and set to a value that provides the most 
reactive iso-surface.

The turbulent flame speed 𝑆̄𝑇  and flame area 𝐴𝑇  evolutions along 
the streamwise direction of the 50H LT and 50H Ω cases are very 
2 2
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similar to those of the Ref case (Fig.  10). For these three cases, the tur-
bulent flame speed initially remains nearly constant in the first region 
of the flame before dropping, while the 50H2EGR case and 100H2Ω
case show opposite behaviors. The large increase in turbulent flame 
speed for the 50H2EGR case is induced by flame-flame interaction, as 
similarly observed by [58], and linked to the increase in flame surface. 
In all cases, flame surfaces expand in the initial flame regions before 
being destroyed by mechanisms described by Rieth et al. [59]. The 
higher turbulent intensity near the flame base (as previously observed) 
leads to lower turbulent advection time scales (related to flame surface 
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Fig. 11. The time- and space-averaged flame speeds ⟨𝑆̄𝑇 ⟩ and surfaces ⟨𝐴̄𝑇 ⟩ of the different solution cases are compared, where the mean values are highlighted 
along with the fluctuations represented by the box width. The turbulent flame speeds of the solution cases are very close to the one of the Ref case, positively 
encouraging the choice of the laminar flame speed as a criterion for flashback limitation.
destruction) than molecular time scales (related to diffusive transport), 
resulting in higher Karlovitz numbers, as described by Rieth et al. [59]. 
Therefore, locally 𝐴𝑇  decreases more in cases with the most significant 
drop in 𝑆𝑇 ∕𝑆0

𝐿. Consequently, the deviation of 𝑆𝑇  from 𝑆0
𝐿 arises from 

intense HRR, which in the 100H2Ω case can even disrupt H2 diffusive 
fluxes [60]. The transition between turbulent flame and surface area 
contributions occurs farther upstream than in other cases due to more 
intense burning in the early region.

The hydrogen and diluted conditions impact on the flame stability 
is also analyzed through the time-and space-averaged turbulent flame 
speed ⟨𝑆̄𝑇 ⟩ and surface ⟨𝐴̄𝑇 ⟩ respectively normalized by the laminar 
flame speed of the related case and by the time- and space-averaged 
turbulent flame surface of the Ref case 𝐴0

𝑇 = ⟨𝐴̄𝑇 ,𝑟𝑒𝑓 ⟩. In Fig.  11, 
the mean values of the solution cases are highlighted along with the 
fluctuations represented by the boxes width. Regarding the turbulent 
flame speeds, the obtained results are interesting and encourage the 
choice of the laminar flame speed as the selected criterion for the 
hybrid 0D/1D model to obtain the diluted conditions to limit flashback. 
Indeed, all cases present similar average values to the Ref case, and are 
kept in the range of fluctuations observed for the Ref case. This means 
that the educated guess of the dilution level or temperature decrease 
from our 0D/1D model is accurate enough to bring the turbulent flame 
speed of hydrogen (or hydrogen blend) combustion very close to the 
same levels of pure methane combustion.

Although this criterion may not be precise enough for all cases to 
exactly match the fluctuations or the turbulent flame surface evolution 
of the Ref case, it still provides an additional clue about whether con-
ditions are approaching the edges of stability or flashback disruption. 
The fluctuation levels of the 50H2LT case and 50H2Ω case are slightly 
higher than those of the Ref case, while the increasing fluctuation in the 
turbulent flame speed of the 50H EGR case and 100H Ω case should be 
2 2
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linked to the results on the turbulent flame area. The primary reason 
lies in the different dilution methods and mechanisms, as previously 
observed and described. While the 50H2EGR case exhibits the largest 
flame surface (due to high dilution) and the 100H2Ω the smallest 
(because of stronger reactions and higher turbulence), the fluctuation 
levels of flame area across all cases remain similar to those of the 
Ref case (less than 1% difference for the cases 50H2LT, 50H2Ω and 
50H2EGR). The higher fluctuation level of turbulent flame speed in the 
50H2EGR case, combined with larger flame surface, could lead to blow-
off issues. Conversely, the 100H2Ω case shows the smallest surface 
area and the lowest fluctuation level, at only 5%. Moreover, the higher 
fluctuation level of the turbulence level observed for the 100H2Ω case 
comes from the large variation of its turbulent flame speed from base 
to top flame (from 𝑆𝑇 ∕𝑆0

𝐿 = 40 to 0 over 𝑍∕𝐷 = 0 to 𝑍∕𝐷 = 0.15, as 
shown in Fig.  10), in opposition of the observed behavior for the other 
cases, because of the higher reactivity of this case as shown through 
different analysis. This turbulent flame behavior, along with the highest 
fluctuation in turbulent flame speed, indicates that the 100H2Ω case is 
approaching conditions close to flashback, even though flashback was 
not observed.

4.6. Practical considerations

In this section, the LES results are discussed and compared to the 
predictions obtained in [22] to bring some criticism on the 0D/1D 
model. Among all the cases presented to prevent flashback, none show 
increases in temperature, peak HRR, or flame front propagation in 
the main premixed injectors. This gives a first initial validation of 
the proposed fast prediction method using the hybrid 0D/1D model 
described in [22]. Nevertheless, the LES results reveal two distinct 
behaviors for the 100H Ω and 50H EGR cases, which the 0D/1D model 
2 2
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cannot predict due to its limitations in capturing flame dynamics or 
turbulence interactions.

Although the 100H2Ω case does not show any sign of flashback, 
the observed flame shape and results suggest that this case may be 
more sensitive to developing upstream flame propagation through the 
injectors. This case exhibits a shorter flame with a more intense HRR, a 
thicker consumption rate area, higher HRR levels, and turbulent flame 
speed fluctuations over time near the flame base. Its combustion regime 
is closer to the FB case than to the other cases. Conversely, the wider 
and thinner HRR front, combined with the wider and less structured 
consumption rate area shown by the 50H2EGR case, could potentially 
compromise the integrity of a well-attached and stable flame, even 
though this case appears to be free of any flashback risk.

The statement of validation of the predetermined conditions from 
0D/1D must be nuanced by considering some practical constraints 
related to actual mGT facilities. First, the Progress allowance 𝑃𝑎 number 
introduced in this study and the LES results can help in defining the 
limit of acceptable conditions to avoid flashback. Indeed, the results for 
the 50H2EGR cases show that the predictions from [22] may appear 
as too conservative with 𝑃𝑎 = 8.84, almost twice the value for the 
Ref case. However, a security margin has to be taken into account on 
the predetermined optimized levels of dilution to avoid any facility 
issues, especially when looking at the results for the 100H2Ω case, 
which present a similar 𝑃𝑎 number than the Ref case. In an actual 
burner, the heat transfer between the flame and the burner walls will 
increase the wall temperature which might become a source of energy 
triggering flashback. In addition, we showed that the temperature is a 
key parameter in controlling flashback, but the need for temperature 
reduction is a major drawback on the mGT cycle performances. There-
fore, the methodology proposed in [22] provides a fast model capable 
of delivering reasonable predictions for flashback prevention, but the 
stability criterion must be adjusted based on the obtained LES results 
and the defined Progress allowance number (with a threshold defined 
at 𝑃𝑎 = 2, as previously explained). These insights, combined with a 
thermodynamic analysis to ensure cycle performances, might serve as 
a perspective basis for future works.

5. Conclusion

Aiming at stabilizing and restricting flashback in an actual mGT 
(Turbec T100) fueled by hydrogen blends without any redesign of 
the combustor, this work presented a verification of the potential 
of humidification and EGR, as well as the predicted dilution levels 
provided by our previously presented 0D/1D model, in preventing 
flashback. To do so, Large-Eddy Simulations (LES) of an original mGT 
combustor layout, using a complex chemistry approach with an Adap-
tive Mesh Refinement methodology, were performed to compare pure 
methane combustion, considered as a reference case, to a case with a 
CH4/H2 blend of 50/50%𝑣𝑜𝑙, highlighting flashback, and to cases with 
a solution to limit this flashback (humidification and EGR) for different 
hydrogen fractions, 50% and 100%.

The numerical results show that flashback is avoided in all consid-
ered solution cases, confirming that the chosen criterion — namely, the 
laminar flame speed — is effective in estimating operating conditions 
to prevent flashback. It appears that the 50H2Ω case provides, through 
the different analyses, presents the closest behavior to the Ref case, fol-
lowed by the 50H2LT. Indeed, the 50H2EGR case presents a wider and 
thinner HRR front, potentially leading to a more unstable flame base 
compared to the other cases, even though this case seems free of any 
flashback risk. Although the 100%  H2Ω case does not show any sign 
of flashback, neither the observed shorter flame shape and obtained 
results, showing some similarities with the FB case, suggest that this 
case may be more sensitive to develop an upstream flame propagation 
through the injectors. In addition, despite the 4 times higher turbulent 
flame speed observed at the flame foot of the 100H2Ω case, the average 
turbulent flame speed remains rather constant for all cases. Therefore, 
14 
the obtained results confirm that the proposed approach works for 
moderate H2 levels, but requires further investigation for full hydrogen.

Finally, this work first ambition was to sufficiently prove through 
high-fidelity simulations the functionality of humidification and EGR 
in avoiding flashback. The natural next step will feature a validation 
of this proposed approach on an experimental test rig. Another per-
spective would be to perform an optimization analysis for both the 
dilution levels for the flame stability and for the cycle performances 
in terms of efficiency and produced power. Indeed, the results show 
that the most impacting parameter is the temperature. Nevertheless, 
a lower temperature would negatively impact the cycle performances, 
while humidified conditions would help maintaining or increasing the 
gas turbine cycle performances.
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