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 A B S T R A C T

The paper approaches a computational evaluation of the 100% hydrogen fueled, DLR micro-Gas Turbine 
(mGT) burner F400S.3 through high-fidelity Large Eddy Simulations (LES). Sensitivity analyses on the 
thermal boundary conditions of the burner walls and the turbulent combustion model were conducted. The 
experimental OH*-Chemiluminescence distribution was compared with numerical results obtained using the 
Partially Stirred Reactor (PaSR) and the Extended Flamelet Generated Manifold (ExtFGM) combustion models. 
The results showed good agreement regarding the flame shape and reactivity prediction when non-adiabatic 
thermal boundary conditions were applied at the burner walls and the PaSR model was implemented. On the 
contrary, the ExtFGM model exhibited underprediction in flame length and flame lift-off, overestimating flame 
reactivity. Finally, after selecting the combustion model that best retrieved the experimental data, a pressurized 
LES was performed on the combustor domain to evaluate its performance under real operating conditions for 
mGT.
1. Introduction

The obligation to minimize the effects of climate change goes hand 
in hand with assessing the factors driving it. The need to shift to-
wards a climate-neutral economy, thereby reducing polluting emis-
sions, has become crucial and reflects the growing awareness about 
climate change [1]. To achieve this, a full transition to renewable 
energy sources and clean energy conversion technologies is essential 
wherever possible. However, renewable energy sources may not be 
sufficient to meet the global energy demand on their own, at least 
for the time being, due to their fluctuating nature and geographical 
limitations [2].

From this perspective, the use of zero carbon energy carriers such as 
hydrogen (H2) has become increasingly significant in facilitating reli-
able and demand-centered power and heat supply, despite the current 
lack of large-scale infrastructure for hydrogen transportation. In this 
context, Combined Heat and Power (CHP) systems have gained rele-
vance, providing high overall efficiency while requiring only a limited 
amount of H2, which can be produced locally [3]. micro-Gas Turbines 
(mGT) have emerged as the preferred choice for these systems due 
to their low maintenance requirements, high load capability, and fuel 
flexibility, making them an attractive option for CHP generation [4]. 
These micro-combined heat and power systems offer numerous benefits 
to both users and the environment. One of the main advantages is 
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enhanced energy security [5]. In fact, by producing heat and electricity 
concurrently, micro-CHP systems reduce costs associated with energy 
distribution infrastructures and minimize energy losses during elec-
tricity transmission [6]. Furthermore, power decentralization becomes 
increasingly relevant, as micro systems are particularly suitable for 
applications where significant thermal demand is closely linked to the 
user’s electricity demand [7].

However, while the properties of mGTs are well-suited for tradi-
tional fuels like natural gas and synthesis gases, the H2 combustion 
characteristics present unique challenges that must be carefully eval-
uated. Indeed, the high inlet temperatures in the combustor, resulting 
from exhaust gas heat recovery, pose a specific challenge for pre-
mixing hydrogen. This is due to its self-ignition characteristics and 
wide flammable range, which significantly increase the tendency for 
flashback and auto-ignition [8]. Addressing these technical challenges 
is thus essential for ensuring safe and reliable operation.

Several studies have investigated hydrogen fueling in mGTs. Cal-
abria et al. [9] achieved 15% H2 on the AE-T100 Ansaldo Green 
Tech mGT, highlighting the need for a burner geometrical redesign 
to mitigate the risk of combustion anomalies onset for higher H2 con-
centrations. Cappelletti et al. [10] performed a numerical re-design of 
the burner, achieving 100% H2 in simulations while avoiding flashback 
and self-ignition. Devriese et al. [11] examined, on a different burner, 
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how the fuel nozzle geometry and flame stabilization method influence 
NO𝑥 emissions. Similarly, Hohloch et al. [12] emphasized the impact 
of flame stabilization on the risk of self-ignition and flashback in the 
mixing zone, recommending jet-stabilized combustion systems over 
swirl-stabilized ones for H2 fueled mGT burners.

In this context, numerous studies in the literature investigate the 
MILD combustion regime [13], showing higher performances regarding 
hydrogen flames avoiding flashback propensity with high momentum 
jet-stabilized type of combustors [14,15]. Additionally, NO𝑥 emissions 
are minimized due to an inner large recirculation region that stabilizes 
the flame in the combustion chamber, combined with short residence 
times resulting from the high-velocity jets [16–18].

Various strategies have been developed to model the combustion 
process, each based on different assumptions about how chemical re-
actions are treated. These strategies range from cost-efficient methods, 
such as tabulated chemistry approaches, to more numerically-expensive 
models that directly account for species transport.

A promising solution within the tabulated chemistry approach is 
the Flamelet Generated Manifolds (FGM) model [19], which optimizes 
the computational process by generating a look-up table in an initial 
step, derived from the resolution of multiple laminar flamelets. In this 
framework, the thermodynamic states are characterized as functions 
of two key control variables: the mixture fraction 𝑍 and the progress 
variable 𝑐. This allows for a more efficient representation of the com-
plex combustion process while maintaining accuracy. Although the 
FGM model offers lower computational costs due to fewer transport 
equations, it does not inherently account for the preferential diffu-
sion effects characteristic of lean H2 flames [20], which introduces 
limitations specifically for hydrogen combustion [21]. Moreover, the 
traditional FGM model does not consider stretch and non-adiabatic 
effects on the flame reactivity during the tabulation process. Despite 
the use of the traditional FGM model being the standard in many 
studies [22–25], many works could be found in the literature focusing 
both on introducing an extension to the model to take into account 
the non-Unity Lewis number effects within H2 flames [26–29] and to 
acknowledge the influence of stretch and heat loss and gain on flame 
topology [30–34].

The second strategy to address turbulent flames involves solving a 
transport equation for each species included in the selected chemical re-
action mechanism. This species transport approach provides a detailed 
representation of flame chemistry and captures preferential diffusion 
effects in H2 flames. However, it significantly increases computational 
cost due to the large number of transport equations, which scales with 
the number of species. To address these challenges in the context of 
turbulence-chemistry interactions, models such as the Partially Stirred 
Reactor (PaSR) [35–38], and the Thickened Flame (TF) model (in the 
LES framework) [39,40] are commonly employed.

This work aims to numerically investigate the German Aerospace 
Center (DLR) mGT burner F400S.3 [12], focusing on evaluating the 
performance of an extended tabulated chemistry-based model against 
species transport-based model on a lean hydrogen flame under both 
adiabatic and non-adiabatic thermal boundary conditions. High-fidelity 
Large Eddy Simulations (LES) were conducted to assess the final sensi-
tivity analyses. It is important to note that, to the author’s knowledge, 
no high-fidelity studies have been published in the literature specifi-
cally addressing this burner, nor have they evaluated the effects of tur-
bulent combustion models and non-adiabatic boundary conditions on 
its performance. Initially, a preliminary RANS Conjugate Heat Transfer 
(CHT) analysis of the burner was performed to compute the combustor 
wall temperature distributions, which were then used as boundary 
conditions for the LES. The consideration of non-adiabatic boundary 
conditions is crucial due to the burner’s geometry: neglecting fluid-solid 
heat transfer could lead to an underestimation of both temperature 
and velocity within the combustion chamber. This issue is particularly 
relevant for the reverse-flow type of combustor characteristic for micro-
Gas Turbines [41]. Subsequently, the Flamelet Generated Manifolds 
2 
(FGM) and the Partially Stirred Reactor (PaSR) combustion models 
were evaluated on the burner by comparing the CFD results with the 
experimental OH*-Chemiluminescence data. Specifically, a new formu-
lation for the FGM model (Extended FGM), previously presented by the 
authors in [41], was here implemented, accounting for the stretch and 
non-adiabatic effects of the flame. Then, once the computational setup 
that best replicated the experimental results was identified, the burner 
was also analyzed at an elevated pressure (approximately 4.5 bar) to 
assess its performance under representative operating conditions for a 
commercial micro gas turbine (mGT).

2. Combustion models

2.1. Extended Flamelet Generated Manifolds (ExtFGM)

The Flamelet Generated Manifold (FGM) model is a tabulated 
chemistry-based approach funded on the idea that the chemical state 
only depends on two control variables, the mixture fraction 𝑍 and the 
progress variable 𝑐 [42]. The mixture fraction 𝑍 represents the local 
composition of the mixture, while the progress variable 𝑐 indicates the 
global reaction progress towards equilibrium, modeling the combustion 
process as a single-step reaction with a characteristic time scale. 𝑍 is 
computed through Bilger’s definition [43], while 𝑐 is estimated as ratio 
of a linear combination of the H2O and H2 mass fractions to their values 
at local equilibrium [44]: 

𝑐 =
𝑌H2O − 𝑌H2

(𝑌H2O − 𝑌H2
)𝑒𝑞

(1)

By solving premixed mono-dimensional laminar flamelets, a look-
up table is created to describe the complete space of the two control 
variables, through 𝑍x𝑐 = 64 × 32 points. The DC1S09 chemical scheme, 
developed by the German Aerospace Center (DLR), characterized by 9 
species and 23 reactions, is used to solve the laminar flamelets. The 
DC1S09 is a skeletal mechanism for H2 combustion, obtained from 
the DLR Concise (238 species and 1814 reactions), developed for jet 
fuels [45]. Lastly, to take into account the influence of turbulence on 
chemistry, a 𝛽-shaped Probability Density Function (𝛽-PDF) is assumed 
a priori for the two variables. As a result, the integrated value of a 
generic turbulent quantity 𝜑̃ can be expressed as: 

𝜑̃(𝑍̃, 𝑐, 𝑍 ′′2, 𝑐′′2) = ∬ 𝜑(𝑐, 𝑍)𝑃𝐷𝐹 (𝑐, 𝑐, 𝑐′′2)𝑃𝐷𝐹 (𝑍, 𝑍̃,𝑍 ′′2 ) 𝑑𝑐 𝑑𝑍 (2)

where 𝑍̃, 𝑐 and 𝑍 ′′2, 𝑐′′2 are the mean values and variances of mix-
ture fraction and progress variable, respectively, and 𝜑(𝑐, 𝑍) the value 
extracted from the laminar look-up table.

As mentioned, the traditional FGM model cannot natively take 
into account the preferential diffusion effects with only two control 
variables (Z and c) [28]. Moreover, the model struggles to correctly 
predict flame morphology where the flame stretch and non-adiabatic 
effects are predominant [30]. Thus, an enhanced version of the FGM 
model is further here applied to account for these effects without mod-
ifying the governing equations. The model improvement is performed 
by multiplying the standard progress variable source term ̄̇𝜔𝑐 by a 
correction factor 𝛤 , following the work originally introduced, in the 
RANS framework, by Klarmann et al. [33]. A LES validation of the 
model has been performed in the work by Langone et al. [34].

The reaction progress source term results in: 

̄̇𝜔𝑐 = 𝛤 (𝑍, 𝛽, 𝜅)𝜌̄∬
𝜔̇𝑐 (𝑍, 𝑐)
𝜌(𝑍, 𝑐)

̃𝑃𝐷𝐹 (𝑍, 𝑐)𝑑𝑍𝑑𝑐 (3)

with 𝛤 : 

𝛤 (𝑍, 𝛽, 𝜅) =

(

𝑆𝑐 (𝑍, 𝛽, 𝜅)
𝑆0
𝑐 (𝑍)

)𝑚

(4)

Here, 𝑆𝑐 denotes the non-adiabatic, stretched fuel consumption 
speed, while 𝑆0

𝑐  represents the adiabatic, unstretched consumption 
speed, commonly referred to as the laminar flame speed. The term 𝜅



G. Generini et al. International Journal of Hydrogen Energy 186 (2025) 151842 
Fig. 1. Laminar consumption speed as a function of (a) strain rate [1/s] and heat loss/gain parameter at a fixed stoichiometric mixture fraction, and (b) strain 
rate [1/s] and mixture fraction under adiabatic conditions (𝛽 = 0). The values are defined for H2/air flames, corresponding to the atmospheric test case boundary 
conditions for the air and fuel temperatures.
corresponds to the flame stretch, and 𝛽 accounts for heat losses and 
gains. Finally, 𝑚 is a proportionality factor linking the consumption 
speed 𝑆𝑐 to the mean progress variable source term ̄̇𝜔𝑐 , as described 
in [33].

To compute 𝑆𝑐 , a consumption speed 𝑆𝑐 (𝑍, 𝛽, 𝜅) look-up table is 
generated during a pre-processing step by evaluating the effects of 
stretch and heat loss/gain on laminar flames. This is accomplished 
by solving mono-dimensional laminar premixed counterflow flames in 
a ‘fresh-to-burnt’ configuration. The simulations employ the Cantera 
v2.6.0 Python libraries [46], solving H2/air flames using the skeletal 
reaction mechanism DC1S09. A full multicomponent formulation for 
species diffusion is adopted to account for non-unity Lewis numbers in 
the laminar flame solution.

A key consideration in this process is the treatment of flame stretch, 
which, by definition, comprises both strain and curvature. Since cur-
vature is inherently a three-dimensional phenomenon and this phase 
of the study is restricted to one-dimensional flames, it is excluded. 
Consequently, strain alone is used to represent the total stretch.

The flame response to various degrees of flame strain was analyzed 
by increasing the reactants’ and products’ jet velocities until either a 
maximum specified level of strain was achieved or the flame extinction 
occurred. On the other side, the flame’s behavior under different levels 
of heat loss and gain was analyzed by respectively decreasing or in-
creasing the unburnt mixture and products’ total enthalpy with respect 
to the adiabatic condition, employing the parameter 𝛽. To clarify, 𝛽 = 0
denotes the adiabatic condition, 𝛽 > 0 indicates the presence of heat 
loss, and 𝛽 < 0 emphasizes the effect of heat gain. Further information 
on 𝜅 and 𝛽 formulations could be found in the work by Generini 
et al. [41].

Therefore, the consumption speed 𝑆𝑐 is evaluated for every flame 
through Poinsot and Veynante’s expression [47]: 

𝑆𝑐 =
1

𝜌𝑢𝛥𝐻0
𝑐 𝑌𝑓 ∫

∞

−∞
𝑞̇𝑑𝑥 (5)

where 𝜌𝑢 represents the unburnt mixture density and 𝑞̇ the total heat 
release rate per unit volume. Fig.  1 shows the effects of these variables 
on the consumption speed, considering the stoichiometric composition 
(a) and the adiabatic case (b), computed for the case-specific boundary 
conditions.

Subsequently, the evaluated consumption speed is stored in a look-
up table, which is accessed at runtime via a dedicated subroutine 
written in C during the CFD simulation. This routine performs inter-
polation based on three parameters: the heat loss/gain parameter 𝛽, 
the total flame stretch 𝜅tot, and the mixture fraction 𝑍, each calculated 
within every computational cell. Notably, in the three-dimensional sim-
ulation framework, the look-up table is indexed using the total stretch 
rate rather than just the strain rate, allowing curvature effects to be 
taken into account and enabling the incorporation of curvature-induced 
variations.
3 
That said, the total flame stretch 𝜅tot is evaluated within the routine 
using the following component-wise formulation: 

𝜅 = (𝛿𝑖𝑗 − 𝑛𝑖𝑛𝑗 )
𝜕𝑢𝑖
𝜕𝑥𝑗

⏟⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏟
𝜅𝑚𝑒𝑎𝑛

+𝛤𝑘

(

𝑢′

𝑆0
𝑐
,
𝑙𝑡
𝛿0𝐿

)

𝜖
𝑘

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
𝜅𝑡𝑢𝑟𝑏

+𝑆0
𝐿

1
2 − 𝑐

𝑙𝑤
⏟⏞⏞⏟⏞⏞⏟

𝜅𝑐𝑢𝑟𝑣

(6)

The mean-flow-induced stretch 𝜅mean is calculated using the Kro-
necker delta 𝛿𝑖𝑗 and the orientation tensor 𝑛𝑖𝑛𝑗 , following the formula-
tion proposed by Veynante et al. [48,49]. The turbulent contribution to 
flame stretch, 𝜅turb, captures the effect of flame front wrinkling induced 
by turbulent velocity fluctuations. It is modeled using the Intermittent 
Turbulence Net Flame Stretch (ITNFS) framework introduced by Men-
eveau and Poinsot [50], incorporating the influence of both turbulent 
and chemical time and length scales through the efficiency function 𝛤𝑘.

The curvature-induced stretch term, 𝜅curv, accounts for changes 
in local flame propagation speed due to front curvature. Here, 𝑆0

𝐿
denotes the unstretched laminar flame speed, and 𝑙𝑤 is a characteristic 
length scale representing the wavelength of flame wrinkles within the 
turbulent flame brush, as defined by Bray et al. [51].

For a more detailed discussion of the heat loss/gain parameter 𝛽, 
the reader is referred to [41].

Using the local values of flame stretch 𝜅, heat-loss/gain parameter 
𝛽, and mixture fraction 𝑍, a linear interpolation is applied to the look-
up table in order to compute, at runtime and for each cell in the 
domain, the corresponding consumption speed and, consequently, the 
correction factor 𝛤 . This strategy ensures consistency with the local 
thermochemical and flow conditions throughout the simulations.

Linear interpolation was deliberately chosen over more sophisti-
cated schemes for several reasons. First, it provides a balanced com-
promise between computational cost and accuracy. Since interpolation 
is performed at every time step and in every computational cell, higher-
order methods would significantly increase the computational over-
head, potentially making the simulations impractical under realistic 
time and resource constraints. Second, the look-up table itself is densely 
populated, with a large number of discretized points, each obtained 
from a fully resolved counterflow flame calculation. This fine resolution 
captures the one-dimensional flame behavior across a broad range of 
operating conditions. In this context, linear interpolation is sufficiently 
accurate, as the dense sampling minimizes interpolation errors while 
keeping the approach computationally efficient.

2.2. Partially Stirred Reactor (PaSR)

The Partially Stirred Reactor (PaSR) is a finite-rate chemistry model 
based on the idea that combustion takes place within reactive struc-
tures, referred to as ‘‘fine scales’’, which occupy part of the computa-
tional cell volume [52]. The model is generally used for cases where 
the high dilution levels and the intense mixing between reactants and 
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combustion products lead to a distributed reaction process, resulting in 
high Reynolds and moderate Damköhler numbers [53]. In this regard, 
many works could be found in the literature, both in the RANS [35,54] 
and LES [55,55,56] frameworks, regarding the application of the PaSR 
model for evaluating MILD combustion regimes [57]. In the PaSR 
model, each computational cell could be split into two zones: the 
reacting (fine-scales) and non-reacting zones. The reaction rate, for 
a generic species 𝑖, is based on the mass exchange between the two 
regions and is defined as: 

̄̇𝜔𝑖 = 𝑘
𝜌̄
(

𝑌 ∗
𝑖 − 𝑌 0

𝑖
)

𝜏∗
(7)

where 𝑌 0
𝑖  and 𝑌 ∗

𝑖  are the mass fractions for the 𝑖-species in the non-
reacting and reacting region respectively, 𝜌̄ is the Reynolds-averaged 
density, 𝜏∗ is the fine-scales residence time and 𝑘 represents the reactive 
fraction of the cell, thus the fine-scales volume. 𝑘 is computed as a 
function of the chemical time scale 𝜏𝑐 and the mixing time scale 𝜏𝑚𝑖𝑥: 

𝑘 =
𝜏𝑐

𝜏𝑐 + 𝜏𝑚𝑖𝑥
(8)

where 𝜏𝑐 is estimated for every single species included in the chemical 
reaction mechanism chosen (DC1S09 from DLR), by computing the 
highest limiting value of the ratio: 

𝜏𝑐,𝑖 =
𝑌 ∗
𝑖

𝑑𝑌 ∗
𝑖 ∕𝑑𝑡

(9)

where the lower term identifies the species formation rate in the 
reactive zone [55].

The mixing time scale is computed as the geometrical mean of the 
sub-grid velocity stretch time, given by (𝛥∕𝑣′), and the Kolmogorov 
time scale, expressed as ((𝜈∕𝜖𝑠𝑔𝑠)1∕2) [53]. The sub-grid quantity 𝑌 ∗

𝑖  is 
obtained by considering the reactive zone evolving from 𝑌 0

𝑖  during the 
simulation time step. The presented formulation pertains to the LES 
framework: further information regarding the RANS PaSR formulation 
can be found in the work of Ferrarotti et al. [35], referring to the 
𝜏𝑚𝑖𝑥 expression based on the concept of fractal structures in turbu-
lence, which builds upon the earlier work presented by Golovitchev 
et al. [58].

3. Atmospheric case

The section presents the atmospheric analysis of the burner. Ini-
tially, the experimental test rig is described, followed by a detailed 
examination of the computational domain characteristics. This includes 
an overview of the setup for both RANS and LES. Finally, the results 
from the various sensitivity analyses discussed throughout the section 
are presented and analyzed.

3.1. Experimental test-rig

The test case considered in this work is the F400S.3 burner, illus-
trated in Fig.  2, developed at the German Aerospace Center (DLR) in 
Stuttgart and specifically designed for the Ansaldo Green Tech AE-T100 
micro Gas Turbine (mGT). The burner is a reverse-flow, single-can, 
tubular, atmospheric combustor. The naming convention of the burner 
is intentional: the ‘‘F’’ signifies the use of FLOX® technology [61], 
while the number following it, 400, indicates the burner’s fuel power 
rating in kW. The ‘‘S’’ denotes the burner’s original design for synthetic 
gas applications. The latest version, identified with the number 3, has 
demonstrated versatility in handling a variety of hydrogen-enriched 
fuel mixtures, with hydrogen content ranging from 0% to 100%, as 
shown in the work of Hohloch et al. [12]. This adaptability extends the 
burner’s capability beyond its initial purpose, making it suitable for a 
broader range of hydrogen-based combustion applications.

The burner combustion process operates on a two-stage system 
comprising a swirl-stabilized pilot stage and a jet-stabilized main stage. 
The pilot stage employs a diffusive flame, which is primarily utilized 
4 
Fig. 2. F400S.3 experimental burner: sectional view (left) of the entire com-
bustor assembly and a detailed view (right) illustrating the fuel injection 
mechanism for both the swirl-stabilized pilot stage and the jet-stabilized main 
stage. Adapted from [59,60].

Fig. 3. Representation of the experimental test-rig set-up (left) and horizontal 
burner section showing the camera field of view (right). Adapted from [12].

during the mGT start-up and to stabilize the main flame, which is 
technically-premixed. Under optimal design conditions, this main stage 
processes approximately 90% of the fuel power [2]. A specific flow 
field is generated within the combustion chamber, characterized by 
a large inner recirculation zone due to the high axial momentum of 
the main jets. This design allows combustion products from both the 
pilot and the main flame to be recirculated back into the main flame 
reaction zone. By minimizing the formation of low-velocity regions, the 
burner effectively reduces the risks of flashback and auto-ignition, thus 
ensuring a more reliable and efficient combustion process.

Fig.  3 presents a schematic of the atmospheric test rig, along with 
a horizontal cross-section of the combustion chamber, highlighting the 
camera’s field of view. Notably, an exhaust gas probe is positioned at 
the burner outlet to facilitate flue gas composition analysis.

Further details on the experimental setup can be found in [12].

3.2. RANS and LES simulations set-up

The Navier–Stokes equations were solved using the pressure-based 
solver ANSYS Fluent 2024 R1 [42] to model the burner domain through 
both RANS and LES simulations. Fluid-RANS and RANS Conjugate 
Heat Transfer (CHT) analyses were performed, with the latter specif-
ically used to compute the burner’s wall temperature distributions. 
These temperature profiles were then applied as non-adiabatic thermal 
boundary conditions in the LES calculations, eliminating the need for 
a computationally expensive high-fidelity fully coupled CHT analysis.

Both the RANS-CHT and LES simulations were conducted on a 72◦
sector of the full combustor, leveraging the periodicity of the burner to 
reduce computational cost and simulation time by modeling only 1/5 
of the total geometry (Fig.  4(a)).

The CHT computational grid, illustrated in Fig.  4(b), consists of 
approximately 1.4E7 polyhedral cells, with 5 layers of prism adja-
cent to solid walls. The LES grid, which is also used for the fluid 
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Fig. 4. (a) Computational domain and numerical boundary conditions. (b) Computational grid for the RANS CHT analysis and for the atmospheric LES analysis.
Fig. 5. Contour of time-averaged (left) Celik Index [62] and (right) Pope 
Index [63] for the LES computational grid.

RANS simulations, was developed using a similar procedure, simply 
neglecting the solid domain in the CHT grid: a polyhedral mesh of 
about 1.1E7 cells was computed. To assess the validity of the mesh 
for the LES calculation, the Celik index [62] and the Pope index [63] 
were evaluated. As shown in Fig.  5 both indexes appears above the 
recommended value (𝐼𝑄 > 0.8) in the whole domain which ensures 
proper turbulence resolution.

Equal boundary conditions were set for both the LES and RANS 
(fluid and CHT) analyses. The overall fuel mass flow was distributed 
between the main and pilot lines by setting mass flow inlet conditions 
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on their respective inlet surfaces (Fig.  4(a)). Additionally, a mass flow 
inlet condition was specified for the burner air inlet, along with an 
atmospheric pressure condition for the burner outlet. For the fluid 
RANS simulation, adiabatic wall conditions were applied, enforcing 
a zero heat flux at the boundaries. For the RANS CHT analysis, the 
wall thermal boundary conditions are a direct output of the calcula-
tion, since a direct coupling between the fluid and solid domain is 
performed by the solver. A temperature-dependent polynomial was set 
for the solid cell zone material properties. Moreover, the combustion 
chamber wall (Fig.  4(a)) was modeled as a shell conduction wall [42], 
with quartz material properties implemented as temperature-dependent 
polynomials [64].

To account for the cooling effect of the external airflow on the 
quartz wall, induced by an outlet fan, forced convection was incorpo-
rated into the model. The external Heat Transfer Coefficient (HTC) was 
calculated using the Churchill and Bernstein correlation [65]: 

𝑁𝑢 = 0.3 + 0.62𝑅𝑒1∕2𝑃𝑟1∕3

[1 + (0.4∕𝑃𝑟)2∕3]1∕4

[

1 +
( 𝑅𝑒
282000

)5∕8]4∕5
(10)

where Re and Pr are respectively the Reynolds and Prandtl numbers.
In contrast, for the LES calculation, the wall temperature distribu-

tions obtained from the CHT analysis were applied as thermal boundary 
conditions.

The k-𝜖 Realizable model with Enhanced Wall Treatment [42] was 
used for the RANS simulations, along with the COUPLED solution 
algorithm for pressure-velocity coupling. Pressure gradients were ap-
proximated using a second-order scheme, while all other equations 
were discretized with a second-order upwind.

In the RANS framework, turbulence-chemistry interaction was ex-
clusively modeled using the Partially Stirred Reactor (PaSR) model, 
utilizing the skeletal DC1S09 mechanism to describe the system’s re-
activity.

In the LES context, the effect of unresolved eddies is modeled using 
the Dynamic Smagorinsky-Lilly formulation, which dynamically evalu-
ates the Smagorinsky constant. The SIMPLEC algorithm was adopted 
for the pressure-velocity coupling with a constant time step of 5E-6 
s, ensuring a convective Courant number, in the region of interest, 
below 5. Second-order schemes were used for spatial and temporal 
discretization, with an implicit formulation applied for the latter.
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Fig. 6. (a) Normalized temperature distribution across the external wall of the combustion chamber, comparing both the adiabatic CFD and CHT simulations. 
(b) Normalized temperature distribution on the swirler and pilot flame wall regions, for both the adiabatic CFD and CHT simulations. The temperature values 
are normalized with respect to the geometry-specific maximum temperature.
The turbulence-chemistry interaction was modeled using the turbu-
lent combustion models presented in Section 2: the ExtFGM and the 
PaSR, following the formulation presented and employing, once again, 
the DC1S09 chemical reaction mechanism.

3.3. Results and discussion

3.3.1. RANS results
As discussed earlier, RANS-CHT analyses were carried out to de-

termine the wall temperature distributions, which served as thermal 
boundary conditions for the LES simulations. Fig.  6 presents the nor-
malized temperature distributions on two critical surfaces: (a) the 
external surface of the combustion chamber (CC ext wall) and (b) the 
radial swirler duct wall (Swirler Wall), including a section of the pilot 
flame region wall.

A detailed comparison is provided for both surfaces, highlight-
ing the differences in wall temperature distributions obtained from 
the adiabatic CFD simulation and the Conjugate Heat Transfer (CHT) 
analysis.

Fig.  6(a) displays the external combustion chamber wall projected 
onto a plane, where the circumferential coordinate is represented as the 
product of the surface radius and the angular position.

Here, the impact of neglecting heat transfer effects in the adiabatic 
simulation is evident, leading to significantly higher wall tempera-
tures. Indeed, when heat conduction and forced convection effects on 
the external wall are accounted for in the Conjugate Heat Transfer 
(CHT) analysis, the temperature distribution undergoes a notable shift, 
resulting in overall lower wall temperatures.

This inclusion of heat transfer mechanisms causes the region of peak 
temperature to move axially downstream, towards the burner outlet, 
compared to the adiabatic case. In contrast, the adiabatic analysis 
predicts the highest temperatures at axial coordinates below 50 mm, 
where the quenching effect induced by heat transfer is not adequately 
captured. This highlights the importance of incorporating detailed ther-
mal interactions to accurately represent the thermal behavior of the 
system.

A similar conclusion can be drawn from the temperature distri-
bution presented in Fig.  6(b). The inclusion of heat transfer effects 
in the solution results in significantly higher wall temperatures on 
the radial swirler compared to the adiabatic simulation. This finding 
is particularly noteworthy as the increased wall temperature directly 
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impacts the flow temperature, thereby altering flame characteristics 
and combustion dynamics.

Notably, the elevated temperature on the wall of the pilot flame 
region emphasizes the critical influence of heat transfer in stabilizing 
and shaping the flame. Furthermore, the CHT analysis reveals a higher 
wall temperature in the pilot fuel adduction duct, which leads to 
pre-heating of the fuel, which is absent in the adiabatic scenario.

It is worth emphasizing that, even at the RANS analysis level, the 
significance of heat transfer effects is evident and highly relevant. This 
aspect, particularly its influence on flow behavior and flame dynamics, 
will be further examined in Section 3.3.2, with LES calculations.

3.3.2. LES results
The impact of non-adiabatic boundary conditions is evaluated com-

paring the experimental OH*-Chemiluminescence distribution with the 
normalized mean HRR integrated along the Line of Sight (LOS) axis, 
depicted in Fig.  7(a). In the figure, the green arrow indicates the 
direction of LOS axis movement, while the yellow line represents the 
axis itself. On the contrary, Fig.  7(b) presents the comparison between 
the numerical and experimental results. The HRR normalization was 
carried out using a common global maximum, ensuring a consistent 
basis for comparison across different cases. In the experiments, normal-
ization was carried out by considering the maximum value within the 
experimental distribution.

As shown, when non-adiabatic boundary conditions are applied, 
local flame quenching occurs in specific regions, preventing the flame 
from anchoring at the nozzle rim and consequently increasing the flame 
lift-off distance. This could be better explained by evaluating Table 
1, which presents the flame lift-off height (LOH) and flame length 
obtained under both adiabatic and non-adiabatic boundary conditions. 
Specifically, the flame lift-off height (LOH) is determined as the axial 
position where 10% of the global light emission is reached, following 
the methodology described in [66,67]. Similarly, the flame length is 
evaluated as the axial range between two points corresponding to 10% 
of the global light emission.

The table results show that the flame lift-off height increases when 
non-adiabatic boundary conditions are applied, bringing the simulation 
results closer to the experimental observations. In contrast, the flame 
length appears to be largely independent of the thermal boundary 
conditions, retrieving similar results.



G. Generini et al. International Journal of Hydrogen Energy 186 (2025) 151842 
Fig. 7. (a) Horizontal burner section showing the camera field of view [12]. (b) LES-calculated LOS integrated equivalent (HRR) with PaSR model and adiabatic 
and non-adiabatic thermal boundary conditions, and Experimental OH*- Chemiluminescence.
Table 1
Flame lift-off height (LOH) and length obtained from the at-
mospheric LES calculations using the PaSR model, under both 
adiabatic and non-adiabatic thermal boundary conditions, com-
pared with experimental data. 
 LOH [mm] Length [mm] 
 PaSR adiabatic 7 69  
 PaSR non-adiabatic 12 69  
 Exp 16 70  

To quantitatively assess the effect of heat losses, the total wall 
heat flux was computed over all solid boundaries where non-adiabatic 
boundary conditions were applied as: 

𝑄wall = ∫𝑆wall
𝑞′′wall 𝑑𝑆 (11)

where 𝑞′′wall represents the local wall heat flux.
Moreover, the total flame power, defined as the volume-integrated 

chemical heat release, was calculated as: 

𝑄f lame = ∫𝑉
𝑞̇chem 𝑑𝑉 (12)

where 𝑞̇chem represents the chemical heat release rate per unit volume.
The ratio of these quantities gives a global heat-loss fraction of 

approximately 6%, indicating that, while the overall impact of heat loss 
is moderate, it is sufficient to influence flame stabilization.

The effect of non-adiabatic boundary conditions is particularly evi-
dent when analyzing the normalized mean temperature distribution on 
the midplane, especially in the region where the flame stabilizes, as 
illustrated in Fig.  8. To facilitate the comparison, a common maximum 
was used for normalization. Furthermore, an isoline of Heat Release 
Rate (HRR) is plotted to clearly delineate the reactive zone, together 
with a dotted green isoline corresponding to zero axial velocity to 
identify the boundaries of the recirculation regions, specifically the 
inner recirculation zone (IRZ) and the outer recirculation zone (ORZ).

In the ORZ, specifically at the corner of the combustion chamber, 
the lower temperature leads to an increased flame lift-off compared to 
the adiabatic case. However, the higher temperature in the IRZ causes 
the flame to bend towards the burner axis. This increased temperature 
in the IRZ results from the products of the pilot flame, which are hotter 
due to solid-fluid heat transfer. Indeed, computing the normalized mean 
temperature on a plane slicing through the radial swirler reveals that 
the air temperature rises before entering the combustion chamber (in 
the Radial Swirler wall previously depicted in Fig.  6), as shown in Fig. 
9. This results in a high reactivity pilot flame and, consequently, in a 
‘‘bent’’ partially-premixed main flame.
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Table 2
Flame lift-off height (LOH) and length obtained from LES cal-
culations using the ExtFGM and the PaSR, under non-adiabatic 
thermal boundary conditions, compared with experimental data. 
 LOH [mm] Length [mm] 
 ExtFGM non-adiabatic 10 20  
 PaSR non-adiabatic 12 69  
 Exp 16 70  

Thus, due to the specific configuration of the burner, heat transfer 
effects play a crucial role in determining the flame topology. The 
reverse-flow configuration of the burner leads to a mixture temperature 
increase before entering the combustion chamber, which ultimately 
influences the flame characteristics.

After establishing the necessity of incorporating non-adiabatic
boundary conditions, the subsequent LES simulations were performed 
using the previously determined temperature distributions on the com-
bustor walls. These simulations were specifically designed to con-
duct a sensitivity analysis of the turbulence-chemistry interaction by 
comparing two distinct modeling approaches.

In this context, a comparison was made, once again, between the 
experimental OH*-Chemiluminescence distribution and the normalized 
mean HRR integrated along the LOS axis for all turbulent combus-
tion models (ExtFGM and PaSR), using a common HRR maximum for 
normalization (Fig.  10).

The results also in terms of flame LOH and length are reported in 
Table  2.

As mentioned, the extension of the FGM model, presented in Sec-
tion 2.1, introduces the effects of flame heat loss and gain, as well as 
flame stretch. From the previous analyses, it is clear that accounting for 
heat transfer within the domain is fundamental to accurately capture 
the correct flame topology. However, despite these adjustments, the 
ExtFGM model still fails to accurately describe the experimentally ob-
served flame topology. The flame appears to be close to the nozzle rim 
assuming a higher flame reactivity, which brings the flame to be more 
compact and thus shorter (Fig.  10(a)): from Table  2, the model both 
underestimates the flame lift-off height and the flame length compared 
to the experimental data. This is due to various reasons, all of which 
are related to the inherent characteristics of the FGM.

First, the model does not account for the influence of flame products 
on the technically premixed flame, in terms of mixture composition. 
The model chemistry tabulation is inherently not able to address the 
effect of a different oxidant composition for the main flame, which is 
determined by the turbulent flow field. The inner recirculation region 
brings the products from both the pilot and the main flame into direct 
interaction with the main flame itself.
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Fig. 8. Atmospheric PaSR adiabatic and non-adiabatic normalized mean temperature distributions on the midplane with superimposed mean heat release rate 
black isolines at 1E8 W/m and mean axial velocity green dotted isoline at 0 m/s.
Fig. 9. Atmospheric PaSR normalized mean temperature distributions on a plane slicing the radial swirler with adiabatic and non-adiabatic thermal BCs.
As shown in Fig.  11(a), by plotting the normalized laminar flame 
speed, computed by solving a freely-propagating flame as a function 
of the mixture fraction for both H2-Air and H2-vitiated-air mixtures 
under the domain’s temperature and pressure boundary conditions, 
the latter appears to be lower thus leading to an overestimation of 
the model. The vitiated-air composition was determined by calculating 
the species mass fractions on a constant-radius surface that vertically 
slices the combustion chamber (Fig.  11(b)), carefully chosen near the 
location where the premixed flame stabilizes, in order to account for 
the recirculation of products from both the pilot and main flames onto 
the main flame itself.

The limitation can be overcome by extending the tabulation of the 
fuel consumption speed to include 𝜄, a parameter characterizing mixture 
dilution, as an additional control variable, yielding 𝑆𝑐 = 𝑆𝑐 (𝑍, 𝛽, 𝜅, 𝜄).

This parameter accounts for the influence of reduced oxygen content 
on the fuel consumption speed due to the oxidant dilution. 𝜄 ranges 
from 0 to 1, where 𝜄=0 corresponds to an undiluted condition, with an 
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oxygen mass fraction of 23%, typical of atmospheric air. Conversely, 
𝜄=1 represents the case of maximum dilution, wherein the oxidant is 
fully diluted by the combustion products, such that the resulting oxygen 
content matches that of the flue gases. The tabulation is achieved by 
iteratively adjusting the proportion of combustion products mixed into 
the fresh air until the target oxygen mass fraction is attained, thereby 
defining the corresponding dilution level.

An important aspect to consider in this context is the impact of 
combustion product recirculation on the main flame, from the main 
flame itself. This phenomenon, characteristic of the specific flow field 
established within the combustion chamber, can impact the main flame 
behavior significantly.

The dilution parameter is treated as a passive scalar, whose trans-
port is directly coupled with the progress variable field. Specifically, 
its production and evolution are significant only in the vicinity of the 
flame front, where the progress variable approaches unity. This ensures 
that the dilution effect, associated with the recirculation of exhaust 
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Fig. 10. Atmospheric LES-calculated LOS integrated equivalent (HRR) setting non-adiabatic thermal boundary conditions with the (a) ExtFGM Model and the (b) 
PaSR Model. (c) Experimental OH*-Chemiluminescence.
Fig. 11. (a) Laminar flame speed as a function of mixture fraction, illustrating the variation in flame speed across different mixtures. (b) Normalized mean Heat 
Release Rate (HRR) distribution overlaid with mean axial velocity vectors, comparing the results from the (1) PaSR and (2) ExtFGM.
gases or the introduction of inert species, is confined to regions where 
combustion actually occurs. As such, it provides a practical way to 
model the interaction between burnt and unburnt gases in turbulent 
reacting flows.

This modeling strategy has been widely adopted in the literature. 
Notably, Huang et al. [68] presented a robust extension to the FGM ap-
proach to incorporate the effects of dilution within the flamelet frame-
work. Their work demonstrates how introducing a dilution scalar en-
hances the model’s capability to simulate low-temperature combustion 
phenomena, enabling better prediction of flame stabilization, pollutant 
formation, and overall flame behavior in practical applications.

It is important to emphasize that this approach is only applicable 
under the assumption that the combustion products from both the 
main and pilot flames share the same composition. This ensures that 
their combined influence on the main flame can be consistently rep-
resented through a single dilution parameter, 𝜄. If the composition of 
the recirculated products differs significantly between the pilot and 
main flames, representing their effects with a unified scalar would 
introduce modeling inaccuracies, thereby undermining the validity of 
the tabulated data. Consequently, the use of a single dilution parameter 
is justified only when such compositional uniformity is ensured, such 
as in the case analyzed.

In this context, the computational cost is directly influenced by 
the number of evaluated points across the dimensions of 𝜅, 𝛽, 𝑍, and 
𝜄. While adding an additional dimension to the look-up table could 
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potentially enhance the fidelity of the combustion model, it would 
also significantly increase both the computational cost and the overall 
model complexity, particularly in the generation of the ExtFGM fuel 
consumption speed table. Moreover, the interpolation process, already 
involving three variables, would become even more computationally 
demanding, thereby increasing the time required to accurately compute 
the reaction rate correction factor, 𝛤 .

Thus, although introducing a dilution parameter could enhance the 
modeling of fuel consumption speed, this extension was not imple-
mented within the scope of the present work. Given these constraints, 
the inclusion of a dilution parameter is suggested as a recommendation 
for future work.

Another limitation of the FGM model is related to the fact that the 
turbulence-chemistry interaction is assumed a priori to have a 𝛽-PDF 
shape. This assumption may not hold accurately in high Reynolds (Re) 
number cases, where turbulence is more intense and a more relevant 
scales separation occurs. In such conditions, the simplistic assumption 
of a 𝛽-PDF may fail to capture the full range of turbulence effects 
on the flame. As a result, the interaction between turbulence and 
chemistry may be inadequately represented, potentially leading to an 
underestimation of the turbulence’s impact on the flame dynamics [69].

Lastly, the current 3D implementation of the model does not ac-
count for preferential diffusion effects, particularly relevant for hydro-
gen due to its low Lewis number [70,71]. These effects are accurately 
captured in the 1D flamelet solutions using a full multicomponent 
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Fig. 12. Extended FGM model parameters. (a) Mean 𝜔̇𝑐 correction factor 𝛤  on the midplane. (b.1) Normalized mean heat loss and gain parameter 𝛽 on the 
midplane. (b.2) Normalized mean temperature distribution in the main fuel duct. (b.3) Normalized mean heat loss and gain parameter 𝛽 on a plane slicing 
through the radial swirler. (c) Normalized stretch 𝜅 distribution on the midplane.
transport model across varying strain rates, but are absent from the 
3D simulations. One potential improvement is to assign individual 
mixture fractions to each species, as proposed by Kinuta et al. [72], 
which would enable a more accurate representation of low Lewis 
species behavior in the 3D framework. An alternative strategy was 
introduced by Swart et al. [26], who modified the transport equations 
of control variables by adding a diffusive term that explicitly accounts 
for low Lewis number effects: this approach allows the preferential 
diffusion contribution to be separated from the non-preferential one. 
Donini et al. [27] later extended this method to 3D FGM simulations, 
incorporating it with a progress variable, Bilger mixture fraction [43], 
and enthalpy as control variables. Further extensions were made by 
Mukundakumar et al. [73]. It should be noted, however, that none of 
these advanced modeling strategies were implemented in the present 
work.

Despite its limitations, the ExtFGM model effectively accounts for 
the impact of fuel pre-heating on flame reactivity. As detailed in 
Section 2.1, the model incorporates the effects of heat loss and gain 
and flame stretch on the progress variable source term 𝜔̇𝑐 , through a 
correction factor 𝛤 .

Fig.  12(a) shows the 𝛤  distribution on the midplane. A value of 
𝛤  above 1 indicates an enhancement in flame reactivity, primarily 
observed in the main flame region and its surrounding zone. It is 
important to highlight that this specific 𝛤  distribution is closely linked 
to the characteristic parameters of the ExtFGM model: the heat loss and 
gain parameter 𝛽 and the flame stretch 𝜅.

Fig.  12(b.1) displays the distribution of 𝛽 on the midplane, keeping 
in mind that 𝛽 = 0 represents the adiabatic condition, 𝛽 > 0 underlines 
the introduction of heat loss and 𝛽 < 0 highlights the effect of heat gain. 
As previously emphasized, introducing non-adiabatic thermal boundary 
conditions reveals both temperature increases and decreases for the 
air and mainline fuel before entering the combustion chamber. The 
air is preheated due to heat transfer with the walls surrounding the 
pilot flame region and cooled due to heat transfer with the mainline 
fuel duct. Conversely, the mainline fuel is preheated as a result of heat 
transfer from the naturally hotter air (Fig.  12(b.1 and b.3)).

From this perspective, Fig.  12(b.2) illustrates the local temperature 
enhancement at the walls of the main fuel line duct. It is important 
to emphasize that without considering the model extension, the heat 
transfer effects of the mixture, directly associated with the application 
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of non-adiabatic conditions, would not be readily observable in terms 
of flame reactivity. This highlights the significance of understanding 
the interplay between heat transfer dynamics and combustion charac-
teristics in this context. Evaluating the 𝛽 distribution on a plane slicing 
through the domain at the radial swirler height (Fig.  12(b.3)) reveals 
that the air passing through the swirler duct experiences concentrated 
heating, as indicated by 𝛽 values less than one. Other areas are affected 
by generalized heat loss.

Lastly, it is crucial to assess the normalized mean stretch 𝜅 distri-
bution on the midplane (Fig.  12(c)). High levels of stretch are found in 
regions of high velocities, such as in the nozzle-jet region and near the 
pilot flame stabilization zone. The 𝛤  distribution reflects the stretch 
distribution: values of 𝛤 < 1 are observed in high stretch areas, 
highlighting the reduction of flame reactivity introduced by the stretch 
itself.

Turning now to the evaluation based on the PaSR model, a notice-
able shift emerges in the analysis. As shown in Fig.  10(b), the results 
obtained with this model exhibit a strong agreement with experimental 
data, particularly in terms of flame topology. The PaSR model success-
fully reproduces both the shape and length of the flame. This numerical 
flame pattern is further supported by experimental observations, which 
clearly show a bending of the flame towards the burner axis, a behavior 
attributed to the elevated temperature of the pilot flame products, as 
previously discussed in Fig.  8.

In terms of mixing dynamics, Figs.  13(a) illustrates the instanta-
neous equivalence ratio 𝜙 on the midplane for the ExtFGM and PaSR, 
respectively. All plots presented in these figures were computed using a 
common maximum value across all models, ensuring a consistent basis 
for comparison.

For all models, the mixture is notably fuel-rich in the nozzle region, 
particularly within the adduction duct and near the nozzle rim in the 
combustion chamber. This fuel-rich condition is primarily a result of 
the high jet velocities, which increase jet penetration and reduce the 
premixing tendency before the mixture enters the combustion chamber. 
However, further downstream, the main flame stabilizes in a region 
where the equivalence ratio decreases. In this area, turbulent structures 
driven by the large inner recirculation zone promote enhanced mixing, 
leading to a more homogeneous distribution of the equivalence ratio, 
𝜙.
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Fig. 13. Atmospheric ExtFGM and PaSR (a) instantaneous and (b) mean equivalence ratio 𝜙 distribution on the midplane. (c) Radial distributions of mean 
equivalence ratio 𝜙 and mixture fraction 𝑍 at different axial coordinates.
In contrast, the pilot region maintains a higher equivalence ratio, 
𝜙, indicative of the flame’s diffusive nature, as expected. The mean 
equivalence ratio distribution on the midplane is shown in Figs.  13(b) 
for ExtFGM and PaSR, with 𝜙 = 0.284 isolines overlaid to represent the 
global equivalence ratio of the domain.

Additionally, radial profiles of the mean values of 𝜙 and Bilger’s 
mixture fraction [43] for the PaSR, as well as the mean values of 𝜙
and the mixture fraction for the FGM model (calculated as defined 
in Eq. (1)), are presented in Figs.  13(c) for ExtFGM and PaSR. These 
profiles are shown at three distinct axial positions (−5.0 mm, 2.0 mm, 
and 30.0 mm) and considering both the minimum and maximum radial 
coordinates of the nozzle.

As previously noted, the high-momentum jets lead to the formation 
of a compact fuel column, which is then disrupted by the turbulent flow 
field within the combustion chamber. This is further corroborated by 
the radial distribution of 𝜙, where, as the axial coordinate increases, 
the equivalence ratio decreases and eventually stabilizes at a constant 
value.

When comparing the turbulent combustion models, the PaSR model 
effectively captures the chemical quenching effects resulting from 
the recirculation of pilot flame products and their influence on the 
partially-premixed main flame. The increased flame lift-off observed 
in the PaSR model is linked to lower flame reactivity, which, in turn, is 
associated with a reduced laminar flame speed. This reduction is driven 
by differences in the oxidant composition, as previously discussed and 
illustrated in Fig.  11(a).

Once discussed all these different aspects, to further validate the re-
sults obtained from the PaSR model, NO𝑥 emissions were evaluated and 
compared with experimental data. Additional details on NO𝑥 emissions 
can be found in the previously cited work of Hohloch et al. [12].
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The computational procedure for NO𝑥 prediction was developed 
and validated by Amerighi et al. [74] and is based on solving the 
NO𝑥 transport equations in a steady-state manner using the time-
averaged LES field. This approach is particularly advantageous in terms 
of computational cost and efficiency, as it circumvents the need to 
solve transport equations for all intermediate species involved in NO𝑥
formation chemistry.

It is also important to emphasize that this procedure was applied 
exclusively to the species transport-based model and not to the ExtFGM 
approach. In hydrogen flames, accurate predictions of velocity, mix-
ing, and temperature are crucial for reliable NO𝑥 estimations. The 
inherent limitations of the tabulated chemistry-based model would 
significantly impact the final results, making it unsuitable for precise 
NO𝑥 predictions.

The results from the PaSR model, considering both adiabatic and 
non-adiabatic boundary conditions, are summarized in Table  3. The 
data, presented under dry conditions, corresponds to a residual oxygen 
content of 15 vol% and represents the mass-weighted average of the 
NO𝑥 concentration at the burner outlet. Additionally, the results apply 
to the entire burner rather than the single sector used in the evaluation.

As shown in the table, the results align well with experimental data. 
Despite a slight overestimation in both the adiabatic and non-adiabatic 
cases, the predictions are within the same order of magnitude as the 
experimental values. One key observation, however, is that applying 
non-adiabatic boundary conditions leads to a lower NO𝑥 concentration, 
underscoring the significance of including heat transfer effects in the 
model.

To conclude, this analysis highlights the significant impact of non-
adiabatic boundary conditions and the limitations of the tabulated 
chemistry-based approach (ExtFGM), despite the extensions introduced 
to the model. The results demonstrate that the PaSR model is better 
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Fig. 14. (a) Computational grid for the high-pressure LES analyses, with grid sizings. (b) Contour of time-averaged (left) Celik Index [62] and (right) Pope 
Index [63] for the pressurized LES computational grid.
Table 3
PPM Dry NO𝑥 corrected at the 15% of O2 com-
puted for the PaSR model applying adiabatic and 
non-adiabatic thermal boundary conditions to 
the burner’s walls, compared to the experimental 
data.
 PPM NO𝑥15%O2 
 PaSR adiabatic 6.4  
 PaSR non-adiabatic 4.9  
 Exp 2.4  

suited for evaluating the burner’s performance. For this reason, this 
model, combined with non-adiabatic boundary conditions, was applied 
to characterize the same burner operating at higher pressure conditions.

4. Pressurized case

A high-pressure test was performed numerically to further charac-
terize the burner domain and evaluate its performance under operating 
conditions representative of a real micro-gas turbine. As mentioned in 
Section 3.1, the burner was developed for the Ansaldo Green Tech 
AE-T100 mGT, a commercial micro-gas turbine that operates at ap-
proximately 4.5 bar. Therefore, the F400S.3 burner was analyzed under 
this pressure condition since eventually, the AE-T100 would be its final 
application.

4.1. Numerical set-up

The high-pressure LES simulations were conducted using the
pressure-based code ANSYS Fluent 24R1 [42], and the computational 
grid for the domain, shown in Fig.  14(a), was generated accordingly. 
An unstructured polyhedral mesh with approximately 2.5E7 cells was 
created. To account for the increase in operating pressure, further 
refinement of the mesh in the flame region was necessary to maintain a 
consistent sub-grid turbulence contribution relative to the atmospheric 
case. This refinement was achieved using the Body of Influence (BOI) 
technique, which involved additional mesh refinement in the main 
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flame region and further reduction in mesh sizing in the pilot region 
compared to the atmospheric configuration.

To ensure consistency in the treatment of turbulence, both the 
Celik [62] and Pope [63] indices were computed and their distributions 
are presented in Fig.  14(b). The computed indices shows comparable 
values in both the pilot and main flame regions when compared to the 
atmospheric case (see Fig.  5), confirming that the sub-grid turbulence 
contribution was handled consistently across both conditions.

The computational setup employed for the LES simulation perfectly 
replicates the one previously presented for the atmospheric case. Here, 
the PaSR model was applied to handle the turbulence-chemistry inter-
action. In fact, as shown in Section 3.3.2, the PaSR model was found 
to be able to better replicate the experimental results compared to the 
ExtFGM.

Despite an equal setup, it is important to carefully discuss the 
boundary conditions defined for the high-pressure case.

A pressure outlet and mass flow inlets were set as BCs for the 
domain. However, the higher operating pressure leads to the necessity 
to scale the mass flow rates to keep constant the corrected mass flow 
factor 𝜃: 

𝜃 =
𝑚̇
√

𝑇0
𝑃0

(13)

where 𝑚̇ represents the air mass flow rate, 𝑇0 the inlet temperature 
and 𝑃0 the pressure being discussed. Assuming an analogous inlet 
temperature, a factor of approximately 4, obtained as the ratio between 
the operating pressures, is identified to calculate the new air mass flow 
rate. Furthermore, the new mass flow rates for the pilot and main fuel 
line were calculated by assuming a similar global equivalence ratio 
𝜙 = 0.284 and a consistent fuel mass flow rate split between the two, 
in line with the atmospheric case.

For this case as well, non-adiabatic thermal boundary conditions 
were applied at the burner’s walls, taking into account the heat transfer 
between the fluid and solid domains. As part of the pre-processing step, 
a RANS CHT analysis was performed also at high pressure to compute 
the domain walls temperature distributions. The computational setup 
here mirrors the one used for the atmospheric RANS CHT analysis, 
described in Section 3.2.

To maintain clarity and avoid over-complicating the discussion, 
the results of the RANS CHT analysis for the pressurized case are 
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Fig. 15. Normalized mean axial velocity distribution on the midplane: (a) Atmospheric case, (b) Pressurized case, and (c) Radial distribution of normalized mean 
axial velocity at the 20 mm and 30 mm axial positions. Normalization was applied using a common maximum value between the two simulations.
excluded, with the focus placed on the LES outputs. The resulting 
temperature distribution is consistent with the conclusions drawn for 
the atmospheric case, underscoring the critical role of heat exchange, 
even under varying operating conditions.

4.2. Results and discussion

Before proceeding with the evaluation of the simulations results, it 
is important to reiterate that no experimental data are available for 
the pressurized case. The primary objective of this analysis is to assess 
the burner’s performance at higher pressures, focusing on its ability to 
avoid flashback and auto-ignition.

An evaluation of the mixture velocity shows that scaling the mass 
flow rate does not significantly impact the mixture velocity itself, as ex-
pected. Fig.  15 presents a comparative analysis of the normalized mean 
axial velocity distributions along the midplane for both atmospheric (a) 
and pressurized (b) conditions. To ensure a consistent comparison, a 
common maximum velocity was selected for normalization.

In the plots, the mean axial velocity distributions are overlaid with 
axial velocity vectors to better highlight the recirculation zones. The 
results indicate that the velocity distributions remain nearly unchanged 
between the atmospheric and pressurized conditions, with similar axial 
velocities observed in the jet regions in both cases. Although a slight 
contraction of the IRZ is observed under pressurized conditions, the 
overall velocity distributions exhibits minimal variations.

Further analysis of the radial velocity profiles at representative axial 
positions (20 mm and 30 mm, Fig.  15(c)) confirms these findings, re-
vealing consistent velocity profiles across atmospheric and pressurized 
conditions.

Fig.  16(a) illustrates the distribution of the normalized mean heat 
release rate (HRR) on the midplane, integrated along the line of sight 
(LOS) axis, as described in Section 3.3.1.

The main flame stabilizes in a region similar to that observed under 
atmospheric conditions, which is closely linked to the burner’s jet-
stabilization system. A large IRZ is formed, playing a crucial role in 
flame stabilization: this zone recycles hot combustion products from 
both the main and pilot flames, which helps sustain the flame itself.

Despite the identical computational setup, a key difference observed 
in the pressurized case compared to the atmospheric case is the notice-
able reduction in flame lift-off height, as reported in Table  4, which 
also provides information on the corresponding flame length.
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Table 4
Flame lift-off height (LOH) and flame length 
were obtained from both atmospheric and 
pressurized LES simulations, incorporating non-
adiabatic boundary conditions at the burner 
walls and modeling turbulence–chemistry inter-
action using the PaSR model.
 LOH [mm] Length [mm] 
 ATM 12 69  
 PRES 9 75  

This reduction in lift-off height is attributed to the elevated op-
erating pressure of the burner, which results in an increased global 
heat release rate. The higher heat release enhances flame reactiv-
ity and accelerates ignition chemistry, promoting flame stabilization 
closer to the nozzle rim and reducing the flame lift-off height. This 
behavior is consistent with findings in the literature, which report that 
increased pressure leads to shorter autoignition delays and earlier flame 
anchoring [75,76].

This trend is clearly illustrated in the normalized mean heat release 
rate (HRR) distribution on the midplane, shown in Fig.  16(b), for both 
atmospheric and pressurized cases. Mean axial velocity vectors are 
superimposed on the plots to enhance the visualization of recirculation 
zones, which play a critical role in flame stabilization mechanisms 
under both conditions.

Additional insight into this behavior is provided in Fig.  17, which 
presents the equivalence ratio (𝜙) distributions on the midplane, shown 
for both instantaneous (a) and time-averaged (b) fields.

Similar conclusions to those observed in the atmospheric case can 
be drawn here. The mixture is fuel-rich in the nozzle region, primarily 
due to the high jet velocities, which reduce the tendency for premixing 
before entering the combustion chamber. In contrast, the pilot region 
remains higher in equivalence ratio, indicative of the flame’s diffusive 
behavior.

Examining the radial profiles of the mean equivalence ratio (𝜙) 
and Bilger’s mixture fraction [43], shown in Fig.  17(c), it is evident 
that the level of premixness is significantly lower in the pressurized 
case compared to the atmospheric case (Fig.  13). This observation 
highlights the impact of operating pressure on the mixing process, 
where higher pressures seem to reduce the degree of fuel–air premixing 
before combustion. A closer examination of the radial distribution 
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Fig. 16. (a) LES-calculated line-of-sight (LOS) integrated equivalent Heat Release Rate (HRR) for the pressurized case. (b) Normalized mean HRR distribution 
overlapped with mean axial velocity vectors for the atmospheric (1) and pressurized (2) cases.
Fig. 17. Pressurized LES results: (a) Instantaneous and (b) mean equivalence ratio distributions on the midplane. (c) Radial distributions of mean equivalence 
ratio 𝜙 and mixture fraction 𝑍 at different axial coordinates.
further emphasizes this difference. At various axial coordinates, the 
model show a higher 𝜙 in the pressurized case, suggesting a more 
fuel-rich mixture in the combustion region.

This trend is further validated in Fig.  18. As previously discussed, for 
the pressurized case, the flow boundary conditions were set to maintain 
a constant global equivalence ratio. However, the increased operating 
pressure induces changes in the mixing process, which subsequently 
leads to substantially different temperature distributions between the 
atmospheric and pressurized cases. These differences are clearly il-
lustrated in Fig.  18(a) and (b) which display the normalized mean 
temperature contours for both the atmospheric and pressurized cases. 
Furthermore, Fig.  18(c) presents the normalized mean temperature 
profiles at 20 mm and 30 mm axial heights along the midplane, offering 
a detailed comparison of the temperature variations in both cases.

The temperature distributions in the atmospheric and pressurized 
cases are relatively similar in regions with higher mixture premix-
ness, particularly within the IRZ, with radial coordinates lower that 
40–50 mm. However, in the jet region (from 50–65 mm), where the 
mixture premixness is lower, notable differences emerge. As expected, a 
lower level of premixing results in a higher mass of fuel in the mixture, 
which leads to higher temperatures in the jet region.
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Another important aspect for evaluating burner performance is 
the assessment of NO𝑥 emissions, following the procedure previously 
outlined in the atmospheric pressure results Section 3.3.2. Due to the 
higher operating pressure, an increased NO𝑥 level is observed: in fact, 
the enhanced flame reactivity determined by the higher operating 
pressure leads to a greater tendency for NO𝑥 formation.

In the analyzed case, the dry NOx concentration, referenced to 
15% oxygen, is approximately 37 ppm for the PaSR model. Since no 
experimental data are available for the pressurized configuration, a 
validation, at least in terms of order of magnitude, was carried out 
by comparing the results with literature findings. Marragou et al. [77] 
investigated NO𝑥 emissions in the hydrogen-fueled academic test case 
Hylon, under various operating conditions, including different pres-
sures and global equivalence ratios. Their study observed a linear 
increase in NO𝑥 concentration with pressure.

In the present work, experimental NO𝑥 values at atmospheric pres-
sure were scaled using the same factor applied to the air mass flow 
rate in the pressurized burner. This approach, although simplified, 
provides a reference level for comparison under pressurized conditions. 
Despite the assumptions involved, the CFD results still capture the 
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Fig. 18. Normalized mean temperature distribution on the midplane. (a) Atmospheric case. (b) Pressurized case. (c) Radial distribution of normalized mean 
temperature at 20 mm and 30 mm axial coordinate. Normalization was performed with a common maximum between the simulations.
correct order of magnitude, demonstrating reasonable agreement with 
the pressure-dependent trends reported in the literature.

To conclude, despite notable differences in flame topology com-
pared to the atmospheric case, the burner effectively sustains stable 
combustion under pressurized conditions. The elevated pressure en-
hances certain flame characteristics, such as shape and intensity, but 
these changes do not compromise stability: the burner’s robustness is 
confirmed across a range of operating pressures, mitigating potential 
issues like pressure oscillations and flashback.

5. Computational costs

All simulations in this study were performed on an HPC cluster com-
posed of 16 nodes, each equipped with multi-core (48) AMD EPYC®
7413 processors.

In the RANS framework, CHT analyses were performed to resolve 
both the fluid and solid domains, enabling an accurate representation 
of thermal interactions at solid boundaries. While RANS simulations 
are significantly less demanding than LES in terms of computational 
resources, the cost remains non-negligible when detailed chemistry is 
involved. The estimated computational effort for the PaSR model in the 
RANS-CHT context was approximately 9000–11,000 CPU hours, while 
the RANS-CFD required between 7000–9000 CPU hours. The additional 
cost due to the solid domain was moderate, contributing a secondary 
but relevant overhead compared to the main computational load from 
turbulence and combustion modeling in the fluid domain.

In contrast, the LES simulations required a substantially higher 
computational investment. The total computational effort required, 
including the time-averaging phase, was estimated at approximately 
28,000 CPU hours for the ExtFGM and 75,000 CPU hours for the PaSR 
in the atmospheric case, and 103,000 CPU hours for the PaSR in the 
pressurized case. The substantial difference in computational demand 
arises from the PaSR requirement to solve a distinct transport equation 
for each species involved in the reaction mechanism. As a result, for 
this combustion configuration, the PaSR approach incurs roughly 2.6 
the computational cost compared to the ExtFGM approach.

6. Conclusions

This study presented a numerical evaluation of the jet-stabilized 
100% H2-fueled mGT burner F400S.3 under atmospheric and pressur-
ized conditions using RANS and LES simulations. The computational 
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setup was validated against atmospheric experimental data, then ex-
tended to high-pressure conditions representative of commercial mGT 
systems.

Comparisons between the PaSR and ExtFGM models showed that 
PaSR more accurately reproduced flame structure and reactivity, while 
ExtFGM, despite including flame stretch and heat-loss effects, struggled 
to capture flame length and lift-off. LES further highlighted the impor-
tance of non-adiabatic boundary conditions, which proved essential for 
correctly predicting flame topology and wall temperature distributions.

Pressurized simulations with PaSR confirmed the burner’s capability 
to sustain stable combustion without flashback or auto-ignition. The 
flame stabilized closer to the nozzle, with reduced lift-off and enhanced 
reactivity, reflecting the stronger heat release and mixing at elevated 
pressure.

Overall, the F400S.3 burner demonstrated robust performance un-
der both atmospheric and pressurized conditions. The PaSR model pro-
vided reliable predictions, non-adiabatic effects were critical at atmo-
spheric pressure, and high-pressure operation confirmed the burner’s 
suitability for mGT applications in terms of stability, safety, and effi-
ciency.

7. Nomenclature

 Nomenclature
 Acronyms
 𝐵𝐶 Boundary Condition  
 𝐶𝐹𝐷 Computational Fluid Dynamics  
 𝐶𝐻𝑃 Combined Heat and Power  
 𝐶𝐻𝑇 Conjugate Heat Transfer  
 𝐶𝑃𝑈 Central Processing Unit  
 𝐷𝐿𝑅 Deutsche Zentrum für Luft- und Raumfahrt  
 𝐸𝑥𝑡𝐹𝐺𝑀 Extended Flamelet Generated Manifolds  
 𝐻𝑃𝐶 High-Performance Computing  
 𝐻𝑅𝑅 Heat Release Rate [J m−3 s−1]  
 𝐻𝑇𝐶 Heat Transfer Coefficient  
 𝐼𝑅𝑍 Inner Recirculation Zone  
 𝐿𝐸𝑆 Large Eddy Simulation  
 𝐿𝑂𝑆 Line of Sight  
 𝑚𝐺𝑇 micro-Gas Turbine  
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 𝑂𝑅𝑍 Outer Recirculation Zone  
 𝑃𝑎𝑆𝑅 Partially Stirred Reactor  
 𝑃𝐷𝐹 Probability Density Function  
 𝑃𝑆𝑅 Perfectly Stirred Reactor  
 𝑅𝐴𝑁𝑆 Reynolds Averaged Navier–Stokes  
 𝑈𝐷𝐹 User Defined Function  
 Symbols
 𝑐 Progress Variable [–]  
 𝐷𝑎 Damköhler number [–]  
 𝐼𝑄 Celik Quality Index [–]  
 𝑘 Fine-Scales Volume fraction [–]  
 𝑙𝑡 Turbulent lenght scale [m]  
 𝑙𝑤 Wave front lenght [m]  
 𝑚 Proportionality Factor for the 𝛤  model [–]  
 𝑚̇ Air mass flow rate [kg s−1]  
 𝑛𝑖𝑛𝑗 Orientation Factors [–]  
 𝑃0 Operating Pressure [Pa]  
 𝑞̇ Total Heat Release Rate per unit volume [J 

m−3 s−1]
 

 𝑞̇𝑐ℎ𝑒𝑚 Chemical heat release rate per unit volume 
[J m−3 s−1]

 

 𝑞′′𝑤𝑎𝑙𝑙 Net heat flux at the surface [J m−2 s−1]  
 𝑄𝑓𝑙𝑎𝑚𝑒 Flame power [J s−1]  
 𝑄𝑤𝑎𝑙𝑙 Net wall heat loss [J s−1]  
 𝑅𝑒 Reynolds number [–]  
 𝑆0

𝑐 Unstretched adiabatic fuel consumption 
speed [m s−1]

 

 𝑆𝑐 Stretched non-adiabatic fuel consumption 
speed [m s−1]

 

 𝑆0
𝑙 Laminar flame speed [m s−1]  

 𝑇0 Air Temperature [K]  
 𝑌𝑓 Mass Fraction of the fuel [–]  
 𝑌𝑖 Mass Fraction of the i-species [–]  
 𝑌𝐻2

Mass Fraction of hydrogen [–]  
 𝑌𝑂2

Mass Fraction of oxygen [–]  
 𝑣′ Sub-grid velocity [m s−1]  
 𝑍 Mixture Fraction [–]  
 Greek
 𝛽 Heat Loss and Gain Parameter [–]  
 𝛤 Extended-FR correction factor [–]  
 𝛿𝑖𝑗 Kronencher Delta [–]  
 𝛿0𝑙 Laminar flame thickness [m]  
 𝛥 Computational Cell Dimensions [m]  
 𝛥𝐻0

𝑐 Lower Heating Value [J kg−1]  
 𝜖 Turbulent Dissipation [m2 s−3]  
 𝜃 Corrected Mass Flow Factor [–]  
 𝜄 Dilution parameter [–]  
 𝜅 Stretch [s−1]  
 𝜈 Molecular Viscosity [Pa s]  
 𝜌 Density [kg m−3]  
 𝜌𝑢 Unburnt Mixture Density [kg m−3]  
 𝜏 Fine-scales residence time [s]  
 𝜏𝑐 Chemical time scale [s]  
 𝜏𝑚𝑖𝑥 Mixing time scale [s]  
 𝜑 Generic Turbulent Quantity  
 𝜓 Heat loss and gain parameter [–]  
 𝜔̇𝑐 Turbulent Progress Variable Source Term 

[kg m−3 s−1]
 

 𝜔̇𝑖 Reaction Rate for species i [kg m−3 s−1]  
 Superscripts
 ′ Reynolds fluctuation  
 ′′ Favre fluctuation  
 − Reynolds averaged  
 ∼ Favre averaged  
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