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Numerical Investigation 
of Premixed and Non-Premixed 
Hydrogen Flames Using 
Large-Eddy Simulations 
and Flamelet Models
A numerical investigation of premixed and nonpremixed hydrogen flames is performed with 
the main aim of assessing the capability of large-eddy simulations (LES) and flamelet models 
to predict the main characteristics of the reactive field. Two different burners are 
investigated: (i) a premixed bluff body burner fueled with a lean hydrogen–air mixture 
(/ ¼ 0:4) and (ii) a nonpremixed dual-swirl coaxial injector for which experiments show 
both anchored and lifted flames for the same global equivalence ratio (/g ¼ 0:45Þ. 
Simulations of the premixed burner are performed using the Flamelet Generated Manifold 
(FGM) approach, whereas the two types of flames realized in the nonpremixed burner are 
studied using the Steady Diffusion Flamelet (SDM) and the Flamelet Generated Manifold. 
Numerical results are compared with the available experimental data for flow and flame 
characterization. As far as the velocity field is concerned, the investigated flamelet models 
have demonstrated capability to properly predict the location and magnitude of the velocity 
peaks and the shape of the inner recirculation zone (IRZ) in both the premixed and 
nonpremixed cases. Moreover, the computational framework used in this study has 
demonstrated good accuracy in the prediction of the dynamic behavior of the flow. 
Regarding the structure of the flame, the models have shown a good capability to predict both 
the shape of the flame and the location of regions of high-intensity heat release rate (HRR). 
The present investigation offers a comprehensive assessment of large-eddy simulations and 
flamelet methods in the prediction of the behavior of two archetypes of hydrogen flames of 
industrial interest. The assessment shown here can provide support for the choice of methods 
to study cases with increased level of complexity. [DOI: 10.1115/1.4069451] 
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1 Introduction

Hydrogen is one of the most promising fuels to decarbonize the 
energy and transportation sectors, due to the zero-carbon emissions 
produced by its direct combustion. However, hydrogen combustion 
remains very challenging due to the very different physical and 
chemical properties of this fuel compared to standard fuels used in 
propulsion and power generation. For instance, compared to widely 
used hydrocarbons, hydrogen is characterized by very high 
molecular diffusion, low activation energy, and fast laminar burning 
velocity [1–3], which make not straightforward the use of hydrogen 
in combustors originally designed to operate with hydrocarbon 
fuels. In addition, the high reactivity of hydrogen may result in high 

NOx emissions and risk of flashback if mitigation measures are not 
adopted. Therefore, to enable an extensive use of hydrogen, new 
combustion technologies must be developed together with an 
improved understanding of the combustion characteristics of 
hydrogen in flames of practical interest. In the context of transition 
to a zero-carbon economy, it is also important to remark that 
production and storage of hydrogen still have their own challenges, 
which must be addressed together with the development of 
combustion technologies [4]. Lean premixed flames, where the 
temperature of the reacting region can be controlled through the 
composition of the mixture, are still considered a reference 
technology for the limitation of emissions, especially NOx. 
However, when hydrogen is used, the risk of flashback can greatly 
increase [5]. Therefore, new technologies have been proposed such 
as microjets, which limit the risk of flashback by injecting hydrogen 
through an array of nonpremixed jets. This nonpremixed configu-
ration consists of injecting hydrogen through an array of high- 
momentum jets of submillimeter radius [6]. The objective of 
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micromixing is to separate fuel and oxidizer prior to injection, 
therefore avoiding flashback, and at the same time enabling a quick 
mixing in the vicinity of the injection plate to ensure a quick 
transition to a premixed regime [7]. Therefore, to develop reliable 
and safe combustion systems, it remains necessary to develop 
fundamental understanding of hydrogen flame behavior in the two 
extreme configurations of fully premixed and nonpremixed 
combustion. Premixed flames occur when fuel and oxidizer are 
thoroughly mixed before entering the combustion chamber. The 
advantages of premixed flames include efficient and uniform 
combustion, reduced emissions, and greater control over combus-
tion processes, making them ideal for applications requiring low (or 
controlled) release of pollutants. The main drawbacks of premixed 
flames include susceptibility to flame instability, limited operating 
range due to flammability limits, and potential for flashback or 
combustion oscillations under certain conditions [8], making them 
more difficult to control than nonpremixed flames. Also, some 
pollutants are more prone to appear in premixed conditions than 
nonpremixed ones. On the other hand, nonpremixed flames allow 
greater flexibility in adjusting fuel-oxidizer ratios for specific 
combustion requirements, wider operating ranges, and reduced risk 
of flashback, offering versatility in various combustion applications. 
However, nonpremixed flames present potential for incomplete 
combustion leading to higher emissions of pollutants, increased 
sensitivity to variations in flow conditions, and the need for complex 
control mechanisms to maintain flame stability [9]. Different types 
of geometries can be used to help in the stabilization of the flame and 
to reduce the emission of NOx such as bluff bodies and swirling 
flows [10]. In particular, it has been noticed that the latter produce an 
IRZ (inner recirculation zone) of the hot gases that enhances flame 
stabilization and serves as a source of energy for the incoming 
reactants. The interaction between swirling flows and a reacting field 
determines the flame shape and location. It has been observed that 
changes in the geometry and flow characteristics (e.g., swirl 
number) could lead to different anchoring points of the flame. An 
example is provided by Marragou et al., who report an analysis of the 
transition from an anchored to a lifted flame [11]. This phenomenon 
is relevant because a lifted flame operates mainly in a partially 
premixed regime, leading to a substantial reduction in NOx. To gain 
further understanding over the combustion process of hydrogen for 
flames of practical interest and to validate models used for the 
prediction of the flame behavior, three different test cases have been 
recently released by the International Workshop on Measurement 
and Computation of Turbulent Flames [12]. For all these test cases, 
measurements on pure hydrogen premixed and nonpremixed flames 
are provided. Numerical simulations nowadays play crucial role in 
the design of combustion units, e.g., to downselect burner 
configurations or conduct optimization analysis. In the context of 
flames characterized by a high level of unsteadiness and anisotropity 
(e.g., vortex breakdown phenomena in swirling flows), large-eddy 
simulations (LES) offer the possibility to provide an accurate 
prediction of the mixing field. The presence of a reacting field also 
introduces scales related to chemistry. When turbulence–chemistry 
interactions are important (low Da flames), a time-resolved 
description of the flame structure with detailed chemistry is needed 
for a reliable characterization of the flame behavior [13]. If the 
chemical time scales are small compared to the time scales 
associated with turbulence, a flamelet description of the flame 
structure has been proven to provide accurate predictions. More-
over, if the flame is working in a flamelet regime, complex detailed 
combustion mechanisms can be used to build a flamelet library 
without increasing the computational cost. Although numerical 
methods have been extensively assessed and validated for hydro-
carbon fuels, when it comes to hydrogen, which is characterized by a 
significantly different behavior compared to hydrocarbon fuels, 
such detailed validation of the numerical tools has not been 
performed yet. Aniello et al. [14] have investigated the nonpremixed 
flame studied at the Institut de-M�ecanique des Fluides de-Toulouse 
using the dynamic thickened flame model showing that the 
thickened flame model is able predict the behavior of the two types 

of flames thereby investigated. The same test rig was investigated by 
Ballotti et al. [15] where a dynamic thickening strategy for high- 
fidelity computational fluid dynamics was developed for the 
analysis of multiregime combustion. Some works using flamelet 
models are also available on the premixed flame studied at the 
Norwegian University of Science and Technology (NTNU) [16,17], 
even though the operating conditions used in these works are 
different and there are also small differences in the geometry used by 
the authors. In the latter, different CH4/H2–air mixtures have been 
investigated with LES, including the use of various models for the 
reaction rate source term. The same burner was also investigated in 
Refs. [18–20] using a thickened flame model to study the 
phenomena associated with ignition. With the overall aim of further 
assessing the ability of established models to predict the character-
istics of hydrogen flames of industrial interest, the objectives of the 
present work are to (i) investigate the capability of flamelet models 
to predict the flame structure and the behavior of the flow of 
premixed and nonpremixed hydrogen flames; (ii) assess the 
capability of flamelet models to provide a reliable prediction of 
the dynamic behavior of the flame, including liftoff. The first 
objective is addressed by comparing the experimental measure-
ments of the mean axial and radial velocities against the 
corresponding time-averaged results obtained by the LES. In 
addition, available experimental data on OH-Chemiluminescence 
and OH-PLIF are respectively compared with the time averaged 
results of heat release rate (HRR) and OH mass fraction in order to 
study the flame structure. The second objective is addressed by 
comparing the available measurement on the dynamic behavior of 
the flow such as the root mean square (RMS) of the axial and radial 
velocity fluctuations against LES results. A flame that exhibits liftoff 
has also been selected to assess the capability of the selected models 
to predict lifted flames. The paper is structured as follows: First, the 
configuration and investigated cases are described. Then, the 
numerical methods and computational setup are presented. This is 
followed by the presentation of results and their discussion. A 
summary of the work and main conclusions close the paper.

2 Configuration and Investigated Cases

Two different test cases are investigated in this work. The first 
case, which will be referred to as “NTNU” case, is a bluff-body 
premixed flame. The second case, which will be referred to as 
“HYdrogen LOw NOx (HYLON)” case, is a nonpremixed swirled 
flame. These two test cases allow us to cover the most common flame 
and flow configurations, therefore providing a comprehensive 
assessment of the models investigated here. The two geometries 
are presented in detail in Secs. 2.1 and 2.2.

2.1 Norwegian University of Science and Technology 
Case. The premixed flame configuration studied at the NTNU 
consists in a bluff-body stabilized burner. A schematic of the 
geometry is shown in Fig. 1. The conical bluff body has a diameter 
db ¼ 13 mm and half-cone angle a ¼ 45 deg. The hydrogen–air 
mixture is injected through an annular duct surrounding the bluff- 
body holder. The external diameter of the inlet duct is di ¼ 19 mm, 
whereas the bluff-body holder has a diameter of 5 mm. The burner 
downstream of the bluff body operates with no confinement. 
Therefore, the flame develops in a free environment at ambient 
pressure and temperature.

The bluff body’s holder is centered by a set of three transversal 
cylinders (of diameter 2 mm each) that are placed at a distance of 
65 mm upstream of the bluff-body top surface. The location of these 
cylinders is sufficiently far upstream not to affect the flame 
dynamics [21–23]. Regarding the operating conditions, the 
hydrogen–air mixture is injected at room temperature, 
Tamb ¼ 25

�
C. The mass flowrate of hydrogen and air are equal to 

_mH2
¼ 2:92 � 10−5 kg/s and _mair ¼ 2:258 � 10−3 kg/s, respec-

tively. The equivalence ratio is kept constant at / ¼ 0:4; the laminar 
flame properties at this equivalence ratio are reported in Table 1. 
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Given that LHV ¼ 120 MJ/kg, the hydrogen flowrate supplied to the 
rig results in a thermal power of the burner equal to Pth ¼ 3:5 kW.

2.2 HYdrogen LOw NOx Case. The nonpremixed flame 
studied in this work is the HYLON burner (HYdrogen LOw NOx) 
dual swirl injector investigated at the Insitut de-M�ecanique des 
Fluides de-Toulouse. A schematic of the configuration is shown in 
Figs. 2 and 3.

The burner is characterized by two swirling coaxial ducts for the 
separate injection of hydrogen and air with dimension dair ¼ 18 mm 
and dH2

¼ 4 mm, respectively. The combustion chamber has the 

following dimensions: side hc ¼ 78 mm, length Lc ¼ 150 mm and 
outflow diameter do ¼ 73 mm. A gap of zi ¼ 4 mm between the exit 
of the hydrogen nozzle and the entry of the combustion chamber 
enhances the mixing between the two streams. Two different 
operating conditions are investigated in this work: Flame A, which is 
attached to the hydrogen nozzle, and Flame L which is lifted above 
the fuel injector. The flow and fuel quantities for these operating 
conditions are reported in Table 2.

3 Methods

3.1 Large-Eddy Simulations-Flamelet Model. Numerical 
simulations are performed using the LES approach coupled with 
tabulated flamelets. Following the flamelet approach, it is assumed 
that the turbulence does not affect the flame structure [24], which can 
be represented by precomputed laminar flames. Progress variable 
and mixture fraction are used to identify the local burning state and 
composition of the mixture. The effect of turbulence on the flame 
characteristics is modeled with a presumed-pdf approach, computed 
from the filtered values of the progress variable and mixture fraction 
and their subgrid scale variances. Pretabulated flamelet libraries are 
built using a Beta Probability Density Function (b − PDF). In this 
work, two different flamelet models are used and evaluated:

� The Steady Diffusion Flamelet (SDM), where the control 

variables are the filtered mixture fraction, ~Z, its sub-grid scale 

variance, fZ00 2
, and the stoichiometric scalar dissipation rate ~vst

(i.e., the scalar dissipation rate at Z ¼ Zst). The stoichiometric 
scalar dissipation rate is computed from the mixing field 
solution with the following algebraic closure: 

~vst ¼ Cv

lsgs þ l

qrt

jr ~Zj2 (1) 

where Cx is a constant with a default value of 2 [25], l and lsgs

are respectively the molecular and the subgrid scale viscosity, 
q is the density, rt is a constant turbulent Prandtl/Schmidt 

number, and ~Z corresponds to the filtered mixture fraction. 
The stoichiometric scalar dissipation rate is included in the 

Table 1 Laminar flame properties at /50:4

/ Tad (K) sl (m/s) dl (m) sf (s)

0.4 1434 0.21 6:5 � 10−4 0.0031

From left to right: adiabatic flame temperature, laminar flame speed, laminar 
flame thickness, and chemical time scale.

Fig. 1 Schematic of the NTNU premixed hydrogen burner: three- 
dimensional (3D) view of the burner assemble (left) and vertical 
cross section passing through the bluff-body axis (right). All 
dimensions are reported in mm.

Fig. 2 Schematic of the HYLON nonpremixed hydrogen burner: 
3D view of the burner confinement (left), and 3D view of the 
injector (right). Hydrogen and air are injected through two 
separate ducts (yellow for air and red for hydrogen). Both streams 
are swirled and before the combustion chamber there is a zone to 
enhance the mixing between the two streams. (Color version 
online.)

Fig. 3 Cross section of the HYLON burner passing through the 
axis of the injector (all dimensions are in mm)

Table 2 HYLON operating conditions for the two flames inves-
tigated in this work 

Flame _mair (kg/s) _mH2
(kg/s) Tair (K) TH2

(K) Pth (kW) p (Pa)

A 2.41� 10−3 3.2� 10−5 298 298 3.89 101,325
L 6.03� 10−3 8.0� 10−5 298 298 9.73 101,325
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tabulation using a delta-function PDF. Therefore, the filtered 
value of a generic variable, ~a, can be obtained as 

~að ~Z, fZ00 2
, ~vstÞ ¼

ð ð
aðZ, vstÞPZð ~Z, fZ00 2ÞPvðvstÞ dZ dvst (2) 

� The Flamelet Generated Manifold (FGM), where the control 
variables used for the flamelet tabulation are the filtered 

mixture fraction, ~Z, its subgrid scale variance, fZ002, the filtered 

progress variable, ~c, and its subgrid scale variance, fc00 2
. In the 

FGM approach, the filtered value of a generic variable, ~a, is 
pre-tabulated as 

~að ~Z, fZ00 2
, ~c, fc00 2 Þ ¼

ð ð
aðZ, cÞPZð ~Z, fZ00 2ÞPcð~c, fc002Þ dZ dc (3) 

The mean reaction rate in the filtered progress variable transport 
equation is modeled as proposed by Zimont [26].

Both these flamelet models are implemented by default in 
ANSYS FLUENT R23.1, which is the software used for the present 
investigation. As far as the combustion mechanism is concerned, the 
reduced GRI MECH 3.0 with 10 species and 29 reactions was used in 
both simulations [27]. Since experimental measurements of OH* are 
available for the HYLON burner, the OH* reactions have been 
added to the combustion mechanism following Ref. [28]. The look- 
up tables were built by integrating the results obtained from one- 
dimensional laminar flame simulations using ANSYS FLUENT.

3.2 Numerical Setup. In the following, the computational 
domain and numerical setup of the two test cases are discussed in 
detail. The computational domains and mesh were built using ICEM 
CFD R19.

3.2.1 Norwegian University of Science and Technology 
Case. The computational domain starts immediately after the set 
of three cylinders that were placed 65 mm upstream of the bluff- 
body plane. The open atmosphere above the bluff-body is modeled 
as a cylinder with a diameter d ¼ 100 mm and height h ¼ 100 mm. 
This is schematically shown in Fig. 4.

The domain was discretized with a grid of 8 million hexahedral 
cells. The mesh in the boundary layers was built in order to keep the 
yþ value at all walls below 1.0. Table 3 reports the boundary 
conditions used in the computations. The respective boundaries are 
indicated in Fig. 5. Figure 5 also reports the different locations that 
were used to compare numerical simulations with experimental 
data. Green lines correspond to locations that were used for both cold 
and reactive flow simulations, while blue and red lines indicate 
locations where only cold or reactive flow, respectively, were 
assessed against experiments. A mass flowrate of _m ¼ 0:00229 kg/s 
was imposed at the mixture stream inlet, as a result of the sum 
between _mair and _mH2

(see Table 1). The mixture fraction value 
imposed at the mixture inlet, Z ¼ 0:0125, was calculated from the 

experimental equivalence ratio (/ ¼ 0:4). Both cold and reactive 
flow simulations were performed. A time-step of 1 � 10−7 s was 
chosen to keep the Courant number below unity. The FGM model 
was selected for the reactive flow. The look-up table was built using 
premixed freely propagating one-dimensional laminar flames.

To assess the capability of the simulations to capture the flow 
structures, time-averaged and RMS of axial and radial velocity 
components were compared with the experimental data. The 
capability of the model to predict the flame structure was assessed 
through comparisons with experimental data on OH-PLIF and 
OH*Chemiluminescence. These two quantities were compared with 
the time-averaged OH mass fraction and the time-averaged HRR, 
respectively. The HRR was calculated as proposed by Ref. [17]: 

HRR ¼ q PFR LHVH2
~Z (4) 

where q is the density of the gas, PFR is the Product Formation Rate 
ð1=sÞ, LHVH2

is the lower heating value of hydrogen, and ~Z is the 
filtered mixture fraction.

The suitability of the mesh for LES simulations was verified by 
checking whether at least 80% of the turbulent kinetic energy was 
resolved [29]. The resolved spectrum of turbulent kinetic energy 
was calculated as follows using the Cèlik criterium [30]: 

LESIQ ¼
1

1 þ 0:05 �þ�SGS

�

� �0:53
(5) 

where � is the kinematic viscosity and �SGS is the kinematic subgrid 
viscosity. Results for the reactive flow simulation are shown in A, 
which demonstrate that more than the 80% of the kinetic energy is 
solved throughout the computational domain.

3.2.2 HYdrogen LOw NOx Case. The computational domain 
for the HYLON test case comprises the burner geometry down-
stream of the hydrogen and air injection location. This domain was 
discretized with a structured mesh of 5 million cells, shown in Fig. 6. 

Fig. 4 NTNU computational domain. A structured mesh was 
used with a refinement of the grid near the wall in order solve the 
boundary layer.

Table 3 Boundary conditions used for the investigation of the 
NTNU case 

NTNU boundary conditions

H2þ air stream Mass flow inlet
Bluff body No-slip wall
Inlet duct No-slip wall
Plate No-slip wall
External surface Pressure outlet

Outlet Pressure outlet

Fig. 5 Boundary patches and locations at which comparison 
between experimental data and computations is performed for 
the NTNU test case. The solid lines upstream of the bluff body 
indicate the axial locations where LES results were extracted and 
compared with the experimental data.
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Swirler ducts were not included in the computational domain. The 
velocity profiles assigned at the air and fuel inlets were computed by 
performing a preliminary Reynolds-Averaged Navier–Stokes 
(RANS) simulation of the injector only, discretized with an 
unstructured mesh of tetrahedral cells (see also Fig. 7). The 
preliminary RANS simulation of the injector was carried out with 
the k–x SST turbulence model. Profiles of x, y, and z components of 
the velocity and of turbulent kinetic energy k and specific dissipation 
rate x were then extracted and assigned as inlet conditions for the 
burner.

For the simulation of this burner, the SDM model was used for 
Flame A, whereas the FGM model was used for Flame L. This 
choice was made because, as explained by Ref. [11], the lifted flame 
evolves mainly in the partially premixed regime where the FGM 
model performs better than an approach for nonpremixed flames 
only. Large-eddy simulations were carried out using a time-step of 

1 � 10−7 s. Table 4 reports the boundary conditions. The 
corresponding boundaries are labeled in Fig. 8.

Comparison with experiments was performed in terms of time- 
averaged and RMS values of axial and radial components of the 
velocity. Figure 8 shows the locations where experimental data were 
extracted for both the cold and reactive flow simulations. Moreover, 
measurements of OH* chemiluminescence are available to study the 
flame structure. This set of data was compared with the time- 
averaged OH* mass fraction obtained from LES. An analysis of the 
resolved and modeled turbulent kinetic energy in the reactive flow 
simulation is reported in A. This analysis demonstrates that more 
than 80% of the kinetic energy was solved throughout the 
computational domain.

4 Results and Discussion

4.1 Norwegian University of Science and Technology 
Case. Figures 9 and 10 show the comparisons between the time- 
averaged and RMS values of the axial and radial velocity 
components at different axial positions. Simulations are in good 
agreement with the experiments. In particular, simulations are able 
to predict the peaks of the axial and radial velocity components as 
well as the RMS of their fluctuations. Also, by comparing the axial 
velocity of the cold flow and reactive flow cases (see Fig. 10), it is 
possible to note the increase in the extent of the IRZ. Concerning the 
behavior of velocity fluctuations, the LES is able to predict the 

Fig. 6 Geometry decomposition for the HYLON case and 
meshing strategy

Fig. 7 HYLON computational domain 

Table 4 HYLON boundary conditions 

HYLON boundary conditions

H2 stream Velocity inlet (profile)
Air stream Velocity inlet (profile)
Combustion chamber No-slip wall
Inlet duct No-slip wall
Plate No-slip wall
Outlet Pressure outlet

Fig. 8 Boundary patches and locations at which comparison 
between experimental data and computations is performed for 
the HYLON test case
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evolution of the RMS of both the axial and radial velocities in the 
cold flow. However, in the reactive flow, the RMS of the radial 
velocity in the shear layer is overpredicted. The overprediction is 
also significant in the central region at a height of 20 mm. The flow 
fluctuations in the reacting simulations are the result of the coupling 
between the flow dynamics and the changes in density and 
composition due to chemical reactions. Accurately reproducing 
velocity fluctuations in reacting flows is challenging. These results 
demonstrate that the modeling framework investigated here is able 
to predict the time-averaged behavior. However, refinements may 
be necessary to further improve the prediction of fluctuations. 
Figure 11 shows the time-average velocity and RMS of velocity 
fluctuations in a cross section passing through the axis of the bluff- 
body. Numerical results are compared with experiments. As already 
discussed, the time-averaged velocity components are predicted 
with good accuracy. However, the RMS of the velocity fluctuations 

tends to be overpredicted both in the shear layers formed at the edges 
of the bluff-body and annular duct and in the central region of the 
domain (downstream of the bluff-body). This behavior was also 
observed in other investigations of bluff-body burners, e.g., 
Ref. [31].

Regarding the prediction of the flame structure, Fig. 12 shows a 
comparison between the experimental data of OH* Chemilumines-
cence and the time-averaged normalized HRR. Figure 12 also shows 
a comparison between the experimental data for OH-PLIF and the 
time-averaged OH mass fraction. The flame predicted by the 
simulation appears thinner than the experimental data. It is worth 
noting that the FGM model, in its basic formulation implemented in 
ANSYS FLUENT, does not include the effects of stretch. As 
discussed by Klarmann et al. [32], the shape of the flame can be more 
accurately predicted if these effects are included in the construction 
of the look-up table. Future work will involve implementing more 

Fig. 9 NTNU cold flow simulation (LES: , Exp: ) 

Fig. 10 NTNU reactive flow simulation (LES: , Exp: ) 
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accurate models that can account for the effects of stretch and 
differential diffusion models in order to compare the different 
approaches.

To further investigate the flame characteristics, the Takeno Index 
[33] was used to differentiate regions of the flame burning in 
premixed or nonpremixed mode. Figure 13 shows the instantaneous 
contour plot of the flame index. A value of þ1 indicates premixed 
combustion, while a value of −1 corresponds to nonpremixed 
combustion. The combustion regime is fully premixed over the 
entire flame region and this allows the FGM model to perform at its 
best since the look-up table was built with premixed flamelets.

4.2 HYdrogen LOw NOx Case. Figures 14 and 15 show the 
comparison between experimental and numerical velocity compo-
nents for cold and reactive flows, respectively. Results show that the 
model is able to predict the axial and radial velocity components in 
both operating conditions. This means that the shape of the IRZ, as 
well as the swirled motion, is captured by the model. The RMS of the 
velocity fluctuations is also well predicted both for the radial and 
axial components of the velocity. These results suggest that the LES 
framework used in the present study is able to capture the variations 
of the velocity flow field between the cold and reactive flow, caused 
by the thermal expansion of gases.

Table 5 reports a comparison between the experimental values for 
the averaged temperature of the gases at the outlet of the burner and 
the time-averaged temperature predicted by LES simulations 
performed in the present work and the results by Aniello et al. 
[14]. The LES-flamelet model used in the present work results in 
overprediction of the temperature for Flame A, whereas for Flame L, 
the time-averaged temperature is remarkably close to the experi-
mental value.

To investigate the local presence of multiple flame regimes, the 
instantaneous contour plot of the Takeno Index is shown in Fig. 16. 
Unlike the NTNU case, the flame here is characterized by multiple 
regimes, including both premixed and nonpremixed combustion. 
This complexity makes the flame characteristics more difficult to 
predict since the look-up table can only be constructed using either 
premixed or nonpremixed flamelets. The presence of multiple 
combustion regimes on the flame front may lead to less accurate 
predictions due to the use of the table [34]. Moreover, this effect, 
combined with the limitations of the flamelet models, such as the use 
of a presumed PDF function and reduced accuracy near walls [35], 
could result in an overestimation of the temperature, as observed for 
the attached flame. In this study, enthalpy losses were not considered 
due to the lack of thermal boundary conditions from the experi-
ments, particularly at the injector lip of the fuel stream. Additionally, 
radiative heat transfer was neglected.

As far as the flame structure is concerned, Fig. 17 shows a 
comparison between measurement and numerical predictions of 
OH*. Overall, the model is able to correctly predict the shape of the 
visible flame, reproducing the regions of high heat release rate along 
the shear layer. The absence of OH* in the recirculation region of 
Flame A is also well predicted. For Flame L, the model is able to 
predict a thicker flame, the larger area of high heat release rate 
further downstream of the bluff body, as well as the presence of OH* 
in the area above the bluff body. Some discrepancies between 
experiments and numerical simulations are observed in terms of 
extent of the area with OH* presence and angle between the burner 
axis and the line where a greater release of OH* is observed, see 
Fig. 17. Note that the present numerical results are in agreement with 
the LES-TFUP simulations by Marragou et al. [11], demonstrating 
that the prediction of the experimental flame angle is a challenge for 
numerical simulations.

As discussed in Ref. [11], a lifted flame can move upstream only if 
two conditions are met: (i) a flammable mixture fraction line Z0, 
that represent the edge flame propagation line, between the 
flame and the injector exists and (ii) the mixture fraction Z0 is 
located, from the flame to the injector lip, in a zone where the 
projection of the local velocity ut along this line is lower than its 
propagation velocity sd . The edge flame speed sd on the Z0 line is 
calculated as follows: 

Fig. 11 Contour plot of time averaged and RMS velocities 
compared to the experimental data

Fig. 12 Left: comparison between OH* Chemiluminescence and 
time-averaged normalized HRR. Right: comparison between OH 
PLIF and time averaged OH mass fraction.

Fig. 13 Instantaneous contour plot of the Takeno Index. A value 
of 11 indicates premixed combustion, while a value of 21 
corresponds to nonpremixed combustion.

Journal of Engineering for Gas Turbines and Power                                                                                                                                                     DECEMBER 2025, Vol. 147 / 121005-7 

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://a

s
m

e
d
ig

ita
lc

o
lle

c
tio

n
.a

s
m

e
.o

rg
/g

a
s
tu

rb
in

e
s
p
o
w

e
r/a

rtic
le

-p
d
f/1

4
7
/1

2
/1

2
1
0
0
5
/7

5
3
0
9
2
0
/g

tp
-2

5
-1

2
3
9

.p
d
f b

y
 g

u
e
s
t o

n
 1

3
 N

o
v
e
m

b
e
r 2

0
2
5



sd ¼ sl
0 qu

qb

� �1=2

(6) 

where sl
0 is the maximum laminar flame speed and qu=qb is the 

volumetric expansion ratio of the gas through the flame for Z0. The 
mixture fraction Z0 in most cases is equal to Zm associated with the 
maximum laminar burning velocity and maximum triple flame 
speed. These quantities have been calculated with Cantera [36] 
using a freely propagating hydrogen flame and the reduced GRI 
mech 3.0 (9 species 29 reactions).

Fig. 14 HYLON cold flow simulation of both A (left) and L (right) configuration (LES: , Exp: circles) 

Fig. 15 HYLON reactive flow simulation of both A (left) and L (right) configuration (LES: , Exp: circles) 

Table 5 Mean temperature at the burner’s exhaust for the HYLON 
test case 

Flame T exp (K) TTF (Aniello et al.) (K) TCFD (K)

A 1138 1010 (−11%) 1338 (þ17%)
L 1280 1100 (−16%) 1246 (−2.6%)

Mean temperature of gases at the outlet: T exp indicates the temperature 
measured in the experiment; TCFD are the results from the simulations 
performed in the present work; TTF indicates the results obtained by Aniello 
et al. [14].
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First, the laminar flame speed was calculated for different 
compositions of the mixture to calculate the maximum laminar 
flame speed, obtaining a value of 3.14 m/s as shown in Fig. 18(a). 
From the value of maximum laminar flame speed and the mixture 
fraction at which this value occurs (Zm ¼ 0:048), another freely 
propagating flame at the mixture fraction Zm was simulated to find 
the volumetric expansion ratio of the gas qu=qb, obtaining a value of 
5.91 as highlighted in Fig. 18(b). The edge flame speed is at this 
point calculated and equal to 7.39 m/s. Once this value is determined, 
it becomes possible to verify whether the conditions for obtaining a 
lifted flame are satisfied. As shown in Fig. 19, the purple line, 
representing the isocontour of , intersects the TFUP region for Flame 
A but lies entirely outside the TFUP region for Flame L, in accordance 
with condition (ii) of the TFUP model. This calculation illustrates 
how the LES predictions align with experimental observations 
regarding the occurrence of an anchored or lifted flame.

5 Computational Cost

The simulations were conducted on a high-performance comput-
ing cluster using 8� 32-core Intel Xeon Platinum 8358 (Ice Lake) 
CPUs. The computations were initially conducted using RANS 

Fig. 16 Instantaneous contour plot of the Takeno Index for both 
the flames A (left) and L (right). A value of 11 indicates premixed 
combustion, while a value of 21 corresponds to nonpremixed 
combustion.

Fig. 18 Cantera simulations of the freely propagating premixed 
flames for the calculation of the sd . The top figure on shows the 
calculation of the maximum burning laminar velocity s0

l
. The 

figure below shows the calculation of the volumetric expansion 
qu=qb of the gases due to the combustion process for a freely 
propagating premixed flame with a mixture fraction of Zm.

Fig. 19 TFUP model proposed by Marragou et al. [11]. The solid 
line ( ) represents the isocontour of the mixture fraction at 
which the maximum laminar burning velocity occurs. The TFUP is 
colored in orange and represents the zone of the flow where the 
mean axial velocity is lower than the triple flame speed sd .

Fig. 17 Comparison between the experimental data ( ) (left 
column) and the time-averaged OH* mass fraction ( ) (right 
column). In the two figures at the top the zones with the largest 
release of energy due to combustion are highlighted. The figures 
below show a comparison of the opening angle of the flame a
between the experimental data a exp and numerical results aLES.
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simulations before transitioning to LES. Time-averaged data were 
collected over four flow-through times for each case, after the 
influence of the initial RANS solution was fully dissipated. The 
estimated computational cost was approximately 40,000 core hours 
for the NTNU case and 30,000 core hours for the HYLON case.

6 Summary and Conclusions

Premixed and nonpremixed hydrogen flames were investigated 
using LES and flamelet models with the main aim of assessing the 
capability of the simulations to predict the flame structure and 
characteristics of the reacting field in two different regimes. 
Numerical results show that the flamelet models are able to capture 
with good accuracy both the turbulent field and flame structure.

In the premixed configuration, results demonstrate that the LES- 
FGM approach provides a good prediction of the flow field measured 
in the experiment. The agreement between experimental and 
numerical data is better in the reactive case compared to the 
isothermal conditions. In addition, the model is able to capture the 
flame location and shape, although some discrepancies arise in the 
prediction of the thickness of the flame brush. As far as the 
nonpremixed flame is concerned, results show a better agreement 
with the experimental data compared to the premixed case. The 
model is able to predict the velocity field in both the nonreactive and 
reactive flow, with only some discrepancies in the prediction of the 
velocity fluctuations in the inner recirculation zone. The flamelet 
models used in these simulations are able to predict the shape of the 
flame and the peak location of the heat release rate. Considering the 
prediction of the flame shape, the simulation has turned out more 
accurate for the anchored configuration than for the lifted one. 
Conversely, the most accurate prediction of the averaged static 
temperature at the exhaust was obtained for the lifted flame. The 
outcomes of this study comprehensively validate LES and flamelet 
methods, contributing to more informed selection of numerical 
frameworks for industrial simulation scenarios.
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Nomenclature

Roman Letters 

c ¼ un-normalized progress variable
d ¼ diameter (mm)

HRR ¼ heat release rate (W m−3)
LHV ¼ lower heating value (MJ/kg)

_m ¼ mass flow rate (kg/s)
p ¼ pressure (Pa)

PFR ¼ product formation rate (1/s)
T ¼ temperature (K)

TFUP ¼ triple flame upstream propagation
Z ¼ mixture fraction

Greek Symbols 

b − PDF ¼ beta probability density function
l ¼ molecular dynamic viscosity (Pa s)

q ¼ density [kg m−3]
v ¼ scalar dissipation rate (s−1)

Dimensionless Groups 

Pr ¼ Prandtl number
Sc ¼ Schmidt number
r ¼ Prandtl/Schmidt number

Superscripts and Subscripts 

air ¼ air stream
amb ¼ ambient conditions

b ¼ burnt mixture
H2 ¼ hydrogen stream

SGS ¼ sub-grid scale property
t ¼ turbulent property
u ¼ unburnt mixture
� ¼ Favre filtered

Appendix A: Resolved Turbulent Kinetic Energy

A.1 Norwegian University of Science and Technology 
Case. The contour plot of the Cèlik criterium for the NTNU test 
case is shown in Fig. 20. Results are reported for an x-y plane passing 
through the axis of the bluff-body and for three planes orthogonal to 
the bluff-body’s axis and located at different axial positions.

Fig. 20 Contour plot of the Celik criterium for LES quality in the 
reactive flow simulation for the NTNU test case

Fig. 21 HYLON contour plot of the Cèlik criterium for LES quality 
in the reactive flow of the anchored flame
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A.2 HYdrogen LOw NOx Case. Figures 21 and 22 show the 
contour plots of the Cèlik criterium for flames A and L, respectively. 
Also in this case, the overall resolved turbulent kinetic energy is 
above 80%.
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