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Hydrogen combustion is a promising alternative to fossil
fuels, aiding decarbonization and pollution reduction.
However, its unique properties pose challenges in flame
stability, flashback, and NOx emissions. This study
examines swirl-stabilized non-premixed hydrogen flames
using Large Eddy Simulation (LES) to understand flame
dynamics, stabilization, and emissions. Using the
Hydrogen Low NOx (HYLON) burner from IMFT, the
study analyzes attached and lifted flames under turbulent
conditions at an equivalence ratio of 0.45. Fuel flow rates
are 0.032 g/s and 0.08 g/s, and air flow rates are 2.41 g/s
and 6.03 g/s for the attached (case A) and lifted (case L)
flames, respectively. Simulations validated against
Particle Image Velocimetry (PIV) data show strong
agreement in velocity distribution and flow structures.
The central and outer recirculation zones play key roles
in flame stability and NOx formation. Results reveal that
lifted flames emit less NOx due to better mixing, while
attached flames produce more NOx due to prolonged
high-temperature exposure. This research advances
hydrogen combustion knowledge, supporting the
transition to clean energy solutions by addressing key
challenges in combustion modeling, emission control,
and flame stability.

DOI: s sesedesesesesesesesesesesiesesie - © Authors, 2025, College of Petroleum and Mining Engineering, University of Mosul.
This is an open-access article under the CC BY 4.0 license (http://creativecommons.org/licenses/by/4.0/).



mailto:anmar.22enp63@student.uomosul.edu.iq

Numerical Investigation of Hydrogen Flame Shape and Structure

Y-S PLIVA| NEVL| :\9.'\:\3 Jéd (Sl Jalasil)
Taggh gllalu ael e Lan) Gunsd) pesa ;g gad) Ao el
Glall edeapall i fompall daala ¢ preilly adil] deuria LS Lubadil] yalSall dectis pusd |
Gl cdeapall duala cdunigh TS (dolticoal) AL dectis ausi”
Al schagell s Jemgall deals dutigh LIS AKilSial) dearigh aui

gadldl

Ladyy) claglea

las sai Joanll dashaie a1l Lol DL Gamg pael) Gliisl 324
lslallg A9 SU e Qs e Al 8,58 (he 4n uc Ll (Ailas 3l
L) ailad) Gl (Glld o (g)50aY) 3585 (3aY Lialeadl) 4l
el Al 3l Lo A Apaea bt #pk (g pagdl 52,4l ALl
sda (33 .(NOX) (mgiil) 20l bl ligiesas 2)0,¥) ALl
Ll Gl e gyl el sl 383 (goae dilas elal ) )l
Gilalsall Apanall BSlaal) A slasiuly clldy cdlsn dalgy Aacls cufialy
lile ) Jalaily 4 illly Caglll A€l sliatinsd Cangs «(LES) 5,80
U3kl ((HYLON) clilasV) aidie (omgyngll Ssa slaiel o3 . dalil
& Al gl 7350 (IMFT) slst diaas wllsall (SalSae 2gna 4
cellly (A Alal) )l Cellly Geailall Cglll taglll e (peg Jilas
10,45 cialy 2810 dausty Aghlacal Olya Cig ks Caad (L Allall) iyl
Y are culS ety (Aulifg 0.08 5 4slifg 0.032 2586l 3ax Yo Caly
el . Il e Ly A oallall 4sb/¢ 6.03 5 4l 2.41 elogll Gos
4 aladiuly Lkt duw il Gl e Usgale ol slSlaall mil
iy sl depud) mis Cus Ga slga o(PIV) depull e Clasaall g
Olbags dadanally A5Kall sl sale] e of duball iniagl . sl
LS - o i) S g Ve B oSailly caglll i 8 Lysaa ygo
(NOxX @il 3 Ligale aliash Sliay adipall gl o il cuiig
Liyn A Geaildl gl 4)lae cauSGally 3985l Gy Jaladl Guhas A
il o3 pged L dndine Hls ol saiesall Gyl da el cilblasls
dach ddjee 52018 Ky (Cpngyugl) () LY alal) agdl) upas
@)zl Guead DA o Allady dpdas Blpia) bl gl 35gal

A (ghall oY) dsl Glecay cclilany) e syasd) il

RPN GJU

2025 26 s ler DY) & )l
2025 6 Jinl: daal el g )05

2025 24 spise Jsdll 0

2025 1 sl (S S 8l gy )15

dpalidal) culalgl)

eyl s

el Gl

(LES) 850 cilalsall sael) slSladl
(@l Cun

@bl

dluall

Grgall Ao Ll zan)
anmar.22enp63@student.uomosul.edu.iq

DOI: s sessesesesesesesesesesesiesesie - © Authors, 2025, College of Petroleum and Mining Engineering, University of Mosul.
This is an open-access article under the CC BY 4.0 license (http://creativecommons.org/licenses/by/4.0/).


mailto:anmar.22enp63@student.uomosul.edu.iq

Numerical Investigation of Hydrogen Flame Shape and Structure

Introduction

Fuel combustion has served as a primary energy source essential for human advancement
since the discovery of fire. To this day, combustion technologies continue to dominate global
energy production, accounting for nearly 90% of the world's primary energy, playing a vital
role across various sectors including industry, transportation, and space exploration (Otway,
2020). Historically, economic growth and societal development have been directly linked to
increased energy consumption, particularly evident during the Industrial Revolution, marked
by the extensive utilization of fossil fuels (coal, oil, and natural gas) to satisfy rising industrial,
transportation, and electricity demands. Currently, fossil fuels still provide approximately 81%
of global energy needs ((IEA), 2025; Martinez & Jiang, 2013). However, this heavy reliance
has led to significant environmental challenges, notably climate change and air pollution,
largely due to greenhouse gas emissions such as carbon dioxide (CO2) and nitrogen oxides
(NOx), which have increased dramatically by about 46% since 1990 ((IEA), 2025). This
warming phenomenon, commonly known as the greenhouse effect, was initially proposed by
Joseph Fourier in 1827 and later experimentally confirmed by John Tyndall in 1859 (Marragou,
2023). To combat these environmental issues, global initiatives like the Paris Climate
Agreement have emerged, aiming to restrict the increase in Earth's average temperature to
below two degrees Celsius compared to pre-industrial levels (European Commission, 2022)
Hydrogen, produced through renewable methods such as solar, wind, or nuclear energy,
presents itself as a sustainable alternative fuel. Its combustion uniquely yields no carbon dioxide
emissions, producing only water vapor (Chiesa et al., 2005; Dincer, 2012). Nevertheless, the
utilization of hydrogen as a fuel introduces significant technical challenges due to its inherent
properties, including rapid combustion speed and wide flammability limits, leading to flame
instabilities, flashback phenomena, and elevated NOx emissions under certain combustion
conditions (Bouvet et al., 2013; Milton & Keck, 1984). Various engineering approaches have
been adopted to address these challenges, with swirl flow combustion systems being
particularly notable. By generating a Central Recirculation Zone (CRZ), swirl flow promotes
better fuel-air mixing, thereby enhancing flame stability (Galley et al., 2011; Lu et al., 2023).
However, swirl-based systems are not without their own set of complications, such as vortex
breakdown and Precessing Vortex Core (PVC) oscillations, phenomena that necessitate further
investigation for effective control and optimal utilization (A. K. Gupta et al., 1984). Numerical
modeling, particularly Large Eddy Simulation (LES), has increasingly gained prominence as a
critical tool to deepen our understanding of hydrogen combustion dynamics. LES allows
detailed analysis of complex interactions among turbulent flow, chemical reactions, and flame
structures, significantly reducing the need for costly and time-consuming experimental tests.
Consequently, LES has facilitated the development of safer, more efficient, and
environmentally friendly combustion technologies. Despite considerable progress, existing
literature reveals persistent knowledge gaps, especially in fully understanding and mitigating
combustion instabilities, flashback phenomena, and NOx formation mechanisms in hydrogen
combustion systems. Therefore, the current study aims to fill these gaps through comprehensive
LES-based numerical simulations, specifically analyzing hydrogen jet flame behavior to
enhance flame stability and reduce emissions. Such research is crucial for advancing hydrogen
combustion technologies and supporting the global transition towards sustainable, low-carbon
energy systems. Hydrogen combustion exhibits unique characteristics compared to
conventional hydrocarbon fuels, characterized by high combustion speed and a wide
flammability range, enhancing combustion efficiency but increasing the likelihood of
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instabilities and flame flashback (Lipatnikov & Sabelnikov, 2020). Studies such as (Fairweather
et al., 2009) have demonstrated that the addition of hydrogen to methane increases flame
temperature and combustion speed. Swirl flows are extensively employed to enhance flame
stability and improve fuel-air mixing. The swirl flow creates a Central Recirculation Zone
(CRZ), aiding flame stabilization away from the injector lip (Beér & Chigier, 1972; Chigier &
Bee'r, 1964; Chigier & Chervinsky, 1967a, 1967b). Studies by (Patel & Shah, 2019) and (Zhen
et al., 2010) indicate that increasing the swirl number shortens flame length and reduces
emissions. Conversely, (Ilbas et al., 2016) reported that excessive swirl intensification leads to
increased nitrogen oxide (NOx) emissions. Although hydrogen is considered a clean fuel, it
leads to NOx emissions due to high combustion temperatures (Marragou, 2023). Various
studies, including those (Lan et al., 2024), have indicated that higher hydrogen proportions in
fuel mixtures significantly increase flame temperatures, creating hotspots that elevate NOx
emission rates. To reduce these emissions, technologies such as partial air and steam injection
have been developed to lower combustion temperatures (Reichel et al., 2015; Truffin et al.,
2024). Flashback phenomena represent one of the main challenges in hydrogen combustion
systems, closely linked to hydrogen's highly reactive flame properties (Sommerer et al., 2004).
Researchers such as (Eichler & Sattelmayer, 2012; Ebi et al., 2021; Reichel & Paschereit, 2017;
Duan et al.,, 2014) have investigated various methods to mitigate this phenomenon by
controlling injection velocity, cooling, and selecting materials with suitable thermal
conductivity.

Stabilizing turbulent flames in combustion systems requires an in-depth understanding of
stability mechanisms (A. Gupta, 2000; A. K. Gupta et al., 1999). Several models explaining
turbulent flame stabilization mechanisms have been developed. Recent studies by (Marragou
etal., 2023) and (Aniello et al., 2023a) have proven the effectiveness of the dual-swirl HYLON
injector in achieving excellent flame stability and reducing thermal emissions.
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Nomenclature Greek symbols
Sa Air swirl number P Filtered density (kg/m?)
Sh Hydrogen swirl number P Filtered pressure  (Pa)

Tjj Sub-grid stress tensor (N/m?)
T Temperature (K) K Sub-grid Kinetic energy (m?/s?)
NO, Nitrogenoxides ( ppm or |, Sub-grid dissipation rate  (m?/s)
kg/m?) 0] Equivalence ratio
CRZ  Central Recirculation Zone ¢  Stoichiometric equivalence ratio

ORZ Outer Recirculation Zone A Filter size or grid size (m)
IRZ Inner Recirculation Zone
LES Large Eddy Simulation
SGS Subgrid-Scale

AMR Adaptive Mesh Refinement

Usgs Subgrid viscosity  (Pa‘s)
0,0 Model constants for turbulence
equations

2steam Steam dilution ratio relative to air (%)

FD ional Fluid Dynami
C Computationa uid Dynamics T Time scale  (s)

DRGEP Directed Relation Graph with

Error Propagation

L::

ij Leonard stress tensor (N/m?)

PIV  Particle Image Velocimetry

Cij Dynamic structure coefficient tensor

Cr,C, Model constants for subgrid viscosity

Physical configuration

The HYLON burner geometry shown in Figure 1a, as described by (Aniello et al.,
2023a), is designed to optimize hydrogen-air combustion through a dual-swirl injector system
and a well-defined combustion chamber. The air is supplied through an annular channel with
an external diameter of 18 mm, featuring a radial swirler composed of eight cylindrical vanes,
each 4 mm in diameter and tilted at a 42° angle to the radial direction, achieving an air swirl
number of Sa=0.65, as illustrated in Figure 1b. This configuration creates strong rotational flow
and a central recirculation zone (CRZ), enhancing flame stability and reducing flashback risks.
Hydrogen is injected through a central tube with a 6mm diameter and 2mm wall thickness,
equipped with an axial helicoidal swirler producing a hydrogen swirl number of Sh=0.60. The
injector lip is recessed by 4 mm from the burner backplane to allow efficient pre-mixing of
reactants before ignition. The combustion chamber has a square cross-section measuring 78
mmx78 mm, a length of 190 mm, and transitions to a circular nozzle of 73 mm diameter over
a 39 mm length.

These design specifications were based on prior work by (Marragou, 2023), who
investigated dual-swirl systems for hydrogen flames, and (Aniello et al., 2023a), who explored
the stabilization mechanisms in swirling hydrogen flames. Key contributions include the
aerodynamic stabilization of flames via inner recirculation zones (IRZ), reducing thermal
stresses and improving pollutant control.
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Air inlet

(a)

\ Air inlet

Flame —

Air inlet

,18mm, (b)

Fig. 1. The geometry of the burner under study: (a) 3D view of the burner, (b) cross-section of the burner
depicts the inlets of air and hydrogen, (c) the inlets' dimensions, (d) Air swirler, and (e) hydrogen swirler.

Mathematical model

In this study, the simulation of turbulent hydrogen jet flames was performed using the
Large Eddy Simulation (LES) approach within the CONVERGE CFD platform, incorporating
detailed chemical kinetics, adaptive mesh refinement (AMR), and a two-equation subgrid-scale
(SGS) turbulence model. LES was chosen for its ability to resolve the large energy-containing
eddies in turbulent flows while modeling the smaller scales using SGS models, which is crucial
for accurately capturing the fast, reactive nature of hydrogen flames. The filtered Navier—Stokes
equations are the foundation of LES, where the momentum transport equation is written as

0(_1”11) a(_ﬁl 05 01_3 651 aTi'
at 0x]- 0xi ax]' ax]-

where:

p is the filtered density,
0; is the filtered velocity,
P is the filtered pressure,



Numerical Investigation of Hydrogen Flame Shape and Structure

0;; is the filtered viscous stress tensor,
T;j 1s the sub-grid stress tensor, representing the unresolved scales.
The sub-grid stress tensor is modeled as:

Tij = Zp’CCi]‘ 2)
Where:

K is the sub-grid kinetic energy,
¢;j is the dynamic structure coefficient tensor, defined as:

Cii = — 3
G = (3)
L;jis the Leonard stress tensor, given by:
L =uu —uu, (4

Here, —  denotes a test filter operation, typically twice the size of the grid filter. In this
case, the test filter is twice the size of the grid. It is worth noting that the subgrid-scale tensor
model does not employ a subgrid-scale viscosity formulation for closure. Instead, the two-
equation dynamic structure model extends the one-equation dynamic structure model by
introducing an additional transport equation for subgrid-scale dissipation. This model relies on
two transport equations: one for the subgrid-kinetic energy (k) as formulated by (Yoshizawa &
Horiuti, 1985) and (Menon et al., 1996) and another for the sub-grid dissipation (€) as expressed
in (Richards et al., 2023)

The two-equation dynamic structure model solves two transport equations:
Sub-grid Kinetic Energy (k):
a(pk) | a(pui;k o; i} ok
(P ) + (puk) _ -7 ui ( sgs ) (5)

= . — — & -|_ P —_—
at ax; Y ox;j ax; "

Where:
Usgs 1s the subgrid viscosity,
o is a model constant.
Subgrid Dissipation (¢):
a(pe) a(pu;e) _ (3Csp£) _ 3p£2 i (I‘sgs E) E (Af_Ag)
at t ax;  \ 2k P 2k + ax; \ o, 9x; + y\ ©)

where:
p 1s the subgrid production,
Ay is the local filter size,
A is the local grid filter size,
The local filter size is expressed as:
3
A =C.— )

&

The time scale t is defined by:
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T="= ®)

In CONVERGE, the constant Ct is set to 0.5.

In the two-equation formulation, the local filter size does not instantly align with the local
grid size but instead evolves dynamically over time. The subgrid-scale viscosity is formulated
as:

_ .1 pk?
”sgs = CkkaAf = CkceT )]

Here, C, and Cj, are constants specific to the model. Simulations were conducted at standard
atmospheric pressure (1 atm) and inlet temperatures of 300 K for both hydrogen and air. A
global equivalence ratio of ¢ = 0.45 was selected to promote lean combustion, which enhances
thermal efficiency and reduces NOx formation. The flow field was modeled under two
configurations: an attached flame with hydrogen and air mass flow rates of 3.2 < 10~° kg/s and
2.41 x 107 kg/s, respectively, this flame defined as a flame stabilization regime in which the
flame remains anchored very close to the central injector nozzle, such that the chemical reaction
initiates immediately upon the fuel's exit, with virtually no gap between the injector and the
ignition zone and a lifted flame with flow rates of 8.0 x 10~ kg/s and 6.03 x 103 kg/s. This
designation arises from the fact that the flame stabilizes at a location removed from the injector
nozzle. The full operation conditions are presented in Table 1. Swirl injection was used in both
fuel and air channels to promote enhanced mixing and flame stabilization through central and
outer recirculation zones. For combustion modeling, the SAGE solver within CONVERGE was
used to solve detailed chemical kinetics through CHEMKIN-formatted mechanisms, employing
the CVODE solver from the SUNDIALS suite to handle stiff ODEs arising in hydrogen
combustion. The chemical mechanism adopted was the reduced mechanism by Capurso et al.
(Capurso et al.,2023), consisting of 15 species and 47 reactions, specifically optimized for
accurate NOx prediction. This mechanism includes thermal and prompt NOx pathways
involving intermediate species like N.O and NNH, and has been validated against the
comprehensive CRECK mechanism with 159 species and 1459 reactions. It has also been
benchmarked across a wide range of conditions, showing excellent agreement, especially as
further validated by (Shahin, 2024). For computational efficiency, chemical reactions were only
activated above a minimum cell temperature of 600 K, and a hydrogen species concentration
threshold of 10® was imposed in low-temperature cells to maintain active chemistry. To
accurately resolve flame structure and high-gradient regions, Adaptive Mesh Refinement
(AMR) was employed, with the refinement criterion based on local temperature gradients,
achieving minimum cell sizes of approximately 0.225 mm near the flame front. Furthermore,
CONVERGE’s Fixed Embedding technique allowed accurate representation of rotating
components like swirlers, maintaining mesh quality without full regeneration at each time step.
This overall modeling strategy, combining the LES framework with detailed kinetics, dynamic
meshing, and well-defined operating conditions, enabled the accurate capture of turbulent
structures, flame anchoring behavior, and pollutant formation in hydrogen combustion systems.
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Table 1: Operation Conditions

Mass
Inlet of Inlet of
Mass flow rate of flow rate Pressure

Case  Type of flame hydrogen Air Qsteam
hydrogen (kg/s) of Air (Atm)
K) (X)
(kg/s)
Attached flame

1 3.2x10°° 2.41x107 1 atm 300 300 0%

(flame A)

Lifted flame

1 8x107° 6.03x1073 1 atm 300 300 0%

(flame L)

Numerical procedure

The numerical simulation was performed using CONVERGE CFD, a solver specifically
designed for reactive flow applications with automated meshing and built-in support for
turbulence and combustion modeling. The simulation process followed a structured sequence,
beginning with geometry import and case setup through CONVERGE Studio. The burner
geometry, including the swirl injector and surrounding domain, was defined using CAD tools
and imported into the simulation environment. Boundary conditions were applied to each region
of the domain, specifying mass flow rates, temperature, turbulence levels, and swirl
characteristics at the inlets, as well as pressure boundaries at the outlet. Following domain setup,
CONVERGE’s fully automated mesh generation system was used. The base grid size was
selected to ensure efficient coverage of the entire domain, while key zones—such as the injector
and flame region—were targeted with finer local refinement using embedded regions. Dynamic
Adaptive Mesh Refinement (AMR) was then enabled to respond to evolving flow structures
during the simulation, ensuring localized resolution of steep gradients without manual
remeshing. The solver settings were configured to activate detailed combustion chemistry and
LES-based turbulence modeling. The chemical mechanism and transport models were linked
via CHEMKIN input, and the solver automatically handled integration and species coupling.
Simulation time advancement was controlled using a variable time step algorithm, with the
minimum time step set to 1x107¢ s and the maximum allowed step set to 1x10™* s, maintaining
accuracy and stability near reactive fronts. As utilized within the CONVERGE software, the
modified density-based Pressure Implicit with Splitting of Operator (PISO) algorithm begins
with a predictor phase, in which the momentum equations are solved explicitly using the
available pressure field to compute a provisional velocity field. This initial step does not yet
satisfy mass conservation, but serves as a first approximation to the flow field. Following this,
the algorithm enters a corrector phase, where a pressure correction equation is derived from the
continuity equation and solved iteratively. This step updates both the pressure and velocity
fields to enforce global mass conservation. Multiple corrector steps may be executed per time
step to improve pressure—velocity coupling, particularly under compressible and transient
conditions. In CONVERGE’s implementation, the method is enhanced for density-based
formulations, allowing robust handling of strong density gradients due to combustion. Stability
1s further reinforced using relaxation factors and residual-based convergence criteria. This tight
integration between the pressure solver and the reacting flow field supports accurate simulation
of hydrogen combustion. Initial conditions were applied uniformly, and the simulation was
allowed to evolve toward a statistically steady state. For the reactive cases, the simulations were
run for a physical time of 8 milliseconds, while non-reactive simulations were extended to 12
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milliseconds to ensure sufficient flow development and capture of key transient behaviors.
During the run, data were sampled at selected planes and volumes to extract velocity,
temperature, species concentration, and flame location.

Results and discussion
Validation

The available experimental Particle Image Velocimetry (PIV) dataset was utilized to
compare numerical simulation results with experimental data in the axial plane of the
combustion chamber. A two-dimensional (2D) contour was created to display the data,
alongside the corresponding Large Eddy Simulation (LES) simulation results, as illustrated in
(Fig. 2). The results showed a relatively good agreement between the axial and radial velocity
values extracted from the numerical and experimental files in the primary vortex region.
However, some minor discrepancies were observed, which could be attributed to factors such
as the mesh size used in the simulation, which may affect the accuracy of the results. Velocity
plays a fundamental role in defining recirculation zones, which are crucial for shaping and
stabilizing the flame in reactive environments. These zones facilitate the redistribution of fuel
and air within the chamber, enhancing the combustion process and ensuring its sustainability.
They also serve a dual function by acting as a fuel source through recirculating unburned
reactants into the combustion zone while simultaneously providing thermal energy to support
flame stability and prevent extinction. This dynamic makes recirculation a key factor in
designing high-efficiency combustion systems, particularly in industrial applications, gas
turbines, and hydrogen-fueled propulsion systems (Tummers, 2009; Aniello, 2023)

16 -9 -3 3 9 15 21 27 33 39 45

LES

EXPERIMENT

0 20

20 -10

0
X

() (b)

Fig. 2. Comparison of mean velocity fields between (a) Experiment and (b) LES results in non-reactive
flow

The central recirculation zone (CRZ) can be identified by the dark green region where
axial velocity values are negative, indicating a reverse flow that redirects the mixture toward
the flame core. Meanwhile, the outer recirculation zone (ORZ) appears as a light green region
in the left and right corners of the experimental domain. This zone helps maintain flow stability
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by reducing disturbances in the outgoing jet and optimizing the fuel-air mixing process before
ignition. A validation between experimental results and numerical simulations reveals a good
agreement in the distribution of CRZ and ORZ, confirming the reliability of the numerical
model in representing real combustion dynamics. Figures 3 and 4 present a validation between
experimental data and LES simulation results for reactive flows at heights z=5 mm and z = 15
mm, which approximately represent the middle and upper flame regions. This comparison
focuses on analyzing flow structure and assessing the accuracy of numerical models in
predicting velocity distribution and turbulence fields. The LES simulation shows good
agreement with experimental data in both scenarios, accurately capturing the size and intensity
of the inner recirculation zone (IRZ) through the predicted axial velocity distribution Uz.
Additionally, The agreement between experimental and numerical results for radial velocity Ur
at both heights demonstrates that the LES model effectively captures the vortex flow opening
angle, indicating an improved representation of injection dynamics.

Z=15 mm

Uz{m/s)

2=5(mm) Z=15 mm

(b)

oy PERIMENT e [ES £ XPERIMENT  ———LES,

Fig. 3. validation between velocity PIV data (depicted by symbols) of flame A at Z=5 mm and
Z=15mm on the axial plane versus LES results for a) the mean axial UZ and b) radial velocity
Ur.
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Z=15mm

{m/s)

Uz

20 i

(b)

-40 .
X (mm) X(mm)

—8—EXPERIMENT = LES @ EXPERIMENT e LES

Fig. 4. validation between velocity PIV data (depicted by symbols) of flame A at Z=5 mm and
Z=15mm on the axial plane versus LES results for (a) the mean axial UZ and (b) radial
velocity Ur.

Velocity field

The velocity magnitude contours in Figure 5 highlight the effectiveness of LES in
accurately capturing complex flow characteristics in regions with high swirl intensity, which
are challenging to replicate due to the small-scale turbulent fluctuations. The results reveal the
presence of large eddies generated by the swirling flow, particularly near the entrance of the
combustion chamber. These eddies are critical in promoting fuel-air mixing and enhancing
combustion efficiency. The maximum velocity is observed near the mixing blades inside the
hydrogen fuel transport pipe, just before the combustion chamber inlet. These blades induce a
rotational motion (swirl) in the fuel flow, intensifying the interaction between the fuel and air
streams, thereby improving mixing, momentum transfer, and jet stability. The contours also
show the development of a distinct shear layer at the nozzle orifice, where the fuel and air jets
transition into a region of momentum exchange with the surrounding fluid. This shear layer is
characterized by turbulence and viscous interactions, leading to the formation of vortices and
flow instabilities. These features enhance mixing and entrainment of ambient fluid into the jet.
As the flow progresses downstream, the shear layer broadens, and the velocity profile becomes
more uniform, indicating the dissipation of the jet’s kinetic energy. This dissipation occurs
through turbulent diffusion and viscous dissipation mechanisms, converting the jet’s energy
into smaller-scale turbulent motions and heat. Over time, the jet loses coherence and integrates
with the surrounding flow, demonstrating the intricate dynamics of jet development, mixing,
and eventual dissipation in a high-swirl environment.

12
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(b)

VEL_MAG

VEL_MAG

Fig. 5. Velocity magnitude of (A) Flame A, and (B) Flame L.

Temperature

Figure 6 illustrates the temperature distribution in the combustion chamber for both cases,
highlighting some advanced aspects of the combustion process. At the core of the flame, a very
hot nucleus appears, where temperatures reach approximately 2300 K.

(@) ;

Z

L.

TEMPERATURE

2200
2000
1800
1600
1400
1200
1000
800
600
400
200

Fig. 6. 2D contour plot of the temperature for both flames, a) Flame A and b) Flame L

This central region represents the site where most chemical reactions occur, releasing a
significant amount of thermal energy. Surrounding this nucleus are lower-temperature regions

13
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where heat is gradually. Figure 7 presents the temperature distribution and equivalence ratio
contours in the flame, emphasizing the dynamic relationship between the fuel-air mixture and
combustion efficiency. The high-temperature regions near the base of the flame (up to 2300 K)
align with the stoichiometric equivalence ratio line (¢st), which is positioned at the center of
the flame, representing the primary combustion zone characterized by high stability and
efficiency. The equivalence ratio gradient in Figure 8 shows a transition from a rich mixture (¢
> 1) near the base of the flame to a lean mixture (¢ < 1) at the flame's edges, with the
stoichiometric equivalence ratio (¢st = 1) occurring at the flame’s core. This gradient highlights
the interaction between fuel and air across different regions, ensuring balanced combustion
dynamics. The temperature and equivalence ratio distributions provide clear insight into the
flame's internal structure and the critical role of mixture composition in achieving efficient

combustion.

(a)

Level EQUIV_RATIO
Level EQUIV_RATIO 5
4 4
3 2
2
1

05

Fig. 7. 2D contour plot of the temperature for both flames: (a) Flame A and (b) Flame L, with isolines of

local equivalence ratio serving to emphasize the mixture distribution concerning the flame position.

2400
2300
2200
o 2100

2000
1300

Temerature (K
=
3
2

1700
1600
1500

1400
04 1 16 22 18

o

—Flame L m—Flame A
Fig. 8. relation between local equivalence ratio and temperature

Flame shape

Figure 6 shows two different flame configurations, M and V. The attached flame, as
shown in Figure 6 (a), exhibits a characteristic thermal distribution with a clear M shape. This
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configuration reflects a local concentration of chemical reactions and high thermal density
within the central core near the injector nozzle, which enhances the efficiency of chemical
reactions in the central zone. However, this high thermal density can contribute to an increased
risk of hotspot formation, which in turn increases the likelihood of nitrogen oxide (NOx)
formation. Figure 10 shows the flame formation farther from the nozzle, then it begins to spread
downward to the burner nozzle, forming the letter M. This shape difference is due to the
difference in flow rate of the two flames, and therefore, the recycling regions occur at different
positions relative to the nozzle. Flame A has a lower flow rate, so (CRZ) are farther from the
nozzle, as shown in Figure 9. Since the speed is low, this allows for greater residence time,
ensuring that combustion reactions occur at both ends of the flame center, as shown in Figure
16, where a ring appears around the flame center, and this ring begins to spread downward
toward the nozzle. Thus, it is called the attached flame, while the lifted flame, which appears
in Figures 12 and 6 (b), has the flame core at the lower part of the ignition zone, and the flame
starts to rise from the edges, forming the letter V. This is, as mentioned, a result of the different
positions of the recycling regions, which in the case of the lifted flame, are closer to the nozzle,
as shown in Figure 9 (b). As a result, the flame spreads upward from the center, moving away
from the nozzle, and is therefore called the lifted flame, taking a conical shape as shown in
Figure 13.
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Fig. 9. Axial velocity isoline where CRZ appears in (a) Flame A and (b) Flame L
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Fig. 10. Instantaneous temperature Contours for attached flame in X-Z plan at y=0
from 1-8 ms time step
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Fig. 11. Instantaneous temperature Contours for attached flame in X-Y plane at Z=15mm from 1-8 ms time
step
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Fig. 12. Instantaneous temperature Contours for lifted flame in Z-X plan at Y=0 from 1-8 ms time step
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Fig. 13. Instantaneous temperature Contours for lifted flame in X-Y plan at Z=15mm

from 1-8 ms time step.
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This behavior is more clearly observed in OH distribution as shown in Figure 14, which
highlights the flame structure and regions of high reactivity. The OH radical is formed through
hydrogen and oxygen reactions in the early stages of combustion. The process begins with the
dissociation of hydrogen molecules at high temperatures, leading to the formation of free
radicals like H and O, which then react to form OH. This radical serves as a vital indicator of
active reaction areas, appearing in regions where chemical reactions are at their most intense.
These radicals are generated at high temperatures and in areas with elevated concentrations of
fuel and oxygen, making them a crucial tool for understanding flame dynamics and combustion
efficiency. OH, concentrations are closely linked to flame stability and efficiency, with high
concentrations indicating stable and sustained reactions, while low concentrations may reveal
weak reaction areas or potential flame extinction, making OH a key parameter for optimizing
combustion system performance.
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Fig. 14. 2D contour plot of the OH mass fraction for both flames (a) Flame A and (b) Flame L. where the
flame shape is clearly visible.

NOx Emissions

Figure 15 illustrates the NOx emissions for both flame configurations. The left contour
corresponds to the lifted flame (Flame L): while the right contour represents the attached flame
(Flame A). In the lifted flame (Flame L): NOx emissions are significantly lower and more
distributed due to the flame's V shape, which enhances fuel-air mixing before combustion and
reduces residence time at high temperatures. This combination suppresses NOx formation by
limiting the conditions conducive to the thermal Zeldovich mechanism. Additionally,
observations suggest that NOx formation is not concentrated at the primary reaction front but
rather in secondary regions within high-temperature zones. This aligns with studies showing
that NOx emissions are influenced by both residence time and peak flame temperature (Hwang
et al., 2007; Wang & Yang, 2024). The lifted flame's gap between the flame base and the
injector mitigates these factors by promoting a more even thermal distribution, which reduces
localized hot zones and their associated NOx formation via the thermal Zeldovich mechanism.
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Fig. 15. Comparison of the NOx concentration in a) flame L and b) flame A.

In contrast, the attached flame (Flame A) shows higher NOx emissions concentrated away
the injector nozzle. This phenomenon arises from the extended residence time of hot gases
within the central recirculation zone (CRZ): where intense thermal reactions are sustained. The
CRZ serves as a containment area for hot combustion products, allowing them to remain in
high-temperature zones for longer periods, thereby facilitating NOx formation through the
thermal Zeldovich mechanism. Additionally, NO production is observed predominantly in
secondary high-temperature regions, rather than directly at the primary reaction front, a
behavior linked to the recirculation dynamics. The M shape of the flame further amplifies these
effects by creating localized hotspots near the stabilization region, where thermal gradients and
prolonged residence times converge to accelerate NOx generation. These findings highlight the
significant influence of the CRZ on emissions and emphasize the necessity of controlling
residence time and thermal gradients to mitigate NOx production effectively.

Turbulence Flame Interaction

In Large Eddy Simulation (LES): subgrid-scale turbulent viscosity is a crucial modeling
concept used to account for the effects of small, unresolved turbulent eddies that are filtered out
in the simulation. This viscosity dissipates energy at smaller scales, ensuring numerical stability
and accurately representing turbulent dynamics. Figures 16 and 17 demonstrate the
development of turbulent viscosity at a specific combustion phase, where it serves as an
indicator of turbulent intensity. Regions with high flow velocities develop higher turbulent
viscosity due to the pronounced velocity gradients in these areas, as velocity vanishes near the
chamber walls. The most significant turbulent viscosity is observed inside the nozzle of the
combustion chamber, where the swirl flow intensifies. This is a result of rapid velocity
variations caused by swirling motion, which amplifies energy dissipation. Similarly, subgrid-
scale turbulent kinetic energy (SGS TKE) quantifies the kinetic energy of small, unresolved
eddies. It plays a vital role in turbulence models, to capture energy transfer between resolved
and unresolved scales. Proper modeling of SGS TKE enhances the representation of the energy
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cascade and turbulence dynamics, ensuring accurate energy dissipation and distribution. The
patterns of SGS TKE closely align with turbulent viscosity, as regions of higher viscosity
typically correspond to increased SGS TKE. The results also conclude that high swirl intensity
develops near the chamber exit due to thermal expansion effects. The flow accelerates as the
mixture’s density decreases in high-temperature regions downstream, further intensifying
turbulence. These insights highlight the importance of both turbulent viscosity and SGS TKE
in accurately capturing complex flow and combustion processes.
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Fig. 16. Developed turbulent viscosity for (A) Flame A, and (B) Flame L.
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Fig. 17. Developed subgrade-scale kinetic energy for (A) Flame A, and (B) Flame L.

CONCLUSION

Studies on non-premixed swirl-stabilized hydrogen flames using Large Eddy Simulation
(LES) are of significant importance due to the complex technical challenges associated with
flame stabilization, combustion efficiency, and NOx emission control. This work aims to
address these challenges by providing a detailed analysis of non-premixed hydrogen flames
under swirl-stabilized conditions, focusing on the role of recirculation zones (CRZ and ORZ)
in determining flame structure, stability, and pollutant formation, utilizing LES as the primary
computational tool. A three-dimensional LES model was developed to simulate turbulent
hydrogen combustion and was validated against experimental data obtained through Particle
Image Velocimetry (PIV). The study investigated two distinct flame types: the attached flame,
which anchors directly at the injector exit, and the lifted flame, which stabilizes downstream at
a certain distance from the injector. Particular attention was given to evaluating the flame
stabilization mechanisms, fuel-air mixing quality, and thermal NOx formation via the
Zeldovich mechanism.

The main conclusions drawn from the study are as follows:

1. Central (CRZ) and outer recirculation zones (ORZ) play a fundamental role in shaping
flame morphology, enhancing stabilization, and influencing pollutant emission behavior.

2. The lifted flame shows better performance in terms of stability and lower NOx emissions
because it allows for better mixing between fuel and air. On the other hand, the attached
flame produces higher NOx emissions due to the longer residence time of gases in high-
temperature regions, which leads to more NOx formation through the thermal Zeldovich
mechanism.

3. Optimization of fuel injection techniques and operating conditions is essential for achieving
stable and low-emission hydrogen combustion in practical systems.
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4. The LES model proved highly accurate in predicting flow fields, flame structures, and
pollutant formation mechanisms, validating its effectiveness as a diagnostic and predictive
tool for turbulent hydrogen combustion analysis.

5. Further enhancement of LES frameworks through the integration of detailed chemical
kinetic mechanisms is recommended to improve the prediction of hydrogen oxidation
pathways and NOx formation dynamics, thereby supporting the development of next-
generation clean and sustainable combustion technologies.
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