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A B S T R A C T

This study investigates the effects of swirl number and air preheating on the turbulent mixing characteristics of
pure methane and hydrogen–methane fuel blends in a swirl-stabilized burner. Utilizing large eddy simulations
(LES) with the Wall-Adapting Local Eddy-viscosity (WALE) sub-grid model, the turbulent flow fields are calcu-
lated and validated using non-reactive cases with varying swirl numbers. The research explores the combined
impact of varying swirl numbers, preheating intake air, and hydrogen addition on flow structures and mixing
behavior. This integrated approach clarifies how these factors influence flow field structures, stoichiometric
volume and length, intensity of segregation, scalar dissipation rate, variance spectral density, and probability
density function of mixture fraction. These insights can enhance the efficiency and cleanliness of hydrogen–
methane combustion technologies. The findings offer a guidance for optimizing hydrogen–methane fuel blends,
contributing to the transition towards sustainable energy sources.
1. Introduction

Despite years of research, understanding the physics of turbulence
remains one of the greatest challenges for the scientific community.
As a result, questions related to the physics of turbulence continue
to pique the interest of scholars and researchers alike. One of the
defining characteristics of turbulence is its ability to enhance mixing.
The mixing of momentum, energy, and species plays a crucial role in
various natural phenomena, from the dissolution of sugar in tea to
the formation of solar storms [1]. As a result, the study of turbulent
mixing is considered one of the most significant areas of investigation
for physicists and engineers.

The depletion of fossil fuel resources, coupled with the resulting
price increase, has driven the need for alternative energy sources.
Moreover, concerns surrounding climate change and global warming
necessitate the use of clean and renewable fuels. As a promising al-
ternative, hydrogen has been proposed due to its high energy density.
However, utilizing hydrogen alone poses challenges and requires mod-
ifications to existing equipment in various industries. To overcome
these challenges, combining hydrogen with hydrocarbon fuels has been
identified as a viable solution. Consequently, researchers and engineers
are interested in understanding the physics of hydrogen’s mixing with
other substances, as it holds potential for practical applications.

Mixing patterns can be classified into three distinct levels, with level
one referred to as passive scalar mixing [2]. In a turbulent flow field,

∗ Corresponding author.
E-mail address: jafar.alzaili@city.ac.uk (J. Al-Zaili).

scalar field fluctuations occur through turbulent convection. These fluc-
tuations, in turn, influence the velocity field through mean gradients
and density changes. For small temperature or species concentration
differences, the turbulent velocity field drives the scalar field, while the
scalar field’s impact on the turbulent velocity field is negligible. Thus,
this type of mixing does not significantly affect the flow field. In such
cases, it is possible to independently determine the passive scalar field
by solving the conservation equation of the passive scalar for a given
turbulent velocity field [3].

Passive scalar mixing is the simplest form of mixing, yet it has gar-
nered significant attention from researchers due to its wide range of ap-
plications and potential for revealing physical phenomena. Numerous
studies have focused on scalar spectra, passive scalar fluctuations [4],
passive scalar mixing in turbulent jets [5], and passive scalar transport
in wall-bounded flows [6]. In a recent study, Bekhradinasab et al. [7]
investigated passive scalar transport and mixing in separated flow using
Large Eddy Simulation (LES). They discovered that particular attention
must be given to the modeled portion of an LES simulation when
dealing with passive scalar transport involving Prandtl or Schmidt
numbers greater than one. The research also demonstrated a correlation
between mixing and Turbulence Kinetic Energy (TKE).

The second level of the mixing paradigm is influenced by various
scalars, such as changes in density, viscosity, thermal diffusivity, and
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Received 21 July 2024; Received in revised form 30 September 2024; Accepted 17
vailable online 5 December 2024 
017-9310/© 2024 The Authors. Published by Elsevier Ltd. This is an open access ar
 November 2024

ticle under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 

https://www.elsevier.com/locate/hmt
https://www.elsevier.com/locate/hmt
mailto:jafar.alzaili@city.ac.uk
https://doi.org/10.1016/j.ijheatmasstransfer.2024.126475
https://doi.org/10.1016/j.ijheatmasstransfer.2024.126475
http://creativecommons.org/licenses/by/4.0/


A. Bekhradinasab et al.

c
i
s
t
h
d
D
R

t
a
t
s

p
b

b
b
s
b
w

o

t
d
e
d

f

b
a
f

d
c
t

s
m
t
c

f
o
o
e

c
N
h

i
o
s
L
c

n

u
f

h

p

International Journal of Heat and Mass Transfer 239 (2025) 126475 
Nomenclature

𝜌 Density of fluid, [kg/m3]
𝑢 Velocity, [m/s]
𝑝 Pressure, [Pa]
𝑇 Temperature, [K]
𝜆 Thermal conductivity, [W/(m K)]
𝐶𝑝 Specific heat capacity, [J/(kg K)]
ℎ𝑠𝑖 Sensible enthalpy of spices 𝑖, [J/kg]
𝐽𝑖 Approximate diffusion flux of species 𝑖,

[kg/m2 s]
𝜇𝑡 Turbulent viscosity, [kg/m s]
𝑃 𝑟𝑡 Turbulent Prandtl number
𝑆 𝑐𝑡 Turbulent Schmidt number
𝑀𝑖 Viscosity or thermal conductivity of species

𝑖, [kg/m s or W/(m K)]
𝐷𝑖𝑗 Binary diffusion of species 𝑖 and 𝑗, [m2/s]
𝑝𝑟𝑒𝑓 Standard atmosphere pressure, [Pa]
𝐷𝑚 Molecular diffusivity, [m2/s]
𝐷𝑡 Turbulence diffusivity, [m2/s]
𝜎𝑖𝑗 Viscous stress tensor, [kg/m s2]
𝜏𝑠𝑔 𝑠𝑖𝑗 Turbulent stress tensor, [kg/m s2]
𝑌𝑘 Mass fraction of species k
𝐷𝑘 Mass diffusivity of species k, [m2/s]
ℎ𝑠 Sensible enthalpy, [J/kg]
𝐾 Kinetic energy, [J/kg]
𝜁 Bilger’s mean mixture fraction

mass diffusivity. Direct numerical simulation (DNS) of coaxial jets,
onducted by Balarac et al. [8], aimed to investigate the impact of
nflow forcing on mixing by generating and controlling vortices. The
tudy evaluated the global mixedness and the intensity of segrega-
ion and demonstrated that the forced cases exhibited greater mixing
omogeneity than the natural cases at the end of the computational
omain. In another experimental study, Alexander Schumaker and
riscoll [9] examined the effect of velocity ratio, density ratio, and
eynolds number on mixing in coaxial jets. For the studied diameter

ratios, the stoichiometric mixing lengths were found to be insensitive
o the absolute velocity difference between the inner and outer streams
nd the outer diameter of the outer coaxial jet. The study also iden-
ified momentum flux ratio as an effective parameter for predicting
toichiometric mixing length.

The third level of mixing leads to a thorough change in fluid
roperties, which is particularly evident in combustion. In a study
y Masri et al. [10], a new swirl-stabilized burner was introduced as

a platform for future experimental and numerical investigations. The
urner, namely called the Sydney Swirl Burner (SSB), can stabilize tur-
ulent, non-premixed flames with high swirl numbers and potentially
ignificant turbulence-chemistry correlation. The SSB offers several
enefits, including simple and well-defined boundary conditions, along
ith stabilized swirl, turbulent, and unconfined flames.

Efforts have been made to establish benchmarks for the devel-
pment of sophisticated numerical tools to compute turbulent, non-

premixed flames. Kalt et al. [11] continued these efforts and selected
two boundary conditions, named SM1 and SM2, for further investiga-
tion, with CNG chosen as the fuel for both. In a study by Al-Abdeli
and Masri [12], the effects of changes in boundary conditions on
he flow field and blow-off limitation were investigated. The study
emonstrated that swirl numbers less than 0.3 did not have any positive
ffect on blow-off limitation. Furthermore, Malalasekera et al. [13]
emonstrated the capability of LES and the laminar flamelet model

to predict the structure of turbulent swirling flames. Another study
 b

2 
by Vakilipour et al. [14] investigated the effects of CO2 dilution on the
lame structure and temperature distribution in SSB. The study revealed

that adding CO2 reduces both the temperature and length of the flame.
Large-scale coherent structures have a significant influence on com-

ustion and heat release processes by controlling the mixing of fuel
nd oxidizer [15]. Therefore, a comprehensive understanding of the
low field and coherent structure physics can aid in the development

of superior equipment. Swirl flows have received exceptional attention
ue to their unique properties. When the degree of swirl reaches a
ertain threshold, the structure of the vortex undergoes a complex
ransition to a new flow state at some axial regions, known as vortex

breakdown, which can lead to the creation of recirculation zones [16].
In certain swirl regimes, flow and mixing patterns are dominated by
a three-dimensional time-dependent instability called the precessing
vortex core (PVC), which is identified by the center of a vortex precess-
ing around the central axis of symmetry [17]. The vortex breakdown,
recirculation zones, and PVC are related swirl flow phenomena that
substantially affect mixing and combustion.

Excluding any chemical reactions enables investigation of flow
tructures without the additional uncertainty related to combustion
odeling, which can aid in comprehending the parameters influencing

he properties mentioned above and the flow field structure more pre-
isely [18]. The study of non-reactive flows is thus of great importance.

In this regard, Al-Abdeli and Masri [19] experimentally investigated
non-reactive flow in the SSB to comprehend swirling flows. Their
indings revealed that the vortex breakdown resulting in the creation
f a recirculation zone depends not only on the swirl number but also
n other flow characteristics. Specifically, the study demonstrated the
ffect of the axial velocity of the primary swirling air or its Reynolds

number on the vortex breakdown. Results for five distinct boundary
onditions were reported, of which two cases named N29S054 and
16S159 received major attention. These cases represent medium and
igh swirl numbers, respectively.

Non-reactive flow in the SSB has been the subject of several stud-
es. Al-Abdeli and Masri [20] conducted experiments with a series
f new boundary conditions that were not covered in the previous
tudy. In a separate investigation, Malalasekera et al. [21] utilized
ES to investigate isothermal flow in the SSB, and demonstrated the
apability of LES to predict oscillatory motions such as PVC. Dinesh and

Kirkpatrick [22] examined isothermal swirling flow fields with a con-
centration on flow recirculation, vortices, oscillations, and instabilities.
In a subsequent study, Dinesh et al. [23] evaluated the effect of swirl
umber on turbulence intermittency in the SSB. Additionally, Yang and

Kær [24] presented a comprehensive investigation of the formation and
mechanisms of flow structures in the N29S054 and N16S159 cases, and
demonstrated the superior precision of the shifted inlet by assessing
vorticity fields.

Studies have been conducted on the potential use of hydrogen as a
supplement to hydrocarbons [25,26]. These studies indicated that the
se of hydrogen as a fuel enhancer improves mixture characteristics,
acilitates igniting of low-calorific fuels, and increases the level of

heat recirculation [27]. Hashemi et al. [28] investigated the influence
of turbulence intensity on NO production in burning a hydrogen–
ydrocarbon mixture. The study findings showed that raising air tur-

bulence intensity diminishes NO concentration in the flame zone and
at the combustor outlet. Kashir et al. [29]examined blended methane
and hydrogen on a swirl burner. The results showed that LES could out-
erform Unsteady Reynolds Averaged Simulation (URAS) predictions in

a fine grid. They discovered that an increase in hydrogen concentration
had decreased jet penetration length.

While previous studies have investigated hydrogen mixing and swirl
effects individually, a thorough examination of the combined influence
of hydrogen blending and air preheating on turbulent mixing in swirl-
stabilized burners remains sparse. Air preheating has been shown to
improve combustion efficiency [30], but its impact on non-reactive tur-
ulent mixing in hydrogen-methane blends is not well understood. To
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address this gap, this study utilizes LES with the WALE sub-grid model
to analyze coherent structures and mixing dynamics under different
operating conditions. The computational setup is validated with non-
reactive cases. A detailed analysis is conducted to assess the effects of
swirl number, air preheating, and hydrogen content (40% by volume)
on the flow field. To the authors’ knowledge, there are limited studies
focused on non-reactive hydrogen-methane mixing, particularly in rela-
tion to swirl number, preheating, and hydrogen addition. The insights
gained from this research will contribute to optimizing hydrogen-
methane fuel blends, promoting the development of more efficient and
environmentally friendly combustion systems.

2. Mathematical modeling

Turbulent mixing in swirled non-reactive flows is distinctively inves-
igated using LES due to its efficacy in capturing time-dependent and
nisotropic phenomena critical in swirl flow dynamics, often missed
y RANS simulations. LES, particularly with the WALE sub-grid scale
odel, has shown promise in handling the complexities of such flows,

s demonstrated by studies like De Santis et al. [31], who observed
accurate reproduction of the swirl-stabilized burner (SSB) flow field on
fine grids. This study extends this methodology by examining the turbu-
lent mixing of methane–hydrogen blends in swirled flows, addressing
gaps in our understanding of scale interactions and boundary condition
impacts on mixing efficiency.

The non-filtered part of any flow variable 𝜙 is denoted by �̄�. Favre
[32] presented a density-weighted filter operation, �̃� = 𝜌𝜙∕�̄�. The
filtered non-dimensional compressible Navier–Stokes equations used in
the LES are as follow [33].
𝜕 ̄𝜌
𝜕 𝑡 +

𝜕 ̄𝜌 ̃𝑢𝑗
𝜕 𝑥𝑗

= 0 (1)

𝜕 ̄𝜌 ̃𝑢𝑖
𝜕 𝑡 +

𝜕 ̄𝜌 ̃𝑢𝑖𝑢𝑗
𝜕 𝑥𝑗

= − 𝜕 ̄𝑝
𝜕 𝑥𝑖

+
𝜕 ̄𝜎𝑖𝑗
𝜕 𝑥𝑗

−
𝜕 𝜏𝑠𝑔 𝑠𝑖𝑗

𝜕 𝑥𝑗
. (2)

Filtered equation of state for ideal gas is used as closure for the equation
ystems.

The differential diffusion effect is taken into account by the follow-
ing species and energy equations [34].
𝜕(�̄�𝑌𝑘)
𝜕 𝑡 +

𝜕[�̄�(�̃�𝑖 + �̃�𝑐 𝑖)𝑌𝑘]
𝜕 𝑥𝑖

= 𝜕
𝜕 𝑥𝑖

(

(
𝜇𝑡
𝑆 𝑐𝑡

+ �̄��̄�𝑘)
𝜕𝑌𝑘
𝜕 𝑥𝑖

)

+ 𝑆 (3)

𝜕 ̄𝜌(ℎ̃𝑠 + �̃�)
𝜕 𝑡 +

𝜕 ̄𝜌 ̃𝑢𝑖(ℎ̃𝑠 + �̃�)
𝜕 𝑥𝑖

=
𝜕 ̄𝑝
𝜕 𝑡 + 𝜕

𝜕 𝑥𝑖

(

(
𝜇𝑡
𝑃 𝑟𝑡

+ �̄�
�̄�𝑝

)
𝜕ℎ̃𝑠
𝜕 𝑥𝑖

)

+ ∇ ⋅

(

�̄�
𝑁
∑

𝑖
ℎ̃𝑠𝑖𝐽𝑖

)

. (4)

The 𝑆 therm in Eq. (3) is the representation of the Soret effect. The
�̃�𝑐 𝑖 is used as the correction velocity to ensure mass conservation. The
hird term on the right side of Eq. (4) presents the heat flux associated

with the diffusion of species with different enthalpies. As a common
practice, 𝑃 𝑟𝑡 and 𝑆 𝑐𝑡 were set to 0.85 and 0.7. The following third-order
logarithm (N = 4) polynomial fitting equations specify the dependence
of species transport properties on temperature and pressure:

ln𝑀𝑖 =
𝑁
∑

𝑛=1
𝑎𝑛,𝑖(ln 𝑇 )𝑛−1 (5)

ln𝐷𝑖𝑗 =

( 𝑁
∑

𝑛=1
𝑏𝑛,𝑖𝑗 (ln 𝑇 )𝑛−1

)

𝑝∕𝑝𝑟𝑒𝑓 (6)

where 𝑀𝑖 is the viscosity or thermal conductivity of species 𝑖. The
inary diffusion of species 𝑖 and 𝑗 is defined by 𝐷𝑖𝑗 . The Wilke for-

mula [35] was used to compute the mixture viscosity. The thermal
conductivity and mass diffusivity of mixture was calculated by mixture-
veraged model [36].
3 
Table 1
Grid specifications for the computational domain based on Fig. 1 mesh blocking.

Grid 𝑛BF 𝑛B1 𝑛B2 𝑛B3 𝑛B4 𝑛CF 𝑛SA 𝑛BB 𝑛FJ 𝑛Tan
G1 120 70 28 75 45 36 30 80 11 60
G2 120 70 40 150 55 36 30 80 11 60
G3 120 70 40 150 55 36 30 145 11 60
G4 120 70 40 150 55 36 30 80 11 100

3. Numerical solution method

The three-dimensional flow field is modeled using a computational
domain based on SSB geometry. The flow simulations are performed
using the OpenFOAM compressible solver based on the pimple algo-
rithm. Zhong et al. [34] initially modified the solver to perform reacting
LES calculations. The Lewis number equal one assumption is inaccurate
due to the molecular Schmidt number of hydrogen [37]. In addition,
he low atomic weight of hydrogen makes it imprecise to neglect the
oret effect. The modification has been carried out to consider binary
iffusion and the Soret effect.

The governing partial differential equations are discretized using the
ell-centered finite volume method. Temporal terms for momentum and

other transport equations are discretized using second-order and first-
order implicit schemes, respectively. For convection terms, a limited
central differencing scheme is employed, while pure central differenc-
ing is used for the Laplacian and gradient schemes. The number of outer
loops is dynamically set using the residual control method to maintain
the stability of the solution and avoid numerical oscillation caused by
econd-order discretization. The average number of outer loops varies
etween four and eight. The maximum Courant number is set 0.6 to
.9 to ensure the stability of numerical

Boundary conditions for the study are as follows: Dirichlet boundary
conditions for inlet velocity, temperature, species, and outlet pressure,
while Neumann boundary conditions are applied to outlet velocity,
temperature, species, and inlet pressure. A slip boundary condition is
used for the lateral boundary. To generate a valid turbulent inlet for
the LES, a fluctuating velocity field is created using the Lund trans-
formation. The inlet mass flow rates and temperatures match the SM1
xperimental conditions, with hydrogen concentrations of 0% and 40%
y volume added to methane for various cases. In hydrogen-enriched
ases, the fuel stream contains a blend of hydrogen and methane.
hree swirl numbers (0.3, 0.5, and 0.7) are used to explore the effects
f hydrogen addition and swirl on mixing mechanisms. Additionally,
reheated cases were investigated by increasing the temperature of
he swirl and co-flow air by 307 K. In this study, air is considered to
onsist of 77% mass fraction nitrogen and 23% oxygen. Three cases
ith a blend of methane and hydrogen as fuel were examined without

wirl: one case without preheating, one case with preheating of the
uel, and another with preheating of the air. This setup facilitates a
eeper investigation into the effects of swirl on both non-preheated and
reheated flow regimes. The boundary conditions used for the different
ases are summarized in Table 2.

The computational domain is divided into cylindrical blocks to
control the mesh resolution, as illustrated in Fig. 1. The domain itself is
developed within a cylinder with a length of 350 mm and a diameter of
158 mm. To ensure fully developed flow conditions at the pipes outlet,
the inlet sections are extended 100 mm upstream, as suggested by Yang
and Kær [24].

To evaluate the impact of grid resolution and select a proper grid
or current computational experiments, four grids are employed, desig-
ated as G1, G2, G3, and G4 including 1.8, 2.7, 3.7, and 4.7 million
ells, respectively. Table 1 denotes the details of the grid spacing

for mesh blocks. The number of grid spacing along the jet flow (𝑥-
direction) for mesh blocks block-1 to block-4 are represented by 𝑛B1
to 𝑛 , respectively. In block-1, the number of grid spacing of the fuel
B4



A. Bekhradinasab et al. International Journal of Heat and Mass Transfer 239 (2025) 126475 
Fig. 1. Description of computational domain: (a) associated cylindrical blocks utilized for controlling mesh resolution, (b) two-dimensional view of grid G2. The plane 𝑧 = 0
represents two-dimensional view where 𝑦 direction is indicator of radial direction.
Table 2
Boundary condition specifications for co-flow, swirled flow, and fuel line.

Cases Fuel
composition

Swirl and
coaxial
composition

Fuel
temperature
(K)

Swirl and coaxial
temperature
(K)

Swirl
number

N29S054 Air Air 293 293 0.54
N16S159 Air Air 293 293 1.59
Primary Methane Air 293 293 0.5
Primary-H2(40%) Methane–Hydrogen

(blended)
Air 293 293 0.5

Low Swirl Methane Air 293 293 0.3
Low Swirl-H2(40%) Methane–Hydrogen

(blended)
Air 293 293 0.3

High Swirl Methane Air 293 293 0.7
High Swirl-H2(40%) Methane–Hydrogen

(blended)
Air 293 293 0.7

Preheated Methane Air 293 600 0.5
Preheated-H2(40%) Methane–Hydrogen

(blended)
Air 293 600 0.5

No Swirl, No Preheat
(NSNP) Methane–Hydrogen

(blended)
Air 293 293 –

No Swirl, Fuel
Preheated
(NSFP)

Methane–Hydrogen
(blended)

Air 600 293 –

No Swirl, Air Preheated
(NSAP)

Methane–Hydrogen
(blended)

Air 293 600 –
pipe, i.e. 𝑛BF, is different from the co-flow and swirl air ducts in the 𝑥-
direction. The radial direction for each series is represented by 𝑛CF, 𝑛SA,
𝑛BB, and 𝑛FJ, while 𝑛Tan specifies the number of cells in the tangential
direction. A structured mesh generated for the square section in center
of the fuel pipe. The number of cells in this section is equal to the square
of the number of cells in the tangential direction. The grid was initially
4 
generated using cylindrical coordinates, but the numerical calculations
are carried out using Cartesian coordinates, which is the framework
of OpenFOAM. To ensure consistency between the two coordinate
systems, the 𝑧 = 0 plane is selected as the origin plane. In this plane,
𝑥, 𝑦, and normal directions in Cartesian coordinates correspond to the
streamwise, radial, and tangential directions in cylindrical coordinates,
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Fig. 2. Comparison of axial, radial, and swirl velocity profiles’ of N29S054 with experimental data of Al-Abdeli and Masri [19] (squares) and LES simulation results of Malalasekera
t al. [21] (circles). Blue, black, green and red lines indicates G1, G2, G3 and G4 grid results, respectively. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)
a
i
r
p
f

respectively. The reported velocities in this paper also follow this
onvention. Accordingly, 𝑢, 𝑣, and 𝑤 denote the streamwise, radial, and

tangential velocities, respectively.
All simulations were run on the Hyperion high-performance com-

puting cluster at City, University of London. Parallel processing was
implemented using the OpenMPI distributed memory model, with each
case running on four nodes. Each node was equipped with two Intel
Xeon Gold 6248R processors and 384 GB of RAM. To ensure repro-
ducibility across cases, the same computational setup (including the
number of processors and communication protocols) for all simulations
is used.

4. Results and discussion

In this section, the computational grid and numerical settings are
validated and verified by simulating two non-reactive cases with

edium and high swirls, namely N29S054 and N16S159. The N29S054
5 
case features a bulk axial velocity of 29.74 m/s in the swirl annulus,
with a swirl number of 0.54. In contrast, the N16S159 case exhibits
a bulk axial velocity of 16.26 m/s in the swirl annulus, accompanied
by a higher swirl number of 1.59. The simulation results are utilized
to select a proper computational grid. The effects of increasing and
decreasing the swirl number, pre-heating the swirl and co-flow air,
nd adding hydrogen to the fuel are studied and reported in detail to
nvestigate the coherent structure of the flow field and its mixing. The
eliability of simulation results is also assessed. These discussions are
resented through four subsections: validation and verification, flow
ields and coherent structures, mixing characteristics, and turbulence

and statistics of mixing.

4.1. Validation and verification

Fig. 2 displays the velocity profiles of N29S054 as compared to
experimental data [19] and previous LES results [21] for four different
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Fig. 3. Comparison of RMS of axial, radial, and swirl velocity profiles of N29S054 with experimental data provided by Al-Abdeli and Masri [19] (squares) and LES results
of Malalasekera et al. [21] (circles). Blue, black, green and red lines indicates numerical results obtained on G1, G2, G3, and G4 grids, respectively. (For interpretation of the
eferences to color in this figure legend, the reader is referred to the web version of this article.)
x
h

r
l

grids: G1, G2, G3, and G4. The presence of a bluff body leads to a
everse flow at x/D = 0.136 and 0.4, which is consistent with exper-
mental data. At x/D = 0.8, the axial velocity profile shows a vortex
reakdown that leads to the formation of a recirculation bubble playing
 crucial role in combustion and mixing. Nonetheless, a discrepancy
s observed between the measurements and LES results for the radial
elocity at x/D = 2.5. This is a result of measurement errors affecting
he fulfillment of the continuity equation by the radial velocity in the

experimental data [24].
Fig. 3 depicts the root mean square (RMS) of velocity fluctuations.

he RMS profiles indicates a slight over-prediction of the axial and
6 
radial velocity RMS at x/D = 0.136. This makes a dissipation of jet
potential core and under-prediction of axial velocity at x/D = 0.136.

The velocity profiles of the N16S159 simulation are shown in Fig. 4.
Here, a reverse flow zone is observed between x/D = 0.136 and
/D = 1.4. Unlike the case with medium swirl number, in the case with
igh swirl number, the reverse flow zones are connected resulting in a

large continuous recirculation bubble.
Fig. 5 compares the turbulence intensity of the LES calculations

esolved fluctuations and experimental measurements. The RMS of ve-
ocity shows an over-prediction of turbulence intensity at x/D = 0.136

in the LES results. Numerical over-prediction results in a faster decay
of the fuel jet leading to a lower axial velocity in downstream. This
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Fig. 4. Comparison of axial, radial, and swirl velocity profiles of N16S159 with experimental data of Al-Abdeli and Masri [19] (squares) and LES simulation results of Malalasekera
et al. [21] (circles). Blue, black, green and red lines indicates numerical results obtained on G1, G2, G3 and G4 grids, respectively. (For interpretation of the references to color
n this figure legend, the reader is referred to the web version of this article.)
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is encountered as a reason for smaller RMS in downstream and larger
redicted recirculation zone in comparison to the experimental data.

All computational grids used in this study demonstrated good agree-
ent with experimental data. The mass flow rate and Reynolds number

or methane fuel simulations were consistent with the SM1 config-
ration, while the fuel jet Reynolds number was smaller compared
o N29S054 and N16S159 configurations. The co-flow air Reynolds
umber matched validation cases, while the swirl air Reynolds number

as slightly higher. Results show that G1 provided sufficient resolution

7 
for LES flow computations, as its velocity profiles matched experi-
ental measurements. However, G2 was preferred for its finer axial
esh, which is more suitable for higher Reynolds numbers in the swirl

airflow. Additionally, G2 resolved a higher percentage of turbulent
kinetic energy across the domain, providing more accurate flow details
ompared to G1. Furthermore, adding 40% hydrogen to methane does

not significantly change the fuel jet Reynolds number, making G2
well-suited for studying methane–hydrogen blends. Finally, G2 was

computationally more efficient than G3 and G4, while still maintaining
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Fig. 5. Comparison of RMS of axial, radial, and swirl velocity profiles’ of N16S159 with experimental data of Al-Abdeli and Masri [19] (squares) and LES simulation results
of Malalasekera et al. [21] (circles). Blue, black, green and red lines indicates G1, G2, G3 and G4 grid results, respectively. (For interpretation of the references to color in this
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sufficient resolution for the test cases, making it the optimal choice for
his study.

4.2. Flow fields and coherent structures

Fig. 6 shows the axial velocity profiles for the studied mixing flow
ases with pure methane and a blend of 40% volumetric (Vol) hydrogen

and 60% Vol methane. Preheating the intake air results in a decrease
in the air density, leading to an increase in air intake velocity under
he assumption of constant mass flow rate. The lowest fuel velocity is
redicted at the entrance of the domain for the low swirl flow case.
he fuel stream accelerates along the centerline and the highest axial
 i

8 
velocity is achieved in downstream of the center of fuel flow. On the
ther hand, the highest axial velocity is calculated at the fuel pipe

exit for the high swirl flow case decreasing toward downstream. The
addition of 40% Vol hydrogen to the fuel resulted in an increase in
axial velocity of the inlet fuel jet by 60%, 178%, 54%, and 39% in the
rimary, low swirl, high swirl, and preheated cases, respectively.

Fig. 6 displays the axial variation of the RMS of axial velocity. In this
figure, an increase in the turbulence intensity is demonstrated under
reheat conditions with a substantial difference compared to other flow
ases. The higher RMS value observed at the air inlet is attributed to
he increased velocity of air. In the center of the computational domain,
t is due to the increased flux momentum ratio. Hydrogen density is
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Fig. 6. The axial velocity (left) and the RMS of axial velocity (right) profiles at axial distances of x/D = 0.136, 0.6, 0.8, and 1 for four different cases: primary, low swirl, high
swirl, and preheated air. The profiles are presented for methane fuel with solid line and a blend of 40% Vol hydrogen and 60% Vol methane with the dashed line.
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Fig. 7. Flow structures for primary case with methane fuel. (a) axial velocity contour and flow structures. (b) contour of pressure near the neck region. (c) swirl velocity contour
around collar-like flow structure.
lower than that of methane and consequently, hydrogen is injected with
lower momentum makes it spread more rapidly. Moreover, the Soret
effect could further intensify hydrogen spreading. Consequently, more
dissipative flow is observed around the fuel inlet, resulting in higher
fluctuations in this region.

Fig. 7 demonstrates several flow structures, including recirculation
bubble, recirculation zone near the bluff body, neck region and collar-
like flow pattern. These flow structures are similar to those observed
in the reacting flows, indicating that the complex flow patterns are not
significantly altered by the absence of chemical reactions [13,18,38].
Two types of recirculation zones can be identified: toroidal and bubble-
shaped recirculation zones. The toroidal recirculation zone stagnates
above an obstruction, such as a bluff body, placed in axial flows. Other
recirculation zones, formed further downstream, are attributed to the
vortex breakdown. The formation of a stagnation point or a region of
reversed flow is essential to generate these types of recirculation zones
in swirling flows.

The vortex breakdown phenomenon occurs at sufficiently high lev-
els of swirl, characterized by a flow reversal along the centerline.
This is caused by a negative pressure gradient resulting from the
turbulence effects within the flow. The force imbalance between fluid
outward expulsions and axial momentum is responsible for the vortex
breakdown [21]. For an axial pressure gradient higher than a critical
threshold, the flow reverses and generates a recirculation bubble. In
this situation, there is a neck region between the recirculation bubble
and bluff body where the pressure drop radially. Due to the significant
pressure drop in this region, the swirling velocity is greater than the
bulk velocity at the swirl air inlet. Then, a collar-like flow is generated
by positive swirl velocities on one side and negative swirl velocities on
the other side [13].
10 
Fig. 8 illustrates the contours of the mean axial velocity for all
cases, providing valuable insights into the flow patterns that impact
the mixing process. In the primary case, the four mentioned above
flow structures are observed. As the fuel is blended with hydrogen,
the recirculation bubble formed a little downstream but the flow struc-
tures remained unchanged. In the low swirl case, there is no vortex
breakdown downstream and the recirculation bubble is replaced with
a low-velocity region formed downstream of the fuel jet. As the swirl
number increased, the central recirculating area expanded and the
reversed flow region on the edge of the bluff body extended to the
center. The extended reversed flow region is connected to the central
recirculation bubble and this enlarged recirculation area confines the
fuel–air mixing region. Although, blending fuel with hydrogen does
not change the length the recirculation bubble however, it slightly
increased its width. Preheating the intake air generates all the flow
structures observed in the primary flow case. However, the flow with
preheating is driven with a relatively higher axial distribution of veloc-
ity in comparison with the primary flow case. These findings suggest
that the creation of these flow structures depends solely on the swirl
number and mass flow rate of the air and fuel.

Fig. 9 illustrates contours of TKE calculated for the four studied
flow cases. As is seen, it is obvious that the highest TKE value in
the fuel jet inlet occurs in the pre-heated case, while the lowest TKE
value is observed in the high swirl case. The high swirl case exhibits
a bubble-like region that generates a low-TKE zone around the fuel
jet inlet. In contrast, the preheated case exhibits a higher momentum
flux ratio that results in a larger energy difference between layers and
higher turbulence intensity, leading to increased TKE. The addition
of hydrogen to the fuel increases TKE in all cases. Increase in TKE
can be a result of two factors: an increase in the velocity of the fuel
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Fig. 8. Axial velocity contours for four different cases: (a) primary, (b) low swirl, (c) high swirl, and (d) preheated air. The contours are presented for both methane fuel (left)
and a blend of 40% Vol hydrogen and 60% Vol methane (right).
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Fig. 9. The TKE contours for four flow cases of (a) primary, (b) low swirl, (c) high swirl, and (d) preheated air. The contours are presented for pure methane fuel (left) and a
blended fuel with 40% Vol hydrogen and 60% Vol methane (right). Solid lines indicate the boundary of recirculation zones.
jet due to constant mass flow rate and energy imbalance in the flow
structures surrounding the fuel jet stream. This imbalance occurs due to
the lower density of hydrogen than methane, resulting in the formation
of heterogeneous layers of these two gases. Specifically, hydrogen has a
shorter dynamic residence time and experiences faster velocity changes
in the flow field due to its lower density. Consequently, the layers
of hydrogen and methane exhibit different momentum levels due to
differences in velocity and density, giving rise to a local momentum flux
that contributes to the increase of TKE. In overall, the present findings
suggest that the addition of hydrogen alters the momentum balance and
modifies the turbulence intensity, leading to changes in TKE.
12 
4.3. Mixing characteristics

Fig. 10 presents the mixture fraction profiles at different axial
positions. In this study, Bilger’s definition of mixture fraction is used to
discuss the numerical results of the mixing flow simulations [39]. The
high swirl case exhibits concentration of mixture fraction at the center,
specifically at sections x/D = 0.136, 0.6, and 0.8. This concentration
is attributed to the presence of a low TKE bubble-like region near the
fuel inlet. The low swirl flow case exhibits a rapid decrease in fuel
concentration at the center. This phenomenon occurs as a result of
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Fig. 10. The mixture fraction profiles at axial distances of x/D = 0.136, 0.6, 0.8, and 1
for four different cases: primary, low swirl, high swirl, and preheated air. The profiles
re presented for pure methane (solid line) and a blended fuel with 40% Vol hydrogen

and 60% Vol methane (dashed line).

the presence of high TKE in the area, which extends downstream and
nhances turbulent mixing.

Fig. 11 demonstrates the mixture fraction profile along the center-
line. The addition of hydrogen resulted in a reduction of the slope of
uel concentration decrease in the centerline in all cases except the high
wirl case. This decrease in slope is due to the increase in velocity of
he fuel inlet jet. In the high swirl case, there is no significant change
13 
Fig. 11. Mixture fraction profiles along the centerline for four different cases: primary,
ow swirl, high swirl, and preheated air. The profiles are presented for pure methane
solid line) and blended fuel with 40% Vol hydrogen and 60% Vol methane (dashed
ine).

in the trend or amount of mixture fraction in the centerline resulting
from hydrogen addition to the fuel.

Fig. 12 depicts the instantaneous and averaged two-dimensional
views of the mixture fraction for methane fuel. In the primary case, the
uel spreads in a mushroom-like shape, with a slightly larger radius in

the radial direction. The low swirl case exhibits the narrowest width in
the region with high fuel concentration. The fuel experiences significant
stirring at the fuel inlet due to the intensity of TKE and turbulence
dissipation rate in this case. The absence of vortex breakdown results
in a minor amount of fuel remaining in the center of the flow, which
penetrates a longer length to reach stoichiometric levels in the envi-
ronment. In the high swirl case, a weak mixing near the fuel inlet is
observed due to the formation of a bubble around the fuel inlet jet and
the low TKE near the bluff body. As the fuel flow passes through the
bubble-shaped region, it spreads with greater intensity.

Fig. 13 illustrates the mixture fraction of a hydrogen-methane blend
as a fuel. The addition of hydrogen to the fuel reduces the width of
he region with high fuel concentration and shifts it downstream in all
ases. The least amount of change is observed in the high swirl case.

Fig. 14 illustrates the distribution of methane and hydrogen in the
rimary, low swirl, high swirl, and preheated cases. The molar percent-
ge of methane and hydrogen at each point was calculated with respect
o their percentages at the fuel inlet. The ratio of methane to hydrogen

was then calculated, resulting in the fuel distribution ratio (FDR). FDR
greater than one indicates a higher concentration of methane than at
the fuel inlet, while a ratio below one indicates a higher concentration
of hydrogen. In all cases, hydrogen spreads faster than methane due
o its lower density and momentum. This effect is most noticeable in
he high swirl case, where methane with higher momentum advanced
eeper into the axial direction in the bubble region around the fuel jet.
owever, hydrogen experienced more enhanced stirring in this region.

n the preheated case, hydrogen spreads rapidly near the bluff body,
eading to a decrease in the width of the concentrated mixture fraction
rea.

Fig. 15 illustrates the dimensionless averaged stoichiometric volume
for each case. In the primary case, the addition of hydrogen decreased
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Fig. 12. The mixture fraction contours for four different cases: (a) primary, (b) low swirl, (c) high swirl, and (d) preheated air with methane fuel. The contours are presented for
instantaneous (left) and time averaged mixture fraction (right).
the stoichiometric volume by 7%, while increasing the stoichiometric
length by 7.5%. At a swirl number of 0.3 compared to the primary case,
a reduction of 2% is observed. The stoichiometric length in the high
swirl case slightly decreases with the addition of hydrogen. The results
shows that in high swirl flow, the stoichiometric length is determined
by the size of the bubble formed around the fuel jet. Preheating of inlet
air decreases the stoichiometric length compared to the primary case.

The addition of hydrogen to the methane fuel resulted in a decrease
in the stoichiometric volume in the primary case, attributed to better
hydrogen dispersion and turbulent mixing. The stoichiometric value
of the methane-hydrogen blend was 7% lower than pure methane
fuel, contributing to a smaller stoichiometric volume. In all flow cases
except for the high swirl one, the addition of hydrogen decreases
14 
the stoichiometric volume. In the high swirl case, the wider bubble
formed around the fuel jet due to the addition of hydrogen results in a
stoichiometric surface that reached farther from the fuel jet stream.

4.4. Impact of swirl and preheating on methane-hydrogen mixing

To investigate the effects of swirl and preheating on the mixing of
methane-hydrogen fuel with air, simulations are performed for three
additional cases, all without swirl: one without preheating, one with
preheated fuel, and one with preheated air. These simulations highlight
significant differences in both the flow dynamics and the mixing behav-
iors when compared to the swirling configuration (with 40% volumetric
hydrogen).
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Fig. 13. The mixture fraction contours for four different cases: (a) primary, (b) low swirl, (c) high swirl, and (d) preheated air with a blend of 40% Vol hydrogen and 60% Vol
methane fuel. The contours are presented for both instantaneous (left) and time averaged mixture fraction (right).
Fig. 16 illustrates the velocity contours for the three non-swirl cases
alongside the primary swirling case. In the absence of swirl, the bluff
body induces recirculation zones that merge, forming a continuous
recirculation region near the bluff body. In these non-swirl cases, the
bluff body’s influence is more pronounced and serves as the primary
mechanism for generating recirculation zones, which play a critical
role in enhancing the air–fuel mixing. With preheated fuel, the fuel
stream penetrates deeper into the recirculation zone, causing the zone
to narrow. On the other hand, preheating the air results in a thicker
recirculation zone, which improves mixing compared to the other cases.

Fig. 17 shows the mixture fraction profiles at different axial posi-
tions. The NSNP and NSFP cases demonstrate a higher concentration
of the mixture fraction near the centerline at x/D = 0.136, compared
15 
to the swirling case. The NSAP case, however, exhibits significant
spreading of the mixture fraction, starting near the bluff body. This
enhanced mixing behavior in the NSAP case can be attributed to a
higher momentum flux ratio between the fuel and the preheated air.

Fig. 18 presents the mixture fraction profiles along the centerline.
Preheating the air leads to a more rapid reduction in fuel concentration
along the centerline, indicating improved mixing efficiency. The degree
of fuel spreading in the non-swirl cases is directly related to the size of
the recirculation zone, which in turn is influenced by the preheating
conditions and the absence of swirl.

The absence of swirl flow leads to faster and more efficient mixing
downstream of the bluff body, but several critical challenges make swirl
flow regimes essential in practical combustion systems. One significant
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Fig. 14. The contours of FDR for four different cases: (a) primary, (b) low swirl, (c)
high swirl, and (d) preheated air.

issue is that increased fuel jet velocity can cause the jet to penetrate
and bypass the recirculation zone. This behavior is evident in the pre-
heated fuel case, where the higher velocity enables deeper penetration
compared to the non-preheated case. Without the stabilizing influence
of swirl, there is no mechanism to counter this, potentially reducing
16 
the blow-off limit. Additionally, in the absence of swirl, the flame
tends to stabilize closer to the burner surface, increasing the risk of
thermal damage to the burner. Another concern is that the reduced
flame surface area without swirl decreases heat transfer efficiency.

Furthermore, the shorter recirculation zone without swirl allows
reaction products to exit more quickly. In contrast, swirl flow induces
vortex breakdown, generating a more downstream recirculation zone,
which enhances combustion stability and helps control emissions. Over-
all, swirl flow structures offer better control over combustion stability,
heat transfer, and emissions management, making them indispensable
in practical applications.

4.5. Turbulence and statistics of mixing

The variance spectral density (VSD) for different cases at the center-
line and x/D = 0.6 is presented in Fig. 19. The VSD profiles of methane
and hydrogen mass concentration show similar variations, indicating
that eddies with specific frequencies play comparable roles for both.
Consequently, the turbulent mass transfer in the resolved range in LES
is a function of the flow field, rather than fluid properties. This con-
firms the validity of the assumption of a constant turbulence diffusion
coefficient for all species. However, differences in fluid characteristics
are observed at high frequencies and in regions modeled by SGS.
Neglecting such differences during the modeling of high frequencies
is a source of error in turbulent flow calculations using LES. Since the
area under the graphs after cut-off frequencies to the total area under
the graph is minimal, the modeling error resulting from SGS modeling
is small in proportion. Moreover, Fig. 19 reveals that the eddies at
the beginning of the inertial range for momentum perform as integral
eddies for turbulent mass transfer. The contribution of each frequency
range of eddies in turbulence mass and momentum transfer is indicates
by the area under each region.

Fig. 20 displays the Probability Density Function (PDF) of the
mixture fraction for two cross-sections at x/D = 0.136 and 0.6 and
four radial positions. A non-marching PDF exhibits a peak value that
is quasi-independent of the radial position and distinct from the mean
value, while a marching PDF exhibits a peak value that equals the
mean value. Large-scale mixing results in a non-marching PDF, whereas
small-scale mixing leads to marching behavior [8]. The primary case
displays marching behavior at x/D = 0.136 and y/R = 0.2 and 0.6,
where the first spot is situated in a boundary of a small recirculation
zone. Conversely, the behavior of the PDF is non-marching at x/D
= 0.6 and the continuous point section, indicating the dominance of
large turbulence structures in these regions. In the low swirl case, both
the x/D = 0.136 and 0.6 and y/R = 0.0, 0.2, and 0.4 exhibit non-
marching PDF behavior. In contrast, the high swirl case, unlike the
primary and low swirl, displays marching behavior at x/D = 0.136 in
all positions. The preheated air case exhibits almost the same variation
as the primary case, except for the non-marching behavior at x/D =
0.136 and y/R = 0.2. Absence of the recirculation region is responsible
for the non-marching behavior at mentioned sections.

Fig. 21 illustrates the effect of adding hydrogen on the PDF. At
y/R=0, the addition of hydrogen suppresses the variation of PDF,
indicating a higher probability of the occurrence of a certain mixture
fraction ranges that are less likely in the case of pure methane. How-
ever, this behavior is reversed to some extent for points out of the
centerline (y/R> 0) where blending fuel with hydrogen leads to a more
concentrated PDF around the peak of its profile.

Fig. 22 illustrates the scalar dissipation rate (SDR) contours for
present studied flow cases. The SDR is defined as follow [40]:

SDR = 2 (𝐷𝑚 +𝐷𝑡
)

(

∇𝜁
)2

. (7)

In the primary flow case, a small area with a low SDR is visible at the
fuel inlet. High velocity flow at the fuel inlet prevents sufficient air
intake, resulting in a less steep gradient in the mixture fraction. The
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Fig. 15. The stoichiometric volume for four different cases: primary, low swirl, high swirl, and preheated air. The stoichiometric volume are presented for pure methane (left)
and blended fuel with 40% Vol hydrogen and 60% Vol methane (right).
dissipation rate of the mixture fraction increases in the region with high
shear stress between the high-velocity area near the fuel jet and the
low-energy area close to the bluff body surface. In the low swirl flow
case, the dispersion rate of the mixture fraction increases by relatively
high TKE calculated at the inlet of fuel jet. In the high swirl flow case, a
region with a significantly high SDR is observable near the boundary of
the bubble around the fuel jet. This region originates from the intense
shear stress between the recirculation region outside and the high
velocity region inside the bubble. These high SDR areas result from the
strong stretching of vortices, which increases significantly the gradient
of the mixture fraction. Preheating air and increasing the momentum
flux ratio between the fuel and air flow create more regions with higher
SDR compared to the primary case. The addition of hydrogen to the fuel
considerably enhances the mixing, as indicated by the increase in high
SDR regions.
17 
Fig. 23 illustrates the intensity of segregation (IS) for different cases
expressed by [41]:

IS =
𝜁 ′2

𝜁 (1 − 𝜁 )
(8)

In the primary flow case, hydrogen addition leads to a decrease in the
areas with high IS, and enhances the turbulent mixing. The low swirl
flow case exhibits the lowest amount of IS compared to all other cases,
which is increased by the addition of hydrogen in the high IS region
at the fuel jet entrance. This increase can be attributed as a rapid rise
in inlet jet velocity resulting from the absence of a control mechanism
such as vortex breakdown. For high swirl flow case, the inlet area of the
fuel jet remains unchanged as the hydrogen is added, but the mixing
quality is improved at downstream. Furthermore, in the preheated case,
the concentration of high IS regions is reduced by adding hydrogen.

Fig. 24 demonstrates the uncertainty resulting from potential errors

in SGS modeling. In this study, OpenFOAM utilizes implicit filtering
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Fig. 16. Axial velocity contours for four different cases: (a) primary, (b) NSNP, (c)
NSFP, and (d) NSAP.
18 
Fig. 17. The mixture fraction profiles at axial distances of x/D = 0.136, 0.6, 0.8, and
1 for four different cases: primary, NSNP, NSFP, and NSAP.
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Fig. 18. Mixture fraction profiles along the centerline for four different cases: primary,
NSNP, NSFP, and NSAP.

with equivalent filter and grid sizes. Assuming equal filter and grid
size, the numerical error is of the same order of magnitude as the
SGS modeling error [42]. Moreover, the SGS modeling error can be
stimated by comparing resolved and total TKE suggested by Lozano-
urán and Bae [43] for the outer region of wall turbulence. The figure

provides an estimate of the error range for flow field parameters,
such as turbulence intensity and velocity field. The molecular and
turbulence Schmidt numbers of the fuel composition are approximately
one and lower, respectively. Based on the Schmidt number, the size of
the smallest turbulence scale of mass concentration is greater than or
equal to the smallest turbulence scale in velocity [44,45]. Hence, the
uncertainty depicted in Fig. 24 is also applicable to mixing. Notably, the

aximum value of SGS modeling uncertainty in stoichiometric regions
s less than 2.5% in all cases, indicating the reliability of the results.

5. Conclusion

This study investigated the mixing characteristics of air, methane,
and hydrogen by varying the swirl number, air preheating, and hy-
drogen addition to methane. The results revealed important insights
into the effects of these parameters on the flow field and mixing
behavior in coflow-swirl jets, with a particular focus on hydrogen
addition to methane as a fuel. These findings contribute to a deeper
understanding of hydrogen-blended fuel dynamics, which is crucial for
the advancement of sustainable combustion technologies.

The flow structures, including recirculation bubbles, zones, neck
regions, and collar-like flows, were found to be primarily influenced
by the fuel and air mass flow rates and swirl number. While hydrogen
ddition and air preheating had a moderate effect, the dominant factor
as the swirl number, which shaped the overall flow behavior. Increas-

ng the swirl number expanded the recirculation zones and created
ubble-shaped areas around the fuel jet stream, leading to weaker
ixing. This demonstrates the important role of swirl in controlling

he flow field and highlights the need for careful management of swirl
evels to optimize mixing efficiency.

Hydrogen addition led to a significant increase in the velocity of
the fuel jet, especially in low swirl cases. This was due to the absence
of vortex breakdown, a phenomenon that typically acts as a control
19 
mechanism for fuel jet velocity. Hydrogen, having a lower density than
methane, was more easily influenced by the flow field and spread

ore rapidly, enhancing fuel dispersion. Additionally, the hydrogen-
enriched fuel increased the turbulent kinetic energy at the fuel jet inlet,
 result of the higher fuel jet velocity and the energy imbalance in the
urrounding fluid layers, which was caused by the differing momentum
f the hydrogen and methane.

Furthermore, hydrogen addition altered the mixture fraction along
he centerline. In most cases, the slope of the mixture fraction de-

creased with hydrogen, except in high swirl cases where bubble-shaped
structures regulated the mixing. This shift in the mixing characteristics
expect to affect the stoichiometry area and flame stability. The scalar
dissipation rate increased with hydrogen addition, which led to reduced
segregation intensity and generally improved mixing quality. However,
in cases without vortex breakdown, mixing was less efficient in the
initial stages of the fuel jet entering the domain.

The absence of swirl flow resulted in faster and more efficient
ixing near the bluff body surface. However, this can introduce several

hallenges, including blow-off limitations, increased risk of thermal
amage to the burner, inefficient heat transfer, flame instability, and

higher pollutant emissions. Consequently, swirl flow structures are
essential for enhancing combustion stability, improving heat transfer
efficiency, and managing emissions effectively in practical combustion
applications.

A key finding of this study is that preheating the air proves to
be an effective method for enhancing mixing in both swirl and non-
wirl regimes. Depending on the design goals, preheating can influence

the flame’s proximity to the burner surface. Air preheating tends to
bring the flame surface closer to the burner, while preheating the fuel
pushes it further away, both of which contribute to improved mixing.
In non-swirl burners, air preheating is particularly beneficial, as it
enhances mixing and helps prevent the fuel stream from bypassing the
recirculation zone. This makes air preheating a practical approach for
optimizing combustion efficiency and stability.

It is expected that in reacting flows with the same boundary con-
ditions and geometry as the non-reactive cases studied here, the flow
structures will remain similar, with their positions varying due to
higher flow velocities and increased heat transfer in reactive conditions.

Overall, the insights gained from this study offer valuable guidance
for optimizing hydrogen-methane fuel blends. The careful considera-
tion of swirl, hydrogen addition, and preheating is crucial in shaping
the flow field and enhancing mixing, thereby paving the way for the
development of cleaner and more efficient combustion systems.

CRediT authorship contribution statement

Amin Bekhradinasab: Writing – original draft, Visualization, Soft-
ware, Methodology. Shidvash Vakilipour: Writing – review & edit-
ing, Supervision, Methodology, Investigation. Jafar Al-Zaili: Writing
– review & editing, Supervision, Resources, Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Data availability

Data will be made available on request.



A. Bekhradinasab et al.

Fig. 19. The VSD profiles along the centerline at x/D = 0.6 for four different cases: (a) primary, (b) low swirl, (c) high swirl, and (d) preheated air. The profiles are presented
for pure methane (left) and blended fuel with 40% Vol hydrogen and 60% Vol methane (right).
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A. Bekhradinasab et al.

Fig. 20. The PDF of the mixture fraction across the radial direction at x/D = 0.136 and x/D = 0.6 for pure methane. The average mixture fraction for each point and case is
indicated.
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A. Bekhradinasab et al.

Fig. 21. Variation of PDF of the mixture fraction at points with x/D = 0.136 and x/D = 0.6 and selected radial distance for the blended fuel with 40% Vol hydrogen and 60%
Vol methane. The average mixture fraction is indicated for each point and case.
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A. Bekhradinasab et al.

Fig. 22. SDR contours for four studied cases: (a) primary, (b) low swirl, (c) high swirl, and (d) preheated air. The contours are presented for pure methane fuel (left) and blended
fuel with 40% Vol hydrogen and 60% Vol methane (right).
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A. Bekhradinasab et al.

Fig. 23. The IS contours for four studied cases: (a) primary, (b) low swirl, (c) high swirl, and (d) preheated air. The contours are presented for pure methane fuel (left) and
blended fuel with 40% Vol hydrogen and 60% Vol methane (right).
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A. Bekhradinasab et al. International Journal of Heat and Mass Transfer 239 (2025) 126475 
Fig. 24. The SGS modeling uncertainty contours for four different cases: (a) primary, (b) low swirl, (c) high swirl, and (d) preheated air. The contours are presented for both
methane fuel (left) and blended fuel with 40% Vol hydrogen and 60% Vol methane (right). Solid lines indicate location of stoichiometric mixture fraction.
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