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ABSTRACT
This paper presents numerical predictions of the flow field

in the swirl-stabilized OP16 DLE combustor using hydrogen as
a fuel. Computational Fluid Dynamics (CFD) simulations em-
ploying unsteady Reynolds-Averaged Navier-Stokes (URANS) and
Wall Modelled Large Eddy Simulations (WMLES) are performed
without including reaction mechanisms. The objective is to gain
insights into scalar mixing predictions of the two approaches
when hydrogen and air undergo shear-driven turbulent mixing.
Accurate scalar mixing predictions are crucial in the combustors’
design process to assess the uniformity of fuel-air mixing as lo-
calized regions of high fuel concentrations can lead to increased
NOx emissions and to identify locations with a propensity for
Boundary Layer Flashback (BLF). Results are compared and an-
alyzed in terms of time-averaged equivalence ratio, unmixedness
and Turbulent Kinetic Energy (TKE) profiles. TKE predictions
are lower in URANS, leading to significantly lower fuel-air mixing
levels than WMLES, indicating differences in their predictions of
shear-layer interactions in the mixing region and the swirl section
of the combustor.
Keywords: Gas turbine combustion, Hydrogen, Shear
Flows, CFD.

NOMENCLATURE
Latin characters
𝐶 Swirler blade chord length [m]
D Mass diffusion coefficient [m2 s−1]
𝐻 Total enthalpy [kgm2 s−2]
𝑘 Turbulent kinetic energy [kgm2 s−2]
𝑅 Combustor radius [m]
𝑆 Strain rate tensor [s−1]
𝑡 Time [s−1]
𝑢 Velocity [m s−1]
𝑥, 𝑦 Distance [m]
𝑌 Species mass fraction [-]
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Greek letters
𝜌 Density [kgm−3]
𝜏 Viscous force tensor [kgm−2 s−2]
𝒥 Molecular diffusive flux [kgm−2 s−1]
𝜙 Equivalence ratio [-]
𝛿 Length filter [m]
𝜔 Turbulent kinetic energy dissipation rate [m2 s−3]
𝜇 Dynamic viscosity [kgm−1 s−1]
𝜓 Unmixedness [-]
Dimensionless groups
Re Reynolds number, 𝜌𝑢𝑅/𝜇
Sc Schmidt number, 𝜇/𝜌D
Superscripts and subscripts
𝑖, 𝑗 Mutually perpendicular coordinate axis
𝑘 Species
𝑡 Turbulent
𝑓 Fuel
*, + Non-dimensional values
∼ Favre averaged
" Favre unknown
Abbreviations
BLF Boundary Layer Flashback
CFD Computational Fluid Dynamics
CFL Courant Friedrichs Lewy
CPU Central Processing Unit
DLE Dry Low Emissions
DNS Direct Numerical Simulations
GPU Graphics Processing Unit
LES Large Eddy Simulations
SIMPLE Semi-Implicit Method for Pressure Linked Equations
SGS Sub Grid Scale
SRS Scale Resolving Simulations
SST Shear Stress Transport
TKE Turbulent Kinetic Energy
URANS Unsteady Reynolds Averaged Navier-Stokes
WMLES Wall Modelled Large Eddy Simulations
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1. INTRODUCTION
Global economic growth relies heavily on energy production,

primarily sourced from fossil fuels (nearly 80% [1]). Energy pro-
duction by combustion of these fossil fuels accounts for 44% of
the global CO2 emissions [2] hampering worldwide efforts to
achieve near-zero carbon footprint by 2050 [3]. More interest-
ingly, the global economic output and CO2 emissions simultane-
ously increased by nearly 6% in 2021, suggesting a strong cor-
relation between them [4]. On the other hand, recent years have
witnessed a surge in power generation from renewable sources
such as wind and solar [1]. The primary challenge to fully tran-
sition to renewables is their inherent intermittency in production.
To bridge the gap between energy demand and supply, scalable
energy storage systems and flexible power generation systems
such as gas turbines are needed [5]. Highly efficient gas turbines
can ramp up and down with relative ease and can be utilized to
match the fluctuations in peak power demand when renewables
fall short in their supply [6]. Gas turbines will continue to be
an integral component of future energy systems either as stand-
alone systems, as flexible power sources, or for co-generation
applications.

The fuel used in the combustion chambers of gas turbines,
such as natural gas, leads to CO2 emissions (contributed to 22%
of fuel combustion emissions in 2021 [2]). Hydrogen’s zero
carbon emissions make it a promising combustion fuel, and in-
dustries worldwide are exploring design modifications to achieve
efficient and reliable fuel-flexible combustors with an increasing
proportion of hydrogen. However, hydrogen combustion poses
significant challenges of flashback and higher NOx emissions [7].
In order to reduce NOx emissions, industrial combustion cham-
bers are operated under lean premixed conditions. Hydrogen
flames have a higher risk of flashback when operated at such con-
ditions due to their high laminar flame speeds (nearly five times
higher than natural gas at atmospheric conditions [8]). Also, the
low Lewis number of hydrogen (indicative of its high diffusiv-
ity) at lean conditions and increased temperatures can lead to
local enrichment, thereby increasing the combustion rate of hy-
drogen [9]. Local high concentrations of hydrogen can also lead
to an increased propensity for flashback, especially close to the
walls and stagnation point of the swirling flow in swirl-stabilized
combustors [10, 11]. Hence, a detailed understanding of these
combustors’ underlying flow field physics is crucial to balance
the competing requirements for hydrogen-air mixing.

The use of CFD has become an integral component in these
complex combustors’ design and optimization process. The com-
monly used approaches are URANS and Scale-Resolving Simu-
lations (SRS) such as LES and hybrid RANS/LES methods [12].
URANS models are widely used in industries due to their low
computational costs [13–15]. This approach decomposes the
flow variables into a mean and fluctuating component, resulting
in unknown quantities that need modelling. Closure models used
for determining these unknowns provide information only on the
statistical mean quantities, which is insufficient to describe the
unsteady dynamics of turbulent combustion [16]. In order to ac-
curately model the temporal evolution of the flow field, SRS meth-
ods are employed in analyzing combustors [17–22]. In LES, the
flow variables are separated into large- and small-scale turbulent

structures using filtering operation [23]. The large-scale turbu-
lent eddies are resolved while the filtering operation introduces
unknowns in the governing equations for which subgrid-scale
(SGS) models are used [16]. However, LES explicitly resolves
a larger portion of the energy spectrum than URANS, reducing
the dependency on closure models. In industrial wall-bounded
turbulent flows, the length scale of eddies in the near wall region
is orders of magnitude lower than the bulk. High spatial and tem-
poral resolution is needed in such regions, leading to increased
computational costs, making classical LES prohibitive for such
flows [24]. Alternatively, hybrid models such as the algebraic
WMLES reduce the Reynolds number dependency on mesh res-
olution close to the walls, leading to lower computational times
than classical LES [25]. In this approach, RANS formulation is
used in the inner part of the logarithmic layer close to the walls,
while a modified LES formulation is used in the outer part of the
boundary layer [26].

Irrespective of the modelling approach used, combustion oc-
curs by molecular mixing of fuel and oxidizer at the unresolved
dissipative length scales. Consequently, the closure methods used
for turbulent combustion modelling are similar for both URANS
and SRS methods despite their differences in scale resolution,
and most URANS combustion closure methods can be adapted
for SRS [16]. Therefore, accurate predictions of unsteady turbu-
lent flow statistics (velocity, pressure, and scalar concentration)
are crucial for ensuring the validity and reliability of combus-
tion predictions and associated emissions through the closure
methods. In the SRS approach, the large-scale eddies which sig-
nificantly impact the scalar mixing (thereby affecting the global
flame properties and associated instabilities) are explicitly re-
solved instead of being averaged and hence provide more accurate
predictions of turbulent mixing than URANS methods [27–29].
In addition, URANS predictions for shear-driven fuel-air mixing
layers (as encountered in non-premixed/partially premixed com-
bustors) are not accurate [30]. These inaccuracies arise due to
the underlying assumption of universal applicability of closure
coefficients in URANS equations primarily calibrated for highly
idealized flow configurations [31]. These coefficients assume ho-
mogeneous and isotropic turbulence, which does not exist in the
development regions of non-ideal jet flow configurations [32].
Also, thermal and density gradients (such as hydrogen-air sys-
tems) lead to additional modelling challenges in URANS methods
[33–35]. Consequently, closure methods for turbulent chemical
reaction rates produce non-physical combustion predictions due
to inaccurate scalar mixing predictions. Hence, the use of SRS
approach is preferred to predict unsteady mixing and resulting
combustion accurately [16].

The computational time for the SRS approach is orders of
magnitude higher than URANS due to higher grid/time-step res-
olution and long integration time scales to obtain ensemble-
averaged solutions [15, 17]. Until such high computational power
(massively parallel CPUs and GPUs) becomes widely accessible,
industries will continue to rely on URANS prediction despite their
lower accuracy. In this study, CFD simulations of shear-driven
hydrogen-air mixing in the radial swirl stabilized DLE combus-
tor of the OP16 gas turbine [36] are performed using URANS
and WMLES approaches without including reaction mechanisms.
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The main focus is to compare hydrogen/air mixing at different lo-
cations of the combustor using URANS and WMLES prediction
methods.

2. OP16 DLE COMBUSTOR
The OP16 gas turbine (Figure 1) rated at 1.9MW is of an all-

radial design [37]. The all-radial turbine is, by its nature, robust,
making it suitable for burning challenging fuels. The lack of
intricate cooling geometries in the hot flow path makes the OP16
suitable for alternative fuels. The combustion system consists of
four tubular combustors mounted in a reverse flow direction. The
engine is fitted with a specific type of combustor depending on
the application [38].

high-efficiency
radial turbine

dual fuel & low emission
combustors (4)

reduction
gear

bearings in cold
part of engine

6.7:1 ratio
compressor

FIGURE 1: The OP16 gas turbine (courtesy of Destinus Energy).

In the present study, the radial swirl stabilized DLE combus-
tor is chosen for the analysis (isometric CAD view in Figure 2 and
schematic of the flow-field in cross-sectional view in Figure 3).
It is operated in (partially) premixed mode to reduce emissions.
The compressor discharge air heats up while cooling the com-
bustion liner, favourably increasing the air supply temperature
to the mixing zone. The fuel is injected via the main fuel inlet
upstream of the swirler blades (Pilot fuel is not considered in the
present study). The radial swirler blades induce a recirculation
zone, stabilizing the combustion flame. Air addition through the
dilution holes ensures an even temperature distribution level of
combustion products before entering the turbine.

FIGURE 2: Isometric CAD view of the OP16 DLE combustor (cour-
tesy of Destinus Energy).

Impingement cooling

Dilu�on

Compressor
discharge air

Radial swirler

Recircula�on zone

Fuel

FIGURE 3: Cross-sectional representation of the flow-field in the
OP16 DLE combustor: Schematic visualization (courtesy of Desti-
nus Energy).

3. NUMERICAL MODELLING
Taking advantage of the rotational symmetry of the DLE

combustor, CFD simulations are performed on one-eighth of the
geometry. This simplification introduces two additional periodic
boundary faces in the domain. Critical regions for mixing, such as
the fuel inlet, swirler blades’ suction side, and its leading/trailing
edges, are positioned away from the periodic face to ensure neg-
ligible influence of the periodicity assumption on mixing. The
current study does not consider the cooling liner, and the air inlet’s
inflow conditions are adjusted accordingly. Polyhedral meshes
are generated using the Fluent Watertight Meshing Workflow of
Ansys 2021R2. Figure 4 shows a coarse mesh for visualization
purposes.

FIGURE 4: Visual representation of the simplified OP16 DLE com-
bustor mesh consisting of 4.7 million polyhedral cells (URANS and
WMLES simulations are performed on mesh densities of 6.2 and
21.6 million polyhedral cells, respectively).

The flow governing equations are the Navier-Stokes equation
coupled with transport equations for total enthalpy 𝐻 and species
mass fraction 𝑌 (without chemical reaction term). They can be
expressed as [16]:

𝜕𝜌

𝜕𝑡
+
𝜕𝜌𝑢𝑗

𝜕𝑥𝑗
= 0 (1)

𝜕𝜌𝑢𝑖

𝜕𝑡
+
𝜕𝜌𝑢𝑗𝑢𝑖

𝜕𝑥𝑗
= − 𝜕𝑝

𝜕𝑥𝑖
+
𝜕𝜏𝑖 𝑗

𝜕𝑥𝑗
+ 𝐹𝑖 (2)
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𝜕𝜌𝐻

𝜕𝑡
+
𝜕𝜌𝑢𝑗𝐻

𝜕𝑥𝑗
=

𝜕𝑝

𝜕𝑡
+ 𝜕

𝜕𝑥𝑗

(︂
𝒥

ℎ
𝑗 + 𝑢𝑖𝜏𝑖 𝑗

)︂
+ 𝑢𝑗𝐹𝑗 (3)

𝜕𝜌𝑌𝑘

𝜕𝑡
+
𝜕𝜌𝑢𝑗𝑌𝑘

𝜕𝑥𝑗
= −

𝜕𝒥𝑘
𝑗

𝜕𝑥𝑗
(4)

Here, 𝜏𝑖 𝑗 represents the viscous force tensor, 𝐹𝑖 is body force,
𝒥

𝑘
𝑗

is the molecular diffusive flux of the species 𝑘 and 𝐻 denotes
the total enthalpy. Since significant density gradients exist in the
flow, the governing equations are Favre (mass-weighted) aver-
aged and filtered in the URANS and the SRS approaches [16],
respectively.

The Favre averaging procedure in URANS leads to un-
knowns such as the Reynolds stresses, species/temperature turbu-
lent fluxes, and laminar diffusive fluxes [16]. The Reynolds stress
term is modelled using the Shear Stress Transport (SST) based
𝑘 − 𝜔 eddy-viscosity model with curvature correction due to its
better flow predictions of swirling flows over the standard 𝑘 − 𝜖

model (based on the studies by [39–42]). Detailed mathematical
treatment of this model along with modelling coefficients can be
found in [43, 44]. The gradient transport hypothesis is used for
turbulent fluxes, which depends on turbulent viscosity (obtained
from the turbulence model) and the turbulent Schmidt number.

Similarly, Favre filtering of the governing equations in LES
results in unknown quantities such as the unresolved Reynolds
stresses, unresolved species fluxes, and filtered laminar diffusion
fluxes [16]. The Smagorinsky SGS modelling [45] is used for
determining unresolved stresses. In order to avoid resolving the
small scales of eddies in the near wall region, the zonal two-layer
model - Wall Modelled LES (WMLES) approach is employed.
The sub-grid scale viscosity is calculated with RANS formulation
in the near-wall region and Smagorinsky SGS model away from
it. This can be expressed as [26]:

𝜇𝑡 = min
{︁
(𝜅𝑦)2 , (𝐶𝑠Δ)2}︁ 𝑓𝑑 |𝑆 | (5)

Where 𝜅 is the von Karman constant (0.41), 𝑦 is the wall
distance, 𝐶𝑠 is the Smagorinsky constant (0.1 in the present study
based on the work of [46]), Δ is the sub-grid length scale, 𝑓𝑑 is
the wall-dampening function [47] and |𝑆 | is the strain rate tensor.
The minimum function leads to the Prandtl-van Driest mixing
length model in the near-wall region and the Smagorinsky SGS
model away from it.

The thermophysical properties of air and hydrogen are given
as temperature-dependent polynomial functions in the operating
temperature range [48]. The mixture properties are calculated
using the volume-weighted mixing law. In both the modelling
approaches, the SIMPLE algorithm is used for pressure-velocity
coupling and second-order upwind schemes are used for energy,
species, and turbulent quantities with the bounded second-order
implicit transient formulation. For momentum discretization, a
second-order upwind scheme is used by URANS, while WMLES
employs a bounded second-order implicit scheme. The compu-
tations are performed on ANSYS Fluent 2021R2 version.

The mesh used for URANS and WMLES simulations consist
of approximately 6.2 and 21.6 million polyhedral cells, respec-
tively (Table 1). The mesh independence study for URANS and
the turbulent kinetic energy (TKE) resolved in WMLES approach

are discussed in the subsequent section. In WMLES simulations,
a constant time step of 2×10−7s is used such that the CFL number
is 4.1 in the region within three nozzle diameter lengths from the
fuel inlet (accounts for 0.4% by volume of the fuel-air mixing re-
gion) and the CFL ≤ 0.4 in the rest of the domain. The time-step
size in URANS is chosen to be an order of magnitude higher than
WMLES, i.e. 2×10−6s (based on [27, 49]), leading to CFL ≤ 1.6
(CFL number within three nozzle diameters is 6.8). The number
of parallel CPU cores (Xeon E5-2680 v4) used for computations
and their associated computational expense is detailed in Table 1.

TABLE 1: Computational mesh size, time-step size and CPU hours
for URANS and WMLES simulations (maximum CFL refers to CFL
number in the region not enclosed within three nozzle diameters
lengths from the fuel inlet)

URANS WMLES

Mesh size (cells) 6,210,492 21,601,663
Time step (s) 2 × 10−6 2 × 10−7

max. CFL 1.6 0.4
CPU hours 13,165 94,408

4. RESULTS
The mixing predictions of URANS and WMLES simulations

are compared at four regions of interest as indicated in Table 2
along with the definitions of non-dimensional coordinates at each
location. These planes are schematically shown in Figure 5 where
𝑑𝑓 is the fuel inlet diameter, 𝑦∗ and 𝑧∗ represent the wall-normal
height and length at the Swirler plane (highlighted in orange
in Figure 5) non-dimensionalized using the swirler blade chord
length 𝐶 and 𝑅 is the combustor radius.

TABLE 2: Plane locations and non-dimensional coordinates

Plane Location Non -dimensional
Coordinates

X1, X2 Fuel-air mixing region 𝑦/𝑑𝑓 , 𝑧/𝑑𝑓
Swirler plane Pressure side of

Swirler blade 𝑦∗ = 𝑦/𝐶, 𝑧∗ = 𝑧/𝐶

Z1 Trailing edge of
swirler blade 𝑥/𝐶

X3, X4, X5 Throat section 𝑧/𝑅

The concentration of H2 is represented by its equivalence
ratio 𝜙. Turbulent kinetic energy (TKE) 𝑘 and axial velocity
𝑢 along 𝑥 are non-dimensionalized using the TKE and velocity
of incoming air respectively (𝑘∗ = 𝜌̃︄𝑢′′

𝑖
𝑢
′′
𝑖
/𝜌𝑈2

𝑎𝑖𝑟
, 𝑢/𝑈𝑎𝑖𝑟 ). The

Unmixedness level (𝜓) of hydrogen and air at a given location is
the ratio of the standard deviation of equivalence ratio (𝜎𝜙) and
the mean equivalence ratio at that location (𝜙mean ). This can be
expressed as:

𝜓 =
𝜎𝜙

𝜙mean
(6)

Where, 0 ≤ 𝜓 ≤ 1, with 𝜓 = 0 representing homogeneously
mixed hydrogen-air (𝜎𝜙 = 0), while 𝜓 = 1 represents the pure air
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FIGURE 5: Schematic location of the planes and swirler blade’s
non-dimensional coordinates. df is the fuel inlet diameter,C refers
to the swirler blade chord length, and R is the combustor radius.
Vectors represent the tangential projection of the swirling flow onto
the z x plane along the positive (red) and negative (blue) axial (x )
directions.

stream (no hydrogen; 𝜙mean = 0).
The mesh-independence study for the URANS approach was

performed on five different mesh densities ranging from 3.1 mil-
lion to 21.6 million cells with a constant time step size of 2×10−6s.
These meshes were evaluated based on the radial profiles of time-
averaged fuel-equivalence ratio (𝜙) and axial velocity (𝑢/𝑈𝑎𝑖𝑟 )
predictions at Plane X4 (Figure 6). The maximum deviation in
the equivalence ratio and axial velocity predictions between 6.2
million and 21.6 million meshes is 2.8% and 3.6%, respectively.
Considering an increase in computational expense of nearly three
times for 21.6 million cells (37,010 CPU hours) compared to 6.2
million cells (13,165 CPU hours), a mesh size of 6.2 million cells
is used for the URANS approach.

FIGURE 6: Radial profiles of time-averaged URANS prediction of
equivalence ratio (φ) and axial velocity (u/Uai r ) along the radial
direction (z/R ) at Plane X4 on different mesh densities.

In order to assess the mesh for WMLES simulations, the min-
imum ratio of resolved TKE (𝑘res) to total TKE (𝑘total = 𝑘res+ 𝑘sgs,

where 𝑘sgs refers to modelled sub-grid scale TKE) is evaluated in
the region of interest including the fuel-air mixing region, swirler
blade region and the throat section for three different mesh den-
sities as indicated in Table 3. The time-step size is chosen such
that the maximum CFL number is 0.4 in the domain (this analysis
does not include the region enclosed within three nozzle diameter
lengths from the fuel inlet). The 21.6 million cells mesh is used
for the WMLES simulations since it explicitly resolves higher
fraction of TKE (𝑘res/𝑘total ≥ 0.7) and satisfies the wall-normal
resolution requirement of Δ𝑦+ ∼ 1 [50] at the swirler blade and
the throat sections (at the fuel inlet Δ𝑦+ ∼ 1.8).

TABLE 3: Computational time and minimum resolved TKE in WM-
LES simulations on different mesh densities at maximum CFL of
0.4 (region enclosed within three nozzle diameters lengths from the
fuel inlet not analyzed)

6.2 mil 13.8 mil 21.6 mil

Mesh size (cells) 6,210,492 13,838,212 21,601,663
Time step (s)

(max. CFL: 0.4) 6.7 × 10−7 4.8 × 10−7 2 × 10−7

CPU hours 40,805 61,115 94,408
min. 𝑘res/𝑘total 0.48 0.57 0.71

At Planes X1 and X2, mixing occurs as the incoming air
encounters the hydrogen jet exiting from the fuel inlet. These
interacting fluid streams have high gradients of flow variables
(velocity, pressure, temperature, and density). The mixing is due
to shear layer entrainment at the interface of the fluid streams and
the highly diffusive nature of hydrogen. The time-averaged 𝜙 = 1
iso-line predictions by both modelling approaches at these planes
are shown in Figure 7.

0 1 2 3 4
-1.3

-0.7

0.0

0.7

1.3

0 4 8 12 16
-4

-2

0

2

4

 

 

y/
d f

z/df

 URANS (4e-05 m2) 
 WMLES (8e-05 m2)

Plane X2
(high flow gradients)

Plane X1
(low flow gradients)

 z/df

y/
d f

 URANS (1.4e-04 m2)
 WMLES (1e-04 m2)

FIGURE 7: URANS and WMLES predictions of time-averaged φ = 1
iso-lines at Planes X1 and X2. Surface area enclosed within each
iso-line is represented in brackets.
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The area within the iso-lines has a higher concentration of
hydrogen (i.e. 𝜙 > 1). The higher the surface area enclosed
within the 𝜙 = 1 iso-line, the lower the mixing rate with the
surrounding air stream. The gradients of flow variables between
hydrogen and air streams are the highest at Plane X2, where fresh
fuel and air interact in a "cross-flow" configuration (air stream
is directed along the negative 𝑥 direction while the hydrogen
exiting the fuel inlet is normal to it). As the fuel and air mix, the
gradients decrease along the negative 𝑥 direction. Consequently,
the surface area enclosed within the 𝜙 = 1 iso-line will be lower
at Plane X2 (high mixing) compared to further downstream of
the fuel inlet at Plane X1 (lower mixing). This is evident from
the area enclosed within 𝜙 = 1 iso-line at these two planes in
Figure 7. At Plane X2, URANS over-predicts mixing compared
to WMLES, while a reverse trend is observed at Plane X1, where
the penetration depth of 𝜙 = 1 iso-line is significantly higher in
URANS than in WMLES. A similar analysis was performed for
multiple planes along the fuel inlet, and at every location, mixing
predictions in WMLES are higher than URANS, with the highest
differences observed at Plane X1.

The fuel-air shear layers interact along the swirler blade,
leading to a spatial variation of 𝜙 in this region. Zones of high
equivalence ratio in the near-wall region (low velocities) of swirler
blades could be prone to BLF, evaluated along the Swirler plane.
Figure 8 shows the plot of wall-normal distance (𝑦∗) at which 𝜙 =
0.3 (critical equivalence ratio of hydrogen for BLF based on [10])
along the length of the swirler blade (𝑧∗). Based on the WMLES
results, the trailing edge of the swirler blade (𝑧∗ = 0.5) could be
prone to BLF, while URANS predicts a lower equivalence ratio
and, consequently, a lower risk of BLF at this location.

0.0 0.1 0.2 0.3 0.4 0.5
0.0

0.1

0.2

0.3

0.4

0.5

0.6

z*

y*

 

 URANS
 WMLES

FIGURE 8: URANS and WMLES predictions of time-averaged
φ = 0.3 iso-line near the Swirler plane. y ∗ and z ∗ represent the
non-dimensionalized wall normal height and swirler blade length.

The degree to which the interaction of shear layers achieves
uniformity in mixing is analyzed in terms of the unmixedness (𝜓)
at the trailing edge of the swirler blade at Plane Z1. The time-
averaged equivalence ratio 𝜙 is plotted along the non-dimensional
width (𝑥/𝐶) of the swirler blade as shown in Figure 9 (𝜙 at
a given 𝑥 is averaged along 𝑦). Mixing is underestimated in

URANS (𝜓 = 0.3) by 50% compared to WMLES (𝜓 = 0.15) with
significant differences at Plane X1 (similar observation in Figure
7). The non-dimensional TKE (𝑘∗) is plotted at the same location
as shown in Figure 10. At Plane X1, 𝑘∗ is under-predicted in
URANS compared to WMLES, and the scalar mixing predictions
also follow the same trend.
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FIGURE 9: URANS and WMLES predictions of time-averaged equiv-
alence ratio (φ) and Unmixedness (ψ) along the swirler blade width
(x/C ) at Plane Z1.
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FIGURE 10: URANS and WMLES predictions of time-averaged non-
dimensional TKE (k ∗) along the swirler blade width (x/C ) at Plane
Z1.

In URANS approach, the Favre averaging of molecular dif-
fusive flux 𝒥

𝑘
𝑗

in Equation 4 yields unknown laminar (𝒥𝑘
𝑗

) and
turbulent (𝜌̄̃︄𝑢′′

𝑗
𝑌 ′′
𝑘

) diffusive fluxes where the former is negligible
compared to the latter. The turbulent diffusive flux is expressed
using a gradient transport hypothesis with a linear dependence
on turbulent viscosity (𝜇𝑡 ) as [16]:

𝜌̄̃︄𝑢′′
𝑗
𝑌 ′′
𝑘
= − 𝜇𝑡

𝑆𝑐𝑡

𝜕𝑌̃𝑘

𝜕𝑥𝑗
(7)
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Where 𝑆𝑐𝑡 represent turbulent Schmidt number, which has a
constant value of 0.7 (based on [51]) in the present study. In the
SST-based 𝑘 −𝜔 model, 𝑘 and 𝜇𝑡 are linked through the transport
equation for TKE (𝑘) [43]. Hence, predictions of TKE directly
influence the species turbulent diffusivity and the overall mixing
patterns in the system.
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FIGURE 11: Radial profiles of time-averaged URANS and WMLES
predictions of equivalence ratio (φ), axial velocity (u/Uai r ) and TKE
(k ∗) along the radial direction (z/R ) at Planes X3 - X5.

Hydrogen-air mixtures from each of the swirler blades im-
pinge on each other, generating a swirling flow enhancing fuel-air
mixing along the throat section with a central recirculation zone.
The radial profiles of time-averaged fuel-equivalence ratio (𝜙),
axial velocity (𝑢/𝑈𝑎𝑖𝑟 ) and TKE (𝑘∗) are plotted at Planes 3 -
5 in the throat section as shown in Figure 11. Although the
velocity profile shape predictions are similar in both the mod-
elling approaches, URANS over-predicts the recirculation region
diameter (𝑧 value at u/Uair = 0) by nearly 22% across the throat
section compared to WMLES (similar observation in the works
of [49, 52]). Both u/Uair and 𝑘∗ are under-predicted close to the
shearing region of the fuel-air mixture (positive values of u/Uair
between zero and linear velocity profile), leading to a lower level

of mixing in URANS compared to WMLES as evident from the
unmixedness (𝜓) values at each of these planes.

The instantaneous fuel equivalence ratio contour is plotted
in Figure 12 where the time-averaged mixing level is under-
predicted by 74% in URANS (𝜓 = 0.054) compared to WMLES
(𝜓 = 0.014). NOx emission predictions and the propensity for
BLF in this region will be significantly higher in the URANS
approach due to higher unmixedness and equivalence ratio near
the combustor walls (Figure 12) compared to WMLES. Similar
under predictions of TKE and passive scalar mixing predictions
in swirling flows were made in the works of [53, 54]. How-
ever, in the present study, the differences are larger in magnitude,
possibly due to the additional effects caused by the high-density
gradient between hydrogen and air. The highly diffusive nature
of hydrogen and high-density gradients in the system could lead
to additional underlying physics, which are not accounted for by
URANS-based methods, introducing uncertainty and limitations
in the accuracy of predictions.

FIGURE 12: URANS (left) and WMLES (right) predictions of instan-
taneous equivalence ratio (φ) contour at the pre-combustor plane.
Central recirculation zone is not shown.

5. CONCLUSION AND FUTURE WORK
In this study, shear-driven turbulent mixing of hydrogen and

air in the OP16 DLE combustor has been investigated using the
SST-based 𝑘−𝜔 (URANS) and WMLES methods. The TKE pre-
dictions are lower in URANS than WMLES, leading to significant
differences in the hydrogen-air mixing level (unmixedness) in
both approaches. This can be attributed to modelling the growth
and interactions of the shear layers using coefficients developed
for homogeneous isotropic turbulence in URANS methods. Such
assumptions do not hold for non-ideal jet flow configurations en-
countered in swirl-stabilized combustors. Also, literature stud-
ies [54–56] have shown the deficiencies of a constant turbulent
Schmidt number assumption across the flow field and that its vari-
ation alone would not yield accurate results. Therefore, URANS
models suffer from assumptions in both eddy-viscosity and mix-
ing models.

The major limitation of the present study is the lack of ex-
perimental data to compare and validate the CFD predictions. In
addition to this, other limitations are (i) the impact of high CFL
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number close to the fuel inlet (three nozzle diameter lengths) on
the potential core length of the hydrogen jet and its impact on
mixing in the downstream region is unknown, (ii) URANS simu-
lations have been performed with a time-step size corresponding
to a maximum CFL of 1.6. However, the implicit time stepping
scheme used in URANS is known to be numerically stable at
higher time steps and is not restricted by CFL < 1 criteria [57, 58].
The use of higher time steps would lead to a reduction in compu-
tational expense for URANS, and (iii) the periodicity assumption
may not accurately represent the turbulent flow structures close
to the boundary, leading to inaccuracies in the energy spectrum
and possible suppression of turbulence close to the boundary
face. However, as WMLES resolves the large-scale structures, it
provides more information on the unsteady turbulent flow than
URANS. The differences in predictions of the two approaches
highlight the importance of explicitly resolving turbulent scales
in such complex systems.

More comprehensive studies on shear-driven turbulent mix-
ing of hydrogen-air systems are needed, both experimentally and
numerically. Simulations at different combustor load conditions
and Reynolds number of the fuel inlet must be performed to assess
their influence on the scalar mixing predictions. Additionally, the
role of higher molecular diffusivity of hydrogen in such turbu-
lent flow conditions should be further analyzed and compared
with different fuels. The local flow properties must be accounted
for in URANS models to improve their predictions rather than
assuming the closure coefficients to be universally valid, irre-
spective of the flow type. Such additional terms/corrections will
significantly benefit industries in performing efficient and reliable
URANS simulations to address modelling challenges associated
with hydrogen combustion systems.
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