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High-pressure swirling injection and combustion are important phenomena in a modern
gas turbine engine as its compression ratio has been significantly increased to improve
thermodynamic efficiency. Large eddy simulations are conducted to analyze turbulent flow
and combustion of kerosene-air in a dual-air-swirler gas turbine model combustor at a
supercritical pressure of 4 MPa, above the critical pressure of kerosene. The present work
focuses particularly on effects of the two air swirler angles on flow and combustion
dynamics. Numerical results indicate that the inner air swirler exerts strong impact on fuel-
air mixing and chemical reactions inside the inner injector, leading to a Y shaped
recirculating flow and a V shaped flame at an inner swirler angle of 40°. The
precessing vortex core (PVC) is generated by the inner air swirling injection, and
detailed analyses reveal that the PVC frequency is controlled mainly by the inner swirl
number and the maximum axial velocity from the inner injector. The outer air swirler makes
significant impact on the central recirculation structure and turbulent combustion inside the
combustion chamber and weakly influences the PVC frequency. For the present
supercritical-pressure turbulent combustion in a dual-air-swirler system, it appears that
proper combination of the two air swirler angles could avoid chemical reactions deep inside
the injector while enhancing fuel-air mixing and combustion in the combustion chamber.
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INTRODUCTION

The modern gas turbine engine is an efficient and reliable power plant in the aviation system. The
engine’s thermodynamic efficiency improves as its compression ratio increases, according to the
principle of Brayton cycle [1]. As such, the overall pressure ratio in an advanced aero engine can now
reach more than 40 and will be further increased [2]. This leads to supercritical-pressure combustion
at high-thrust engine conditions, with the combustion chamber pressure above the fuel’s critical
pressure, e.g., around 23 atm for the aviation kerosene.

In a gas turbine engine combustor, swirling air injection is generally used for enhancing fuel-air
mixing and for flame holding [3, 4]. The swirling flow and turbulent combustion cause very complex
physicochemical phenomena, including the central recirculation zone (CRZ), precessing vortex core
(PVC), vortex breakdown, and flame flashback etc. [4–6]. These processes are influenced by many
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factors, such as the combustion chamber pressure, fuel-air
equivalence ratio, swirler angle, and the inlet Reynolds number
etc. [4, 6–8]. Among them, the swirler angle exerts a direct impact
on flow and flame dynamics.

Many studies have been carried out to elucidate the effects of
air swirlers on swirling flows and combustion in gas turbine
engines. There are two different types of air swirlers, with axial or
radial vanes, respectively. Huang et al. [9] investigated the effect
of inlet swirling flow, with a single set of axial swirler vanes, on
flame dynamics in a lean-premixed swirl-stabilized combustor,
using the large eddy simulation (LES) technique. It was concluded
that a large swirl number tends to increase the turbulence
intensity and flame speed, resulting in the reduced flame
surface area. Li et al. [10] used a similar set of axial air
swirlers to study the swirling flow and combustion in a lean
partially premixed combustor and analyzed the effects of swirl
number, equivalence ratio, and nitrogen dilution on flame
dynamics and NOx emissions. Aliyu et al. [11] conducted both
experimental and numerical studies on oxy-combustion of the
hydrogen-enriched methane in a swirl-stabilized gas turbine
model combustor and discussed the effects of equivalence
ratio, hydrogen concentration, and swirler angle on flame
stability and temperature distribution. Jiang et al. [12]
examined the effects of swirling flow and downstream wall
confinement on the annular nonpremixed turbulent
combustion, using the direct numerical simulation (DNS)
approach. It was revealed that a large swirl number causes the
reduced flame length and the increased flame spreading at the
downstream location. Mansouri et al. [13] studied the turbulent
premixed flame of propane in a lean-premixed swirl-stabilized
burner and analyzed the effect of swirling intensity on flame
behaviors. It was observed that a largely increased swirl number
leads to flame flashback.

Besides a single set of swirlers, the multiple sets of air swirlers
are also applied in a practical combustion system. This causes
interactions of swirling flows from different sets of air swirlers
and makes the combustion process more complicated [14]. Wang
et al. [15] studied the influence of inlet swirling intensity on the
vortical flow dynamics in a gas turbine injector with three sets of
radial-entry and counter-rotating swirl vanes. It was found that
the increased swirling velocity could enhance unsteady motion in
the azimuthal direction and would suppress the development of
streamwise instability in the outer shear layer. Further studies on
the effects of multiple sets of swirler interactions on fuel-air
mixing and combustion are still needed.

As the combustion chamber pressure increases in a modern aero
engine and becomes higher than the critical pressure of the
hydrocarbon engine fuel, the surface tension of the fuel
significantly decreases, and its heat of vaporization vanishes.
Thereby, the fuel-air injection and combustion processes are
controlled by direct turbulent mixing, with large variations of
thermophysical properties [16–18]. This is very different from the
physicochemical processes of fuel spray, atomization, droplet
vaporization, and turbulent combustion at low chamber pressures.

A number of experimental studies have been conducted to
gain fundamental understanding on supercritical-pressure
combustion, almost entirely in liquid-propellant rocket

engines. Habiballah et al. [19] studied the liquid oxygen (LOx)
and hydrogen combustion at a subcritical pressure of 3.0 MPa
and a supercritical pressure of 6.0 MPa. It was revealed that the
combustion rate is strongly dependent on the droplet
vaporization rate at the low pressure, but it is controlled by
the turbulent mixing rate at the high pressure. Juniper et al. [20]
and Candel et al. [21] analyzed the LOx-hydrogen flame
structures in coaxial injection and combustion at a
supercritical pressure of 7.0 MPa. Singla et al. [22] examined
the LOx-methane flames at both subcritical and supercritical inlet
temperatures under a supercritical pressure. Many numerical
studies were also carried out to obtain deep insights on flow
and flame dynamics at high pressures in rocket engine systems
[23–26]. However, very few studies on swirling flow and
turbulent combustion in the gas turbine combustor at
supercritical pressures have been conducted in the
literature [8, 27].

A supercritical-pressure turbulent combustion model has
recently been presented, validated, and applied for studying the
effects of different chamber pressures and fuel-air equivalence ratios
on swirling flow and combustion in a gas turbine model combustor
[8]. Based on this numerical model, large eddy simulations are
further conducted in this paper to study the effects of dual air swirlers
on turbulent flow and combustion dynamics of kerosene-air in a
dual-air-swirler gas turbine model combustor at a supercritical
pressure of 4 MPa, which is higher than the critical pressure of
kerosene. The operation condition is closely related to the high-
thrust operation of a modern aero engine. The present studies
analyze the interactions of two sets of swirling air injection, with
varied swirler angles, on fuel-air mixing and turbulent combustion at
a supercritical pressure.

NUMERICAL MODEL AND MODEL
VALIDATIONS

A supercritical-pressure turbulent flow and combustion model
was previously developed, with consideration of the general-fluid
effect [8] and based on the flamelet progress-variable (FPV)
approach [28]. This model is applied in the present numerical
study. The Favre-filtered conservation equations of mass,
momentum, mixture fraction, mixture fraction variance, and
progress variable, which are solved in the numerical model,
are presented in Equations 1–5.

∂

∂t
�ρ( ) + ∇• �ρ~u( ) � 0 (1)

∂

∂t
�ρ~u( ) + ∇• �ρ~u~u( ) � −∇�p + ∇• 2 �μ + μt( ) ~S − 1

3
∇•~u( )I( )( ) (2)

∂

∂t
�ρ ~Z( ) + ∇• �ρ~u ~Z( ) � ∇• �ρ ~D +Dt( )∇ ~Z( ) (3)

∂

∂t
�ρZ̃″2( ) + ∇• �ρ~uZ̃″2( ) � ∇• �ρ ~D +Dt( )∇Z̃″2( ) + 2�ρDt ∇~Z

∣∣∣∣ ∣∣∣∣2

− Cχ
�ρDt

Δ2 Z̃″2

(4)
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∂

∂t
�ρ~C( ) + ∇• �ρ~u~C( ) � ∇• �ρ ~D +Dt( )∇~C( ) + �ρ _̃ωC (5)

where �ρ is the filtered density, ~u the Favre-filtered velocity, �p the
filtered pressure, �μ the viscosity, μt the subgrid-scale (SGS)
turbulent viscosity, ~S the strain rate tensor, I the 3 ×
3 identity tensor, ~Z the Favre-filtered mixture fraction, Z̃″2
the SGS mixture fraction variance, ~C the Favre-filtered
progress variable, ~D the thermal diffusivity, Dt � μt/(�ρSct) the
SGS turbulent diffusivity, _̃ωC the reaction rate of progress
variable, and Δ the filter width. The progress variable, C, is
defined as the sum of mass fractions of CO, CO2, H2, and
H2O. The model constants, Sct and Cχ, are chosen as 0.9 and
2.0, respectively.

It should be noted that the simulated combustion system in the
present study is assumed to be adiabatic, neglecting the radiative
and convective heat losses. The previous numerical simulations
[29, 30] indicated that these heat losses have essentially no effect
on flow and flame structures.

The Smagorinsky model [31] is used to calculate the SGS
turbulent viscosity.

μt � �ρL2
S
~S
∣∣∣∣ ∣∣∣∣ (6)

LS � min κd, fμCSΔ( ) (7)
In Equations 6, 7, LS is the mixing length, κ the von Kármán
constant (0.40), d the distance to the closest wall, and fμ the wall
damping function. The model constant is chosen as CS = 0.17 in
the present work.

In the FPV model, laminar counterflow flames are calculated
using the flamelet equations, with proper account of the large
thermodynamic and transport property variations, as described
in the following paragraph. The flamelet databases are then pre-
generated, using the presumed shape PDFs, to obtain the
thermochemical quantities in the turbulent flow field,
including the Favre-filtered temperature, Favre-filtered mass
fractions of chemical species etc.

�ρ � ∫ ~P Z, C( )
ρ Z,C( ) dZdC[ ]

−1
(8)

~φ � ∫φ Z,C( )~P Z, C( )dZdC (9)

In Equations 8, 9, ~P(Z,C) is the presumed joint PDF, and
φ(Z,C) represents a thermochemical quantity calculated from
the laminar flames.

In the FPVmodel and flamelet calculations, large thermophysical
property variations, particularly in the trans-critical region when the
temperature of kerosene rises from the subcritical to supercritical
state under a pressure above its critical value, are evaluated using the
extended corresponding states (ECS) method, along with a BWR
equation of state for a reference fluid, propane. More details
concerning the ECS method can be found in the previous
publications [32, 33]. A three-component surrogate model, which
consists of 74% n-decane, 15% n-propylbenzene, and 11%
n-propylcyclohexane in volume, is used to represent the aviation
kerosene. A detailed chemical reaction mechanism, containing

209 species and 1,673 elementary reactions, is applied to handle
chemical reactions [34, 35].

The conservation equations of ~Z, Z̃″2, and ~C, Equations 3–5,
are built into the CFD software package, Fluent, through its user-
defined scalars (UDSs), and the pre-generated flamelet databases
are implemented using the user-defined functions (UDFs).

Model validations have been conducted in the prior
publications [8, 36] regarding different cases of turbulent
combustion, including the swirling and co-axial ones, at both
low- and high-pressure conditions. For the readers’ convenience,
the results are further presented in this paper.

In the first validation case, large eddy simulations were carried
out to study the partially premixed turbulent combustion of
methane-air in a dual swirl model combustor at the
atmospheric pressure [37], using a detailed chemical reaction
mechanism from GRI-MECH 2.11 with 49 chemical species and
277 elementary reactions [38]. As shown in Figure 1,
comparisons of numerical and experimental results, including
the time-averaged temperature, axial velocity, and tangential
velocity etc., demonstrate that both the flame shape and flow
structures can be well predicted, with the averaged relative
quantitative error within 15% [8].

In the second validation case, which concerns turbulent
combustion of the trans-critical liquid oxygen (LOx) and
supercritical methane in a model rocket combustor at a high
pressure of 5.6 MPa [22, 39], large eddy simulations were again
conducted using GRI-MECH 2.11. As shown in Figure 2,
comparisons of the time-averaged OH mass fraction and the
instantaneous temperature variation between the experimental
and numerical results indicate that the shape and length of the
turbulent flame can also be properly predicted at high pressure
conditions [8].

More validation cases can also be found in Refs [36, 40],
calculated using the similar turbulent combustion model. These
validation results are not repeated in this paper.

RESULTS AND DISCUSSION

Large eddy simulations are carried out in this work to study
swirling injection and turbulent combustion of kerosene-air in a
dual-swirl gas turbine model combustor at a supercritical
pressure of 4 MPa, focusing on the effects of varied dual air
swirler angles on the turbulent flow and combustion processes.

Figure 3A shows the schematic of the combustion system,
which is chosen and slightly modified from the work by Chrigui
et al. [41, 42]. It consists of a cylindrical combustion chamber,
with 150 mm in length and 96 mm in diameter, and a contracted
exit section, with 40 mm in diameter. Figure 3B illustrates the
injection system, which contains two radial air swirlers and a fuel
nozzle. The inner air swirler has a circular exit with a diameter of
16.04 mm, while the outer air swirler has an annular exit with
diameters of 16.44 and 23.55 mm, respectively. The inner and
outer swirlers include 8 and 12 radial gas channels, respectively,
with the same rotation direction and similar rectangular cross
section. The mean exit angles of the inner and outer swirlers are
defined by α and β, respectively, as shown in Figure 3B. The fuel
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FIGURE 1 | Model validations in a dual-swirl model combustor (A); Comparisons of the axial velocity variations (B), the temperature distributions (C), and the
tangential velocity variations (D).

FIGURE 2 |Model validations at a high pressure; comparisons of the time-averagedOHmass fraction (A, B) and the instantaneous iso-temperature surface (C, D).
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nozzle is 1 mm in diameter, through which the aviation kerosene
is rotationally injected into the inner air stream. The other
relevant parameters are provided in Table 1 and can also be
found in the references [8, 41, 42].

Based on the prior grid-independence study [8, 27], a set of
computational meshes of 4.4 million hexahedral cells, which are
sufficiently refined in the injector and flame regions, are used in
the present large eddy simulations. Figure 3C shows the
computational grids in the mid-plane of the combustor. The
M value in Equation 10, as proposed by Pope et al. [43], are
calculated to evaluate the mesh quality.

M � ksgs
k + ksgs

, (10)

where k is the directly resolved turbulent kinetic energy, and ksgs
the turbulent kinetic energy in the sub-grid scale. It was found
that the M value is less than 0.2 in the combustor and less than
0.3 in the majority of the air injector, except in some small regions
near the wall at the inlets. Therefore, the present computational
grids are sufficient for LES studies.

In the following calculations, the velocity-inlet and pressure-
outlet boundary conditions are applied, and the no-slip and
adiabatic boundary conditions are specified at all the walls.

The computational time step is specified at 0.5 μs to ensure
the maximumCFL number less than 1.0. The statistical results are
collected after 10 flow-through time with over 30 ms.

Effect of the Inner Air Swirler Angle
The effect of the inner air swirler angle on fuel-air mixing and
turbulent combustion is first studied. Two cases, with the inner
swirler angle (α) varied from 25° to 40° and the outer swirler angle
(β) fixed at 45°, are calculated and compared. The fuel, kerosene,
is injected at a temperature of 300 K, while the air is at an
increased temperature of 860 K, due to the compression-related
heating. The overall fuel-air equivalence ratio is maintained at a
lean condition of 0.75. Detailed parameters are provided
in Table 1.

Figure 4 shows the time-averaged axial velocity variations. At
an inner swirler angle of 25°, the central recirculation zone (CRZ)
exists only in the combustion chamber with a U shape. As the
swirler angle increases to 40°, however, the central recirculation
zone extends upstream inside the inner injector to form a
Y shape.

The CRZ is caused by the axial variation of pressure gradient
from swirling flows. In the present cases, the following
relationship can be obtained [44, 45]:

∂p

∂x
( )

r�0
~
ρaΓ2
R3

(11)

where R is the radius of the vortex core, a the ratio of the radial
and axial velocity ur/ux, and Γ the magnitude of circulation by the
tangential velocity ut. The item on the left-hand side is the
pressure gradient at the combustor central axis. From
Equation 11, the pressure gradient is dictated mainly by the
magnitude of circulation Γ.

Figure 5 illustrates variations of the instantaneous tangential
velocity and flow streamlines. It can be observed that as the inner
air swirler angle increases from 25° to 40°, the tangential velocity
and thus the circulation in the inner injector and upstream region
of the combustor increase significantly, thereby resulting in a

FIGURE 3 | Schematics of the model combustor (A) and the injection system (B); Illustration of the computational meshes (C).

TABLE 1 | Parameters used in numerical calculations.

Inner swirler angle α (°) 25, 40
Outer swirler angle β (°) 45
Chamber pressure (MPa) 4
Kerosene inlet temp. (K) 300
Air inlet temp. (K) 860
Kerosene density (kg/m3) 765.7
Air density (kg/m3) 15.85
Kerosene mass flow rate (g/s) 17.964
Inner air mass flow rate (g/s) 141.44
Outer air mass flow rate (g/s) 212.16
Total equivalence ratio ϕ 0.75
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FIGURE 4 | Variations of the time-averaged axial velocity at different inner swirler angles (the black line denotes the location at zero velocity). (A) α = 25°. (B) α = 40°.

FIGURE 5 | Distributions of the instantaneous tangential velocity and flow streamlines at different inner swirler angles (β = 45°). (A) α = 25°. (B) α = 40°.
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large pressure gradient along the axial direction, according to
Equation 11. A positive pressure gradient is generated near the
injector exit and the upstream region of the combustor, because
of the positive radial velocity, ur, from flow expansion into the
combustor. Therefore, at an inner swirler angle of 40°, the large
adverse pressure variation results in strong reverse flows, both in
the upstream region of the combustor and inside the
inner injector.

In the downstream region of the combustor, under the
combined effects of swirling flow and exit contraction
(corresponding to the negative ur), a large negative pressure
gradient is generated in the axial direction, which causes flow
acceleration and a bifurcated structure of the CRZ [45], as
evidenced in Figure 4. This phenomenon is mainly controlled
by the outer swirler angle, as discussed in the next section.

Table 2 presents the swirl numbers in the inner and outer
injectors, calculated based on the velocities at x = −3.64 mm (the
coordinate system is shown in Figure 3, with x = 0 defined at the
injector exit). The swirl number is defined as [36, 37].

S � Gt

RoGx
� ∫Ro

Ri
ρuxutr2dr

Ro∫Ro

Ri
ρu2

xrdr
(12)

where Gt is the axial flux of the angular momentum, Gx the axial
flux of the axial momentum, Ri the inner radius, and Ro the
outer radius.

Results in Table 2 reveal that both Gt and Gx in the inner
injector increase as the inner swirler angle changes from 25° to
40°. The increase ofGx is owing to the increased axial velocity near
the inner injector wall, as shown in Figure 4, while the increase of
Gt is caused by the enhanced tangential velocity, as shown in
Figure 5. The increase of Gt is relatively larger and thus leads to a
higher inner swirl number at α = 40°. The Gt and Gx in the outer
injector remain almost the same for the two cases.

The swirling flow strongly influences turbulent combustion.
Figure 6 shows the time-averaged temperature variations. At an
inner swirler angle of α = 40°, the strong recirculating flow inside
the inner injector, as shown in Figures 4B, 5B, promotes fuel-air
mixing and also carries the hot combustion products back into
the injector to ignite the fuel-air mixture. Therefore, in this case,

TABLE 2 | The calculated swirl numbers at different inner swirler angles (β = 45°).

Inner swirler angle (α) 25° 40°

Inner swirl number S 0.448 0.556
Inner Gt (kg•m2/s2) 0.00365 0.00623
Inner Gx (kg•m/s2) 1.01 1.40
Outer swirl number S 0.937 0.936
Outer Gt (kg•m2/s2) 0.0243 0.0243
Outer Gx (kg•m/s2) 2.20 2.20

FIGURE 6 | Variations of the time-averaged temperature at different inner swirler angles (β = 45°). (A) α = 25°. (B) α = 40°.
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combustion occurs inside the inner injector. In the case at α = 25°,
however, combustion and the flame exist mainly at the
injector exit.

The effect of the inner air swirler angle on turbulent
combustion can also be observed in Figure 7, which shows
variations of the instantaneous reaction rate of the progress
variable. At α = 40°, the flame exhibits a V shape inside the

injector. As the inner swirler angle decreases to α = 25°, however,
the flame moves to the injector exit, consistent with the
temperature variations in Figure 6. In this case (α = 25°),
chemical reactions occur mainly in a partially premixed mode,
because of the partial fuel-air mixing inside the inner injector.
This can be confirmed by analyzing the normalized flame index
(NFI) [8, 24].

FIGURE 7 | Distributions of the instantaneous reaction rate of the progress variable at different inner swirler angles (the black line denotes the location of the
stoichiometric mixture fraction Zst = 0.0634). (A) α = 25°. (B) α = 40°.

FIGURE 8 | Distributions of the instantaneous species mass fractions of (A)methane and (B) ethylene at α = 40° (the black line denotes the location where the heat
release rate from combustion is zero).
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At α = 40°, the temperature rise from combustion inside the inner
injector would cause fuel pyrolysis, as shown in Figure 8, which
presents distributions of the instantaneous mass fractions of the
light-weight species of methane and ethylene. It can be seen that
these two chemical components aremainly produced in the fuel-rich
regions. Since the alkenes and aromatics from fuel pyrolysis are
coking precursors, they could cause carbon deposition on the
injector interior surface. Therefore, it appears that a large inner
air swirler angle should be avoided under conditions of the present
high-pressure turbulent combustion.

In the two cases, strong swirling flow would generate the
precessing vortex core (PVC), which originates inside the inner
injector. Figure 9 illustrates the PVC in the case at α = 40° [8].

Variations of the instantaneous radial velocity are also monitored
at a location in the combustor with x = 11mm and r = 12mm (the
coordinate system is shown in Figure 3, with x = 0 defined at the
injector exit). Fast Fourier transformation (FFT) is further
performed to obtain the velocity spectrum, as shown in
Figure 10. The main PVC frequency, f, is found to increase
from 994 to 1736 Hz, as the inner air swirler angle increases from
25° to 40°.

In an isothermal flow, a Strouhal number, Sr, can be
introduced to characterize the PVC frequency [6].

Sr � fdexit

uavg
(13)

FIGURE 9 | Illustration of the PVC at α = 40° (isobaric surface colored by temperature) [8].

FIGURE 10 | PVC frequency variations at different inner swirler angles (β = 45°).
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where dexit is the diameter at the injector exit, and uavg the
average injection velocity. Previous studies have confirmed that
the Strouhal number is a function of swirl number, and therefore,
the PVC frequency increases quasi-linearly with the flowrate at a
fixed swirl number.

In the present combustion cases, density variation from
chemical heat release significantly influences fluid flows. As a
result, the Strouhal number defined with a bulk velocity in
Equation 13 is found to be inaccurate. Therefore, a modified
Strouhal number, Src, is proposed in the present study.

Src � fdinner

umax
(14)

In Equation 14, dinner is the inner injector diameter, umax the
maximum axial velocity in the inner injector, e.g., the first peaks
shown in Figure 11 (the second peak velocity in Figure 11 is
caused by the outer air injector). The choice of umax is reasonable
in the present combustion cases, because its location corresponds
to the region where the helical PVC is generated in the
inner injector.

Calculations show that the modified Strouhal number, Src, is
also controlled mainly by the inner swirl number, confirmed by
the following relationship:

SC � Src
Sinner

� f •dinner

Sinner•umax
(15)

As presented in Table 3, the calculated parameter, SC, remains
essentially a constant at around 0.8 for the two cases, with a

FIGURE 11 | Radial variations of the axial velocity at the injector exit
(β = 45°).

TABLE 3 | The modified Strouhal numbers and PVC frequencies at different inner
swirler angles (β = 45°).

Inner swirler angle (α) 25° 40°

Inner swirl number Sinner 0.448 0.556
Maximum axial velocity umax (m/s) 43.5 63.8
PVC frequency (Hz) 994 1736
Src 0.366 0.435
SC 0.816 0.783

FIGURE 12 | Variations of the time-averaged axial velocity at different inner and outer swirler angles (the black line denotes the location at zero velocity). (A) α = 40°,
β = 30°. (B) α = 40°, β = 45°. (C) α = 25°, β = 30°. (D) α = 25°, β = 45°.
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relative difference less than 5%. This indicates that in the present
combustion cases, the PVC frequency depends mainly on the
inner swirl number and the maximum axial velocity in the inner
injector. Therefore, the increased PVC frequency at a larger inner
swirler angle of α = 40° results from the combined effects of the
increased inner swirl number and the flow acceleration in the
inner injector, as listed in Table 3. These two parameters are
further influenced by the interactions of reverse flow and
chemical reactions in the inner injector.

Effect of the Outer Air Swirler Angle
The effect of the outer air swirler angles on turbulent flow and
combustion is next examined. In the following calculations, the
outer air swirler angle varies from β = 30°–45°, while the inner

swirler angle is first set at α = 40° but later changed to 25° for
further parametric studies. The other parameters remain the
same as those in Effect of the Inner Air Swirler Angle section.

Figures 12A, B show the time-averaged axial velocity
distributions at α = 40°, with two different β angles of 30° and
45°. For both cases, strong recirculation flows exist inside the
combustor and the inner injector. As discussed in the preceding
section, the recirculation flow inside the inner injector is
controlled mainly by the inner air swirler angle. The CRZ in
the combustor changes to a bubble shape, instead of a Y shape, as
the outer swirler angle decreases from 45° to 30°. Therefore, it
shows that flow acceleration in the downstream region of the
combustor, which controls the bifurcated CRZ structure, is
strongly influenced by the outer swirler angle.

The downstream flow acceleration is driven by the axial pressure
gradient, which depends strongly on the magnitude of circulation Γ,
as shown in Equation 11. Figure 13 presents the radial variations of
the tangential velocity at different axial locations at α = 40°. It can be
clearly observed that as the outer swirler angle decreases to β = 30°,
the tangential velocity is evidently reduced in the downstream
region, consistent with the weakened flow acceleration towards
the combustor exit, as shown in Figure 12A.

Table 4 presents the inner and outer swirl numbers at different
cases, calculated based on the velocities at x = −3.64 mm, using
Equation 12. The outer swirl number significantly increases as
the outer swirler angle varies from β = 30°–45°. However, it is

FIGURE 13 | Radial variations of the time-averaged tangential velocity at two different outer swirler angles (α = 40°).

TABLE 4 | The calculated swirl numbers at different inner and outer swirler angles.

Inner swirler angle (α) 40° 25°

Outer swirler angle (β) 30° 45° 30° 45°

Inner swirl number S 0.613 0.556 0.449 0.448
Inner Gt (kg•m2/s2) 0.00652 0.00623 0.00375 0.00365
Inner Gx (kg•m/s2) 1.33 1.40 1.04 1.01
Outer swirl number S 0.674 0.936 0.686 0.937
Outer Gt (kg•m2/s2) 0.0151 0.0243 0.0153 0.0243
Outer Gx (kg•m/s2) 1.90 2.20 1.89 2.20
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interesting to notice that at α = 40°, the inner swirl number
slightly decreases, around 10%, as the outer swirler angle
increases. This is related to the interactions of the swirling
flow and turbulent combustion. Figure 14 shows the time-
averaged temperature variations at two different outer swirler
angles. The high-temperature flame exists inside the inner
injector in both cases, but at a larger outer swirler angle of
β = 45°, chemical reactions occur relatively deeper inside the
inner injector. The resulting gas expansion and flow acceleration
increase the outflow axial velocity but reduce the tangential
velocity near the inner injector wall.

Figures 15A, B present distributions of the instantaneous
reaction rate of the progress variable at α = 40°. It is confirmed
that turbulent flame exists inside the inner injector in both

cases, but the flame moves toward the injector exit at a
decreased outer swirler angle of β = 30°. Therefore, it
appears that the outer swirler angle can also exert influence
on the swirling flow and turbulent combustion inside the inner
injector, mainly through its effect on the recirculating flow and
CRZ in the combustor.

As listed in Table 5, at a larger inner swirler angle of α = 40°, the
outer swirler anglemakes essentially no effect on the PVC frequency.
The constant PVC frequency in the two cases at α = 40° is due to a
balance between the slightly decreased inner swirl number and the
slightly increased maximum axial velocity as the outer swirler angle
increases. The parameter, SC, as defined in Equation 15, is also
calculated and listed in Table 5. Again, it is essentially a constant in
the two cases, with a relative difference less than 5%.

The effect of the outer air swirler angle, varied from β =
30°–45°, on fluid flow and turbulent combustion is further studied
at an inner swirler angle of α = 25°, with all the other parameters
being the same.

Numerical results in Figures 12C, D clearly confirm that
decreasing the inner air swirler angle to α = 25° would prohibit
reverse flow and thus avoid chemical reactions inside the inner
injector, at the two different outer swirler angles. Therefore, this
would be a good choice for both thermally protecting the injector
and largely reducing carbon deposition on its interior surface.

Results in Figures 12C, D also reveal that at α = 25°, as the
outer air swirler angle rises from β = 30°–45°, the CRZ in the

FIGURE 14 | Distributions of the time-averaged temperature at different outer swirler angles (α = 40°). (A) β = 30°. (B) β = 45°.

TABLE 5 | The modified Strouhal numbers and PVC frequencies at different inner
and outer swirler angles.

Inner swirler angle (α) 40° 25°

Outer swirler angle (β) 30° 45° 30° 45°

Inner swirl number Sinner 0.613 0.556 0.449 0.448
Maximum axial velocity umax (m/s) 60.6 63.8 52.1 43.5
PVC frequency (Hz) 1763 1736 1,189 994
Src 0.465 0.435 0.354 0.366
SC 0.759 0.783 0.813 0.816
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FIGURE 15 | Distributions of the instantaneous reaction rate of progress variable at different inner and outer swirler angles (the black line denotes the location of the
stoichiometric mixture fraction Zst = 0.0634). (A) α = 40°, β = 30°. (B) α = 40°, β = 45°. (C) α = 25°, β = 30°. (D) α = 25°, β = 45°.

FIGURE 16 | PVC frequency variations at different outer swirler angles (α = 25°).
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combustor changes from a bubble shape to a U shape, indicating
again the strong impact of the outer swirler angle on the central
recirculating flow in the combustor.

The swirl numbers for the two cases at α = 25° are also
calculated and provided in Table 4. As previously observed,
the outer swirl number significantly increases as the outer
swirler angle rises to β = 45°. This would help enhance fuel-air
mixing and swirling combustion at the injector exit and in the
combustion chamber, as shown in Figure 15D. In these two cases,
the outer swirler angle exerts essentially no effect on the inner
swirl number, mainly because no reverse flow and combustion
takes place inside the inner injector at a moderate inner swirler
angle of α = 25°.

The PVC frequency variations in the two cases at α = 25° are
shown in Figure 16. In these cases, the main PVC frequency
slightly decreases, from 1,189 to 994 Hz, as the outer swirler angle
increases from β = 30° to 45°. According to Equation 15, this is
due mainly to the decreased maximum axial velocity in the inner
injector, as listed in Table 5. It should be emphasized that the
parameter, SC, remains essentially a constant in all of the four
cases calculated in Table 5. The maximum relative error
is within 7%.

CONCLUSION

Large eddy simulations are conducted to study swirling injection
and turbulent combustion of kerosene-air in a dual-air-swirler
gas turbine model combustor at a supercritical pressure of 4 MPa,
which is above the critical pressure of the kerosene (at around
23 atm). The phenomena are closely related to practical
operations of an advanced aero engine at high-thrust
conditions. As a sequel to a previous study concerning the
effects of different chamber pressures and equivalence ratios,
the present studies focus on the effects of two air swirler angles on
flow dynamics, fuel-air mixing, and combustion characteristics.

Results indicate that the inner air swirler exerts strong
impact on fluid flow and turbulent combustion inside the
inner injector. An increased inner air swirler angle would
cause reverse flow and combustion in the inner injector,
leading to a Y shaped recirculating flow and a V shaped
flame. The precessing vortex core (PVC) is generated in the
inner injector, and its frequency is significantly influenced by
the inner air swirler angle, increasing from 994 to 1,736 Hz as
the swirler angle varies from 25° to 40°. According to a
modified Strouhal number proposed in this work, the PVC
frequency is controlled mainly by two parameters, the inner
swirl number and the maximum axial velocity in the inner
injector. The PVC frequency increases as the maximum axial
velocity or the inner swirl number increases.

The outer air swirler exerts strong impacts on recirculating
flow and turbulent combustion in the combustion chamber. As
the outer swirler angle rises from 30° to 45°, the central
recirculation zone (CRZ) changes from a bubble shape to a

U or Y shape, depending on different inner air swirler angles.
The outer air swirler can also make weak influence on the
swirling flow in the inner injector and the PVC frequency,
mainly through its strong effect on the CRZ in the combustor.
The PVC frequency decreases from 1,189 to 994 Hz as the
outer swirler angle increases from 30° to 45°, at an inner swirler
angle of 25°.

According to the present numerical results, it appears that
for supercritical-pressure combustion in a dual-air-swirler gas
turbine combustor, a moderate inner air swirler angle, e.g.,
between 25° and 40°, should be applied to reduce reverse flow
and avoid chemical reactions deep inside the inner injector. A
relatively large outer air swirler angle, e.g., at around 45°,
should be used to help enhance swirling flow and
combustion at the injector exit and inside the
combustion chamber.
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