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ABSTRACT

This paper conducts a numerical study on the
characteristics of mean flow field of a combustor with
triple swirlers with focus on the effect of turbulence
models on the central recirculation zone (CRZ). By
comparing numerical results with  high-speed
photography experiment, it is found that k-e RNG model
can better predict the flow field characteristics than
k-g realizable and k- W SST model. the CRZ length and
expansion angle obtained by k-¢e RNG model are
consistent with experiments, and k-& Realizable model
are relatively close to it, while k-w SST model is quite
different from the two others. The results predicted by
k-w SST have much higher backflow strength and
pressure gradient. The study is of great significance to
reasonably choice turbulent mode to predict swirling
flow in a combustor.
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NONMENCLATURE
Abbreviations

CFD computational fluid dynamics

CRzZ Central recirculation zone

RANS Reyno{ds averaged Navier - Stokes

modelling

LPM lean premixed combustion

Symbols
Sn swirl number

axial velocity, m/s
tangential velocity, m/s
turbulent kinetic energy
dissipation rate

specific dissipation rate
swirler diameter
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1. INTRODUCTION
Modern gas turbine spray combustors have
attracted extensive research interest due to widely-

used lean premixed (LPM) combustion which reduce
harmful emissions [1-2]. As its key component, the
swirler plays an important role in achieving rapid
fuel/air mixing and flame stabilization by utilizing vortex
breakdown [3]. Swirlers can be classified into different
kinds, such as single stage, double stage and triple
stage, as well as axial and radial ones when classified by
geometric arrangement [4]. At present, the research on
single and double stage swirlers is relatively sufficient.
Liu et al. [5] arranged two single-stage swirlers along
the flow direction, and optimized the performance of
the swirler through the combination of different vane
angles; Liu et al. [6] carried out a numerical simulation
to analyze the flow field of the dual-stage axial swirler
combustion chamber, and found that the velocity
distribution obtained by k-¢ RNG model is more
reasonable. However, due to the relatively complex
geometric structure and the internal mechanism of
triple swirlers, the related research is rarely reported.
Vashahi et al. [7] changed the radial swirl number (Sn)
to explore the influence of vane length and passage
width on the velocity distribution, and focused on the
Coanda effect. In this paper, a triple swirler with two-
stage axial and one-stage radial entrance is proposed
for research with attention focused on the effect of
turbulent model on the flow field of the combustor.

The usage of a swirler can create a low pressure
central recirculation zone (CRZ) downstream, which is
one of the most important features of flow field. It plays
an important role in engineering applications such as
fuel mixing and flame stabilization of combustion
devices [8,9]. Tuttle et al. [10] described the importance
of CRZ generation for the combustion process in the
combustion chamber organization. Previous studies
have shown that CRZ is related to swirls exceeding a
certain swirl intensity [11]. The swirl intensity can be
characterized by Sn, which is a dimensionless number
that is defined as the ratio of axial flux of tangential to
that of axial momentum. The expression is shown in
Eq.(1), where Ri and R, are the inner and outer radius,
and u and w represent axial and tangential velocity



components, respectively. Regarding the effect of Sn on
the distribution characteristics of
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the flow field, Syredet al. [12] reviewed the effect of Sn
on the length of the recirculation zone; Sanmiguel-Rojas
et al. [13], and Beer et al. [15] studied the flow field
characteristics of the recirculation zone with different
Sn ranges. In addition to Sn, there are several other
factors, including inlet conditions, geometry (such as
vane angle [15]) and mass flow rate that affect the
formation of the recirculation zone and the flame
stability [16]. Knight et al. [17] concluded that the
optimal design of the swirler should consider the mass
flow rate at the inlet of combustion chamber. Stéhr et
al. [18] obtained the results that changing the thermal
power will change the structure of the flow field. Due to
the complexity of the experiment and the difficulty in
capturing the complex flow mechanism inside the flow
field, computational fluid dynamics (CFD) methods have
been widely used in recent years to predict the flow
behavior and flow field characteristics [19]. However,
different turbulence models were selected for
simulation. Zavaleta-Luna et al. [20] proposed an
optimal design for the swirler using k- RNG model,
aiming to improve the working performance of the
swirling flow field; Odabaee et al. [21] confirmed that
RANS simulation was consistent with experiments and
saves computing time [22]. Agarwal et al. [23] used k-&
RNG model to study the effect of cone angle on the
fluid velocity in the swirling field. Zianiet al. [24] chose
three turbulence models namely k-€ model, modified k-
€ model and RSM model for the study of the non-
premixed combustion and compare the results with
experiments. Selecting different turbulence models may
have different degrees of influence on the results of
various parameters of the flow field. Therefore, it is
necessary to select an appropriate turbulence model in
order to obtain better simulation results that are
consistent with experiments.

The main objective of this study is to numerically
simulate the cold flow field of a confined combustor
with a triple swirler. Reynolds number is determined by
controlling the inlet flow velocity, and the simulation
results of the downstream flow field of the swirl
combustion chamber are given. For validation, a high-
speed photography experiment is conducted. The
results have certain reference significance for selecting
an appropriate turbulence model.

2. EXPERIMENTAL SETUP

Experiment is carried out in a combustion chamber
to verify the simulation results. The schematic diagram
of the experimental device is shown in Fig. 1. A laser
sheet is used to illuminate the flow field in a certain
section. The smoke produced by a smoke generator
enteres the combustion chamber from the entrance of
the wind tunnel, and their motion trajectories are
captured by a high-speed photography camera with a
sampling frequency of 250 fps.

Rectangular
wind tunnel

= camera

Fig. 1 schematic diagram of the experimental device

3. MESH INDEPENDENCE VERIFICATION AND DATA

VALIDATION

In this paper, the three-dimensional steady-state
RANS method is used to simulate the complex flow
process of a combustion chamber with triple swirlers.
The schematic diagram of the geometry is shown in Fig.
2. For different swirler entrances with swirl numbers of
0.46, 0.79, and 0.52 are investigated in this study to
compare effects of turbulent model on the flow field
inside gas turbine combustor. The working fluid is
considered to be incompressible with constant thermal
properties and the flow is assumed to be steady. For
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Fig. 2 schematic diagram of the combustor with triple
swirlers



turbulent flow, the three-dimensional equations of
continuity, momentum, turbulent kinetic energy k and
the dissipation rate € or specific dissipation rate w are
solved. The governing equations are discretized using
the windward difference scheme, and the SIMPLE
algorithm is used to solve the discrete equations. The
inlet and outlet boundary conditions are mass flow rate
inlet and pressure outlet, respectively.

Due to the complex geometry of the triple swirlers,
unstructured hexahedral meshes are used in this paper.
In order to capture the recirculation zone downstream
of the swirler outlet and fully develop the turbulent
flow, the length of the inlet section is set to 5D and the
length of the outlet section is set to 8D, and perform
local grid refinement on the leading /trailing edges of
the vane and the 3D area downstream the swirler outlet
(D is the swirler diameter). The swirler outlet section is
set at Z=0.

Air fluid density is 1.185 kg/m3, and dynamic
viscosity is 1.835 X 10° Pa * s. The Reynolds number is
6509. In order to effectively exclude the influence of
grids on the simulation results, this paper selects three
sets of grids (15.99 million, 7.69 million, and 4.83
million corresponding to meshl, mesh2 and mesh3
respectively) for independent verification. The
turbulence model used for verification is k- RNG.

Table 1 Grid independence verification

Mesh1 Mesh2 Mesh3 Experiment
Length 1.75D 1.75D 1.85D 1.76D
Angle 126.6° 126.6° 126.1° 126.9°

Expansion angle
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Fig. 3 expansion angle and streamlines at section x=0

The swirl expansion angle and streamline
distribution of the central section obtained by numerical
simulation are shown in Fig. 3, and the experiment
results under the same working condition is shown in

Fig. 4. The recirculation zone lengths and the expansion
angles are compared in Table 1.

It can be seen that the results obtained by RANS
simulation using the k- RNG turbulence model fit well
with the experiment, the swirl expansion angles and the
lengths of the recirculation zone are relatively
consistent with the experiment results. The errors of the
relevant characteristic parameters obtained by
comparing the three sets of grids with the experimental
results are all smaller than 6%. Therefore, mesh
independence and numerical validity can be verified. In
order to save the calculation cost and ensure the
accuracy of the calculation results, this paper selects the
grid Mesh2 for further research.

Expansion angle: 126.0°

CRZ length: 1.76D

Fig. 4 experimental results of the expansion angle and
the CRZ length

3. RESULTS AND DISCUSSION

In the previous part of this paper, the grid
independence was verified, and the influence of the
geometric model and the number of grids on the
simulation results was preliminarily ruled out. Further,
in order to compare the effects of different turbulence
models to the flow field characteristics, three
turbulence models, namely, k- RNG, k-w SST and k-¢
Realizable, were selected for steady-state calculation.
The inlet condition is the mass flow rate inlet with a
magnitude of 0.018 kg/s; the outlet condition is the
pressure outlet. Menter-Lechner is selected as the wall
function, which exhibits excellent convergence.

3.1. Effect of the Turbulent Model on the Mean Velocity
Field

In order to visually and clearly express the
influence of different turbulence models on the CRZ,
Fig. 5 shows the axial velocity contour and streamlines
of x=0 section. It can be seen that the velocity contours
and streamline distribution of three turbulence models
have good symmetry. Central recirculation zone and
corner recirculation zone are both found in all three



models. However, the CRZ length varies, which are
0.65D, 1.75D, and 1.98D, respectively. Compared Fig.
Swith Fig. 4, it can be seen that RNG turbulence model
is the most reasonable model, regarding CRZ length and
expansion angle, while CRZ length obtained by k-
Realizable is slightly longer, and is too shorter by k-w
SST.

K-t SST k€ RNG k-¢ Realizable

Fig. 5 velocity contours and streamlines correspondinrg
to the three turbulence models. Left: k-w SST; Middle: k-
€ RNG; Right: k-€ Realizable

3.2. Effect of turbulence model on the radius and length
of CRZ

Turbulence models may result in different CRZ
radius and length. Fig.6 depicts the influence of
turbulence model on CRZ length and radius. The results
are summarized in Table 2.

Table 2 CRZ radius and length

k-€ SST  k-€ RNG k- Realizable

Radius 0.25D 0.49D 0.47D

Length 0.60D 1.75D 2.00D

The iso-surface of v,=0 is chosen to represent
recirculation zones. Among three models, CRZ length
and radius obtained by k-w SST are the smallest. The
results of k- RNG and k-g Realizable are close. In
addition, the volume of the recirculation zone
corresponding to the k-¢ RNG and k-& Realizable
turbulence models are 12.5D% and 12.4D3, respectively,
which are almost the same, while the volume of the
recirculation zone corresponding to the k-w SST
turbulence model is significantly smaller.
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Fig. 6 CRZ Length and radius with different turbulence
models

3.3. Effect of turbulence model on the characteristic
parameters of CRZ

In order to clarify the influence of turbulence model
on the characteristic parameters of CRZ, Fig. 7 shows
the swirl expansion angle obtained by the numerical
simulation corresponding to three turbulence models.
The maximum flow expansion angle is obtained by k-&
Realizable model (128.62°), followed by k- RNG model
(126.6°), and k- SST model (118.26°). Compared with
experimental data shown in Fig. 4 (126.0°), the
expansion angle obtained by k- Realizable and k-€ RNG
are more reasonable, while k-w SST model predicts a
lower expansion angle.

k-w SST

Expansion angle
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Fig. 7 expansion angle corresponding to different
turbulence models

Fig. 8 shows vortex core position corresponding to
three different turbulence models. It can be seen that
all three models have relatively good symmetry. Among
them, the vortex core position of k-w SST model is the
most symmetrical. Although the vertex core x-coordina-

1.0
B k-wSST

08 | ® k- RNG

k-€ Realizable
0.6 |-
0.4} oA
02 u

0.0 |-

y/D

-0.2

0.4

-0.6

-0.8 |

0 ) AP NN IR I S [ R R —
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

z/D

Fig. 8 the position of the vortex core corresponding to
different turbulence models

tes of k-€ models is different, the y-coordinates is nearly
the same.

In order to explore the differences in the
prediction results of different turbulence models for the
velocity distribution, Fig. 9 shows axial velocity
distribution and  static  pressure  distribution
corresponding to different turbulence models along
centerline, and the results are shown in Table 3.

Table 3 maximum recirculation velocity and minimum
pressure along centerline

k-w SST k- RNG  k-¢ Realizable

Maximum
recirculation -5.07 -3.49 -3.59
velocity(m/s)

Minimum

-27.84 -11.16 -10.74
Pressure(pa)

It can be seen that the absolute value of the
maximum recirculation velocity and the static pressure
of the central axis corresponding to the k-w SST model
is larger than that of the other two models, and k-e RNG
and k-g& Realizable turbulence models are relatively
close. In addition, the x-coordinates corresponding to
the extreme points of the axial velocity and static
pressure distribution corresponding to the k-w SST
model are much smaller than those of the other two
models. The results predicted by k-w SST have higher
backflow strength and pressure gradient.
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Fig. 9 axis velocity distribution and static pressure
distribution corresponding to different turbulence
models along centerline

4 CONCLUSION

Central recirculation zone (CRZ) is one of the most
important characteristics of the swirl field, and it has
very important research significance. In this paper, the
RANS numerical simulation method is used, and
different turbulence models (k-€ RNG, k-w SST and k-¢
Realizable) are applied to explore their influence on
various characteristic parameters of CRZ. It provides a
certain reference for selecting a suitable turbulence
model for engineering applications. The following
conclusions are drawn.

1) The prediction results for CRZ length and expansion
angle obtained by k-¢ RNG model are consistent with
experiments, and k-€ Realizable model are relatively
close to it, while k-w SST model is quite different from
the two others.

2) The positions of the vortex cores corresponding to
three turbulence models are generally symmetrical. The
position of the vortex cores of k-w SST model is located
upstream, which is much closer to the swirler outlet
than the other two turbulence models.

3) Velocity and  static  pressure  distribution
corresponding to three turbulence models along
centerline have similar trends, however, k-w SST model
is different from the other two models: its maximum
recirculation velocity is the largest and the minimum
static pressure is smallest, while the other two models
predicts close results.
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