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Abstract
This article presents numerical simulations of unconfined swirl flow. The Sydney swirl flow
database was used as references for the boundary conditions and experimental validation. A
number of RANS turbulence models were investigated in order to explore their potential in
predicting axial and swirl velocity profiles of the swirl flow field. The numerical
investigations showed that among the tested RANS models, the 𝑘 − 𝜔 showed an acceptable
performance in predicting the swirling flow features in both cases (low and high swirl level).
The results also demonstrated that the 𝑘 − 𝜔 model was able to provide a reasonably accurate
prediction data that is in consistent with experimental measurements at most locations.
Keywords: Turbulence models, swirl flow, RANS, CFD, Sydney swirl burner

1. Introduction
1.1

Back ground
Swirling flow has received significant attentions in industrial applications recently. It has
been widely adopted in several engineering applications either reacting or non-reacting systems
so as to improve mixing or drying processes. The features offered by employing swirling flows
make them an attractive option to be implemented in many practical engineering applications
and industries. Using swirling flame, for example, in furnaces, diesel engines and gas turbine
combustors is essential for enhancing flame stability and pollutant emission reduction. Swirling
can be defined as the ratio of the tangential momentum flux to the axial momentum flux [1]. At
high swirl intensities the angular-to-linear momentum exceeds a critical value causes an adverse
axial pressure gradient in the flow direction. This pressure gradient is accompanied by a decrease
in velocity [3]. This in turn causes a torroidal vortex-type recirculation zone to be established in
the central region of the jet in the vicinity of the axis [2, 4]. This vortex- type also known as a
vortex break down acts as storage of heat and mass. As the flow reversed as a result of
recirculation zone some of the well mixed combustion products return to the flame fronts to mix
with the fresh combustible mixture. Consequently, effective combustion is associated with such
phenomenon. Furthermore, the flame length is reduced resulting in more stabilization
combustion. Swirling flow can be also used in non-reacting cases such as spray dryer, and
improving mixing process. However, there are some issues that can associate with swirling
flow such as precessing vortex core (PVC) and jet precession. A review of the literature on
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swirling flow instabilities can be found in [4].These phenomena increase the instability and
increase the complexity of understanding the nature physics or the behavior of both reacting and
non-reacting swirling flow field.
Extensive experimental investigations have been performed to study both cold and reacting
swirling flows in order to gain an in- depth understanding of the flow behavior and to discover its
influence on the flow field structure see ref. [2, 5- 10]. These investigations reported most of the
significant features of the flow. However, due to variety of engineering applications and a wide
range of operating condition such as whether the flow is confined or not and different swirl levels,
the experimental tool for further investigations is no more worthy as they are extremely expensive
in terms of required equipment and time consumed. So the need for numerical investigations is
essential for investigation such flows. Several computational approaches have been proposed to
predict swirling flow features and fairly reasonable data comparable to experimental
measurements were obtained. Some of these studies will be highlighted in the next section
(literature review). It should be noted here a careful selection of the numerical tool is required in
studying such flow, this mainly due to its complexity. Introduction of the high computer resources
made it possible for Computational Fluid Dynamic (CFD) to be used as an efficient tool.
1.2

Literature Review
The Computational Fluid Dynamics (CFD) provides a promising numerical tool for
investigation swirl flow either reacting or non-reacting case. Its powerful capability of predicting
the insight physical phenomenon makes it an attractive option for design, optimization and
emission reduction improvement of the combustion devices with efficient performance. Great
deals of research studies showed encouraging results could be obtained with respect to the
experimental data using mathematical modeling approaches such as Reynolds average Navier
stokes (RANS ) or Large eddy simulations(LES) methods with the aid of using the CFD. For
examples, for the models based on RANS technique, Saqr et al. [11] performed a numerical study
to examine the effect of hydrogen addition on flame temperature, structure and pollutant
emissions computationally using FLUENT code. The numerical simulation was validated based
on Sydney swirl burner. The realizable
and the steady laminar flamelet were used for
turbulence closure and combustion models respectively. They reported a reduction in temperature
as the hydrogen content increased; also variation of the flame length was observed. The
production of NO was increased by the addition of hydrogen. A similar study conducted by Saqr
at al. [12] to estimate the change in entropy generation in swirl stabilized flame (Sydney swirl
burner) due to hydrogen addition to the fuel. The same computational methods are used as the
previous study [11]. The only difference is the turbulence model in which they used a modified
version of the proposed by Saqr et al. [13]. They revealed that an increase of the entropy
generation occurred as a result of hydrogen enrichment. A numerical calculations based on RANS
technique was carried out by Saqr et al.[14] so as to investigate the effect of free air stream
turbulence intensity on the NOx and soot formation in turbulent combustion interaction.
Moreover, models based on RANS technique have been widely employed in predicting
swirling flow in engineering applications. Although some studies revealed poor performance of
such models mainly due to their isotropy properties, many studies show that careful choice of
such models could provide good results compared to experimental evidence. For example, a
numerical investigations conducted by Khademi et al. [15] in turbulent swirling can-combustor
to estimate the performance of RANS turbulence models. Among the models used the eddy
viscosity, RSM and SSG. The overall results showed that RSM and SSG show the best
performance of predicting the axial and swirl velocity especially at low swirl number. However,
these two models showed under prediction of the tangential velocity. It has been shown in term
of low swirl value of that the Reynolds stress model produced a satisfactory prediction for axial
and swirl prediction almost everywhere. Whereas among the eddy dissipation model the SST
showed adequate predictions of the axial velocity except at the center line and poor prediction of
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the swirl velocity. In case of high swirl number the RSM showed an improvement over the eddy
viscosity models in terms of predicting the axial and the tangential velocity, though the
produced accurate agreement of the maximum velocity. The results also demonstrated that,
though the eddy viscosity models were able to predict the central recirculation zone at high swirl
case they were incapable of predicting its correct size. On the other hand, the RSM had shown
the predictive capability of capturing the corner and the central recirculation zone in both flow
cases. A similar study was carried out by Wegner et al. [16] to evaluate the performance of using
the unsteady RANS (URANS) method in predicting an unconfined swirling with a precession
vortex core phenomenon. The results showed the U-RANS could successfully capture the
precession vortex core. Further investigations using RANS technique have been also implemented
with the aid of computational fluid dynamics (CFD) to discover swirling flow features and the
phenomena associated with such flow see ref [1,17-19].
With advancing capabilities of computer resources the ability of using sophisticated
numerical technique such as the large eddy simulation (LES) is made affordable. A number of
previous studies have demonstrated the application of LES technique to study swirling isothermal
and combustion cases with successful degree obtained for predicting the flow characteristics in
both cases. For examples, Yang et al.[20] used the LES to investigate two non-reacting cases
selected form the Sydney swirling flame database with different swirl number (medium and high
swirl cases). The results obtained showed that the LES results were able to capture the two regions
of reverse –flow in case of the medium swirl level. Although there was some inaccurate data
prediction at some location for the high swirl level in terms of axial velocity, the overall
performance of the LES show a good agreement with experimental measurements. Stein et al.
[21] examine the flow and mixing of two non-premixed cases selected from Sydney swirl burner
(SM1 and SMH1) using LES technique. The steady laminar flamelet was applied to determine
the chemical state in the flame. The results obtained showed excellent prediction achieved for
the axial and tangential velocities of non-reacting case, also the quality of the predicted shear
stresses where in a good agreement with experiments. While for the case of SMH1 the velocities
showed a good agreement with experiments at upstream positions, however, further downstream
the LES data showed a strong deviation compared to experimental work. The simulated mean and
rms mixture fraction were reported to be predicted well, even though the vortex breakdown was
not captured. However, slight deviations of the mixture of the mixture fraction resulted in
incorrect predictions of species and temperatures. Another numerical simulation performed by
Stein et al. [22] using combustion LES with emphasis placed here to the near flow field impact
of boundary conditions. The analysis considered the mixture fraction and its variances prediction
in the results. A good prediction of the axial and swirl velocities revealed to be achieved; also the
mixture fraction predictions were reasonably good, despite some deficiencies at downstream
locations. However, the overall results reported to be in a good agreement with experimental data
with more grid refinement required to increase the accuracy.
Malalasekera et al. [23] has performed numerical calculations using LES with steady
laminar flamelet model to investigate the features of SM1 swirl flame selected from Sydney swirl
flames. They went to demonstrate that contribution of LES together with laminar flamelet model
were successfully able to predict the swirling flow features, and thermo-chemical variables such
as mixture fraction and temperature. El-asrag et al. [24] applied linear eddy mixing (LEM) in LES
technique to investigate the swirl-stabilized flames (SM1 and SMA2) selected from the Sydney
swirl burner. The results demonstrated that both the swirling flow features and the flame’s
structure were predicted correctly in both cases. Their final conclusions showed good agreements
to experiments were achieved, and they went finally to support other findings of the capability of
the LES as a potential tool for simulating swirl flames. James et al. [25] carried out a
computational studies on Sandia/Sydney swirl burner (SM1 and SMA1 and Sandia/Darmstadt
piloted jet diffusion flame (flame D) using the numerical tool of LES/FDF for the first time. The
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overall predictions of the axial velocity and mean temperature were quiet well agree with the
experimental data at several locations.
The LES technique has also received considerable attention by researchers not only for
prediction the swirling flow features but also to investigate some problems associated with high
swirl intensity such as jet precession and processing vortex core(PVC). It should be emphasized
here that these phenomenon play a vital role in combustion stability. Numerous researches have
been conducted recently to predict the occurrence of these phenomena with the aid of LES
technique. For example, Dinesh et al. [26] simulate the Sydney swirl burner for two major cases.
The two cases divided into seven cases with different values of swirl numbers to observe the
effect of swirl number on flow behavior with an emphasis placed on vortex breakdown,
recirculation and instability behavior. Their results revealed that the LES were capable of
capturing the upstream recirculation zone and the downstream one (vortex breakdown). They had
also been able to observe the existence of a central jet precession and the precession vortex core
for all tested cases successfully. The most important finding from their studies showed that the
LES has proved its capability in addressing the complex problems (instabilities) find in swirling
jets. Dinesh et al. [27] also carried out another LES calculations for swirling flames selected from
Sydney burner to demonstrate the LES efficiency in identifying the instabilities associated with
swirling combustion flow. The results showed that LES technique could be used for swirl
combustion applications, in particularly, to identify the unsteady flame properties and the flow
field instabilities behavior.
In the light of the above argument, it can be seen that extensive experimental and
theoretical studies in both reacting and non-reacting swirling have been performed over the past
few decades. The LES technique can be deemed as a powerful numerical tool which is capable of
providing consistent and excellent predictions compared to experimental measurements. Such
model can be also used even in cases where there is no previous experimental data exist. However,
they are relatively expensive in terms of computer resources and time requirements compared to
the classical models based on RANS approach. While in practice engineering applications,
engineers are not usually interested in accurate data that are closely matching the real
measurements. Instead, moderate predictions with reasonable computational costs such as those
models based on RANS technique would be fairly accepted. To this end, the present study is
intended to perform an assessment performance of a classical models based on RANS technique
in order to come up with a best model capable of predicting the flow field structure of swirling
flow. The current investigation focuses on two non-reacting cases selected from Sydney swirl
database, which has an unconfined flow features with a wide range of swirl levels and various
operating conditions. Although similar studies have been carried out RANS method as in [15, 16]
using, however, no one (up to my knowledge) has carried out investigations to evaluate the RANS
models’ performance on such burner. Another motivation behind using such burner is that
extensive numerical studies have been conducted on this burner, such that the performance of
successful model from the present test can be compared to other numerical tools like LES.
2.

Mathematical Model
2.1. Governing equations [15]
Continuity equation:
𝜕(𝜌𝑈𝑖 )
𝜕𝑥𝑖

=0

(1)

RANS equation:
𝜕(𝜌𝑈𝑖 𝑈𝑗 )
𝜕𝑥𝑖

=−

𝜕𝑃
𝜕𝑥𝑖

+

𝜕
𝜕𝑥𝑖

𝜕𝑈

̅̅̅̅̅)
(𝜇 𝜕𝑥 𝑖 − 𝜌𝑢
𝑖 𝑢𝑗

(2)

𝑗

where 𝜌𝑢
̅̅̅̅̅
𝑖 𝑢𝑗 identified as the Reynolds stresses term and they are unknown. These stresses
will be in subsequent section in order to close the system equations.
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2.2. Turbulence model
Two sets of turbulence models are employed under this simulation studies to close the closure
problem resulted from equation 2, which are the two equation eddy viscosity models and the
RSM. In eddy viscosity models, the Reynolds stress tensor is linearly related to the mean strain
rate [28, 29], as:
2

−𝜌𝑢
̅̅̅̅̅
𝑖 𝑢𝑗 = 2𝜇𝑡 𝑆𝑖𝑗 − 𝜌𝑘𝛿𝑖𝑗

(3)

3

Where 𝑆𝑖𝑗 is the mean strain rate formulated as:
𝜕𝑈𝑗

1 𝜕𝑈

𝑆𝑖𝑗 = ( 𝑖 +
)
2 𝜕𝑥
𝜕𝑈
𝑗

(4)

𝑖

2.2.1 The standard 𝒌 − 𝜺
The, eddy viscosity, turbulent kinetic energy and its dissipation rate are obtained from
the following transport equations, respectively:
𝜇𝑡 = 𝐶𝜇 𝜌
𝜕(𝜌𝑈𝑗 𝑘)
𝜕𝑥𝑗
𝜕(𝜌𝑈𝑗 𝜀)
𝜕𝑥𝑗

𝑘2

(5)

𝜀

=
=

𝜕

𝜇

𝜕𝑥𝑗
𝜕
𝜕𝑥𝑗

𝜕𝑘

((𝜇 + 𝜎𝑡 ) 𝜕𝑥 ) + 2𝜇𝑡 𝑆𝑖𝑗 𝑆𝑖𝑗 − 𝜌𝜀
𝑘

𝜇

(6)

𝑗

𝜕𝜀

𝜀

((𝜇 + 𝜎𝑡) 𝜕𝑥 ) + 2𝐶1𝜀 𝑘 𝜇𝑡 𝑆𝑖𝑗 𝑆𝑖𝑗 − 𝐶2𝜀 𝜌
𝜀

𝑗

𝜀2

(7)

𝑘

The model constants, which are determined from experiments, are shown in table 1.
TABLE 1.THE MODELS’ COEFFICIENTS

Standard 𝑘 − 𝜀
Realizable 𝑘 − 𝜀
Standard 𝑘 − 𝜔
RSM

𝐶𝜇
0.09

𝐶1𝜀
1.44
𝐶1
𝛽
3/40
𝐶1 𝐶2
1.8 0.6

𝛼
5/9
𝐶𝜇
0.09

𝐶2𝜀
1.92
𝐶2
1.9
𝛽∗
9/100
𝐶1′ 𝐶2′
0.5 0.3

𝜎𝑘
1
𝜎𝑘
1
𝜎
1/2
𝐶1𝜀 𝐶2𝜀
1.44 1.92

𝜎𝜀
1.3
𝜎𝜀
1.2
𝜎∗
1/2
𝜎𝑘
1

𝜎𝜀
1.3

2.2.2 The realizable 𝒌 − 𝜺
The realizable 𝑘 − 𝜀 differs from the standard 𝑘 − 𝜀 model in two ways which are;
new formulations for eddy viscosity as well as a new transport equation for dissipation rate
are introduced. However, the turbulent kinetic energy in this model has the same form as that
in the standard model [29, 30].
𝜕(𝜌𝑈𝑗 𝜀)
𝜕𝑥𝑗

=

𝜕
𝜕𝑥𝑗

𝜇

𝜀2

𝜕𝜀

((𝜇 + 𝜎 𝑡 ) 𝜕𝑥 ) + 𝐶1 𝜌𝑆𝜀 − 𝐶2 𝜌 𝑘+
𝛿

𝑗

√𝜈𝜀

(8)

While 𝐶𝜇 is not constant and can be calculated as:
𝐶𝜇 =

1
𝐴𝑜 +𝐴𝑠 𝑈 ∗

(9)

𝑘
𝜀

Where
𝐴𝑜 = 4; 𝑈 ∗ = √𝑆𝑖𝑗 𝑆𝑖𝑗 + Ω𝑖𝑗 Ω𝑖𝑗

(10)

1

𝐴𝑠 = √6 𝑐𝑜𝑠 (3 𝑎𝑟𝑐𝑐𝑜𝑠(√6𝑊))

(11)

√8𝑆 𝑆 𝑆

𝑖𝑗 𝑗𝑘 𝑘𝑖
𝑊=
𝑆3
The vorticity tensor expressed as:

(12)
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̅̅̅
1 𝜕𝑢

̅̅̅𝑗
𝜕𝑢

𝑗

𝑗

Ω𝑖𝑗 = 2 (𝜕𝑥 𝑖 − 𝜕𝑥 )

(13)

𝜂

𝐶1 = 𝑚𝑎𝑥 (0.43, 𝜂+5), 𝜂 = 𝑆

𝑘
𝜀

, 𝑆 = √2𝑆𝑖𝑗 𝑆𝑖𝑗

The rest of the model’s constants are provided in table 1.
2.2.3 The standard 𝒌 − 𝝎
The 𝑘 − 𝜔 model was proposed by Wilcox incorporates modifications for lowReynolds-number effects, compressibility, and shear flow spreading. The major advantage of
this model compared to the standard 𝑘 − 𝜀 is related to its numerical stability; also it is very
sensitive to the free steam boundary conditions [28-30]. The transport equation for the
turbulent kinetic energy and the specific dissipation rate are expressed as:
𝜕(𝜌𝑈𝑗 𝑘)
𝜕𝑥𝑗

𝜕

𝑘

𝜕𝑘

𝜕𝑢

= 𝜕𝑥 ((𝜈 + 𝜎 ∗ 𝜔) 𝜕𝑥 ) + 𝜏𝑖𝑗 𝜕𝑥 𝑖 − 𝛽 ∗ 𝑘𝜔

𝜕(𝜌𝑈𝑗 𝜔)
𝜕𝑥𝑗

𝑗

𝑗

𝜕

𝑘

̅̅̅ 𝜏𝑖𝑗
𝜔 𝜕𝑢

𝜕𝜔

= 𝜕𝑥 ((𝜈 + 𝜎 𝜔) 𝜕𝑥 ) + 𝛼 𝑘 𝜕𝑥 𝑖
𝑗

(14)

𝑗

𝑗

𝑗

𝜌

− 𝛽𝜔2

(15)

𝜀 = 𝐵 ∗ 𝜔𝑘

(16)

2.2.4 Reynolds Stress Model (RSM)
The Reynolds stresses under this model are calculated based on their transport
equation. The major advantage of the RSM over that two equation models is its capability of
representing the highly anisotropic nature of the flow and accounts for swirl effect as well as
stream line curvature [28, 29].
The transport equation s for the Reynolds stresses,−𝜌𝑢
̅̅̅̅̅,
𝑖 𝑢𝑗 can be expressed as:
𝜕

̅̅̅̅̅̅̅
′ ′

𝜕𝑢𝑗
𝜕
𝜇 𝜕𝑢 𝑢
𝜕
𝜕
′ ′
′ ′
′ ′ 𝜕𝑢𝑖
̅̅̅̅̅̅
̅̅̅̅̅̅
̅̅̅̅̅̅
(𝜌𝑢𝑘 ̅̅̅̅̅
𝑢𝑖′ 𝑢𝑗′ ) = 𝜕𝑥 (𝜎 𝑡 𝜕𝑥𝑖 𝑗) + 𝜕𝑥 [𝜇 𝜕𝑥 (𝑢
𝑖 𝑢𝑗 )] − 𝜌 (𝑢𝑖 𝑢𝑗 𝜕𝑥 + 𝑢𝑗 𝑢𝑖 𝜕𝑥 ) + Φ𝑖𝑗 −

𝜕𝑥𝑘
2
𝛿 𝜌𝜀
3 𝑖𝑗

𝑘

𝑘

𝑘

𝑘

𝑘

𝑘

𝑘

(17)
The term on the left side of the above equation represents the convective term, and the terms
on the right hand side represent the turbulent diffusion, molecular diffusion, stress production
(𝑃𝑖𝑗 ), pressure strain (Φ𝑖𝑗 ) and the dissipation, respectively.
The pressure strain term is simplified according to the model proposed by Gibson and
Launder.
Φ𝑖𝑗 = Φ𝑖𝑗,1 + Φ𝑖𝑗,2 + Φ𝑖𝑗,𝑤
Where
𝜀
2
′ ′
̅̅̅̅̅̅
Φ𝑖𝑗,1 = −𝐶1 𝜌 𝑘 [𝑢
𝑖 𝑢𝑗 − 3 𝛿𝑖𝑗 𝑘]

(17)
(18)

1

Φ𝑖𝑗,2 = −𝐶2 [(𝑃𝑖𝑗 − 𝐶𝑖𝑗 ) − 3 𝛿𝑖𝑗 (𝑃𝑘𝑘 − 𝐶𝑘𝑘 )]
Φ𝑖𝑗,𝑤 =

𝜀 ̅̅̅̅̅̅̅
′ ′
𝐶1′ 𝑘 (𝑢
𝑘 𝑢𝑚

𝑛𝑘 𝑛𝑚 𝛿𝑖𝑗 −
3

3 ̅̅̅̅̅̅
𝑢′ 𝑢′ 𝑛 𝑛
2 𝑖 𝑘 𝑗 𝑘
3

−

(19)
3
3 ̅̅̅̅̅̅
𝑘 ⁄2
′
′
𝑢𝑢 𝑛𝑛 )
2 𝑖 𝑘 𝑗 𝑘 𝐶
3
𝑘 ⁄2

𝐶2′ (𝜙𝑘𝑚,2 𝑛𝑘 𝑛𝑚 𝛿𝑖𝑗 − 2 𝜙𝑖𝑘,2 𝑛𝑗 𝑛𝑘 − 2 𝜙𝑗𝑘,2 𝑛𝑗 𝑛𝑘 ) 𝐶

2𝜀𝑑

𝑙𝜀𝑑

+
(20)

The model of the dissipation rate term 𝜺 is the same as in the standard 𝒌 − 𝜺 model
Where,
3⁄

𝐶𝜇 4⁄
𝐶𝑙 =
𝜅 , and 𝜅 is the von Karman constant = 0.4187
The detailed description of the model can be found in [28-30].
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3. Physical Model and Simulation Cases
3.1. Sydney swirling burner
The Sydney Swirl burner is selected for simulation purpose. The burner has a 50 mm diameter
ceramic face bluff-body with a central jet tube of 3.6 mm in diameter. Surrounding the bluff body
is a 60 mm diameter annulus with a 0.2 mm thick lip. Swirling flow comes out of the annulus
which is 5 mm in width. The swirl is induced aerodynamically at air stream via three tangential
ports (7 mm each) located at 300 mm upstream of the burner exit. The burner configuration is
shown in fig.1 [31, 32]. To provide well-defined boundary conditions, the burner is placed in a
square wind tunnel with a cross section of 130X130 mm2. More details can be found in [31, 32].

Figure1. Sydney swirl burner configuration. The figure is courtesy of [32,33]
3.2. Simulation cases
Two non-reacting cases are selected from Sydney database for simulation purpose. Each case
has different swirl value (Sg=Ws/Us). They are identified as N29S054 and N16S159, referred to
in the present article as a medium and high swirl level. Table 2 provides the flow configurations
and the boundary conditions of each case [32]. The Reynolds number is defined as Re=Uj D/v,
where D is the jet diameter.
TABLE 2. FLOW CONFIGURATION OF SIMULATED CASES

case
Fuel
N29S054 Air
N16S159 Air
4.

Uj(m/s) Us(m/s) Ws(m/s) Ue(m/s) Sg
66
29.7
16
20
0.54
66
16.26
25.9
20
1.59

Re
59000
32400

Computational Approach
4.1. Computational domain
Because of symmetry only half of the flow is simulated. The 2D axisymmetric geometry
and the grid generation technique are performed using Gambit version of 6.3. The numerical
simulation are carried out on a discretised computational domain of Cartesian shape with
dimensions of 150 mm x 300 mm , in X and Y directions, repecrively as shown in fig.2.
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see the figure below ( figure 2, all dimensions are in mm)

.
Figure 1: schematic diagram of the geometry used in the simulation. All dimensions in mm.
4.2. Numerical Solver parameters
The FLUENT code, which is based on the finite volume method, is employed for the
numerical calculations of the governing equations. The Semi-Implicit Method for Pressure
Linked Equations (SIMPLE) is applied for the pressure-velocity coupling [33]. The second
order up wind is applied for the convection terms and standard method is used for the pressure
discretization. The solution convergence is set to be 10-6 residual for all the parameters.
4.3. Grid Independence Study
A grid independence study had to be conducted first in order to provide an optimum grid
resolution. Four mesh sizes system have been generated in a 2D domain to assess the
computational mesh solution convergence. They are referred to as G1, G2, G3 and G4. The
number of cells for the G1, G2, G3 and G4 are, 36000, 81900, 88600 and 101200 respectively.
Experience from previous numerical simulations shows similar level of number of cells. Table
3, lists some of mesh sizes adopted in previous work generated after grid independence study.

Author
Saqr [11]
Saqr[12]
Yilmaz[1]
Saqr[14]

Table 3. Grid size used in previous numerical studies
Turbulence model
Grid size
146,000 cells
Realizable 𝑘 − 𝜀
9.3 × 104 cells
𝑅𝜀 /𝑘 − 𝜀
63,450 nodes
𝑘−𝜀
20 × 103 cells
𝑘−𝜀

Comparison of simulation results (line) obtained from the RSM model with
experimental data (points) at station x/D=0.136 is shown in figure 3. It can be observed that
the general trend of the predicted axial velocity profiles can be captured by the four generated
grid systems. However, G3 provides excellent results that are consistent with their
counterpart’s experimental data.
It is worth mentioning that further refinement will no longer increase the accuracy; it
would rather increase the computational time which in turn, make the numerical modeling
more expensive. Therefore, the third grid (G3) system was adopted under this numerical
simulation to obtain all the necessary data.
Figure 3 demonstrate the comparison of axial velocity profiles of the four generated grid
compared against the experimental data, both are plotted with normalized radial profiles
(normalized by burner radius, R= 25 mm). It can be observed form the figure below that G3
provides excellent results that are consistent with their counterpart’s experimental data.
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Figure 3: Radial profile of predicted axial velocity at location x=6.8 mm (x/D=0.136)

5.

Results and discussion

This section compares the numerical data, obtained from the RANS models, with the
measurements. The results will be discussed in two cases. Case 1 represents a quantitative analysis
of axial velocity for both medium and high swirl levels (N29S054 & N16S159) while case 2
corresponds to the swirl velocity of both levels.
5.1. Axial velocity fields of both swirl intensities.
Quantitative comparisons of the axial velocity components for several axial stations
(representing near, mid and far-field of the flow) are depicted in figure 4. The results clearly
demonstrate that both the eddy viscosity models and the RSM are able to predict the axial
velocity at regions near the inlet stations (i.e. x/D = 0.136 & 0.2). It can also be observed that,
for the near stations, the axial velocity profiles of the turbulence models are comparable to
each other and are in a good agreement with measurements for both swirl intensities.
However, as the flow progresses axially (downstream) these models (except the 𝑘 − 𝜔 )
even the RSM fail to predict the axial velocity, though the rest of the RSM trend show a good
agreement to experimental data. The major disagreement between the experiments and
numerical calculations appeared at the center region, where they provide a poor performance
of capturing the velocity of jet decays. The reason behind the deficiencies persistent of the
eddy viscosity models, as has been reported in previous work [15], could be related to their
isotropic nature, whereas the structure of the swirling flow is believed to be influenced by
anisotropic turbulence. An interesting finding can be dedicated from the results is that the
performance of the eddy viscosity models at high swirl value (right column) show an
improvement over the lower one at most locations (starts from x/D=0.4 – 2).
More importantly, the RSM does not produce the most accurate data as was expected.
According to the literature, the RSM provides better performance compared to eddy viscosity
models, since its account for stream line curvature and swirling effect. However, for this case
the RSM performance seems to be poor compared to 𝑘 − 𝜔 model. It can be concluded the
data obtained by the 𝑘 − 𝜔 model are the most adequate predictions compared to the
experimental data of [32]. Hence the 𝑘 − 𝜔 model for this case and can be deemed as a good
tool for analyzing the flow features.
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Medium swirl level

High swirl level

Figure 4. Radial profile of axial velocity distribution at different locations. Left column: medium
swirl level (N29S054), right column: high swirl level (N16S159).
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High swirl level

Figure 4. Radial profile of axial velocity distribution at different locations. Left column: medium
swirl level (N29S054), right column: high swirl level (N16S159).
4.2 Swirl velocity fields of both swirl intensities
The computational results of the swirl velocity of both swirl levels are compared against
experimental data, as shown in figure 5, for several axial stations. As can be observed, all the twoequation eddy viscosity models(except the 𝑘 − 𝜀 ) and the RSM produce a reasonable predictions at
near stations (from x/D=0.136-0.4 mm) for both swirl levels while the 𝑘 − 𝜀 model in case of medium
swirl condition shows a slight over prediction at these locations. The results demonstrate that, for the
medium swirl level, the realizable 𝑘 − 𝜀 model markedly revealed better performance (with respect
to the experimental data) over the other tested models at various locations covering the range from
x/D= 0.136-1.2.
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Medium swirl level

High swirl level

Figure 5. Radial profile of swirl velocity distribution at different locations. Left column: medium
swirl level (N29S054), right column: high swirl level (N16S159).
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Figure 5. Radial profile of swirl velocity distribution at different locations. Left column: medium
swirl level (N29S054), right column: high swirl level (N16S159).
The performance of 𝑘 − 𝜔 shows a reasonable predictions of the swirl velocity profiles
despite the fact that it slightly under predicted the maximum velocity in far regions. The other models
show adequate predictions compared to measurements and a similar trend can be observed for the
𝑘 − 𝜀 and RSM at x/D=2.
For the high swirl level, on the other hand, the predicted swirl profiles of all the tested models
are in good agreement with experimental data in shape and magnitude at most locations. The results
demonstrate that the predicted velocity generated by the 𝑘 − 𝜔 model quite accurately reproduced
the measured profiles. It should be mentioned that, swirl velocity curves show a Rankin-type profile
(combined forced vortex and free vortex), which is a characteristic of the swirling velocity profile.
Such characteristic of the flow which cut through cross-sections x/D= 0.6-2 is being captured by all
the models. It should be noted that such feature can be clearly observed in the high swirl level better
than the medium case.
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6.

Conclusion

A numerical simulation test was performed to assess the ability of RANS models based on
predicting the behavior of turbulent swirling flows. The objective was to produce a mathematical
turbulence model that is capable of predicting the characteristics of swirling flow reasonably with
moderate computational cost. Two non-reacting cases were selected from the Sydney swirl burner
database for the assessment purpose. The main conclusions of the numerical investigations are
summarized as:
 In comparison with all the tested model, the performance of the 𝑘 − 𝜔 in predicting the axial and
the swirl velocities in both swirl intensities show to be in a good agreement with experimental
data. Although at medium swirl condition the realizable 𝑘 − 𝜀 show an improvement over the
𝑘 − 𝜔 at some locations, the 𝑘 − 𝜔 still provides satisfactory predictions.
 -It is found that the predicted profiles of both the eddy viscosity models and the RSM are in a
reasonable agreement with measurements in terms of shape and magnitude in the strongly
swirling flow. Moreover, significant improvements were observed from the tested model over the
medium swirl case.
 -Although the RSM and the 𝑘 − 𝜀 show moderate predictions at some locations, their deficiencies
were evident in the vicinity of the center line, where they fail to capture the jet velocity
deceleration. On the other hand, the 𝑘 − 𝜔 model showed a desirable capturing of this velocity
which made it a superior over all the tested models.
 -The results also demonstrate that the tested models were able to reproduce the Rankin shape of
the swirl velocity. The 𝑘 − 𝜔 model performs well in capturing this phenomenon. Its
performance also showed to be superior to any other models and even better than the medium
swirl level.
 . In summary, among the tested two-equation eddy viscosity and RSM models the 𝑘 − 𝜔 model
shows a fairly accurate prediction data that is in consistent with experimental measurements at
most locations. So such model can be used as a tool to provide the main characteristic of swirling
for combustor similar to the Sydney burner configuration.
Nomenclature
Latin symbols
𝑈𝑖 , 𝑈𝑗 , 𝑈𝑘
Mean velocity components
𝑥𝑖 , 𝑥𝑗 , 𝑥𝑘
Space direction
𝑢𝑖 𝑢𝑗
̅̅̅̅̅
Reynolds stresses
𝑃
Pressure [Pa]
𝑢𝑖 , 𝑢𝑗 , 𝑢𝑘
Velocity fluctuating components
𝑘
Turbulent kinetic energy [m2/s2]
𝑆𝑖𝑗
Mean rate of strain tensor
Uj
Central jet velocity (m/s)
Us
The bulk axial velocity of the annulus (m/s)
Ws
The bulk tangential velocity (m/s)
Ue
The co-flow velocity of the wind tunnel
Sg
Swirl number, =Ws/Us
Re
Reynolds number
Greek symbols
𝜏𝑖𝑗
Viscous stress tensor [N/m2]
𝛿𝑖𝑗
Kronecker operator
𝜇
Laminar viscosity [kg/m.s]
𝜇𝑡
Turbulent viscosity [kg/m.s]
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𝜇𝑒𝑓𝑓
𝜀
𝜌
𝜈
𝜎𝑘
𝜎𝜀
𝜎𝛿
Ω𝑖𝑗
𝜔
𝛽, 𝛽 ∗ , 𝛼
Φ𝑖𝑗
𝜅
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Effective viscosity [kg/ m.s]
Dissipation rate of 𝑘
Density [kg/m3]
Kinematic viscosity [Cm2/s]
Turbulent Prandtl number for k, =1
Turbulent Prandtl number for 𝜀, =1.3
Turbulent Prandtl number for 𝜀, =1.2
Mean vorticity tensor
Specific dissipation rate of
𝑘 − 𝜔 model based constants, = 3/40, 9/100, 5/9.
Pressure strain term of Reynolds stress transport equation
Von Karman constant = 0.4187

Subscripts
𝑖
In x direction
𝑗
In y direction
𝑘
In z direction
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