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NUMERICAL SIMULATION OF SWIRLING FLOWS 
WITH SEPARATION ZONES 

 
Vadim K. Akhmetov 

 Moscow State University of Civil Engineering, Moscow, RUSSIA 
 

Abstact. A numerical study of axisymmetric viscous swirling flows of fluid was carried out at moderate 
Reynolds numbers. The mathematical model is based on the use of the complete Navier-Stokes system 
equations, written in terms of the stream function, vorticity and azimuthal velocity variables. Boundary value 
problems for flows with different configurations are formulated. The numerical solution is carried out by the 
finite-difference relaxation method using the Leonard scheme of the third order of accuracy for approximating 
the convective terms in the transport equations and the method of incomplete reduction for solving the Poisson 
equation. The flow streamlines and velocity distribution patterns were obtained. The results are compared with 
available experimental data. The possibility of using the obtained results for the analysis of turbulent flows by 
introducing effective parameters is considered. 
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1. INTRODUCTION  
 
Swirling flows are widely used in various 
technical devices [1, 2] and hydraulic 
engineering structures [3-5]. The properties of 
swirling flows are utilized for combustion 
stabilization, intensification of mixing 
processes, gas cleaning from dust, particle 
separation, thermal separation of flows, energy 
dissipation in vortex drop shafts, in counter-

vortex devices for reservoir aeration, as well as 
in many other fields, particularly in the 
petrochemical, microbiological, and food 
industries. A distinctive feature of swirling 
flows is the formation of separated recirculation 
zones upon reaching a certain critical value of 
the initial flow swirl. These zones can be 
beneficial or may cause undesirable effects. The 
aim of this work is to perform numerical 
simulation of swirling flows with separation 
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zones in relation to various technical 
applications and problems in hydraulic 
engineering construction. 
 
 
2. PROBLEM STATEMENT AND 
RESEARCH METHODS 
 
Studies of the hydrodynamics of swirling flows 
of a viscous incompressible fluid at moderate 
Reynolds numbers are based on the complete 
system of Navier-Stokes equations. Assuming 
axisymmetry of the flow in a cylindrical 
coordinate system zr ,, . Here, z-axis is 
directed along the axis of the flow under study, 
in terms of the stream function , vorticity , 
and azimuthal velocity V , these equations can 
be represented as follows: 
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The system of equations (1)-(4) is written in a 
conservative dimensionless form. The axial zV  
and radial rV  velocities are referred to the 
characteristic value 0U . The azimuthal velocity 
V  refers to the characteristic value 0W . The 

coordinates refer to the characteristic size R , 
time refers to the value 0/UR . The parameters 
of the system are the Reynolds number 

/Re 0 RU , where  is the kinematic 
viscosity, and the swirl parameter 00 /UWG . 

These equations are essentially nonlinear. 
Analytical solutions for specific problems can 
only be obtained in a number of special cases. 
The boundary value problem is formulated by 
setting boundary conditions, which include a 
given velocity distribution of the flow at the 
inlet to the considered flow region, no-slip 
conditions on solid surfaces, symmetry 
conditions on the flow axis, and soft boundary 
conditions at the outlet. 
For an axisymmetric channel with solid walls, at 
the inlet of which a swirling flow arrives with a 
velocity distribution: 
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the set of boundary conditions is written as 
follows: 
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To solve the boundary value problem (1)-(4), 
(6)-(9) with the initial distribution (5), the finite 
difference method was used, employing the 
incomplete reduction method [6] for equation 
(1) and approximation of the convective terms 
in equations (2)-(3) using Leonard's scheme [7]. 
The calculations assumed the following values: 

10D , 01D , 01B , 142B , 419.0A , 
75.00r , 10kz . The characteristic flow 

pattern with two separation zones is presented in 
Fig. 1. 
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If the flow is in a channel with permeable walls, 
one can assume that additional inflow occurs at 
a constant velocity 0V  on a part of the lateral 
surface 00 zz , 1r . Then the boundary 
condition (7) for the stream function at 

1r must be replaced by the following: 
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The main effect in this case is that by setting the 
appropriate inflow velocity, it is possible to 
influence the boundaries of the reverse flow 
zones, up to their complete elimination. Examples 
of the calculated flows are shown in Fig. 2. 
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Figure 2. Streamlines for Re=150, G=2.6, ,5.20z V0=0.01, 0.03 (a, b) 

b 

 

 
 

To study the swirling flow in an unbounded 
medium (without solid walls), a coordinate 
transformation was used in system (1)-(4), 
refining the mesh in the near-axis region of the 
flow, and instead of r , a variable y  was 
introduced by the following transformation: 
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where a and b are constants. A characteristic 
pattern of separated flows is shown in Fig. 3. 
In this case, the front part of the recirculation 
zone becomes more pointed, its diameter 
relative to its length decreases, and overall, its 
shape corresponds more closely to the bubble-
type vortex breakdown observed in 
experiments [8]. 
 

Figure 1. Streamlines for Re=150, G=2.6 
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To solve the boundary value problem (1)-(4), 
(6)-(9) with the initial distribution (5), the finite 
difference method was used, employing the 
incomplete reduction method [6] for equation 
(1) and approximation of the convective terms 
in equations (2)-(3) using Leonard's scheme [7]. 
The calculations assumed the following values: 

10D , 01D , 01B , 142B , 419.0A , 
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pattern with two separation zones is presented in 
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Figure 3. Streamlines for Re=750, G=0.95 
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The problem of the interaction of two 
axisymmetric swirling flows is relevant in 
connection with the modeling of flows in 
combustion chambers and gas turbines [2], 
vortex chambers, and gas curtains [9]. We will 
consider the case where the flow is organized as 
follows. Two coaxial flows, separated by a thin 
annular partition — an inner non-swirling flow 
and an outer swirling flow — enter a cylindrical 
channel and interact intensively within it. 
For the calculations of the interaction between 
the axial and annular swirling flows at the inlet z 
= 0, velocity profiles with a uniform distribution 
and the following values were specified: 
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in which it was adopted that 0r 0.25, 1r 0.5 
for R 1.  
The most important properties of the flows 
discovered during the study are the emergence 
of a near-axis recirculation zone upon reaching 
a critical swirl rate, the formation downstream 
of this zone of a secondary recirculation region, 
and the development of an annular recirculation 
zone due to the splitting of the first zone by the 
inner jet flow. Characteristic streamline patterns 
are presented in Fig. 4. 
 

Figure 4. Streamlines for Re=150, G=2.25 (a), 2.75 (b) 
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Coaxial swirling flows are used in vortex 
combustion chambers [1]. The resulting near-
axis recirculation zone serves as a kind of flame 
holder and is an example of vortex breakdown 

[8]. Consider the flow in an axisymmetric 
channel, at the inlet of which two coaxially 
swirling flows are supplied: an inner flow 
( 00 rr ) and an outer flow ( 10 rrr ). The 

Vadim K. Akhmetov



69Volume 22, Issue 1, 2026

rotation can occur in either the same or opposite 
directions. The velocity distribution at z = 0 is 
specified as follows: 
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where 4/ 01 rrrk , A 0.554, B 8, 

1cr 0.94, 2cr 1.06, 3cr 3.94, 1ar 0.9, 
2ar 0.94, 3ar 1.6, 4ar 3.94.  

The solution of the boundary value problem (1)-
(4) with the given distribution (13) depends on 
four parameters: the Reynolds number Re, the 
swirl parameter G , and the initial velocity 
values of the outer flow *

zV  and *V . Flow 
calculations were performed in the parameter 
range: 500Re30 , 30 G , 

8.01.0 *
zV , 4.16.1 *V . An example of 

the flow calculation for the case of initial swirl 
in opposite directions is shown in Fig. 5. The 
two-cell structure of the recirculation zone (Fig. 
5b) has been noted for bubble-type vortex 
breakdown in experiments [11] and numerical 
studies [12]. The calculations established that 
moderate swirl of the external flow in both the 
same and opposite directions can lead to both a 
reduction in the size of the near-axis 
recirculation zone (up to its complete 
disappearance at 0*V ) and an increase in its 
size. Strong swirl of the external flow *V 1 
always leads to an increase in the size of the 
recirculation zone. 

 

Figure 5. Streamlines for 250Re , 8.1G , 3.0*
zV , 8.0,1.0*V  (a, b) 
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Let us consider the possibility of describing 
experimentally studied turbulent flows using the 
above-proposed model of swirling flows based 
on the concept of effective parameters. The 
experiments [13] were conducted on an 

aerodynamic stand, the working section of 
which was a plexiglass tube with a diameter of 
D = 14.5 cm. The inner jet was supplied into the 
measured test section from a copper tube with 
an outer diameter of 3.86 cm and an inner 

Figure 3. Streamlines for Re=750, G=0.95 
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Taking this into account, the numerical solution 
of the boundary value problem (1)-(4), (13) for 
comparison with the experiment [13] was 

carried out for Re 30, G 3, *
zV 0.7, and 

the values of *V  from (17). 
The calculated and experimental distributions of 
the axial velocity ),0( zVz  along the channel 
length for the cases studied in [13] are presented 
in Fig. 6. The good agreement confirms the 
possibility of using the proposed model for 
calculating turbulent flows. 

 
Figure 6. Comparison of the calculated (solid curves) and experimental [13] 

distributions of the velocities zV  at the channel axis; 1S –0.38, –0.19, 0, 0.21 ( –d) 
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The influence of the outer flow swirl *V  on the 
diameter 0d  of the near-axis recirculation zone 
and the value of the maximum reverse flow 
velocity bV is shown in Fig. 7 (calculated 
curves 1 and 2). An increase in the swirl of the 
outer flow in the opposite direction relative to 
the inner flow leads to an increase in the 
diameter 0d  of the recirculation zone and the 

reverse flow velocity bV . In the case of the 
flows rotating in the same direction, an 
increase in the swirl of the outer flow leads to a 
decrease in the values of 0d  and bV . The 
obtained calculated results are in good 
agreement with the experimental data [13] for 
all five investigated cases of varying outer flow 
swirl. 

diameter of 3.43 cm. The Reynolds number, 
based on the average flow velocity U  and the 
tube diameter D  
We introduce into consideration the effective 
values of the turbulent viscosity coefficients 

zt  and t  in the longitudinal and azimuthal 
directions. Experiments [2] have shown that 
strong anisotropy of turbulent viscosity is 
observed in the flow, and 4/ ,, tzt . 
We define the turbulent value of the Reynolds 
number ztRe  as follows: 
 

81Re
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where U  is the average flow velocity,  is the 
hydraulic resistance coefficient, and  is a 
universal constant. 
Based on the available experimental data, the 
hydraulic resistance coefficient along the pipe 
length is calculated using the formula of A.D. 
Altshul: 
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where k 0.02 mm is the roughness coefficient 
of polished plexiglass. Using the value of the 
universal constant for air  0.07, from (14) 
we find 330Re zt . Recalculating the obtained 
Reynolds number in accordance with the 

characteristic values – the maximum velocity of 
the inner jet 0U  at the initial section z = 0 and 
the radius 0r  – we obtain: 
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In the experiments [13], integral swirl 
parameters for the inner and outer flows ( 0S   
and 1S , respectively) were used, defined by the 
relations: 
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In the series of experiments, the ratio 

01
* /UUVz  of the average axial velocities at 

the chamber inlet and the swirl parameter 0S  of 
the inner flow varied insignificantly: 

74.069.0*
zV ; 71.059.00S . 

Recirculation zones were observed for five 
cases under consideration, in which the values 
of the initial swirl of the outer flow were: 
 

1S –0.38, –0.19, 0, 0.21, 0.42.       (16) 
 
To conduct a comparison with the experiments, 
we take the average values of the inner jet 
parameters *

zV 0.7, 0S 0.66. Substituting the 
specified initial velocity distribution (13) into 
(15) considering (16), we find the effective 
swirl parameters for the calculation G 0.763 
and: 
 

V –0.408, –0.25, 0, 0.27, 0.43.       (17) 
 
We determine, by analogy with [14], the 
effective values of the flow parameters using the 
expressions: 
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We determine, by analogy with [14], the 
effective values of the flow parameters using the 
expressions: 
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Figure 7. Comparison of calculated and 
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