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NUMERICAL SIMULATION OF SWIRLING FLOWS
WITH SEPARATION ZONES

Vadim K. Akhmetoy
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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YUCJEHHOE MOJIEJTUPOBAHUE 3AKPYUEHHBIX TEUEHUI
C OTPBIBHBIMU 30HAMHU

B.K. Axmemoe

HanuonaneHelil uccnenoBarenbckuii MOCKOBCKHM FOCYJapCTBEHHBIN CTPOUTENbHBIH yHUBepcuTeT, Mocksa, POCCUA

AnHoTauusi. [IpoBeneHO YHCIEHHOE UCCIEJOBAHUE OCECUMMETPUYHBIX 3aKPYUEHHBIX TEUEHUH BS3KOU
JKUIKOCTH NPU YMEPEHHBIX 4Mcaax PeliHombaca. MaTtemaTuueckass MOJEIb OCHOBAaHA HA HMCIOJNB30BAaHUHU
MOJIHOW cucTeMbl ypaBHeHWit HaBbe-CTOkca, 3allMCaHHON B NEPEMEHHBIX (DYHKIUHM TOKa, 3aBUXPEHHOCTH M
asuMyTaiabHOM ckopocTtu. ChopMyIHpOBaHBl KpaeBble 3amauyd i1 TCUCHHU C pa3iMYHON KOH(UTYpaIUCH.
UucieHHOE pelIeHue NPOBOAMUTCS KOHEYHO-PA3HOCTHBIM METOJIOM YCTaHOBJIEHUS C IIPUMEHEHUEM CXEMbI
Jleonapaa TpeTbero mopsiika TOUHOCTH IS alllIPOKCUMAIMN KOHBEKTHBHBIX YJICHOB B YPABHEHUAX IEepeHoca U
METOJla HEMOJHON peayKUMH Mpu pemieHuH ypaBHeHHs Ilyaccona. IlomyuyeHbl KapTUHBI JMHUH TOKa U
pacnpenieneHuss CKOpocTel B MOTOKe. Pe3ynbTaTbl CpaBHMBAIOTCS C HMMEIOIIMMUCS SKCIEPUMEHTAIbHBIMU
JTaHHBIMHU. PaccMoOTpeHa BO3MOJKHOCTH MCIIONIB30BAHMS MOYYCHHBIX PE3YJIBTATOB ISl aHAJIN3a TypOyJICHTHBIX
TEYEHHH 3a CUET BBEACHUS d(PPEKTUBHBIX ITAPAMETPOB.

KroueBbie c10Ba: 3aKkpydeHHbIE TEUCHNUS, KOAKCHATIBHBIE TIOTOKH, METOJ] KOHEYHBIX Pa3HOCTEH,
PEeUMPKYIISAIMOHHBIE 30HbI, pachajl BUXPs, 3PPEKTUBHBIEC TapaMETpPhI

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-
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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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technical
hydraulic

zones in relation to various
applications and problems in
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 r,¢@,z. Here, z-axis is

directed along the axis of the flow under study,
in terms of the stream function v, vorticity Q,
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 V,
and radial V, velocities are referred to the
characteristic value Uy . The azimuthal velocity
Vo refers to the characteristic value Wy. The
coordinates refer to the characteristic size R,
time refers to the value R/Uj. The parameters
of the system are the Reynolds number
Re=UyR/v, where v 1is the kinematic

viscosity, and the swirl parameter G =W, /U,.
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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:

V20(r)= Do + Dy exp(—By rz), 0<r<np,
Vzo(r)=a0+a1r+a2r2, mn<r<li,

Voo(r) = éa —exp(=B> 1)), 0<r<n, )

Voo(r)=by +bir+byr?,

n<r<i

the set of boundary conditions is written as
follows:

v =vyo(r), V(p:V(pO(r)a

N _o, 0<rel, z=0, ©)

oz

v=yo()=y1, Vy=0,

8—W:0, 0<z<z, r=l, 0

or
y=0,V,=0 Q=0, 0<z<z, r=0, (8)
v _0Q _ Vo 4 g<r<l 2oz (9)
0z 0z 0z

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:
Dy=1, D;=0, B =0, B,=14, 4=0419,
1 =0.75, z;=10. The characteristic flow
pattern with two separation zones is presented in
Fig. 1.
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Figure 1. Streamlines for Re=150, G=2.6

If the flow is in a channel with permeable walls,
one can assume that additional inflow occurs at
a constant velocity —F; on a part of the lateral
surface 0<z<z,, r=1. Then the boundary
condition (7) for the stream function at
r = 1 must be replaced by the following:

0<z< 2z,
zoLz< zp.

v=Vz+vy, (10)

v =Vozo+yi,
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, zy =2.5,Vo=0.01, 0.03 (a, 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:

y :lln(1+r/b), rel0,n], yel0,1], (11)
a
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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].
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Figure 3. Streamlines for Re=750, G=0.95

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:

Uo=1, Voo(r)=0, 0<r<p,

Ui =225Veo(r)=Wi=1,n<r<n, (12)

in which it was adopted that n =0.25, n=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.

N
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S
LI

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

2 z 3
Figure 4. Streamlines for Re=150, G=2.25 (a), 2.75 (b)

[8]. Consider the flow in an axisymmetric
channel, at the inlet of which two coaxially
swirling flows are supplied: an inner flow
(0<7r<ry) and an outer flow (7o <r<ry). The
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rotation can occur in either the same or opposite
directions. The velocity distribution at z = 0 is
specified as follows:

1, OSI"S”C],

1—ki(r—1a)°, ra <r<l,
Vao(P) =1 V. —ka(r—r2)?, 1<r<r,, (13)

Vz*a ISI"SI"Cz,

Vi —ky(r—ns3)’, ra<r<n,

S17, OSI"SI"g],

1= s:(r—r1a)’, Tal S¥ <Fa2,

1= s3(r—12)%, Far <1<l
Voo(r) = V(;—s4(r—ra3)2, 1<r<r;s,

A = exp(=BO/ 1)), iy < 7 <1

r

b0+b1r+b2r2, Vs <r<n.
where rn=n/n=4, A=0554, B=8,
r1=094, 1r,=106, r3=394, 1,;=0.9,

Yup =0.94, 1,3 = 1.6, 1,4 =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 VZ* and V(; . Flow

calculations were performed in the parameter
range: 30<Re <500, 0<G<L3,

0.1<V. <0.8, ~1.6<V, <1.4. 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 V, > 0) 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.

S

0

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
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10 12
Figure 5. Streamlines for Re=250, G=1.8, V. =0.3, V, =-0.1,-0.8 (a, b)

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
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diameter of 3.43 cm. The Reynolds number,
based on the average flow velocity U, and the
tube diameter D, was Re = 2.5-10°.

We introduce into consideration the effective
values of the turbulent viscosity coefficients
v, and v, in the longitudinal and azimuthal
directions. Experiments [2] have shown that
strong anisotropy of turbulent viscosity is
observed in the flow, and v, ./v,, = 4.

We define the turbulent value of the Reynolds
number Re,, as follows:

Uy R 1

Relz - _\/E,
Vi 1 VA

where U,, is the average flow velocity, A is the

(14)

hydraulic resistance coefficient, and x 1is 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:

x=01u51+§§W”=
D

Re
.02
=01u00-+ 685ﬂ%=oow,

145 2.5-10
where k,=0.02 mm - Kko3pduIHEHT
LIEPOXOBATOCTH  MOJUPOBAHHOTO  OPICTEKJIa.
Hcnonw3ys 3HAYECHUE YHUBEpCaAIbHOU
noctostHHOW 11t Bosmyxa o =0.07, u3 (14)
HaXO0JIUM Re,. =330. [TepecunThiBas
MOJY4YEHHOE YHUCIIO Peitnonbaca B

COOTBETCTBUM C XapaKTEPHbIMU BETMYMHAMH —
MAaKCUMAaJbHOM CKOPOCTH BHYTPEHHEH CTpyH
Uy B HauanbHOM ceueHuu z =0 u paauycy r,
MOJIyYUM:

where k, =0.02 mm is the roughness coefficient
of polished plexiglass. Using the value of the
universal constant for air y = 0.07, from (14)
we find Re,, = 330. Recalculating the obtained

Reynolds number in accordance with the
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characteristic values — the maximum velocity of
the inner jet U, at the initial section z = 0 and

the radius 7 — we obtain:

Re,. =330720 _ 1179,

Uy n

In the experiments [13], integral swirl
parameters for the inner and outer flows (S,

and S, respectively) were used, defined by the
relations:

[v.v,ridr
=t =01, (15)
}""J.VZ2 rdr

. . r__ " __ . .- __ . r __ " __
j=0:r=0,r=n;, j=1:1r=n,r=n.

In the series the ratio

V., =U,/U, of the average axial velocities at

of experiments,

the chamber inlet and the swirl parameter S, of
the inner flow varied insignificantly:
V. =0.69-0.74; So =0.59-0.71.
Recirculation zones were observed for five
cases under consideration, in which the values
of the initial swirl of the outer flow were:

S =-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 V. =0.7, S, =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:

Vo =—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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Vtz

G. =G 20763-4~3, (18)
Vie
Re. =Re. @ - 179 35 (19)
Vis 4

Taking this into account, the numerical solution
of the boundary value problem (1)-(4), (13) for
comparison with the experiment [13] was

]
v /:_

*
*
*
0.5

*
0 [
U a
**
0 5 10 z 15
1
v,
/
° [ ]
0.5 ®

0 5 10 z 15

carried out for Re, =30, G, =3, V, =0.7, and
the values of V(: from (17).

The calculated and experimental distributions of
the axial velocity 7.(0,z) 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.
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Figure 6. Comparison of the calculated (solid curves) and experimental [13]
distributions of the velocities V, at the channel axis; S =-0.38, —0.19, 0, 0.21 (a—d)

The influence of the outer flow swirl V(: on the

diameter d, of the near-axis recirculation zone
and the value of the maximum reverse flow
velocity V,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 d, of the recirculation zone and the
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reverse flow velocity V). 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 d, and V. The
obtained calculated results are in good
agreement with the experimental data [13] for
all five investigated cases of varying outer flow
swirl.
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Figure 7. Comparison of calculated and
experimental [13] dependencies of the
recirculation zone diameter (curve I and
experimental points) and the reverse flow
velocity (curve 2 and experimental points) on
the outer flow swirl

5. CONCLUSIONS

Based on the complete system of Navier-Stokes
equations, mathematical modeling of swirling
flows of various configurations has been carried
out. For the numerical solution of the boundary
value problems, a software package has been
developed that allows for the efficient calculation
of the structure of separated flows. Detailed
streamline patterns were obtained, the range of
parameters within which recirculation zones form
in the flow was determined, and the internal
structure of the separation zones was investigated.
A comparison of the presented calculations with
experimental data using the method of effective
parameters demonstrates the applicability of the
obtained results for the qualitative description of
turbulent separated flows.
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