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HYDRODYNAMIC STABILITY OF SWIRLING FLOWS WITH
AXIAL RECIRCULATION ZONES

Vadim K. Akhmetoy
Moscow State University of Civil Engineering, Moscow, RUSSIA

Abstact. The problem of the motion of a viscous incompressible swirling flow in an axisymmetric channel has
been numerically investigated. Various flow regimes have been obtained, including those with the formation of
the axial recirculation zones. In the framework of linear theory, the stability of the obtained calculated flows with
respect to non-axisymmetric perturbations is investigated on the assumption of local parallelism. The growth
rates and phase velocities of unstable disturbances are calculated. In the presence of a reverse flow zone, the

disturbances growth rates are increased significantly.
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TUAPOJUHAMUYECKAS YCTOMYUBOCTD 3AKPYUEHHbBIX
HOTOKOB C IPUOCEBBIMHU 30HAMMU PELIUPKYJIALIUN

B.K. Axmemoe
HarmonaneHeiii uccnenoBatenbckuii MOCKOBCKHIA TOCYapCTBEHHBIN CTPOUTEIBHBIN YHUBEPCHUTET, T. MockBa, POCCU S

AHHoTanus. YHCIEHHO HCClefOBaHA 3ajadya O JBMKEHHU 3aKPYYEHHOrO IOTOKA BA3KOH HEC:)KUMaeMoil
JKHJIKOCTH B OCECHMMETPUYHOM KaHase. [1oydeHsl pa3indHble pexknMbl TeUYSHUH, B TOM YHCIie ¢ 00pa3oBaHHEM
MIPUOCEBBIX PELUPKYJALMUOHHBIX 30H. B pamkax JsunHelHOM TeopuM Ha OCHOBE THUIOTE3bl JIOKAIbHOM
MapajuleIbHOCTH  TIOTOKA HCCIIEA0BaHa 3ajada 00 yCTOWYMBOCTH ITOJMYYEHHBIX PACUCTHBIX TEUCHHH I10
OTHOIICHHIO K HEOCECMMMETPHUYHBIM BO3MYyIIECHHsM. PaccumTanbl Koa()UIMEHTH ycuiaeHUS Hu (a3oBbIe
CKOPOCTH HEYCTOHYMBBIX BO3MyIIeHWH. [Ipn Hammumm B MOTOKE 30HBI BO3BPATHOIO TEUEHMS KOA(PQUIEHTHI

YCHIJIEHUS BO3MYILECHHH CYIIECTBEHHO BO3PACTalOT.

KiioueBbie c/I0Ba: THAPOANHAMUYCCKAS TEOPUS yCTONYMBOCTH, 3aKPYUCHHBIC TCUCHUS,
k02 duIMeHTHI ycuiieHus, pa3oBble CKOPOCTH

1. INTRODUCTION

Swirling flows have a wide area of applications
in various technical field. They are used to
intensify heat and mass transfer processes,
purify gases and liquids from impurities,
stabilize combustion processes, extinguish
energy in hydraulic structures, and etc. The
swirl has a significant effect on all the main
characteristics of the flow, including its
stability. In this case, a critical point (stagnation
point) with zero velocity is formed on the flow
axis or near it. Behind of this point, a reverse
flow zone is formed. The emerging instability
leads to the formation of secondary vortex
motions, and can also be the cause of the
collapse of the vortex.

The phenomenon of collapse (destruction) of a
vortex (vortex breakdown) was first discovered
in aerodynamic studies during the flow around
the wings of a large sweep. Disturbances of the
vortex decay type are characterized by a sudden
deviation of the vortex axis from its original
direction or a sharp increase in the vortex core.

The existing results on the study of vortex decay
are systematized in review [1]. Most of the
experiments were carried out in weakly expanding
axisymmetric tubes. Currently, eight types of
vortex decay have been recorded. Their detailed
classification is presented in [2]. Two types of
vortex breakdown are most common: bubble
breakdown and spiral breakdown. Bubble breakup
is characterized by a critical point on the flow
axis, followed by an almost axisymmetric shell of
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the recirculation zone. In problems related to
combustion, such recirculation regions serve as a
kind of flame holder [3]. In other technical devices
such as presented [4, 5], the formation of counter
flow zones is undesirable, since it can lead to
excessive deceleration of the main flow. After
axisymmetric decay, as a rule, spiral decay
follows. Although, they can be observed
independently. Spiral decay is characterized by a
sharp break in the vortex axis, after which a
corkscrew-like swirling of the flow occurs.

Thus, when the vortex is destroyed, a significant
rearrangement of the initial flow occurs. In
particular, it was experimentally established [6]
that after the collapse of a vortex, the flow, as a
rule, becomes turbulent.

The phenomenon of vortex decay is closely
related to the development of flow instability. The
problem of the stability of a free vortex whose
velocity profiles can be obtained from the self-
similar Batchelor solution for a viscous swirling
wake was studied in [7-12]. In the paper [9],
selective calculations were performed for the first
three instability modes of a free vortex. And a new
viscous instability mode was discovered for the
first time. Detailed studies of that are presented in
[10]. In the paper [11], the instability of the flow
under study was presented for large values of the
swirling parameter of the flow. There, the
existence of up to eight unstable modes
simultaneously was established. The branching of
eigensolutions is discovered and the filling of the
region of admissible values in the space of free
parameters by instability modes is studied.

The paper [12] provides a study on the stability
of a swirling flow in an unbounded medium, the
velocity profiles of which were obtained by
numerically solving the complete system of
Navier—Stokes equations. This study was based
on the hypothesis of local parallelism of the
flow. It is shown that in the presence of a
recirculation zone in the flow, the strongest
instability was observed. The oscillation
frequencies corresponding to the most unstable
wavenumber are consistent with the results on
the stability of vortices coming off the trailing
edge of an aircraft wing and with research data
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on the spectral characteristics of swirling flows
in an expanding channel [13].

This paper aims to study the problem of the
stability of an internal swirling flow in an
axisymmetric channel, using a similar approach.

2. STATEMENT OF THE PROBLEM ON
THE MOTION OF A SWIRLING FLOW

The paper considers the problem of the
development of a swirling flow in an
axisymmetric channel of radius. Axisymmetric
laminar flows of a viscous incompressible fluid
are described by the Navier—Stokes system of
equations. In a cylindrical coordinate system
r, ¢,z with respect to the stream function v,

the vorticity Q and the azimuthal velocity ¥,
can be represented as follows
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The system of equations (1)—(4) is written in a
conservative dimensionless form. The axial 7,

and radial 7, velocities are related to the
characteristic value Ug. The azimuthal velocity
Ve 1s related to the characteristic value Wy . The
coordinates are related to the radius rg, and the

time is related to the value m/Uq. The system
of equations (1)—(4) contains two dimensionless
parameters:
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Reynolds number Re=Ugyrg /v, in which v is
the kinematic viscosity, and spin parameter is
G=Wy/Uy.

The solution of the problem under consideration
1s determined in the area D: 0<z<z;,
0<r<I1. At the inputz=0, the following
distributions for the axial and azimuthal velocity
components (the radial velocity in the initial
section is assumed to be zero) were set:

V.0(r) = Do + Dy exp(—By 1),
Veo(r) = é(l—exp(—Bz rz)), 0<r<m,
r (5)
V. (r)=ao +a1r+a2r2 ,
V(po(r)=b0+b1r+b2r2, n<r<l.
These profiles are consistent with experiments
[6]. For 0 <r<n, the distribution of velocities
(5) corresponds to a free vortex. The constant
B> characterizes the value r at which the
azimuth velocity is maximum. By selecting Dy,
Dy, a corollary or jet type flow can be gotten. In
the equations (5), the coefficients of the
polynomials a;, b; are found from the no-slip
conditions at 1 and the continuity of the
velocities V;o(r), Veo(r), and their derivatives
at the point 7y .
The set of boundary conditions, including
setting velocity profiles Vo(r), Vyo(r) at the
input z=0, no-slip conditions on the channel
walls, symmetry conditions on the axis »=0,
and soft boundary conditions in the outlet
section z=z;, for this problem can be
represented as:

\Vz\l/o(r),V(P=V(p0(r),(2—“j:0,0£r£1,z:0
z
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y=0,Vy=0,Q=0,0<5z<z;,7r=0 (6)
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For the numerical solution of the boundary
value problem (1)—(4) with boundary conditions
(6), the finite difference method was used,
which was tested and successfully applied in
[14-17] to calculate swirling flows of various
types. In these calculations, the following values
were accepted:

Dy=1, D=0, Bi=0, B, =14,

A=0419, n=0.75, z; =10 (7)
3. RESULTS
The calculations of the flow fields

corresponding to the boundary value problem
(1) — (4), (6), (7) were carried out at Re =100,
150, 300, 500 in the swirl range 0 < G <3. The
most characteristic patterns of streamlines are
shown in Fig.1. Further, the main properties of
the calculated flows are considered in detail.

At a sufficiently large swirl value (depending on
the value of the number Re), a reverse flow
zone appears in the axial part of the channel,
limited by stagnation points (zj,z2) located on
the symmetry axis. This recirculation region has
a toroidal structure with closed current lines. An
example of such a flow at Re=100, G=2.1 is
shown in Fig.1, b. As the swirl increases, the
diameter d of the return flow region increases,
the recirculation region shifts upstream, and the
rear stagnation point z, slightly shifts towards
the front one z;.

If Reynolds number is higher of 150, G= 2.2,
the return flow region is formed somewhat
closer to the input section and its length in the
direction z decreases (Fig. 1, c¢). With an
increase in swirl G=2.4, the rear stagnation
point approaches the anterior one, and the
streamlines behind the recirculation zone
acquire a zigzag shape. With a further increase
in swirl G=2.6 (figure 1, d) downstream of the
first region of the return flow, a second
recirculation zone is formed. It also has a
toroidal structure, but with a lower recirculation
rate and a smaller diameter. The length of the
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Figure 1. Streamlines for Re=100, G=1.7 (a), G=2.1 (6); Re=150, G=2.2 (8), G=2.6
(2); Re=300, G=2.4 (0)

second reverse flow zone is much longer than
the first.

A further increase in the Reynolds number
Re=300 leads to a qualitative change in the flow
pattern. With a sufficiently high swirl 2.4 (Fig.1,
e), the first recirculation zone on the channel
axis is not formed (the flow directly in the axial
part for » <0.05 moves forward). In contrary, a
separation region with a reverse flow is formed
at a distance of r=0.1-0.3 from the symmetry
axis.
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4. FLOW STABILITY

Further, the small perturbations of a swirling
flow with given velocity profiles are considered

V. =U(r), Vo =W(r), V,=0 (8)
as solutions of the linearized Navier—Stokes
equations of the traveling wave type (normal
modes)
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V2V Ve, '} = ©)
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in which p is the pressure; alpha is the wave
number; n is the perturbation mode
(n=0;£1;£2;...); ¢ is the speed of wave
propagation; i is an imaginary unit. For complex
amplitude functions F(r), S(r), H(r), P(r) a
system of equations are obtained:

r*yF +or’P+r2SU' =

S a
Y+ 2rHW — r*P' =
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where y=a(U —¢)+nW /r. Prime means a

derivative with respect to ». For system (10) at
r = 0, the boundary conditions are derived from
the requirements for the regular behavior of the
solution near the axis and have the form

8(0)=H(0)=0,
F(0), P(0) — restricted forn=0;
S(0)+ H(0)=0,
F(0)=P(0)=0—-npu n==1;
§(0)=H(0)=F(0)=P(0)=0~ for |n| >1;
SH=H1)=F(1)=0.

(1)

Let’s consider perturbations (9) periodic in z,
whose amplitude varies with time. Then a is a

real number (a=2n/A, where A 1is the
perturbation wavelength), and ¢ =c, +ic;is the

complex one; ¢, is the velocity of propagation
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of the perturbation in the direction z (phase
velocity), ¢, is the rate of rise of the

is the
amplification factor of the perturbations, and
o, =oc,.is the oscillation frequency. For

= QlLC:

time, ; :

perturbation in ;

¢; <0, the perturbation amplitudes (9) decay
(the flow is stable), and for ¢, >0, they increase

with time (the flow is unstable).

The method for calculation of eigenvalues is
described in [9-10], and testing of the method is
presented in [11].

For the calculated swirling flows, the maximum
value of the radial velocity component is
smaller over order than the corresponding
values for the axial and azimuthal components.
In the distributions V,(r,z), Ve(r,z), the

relation with z is significantly manifested only
in the very initial section near the inlet section.
Therefore, the problem of the stability of the
obtained flows with respect to non-
axisymmetric perturbations (9) at r=-1 is
considered under the assumption that the flow is
locally parallel. For this purpose, in the system
of equations (10) take profiles V.(r,zp),

Vo(r,zo) as U(r), W(r), from calculations in

the system of equations (10). Here zp is a
parameter.

First, the case was studied, for which the initial
swirling of the flow is insufficient to form a
reverse flow zone. Only a slight swelling of the
streamlines is observed in the axial part of the
flow. An example of such a flow at Re=100,
G=1.7 is shown in figure 1, a. Figure 2, a show
the dependences of the gains ®; and the
corresponding phase velocities ®, on the wave
number o obtained in different cross sections
of the flow z=const for this case. In the initial
section z=0 (curve 1), a very slight flow
instability is observed with a maximum value of

®; =max®; =0.0027 in a narrow range of the
wave number 3.18<a<3.55. In the next
section, at z=0.31 (curve 2), the instability
increases and at z=2.5 (curve 4) it becomes the
largest. Further downstream, the instability
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Figure 3. Amplification factors - axis coordinate ( ) and wave numbers — axis
coordinate (_ ) diagrams for no6aButk Re u G ..... for fixed oscillation frequencies

decreases, and at z=10 (curve 6) at the channel
outlet, the flow becomes stable (®; <0).

Figure 3, a show the change in amplification
factors ; and wave numbers o along the flow
axis for perturbations (9) with a fixed oscillation

Volume 19, Issue 1, 2023

frequency o, . All diagrams ®;(z) show a local
maximum at z = 2.5.

Thus, swirling of the flow leads to instability of
the flow before the formation of the
recirculation zone. The axial velocity profiles in
this case are characterized by a large velocity
defect on the (Vi =0.1) axis, have an inflection
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point at z=0.25, and differ significantly from
the parabolic distribution.

At Re=100, G=2.1, there is a paraxial zone of
reverse stream in the flow at 0.207 <z <0.448
(figure 1, b). The -calculated amplification
factors and oscillation frequencies for a given
flow are shown in Fig.2, b. In the initial section
7z=0 (curve 1), the flow is unstable with a
maximum amplification factor of ®; =0.141 at
o« =3.74. In the region of the reverse flow at
7z=0.31 (curve 2), the strongest instability is
noted. At 0.6<z<2.5, the maximum values of
the amplification factors change insignificantly.
Further downstream, the instability decreases
and at the outlet at z=10 (curve 6), the flow
becomes stable (®; <0).

Takum 00pazom, 3aKpyTKa MOTOKA MPUBOJAUT K
HEYCTOWYHUBOCTH

Characteristic relations for the change in the
amplification factors along the flow axis for
flows with a recirculation zone are shown in
Fig.3, b. The distribution ;(z) has two local

maxima. One of them at z~2.5 is observed in
all calculated unstable flows and is associated
with the swirl effect. The other, located
upstream at z = (.3, is due to the presence of a
reverse flow zone in the flow. The values of the
amplification factors at the points of local
maxima are close to each other. In contrast to
the flow without the formation of a recirculation
zone, the velocity V., profiles in the axial
region have two inflection points at » =0.1; 0.3.
As can be seen from figures 3, a, b, the values
of the wavelengths corresponding to the most
growing disturbances in the first and second
zones differ insignificantly.

At Re=150 or more intense initial swirl G=2.6
in the flow, a second axial region of the return
flow is formed (figure 1, d). It has a large length
along z, and the recirculation rate is less. In this
case, the distribution ;(z) 1is completely

similar to the previous case and has two local
maxima, each of which is observed in the region
of the reverse flow zones. Moreover, instability
in the first recirculation zone leads to the

Vadim K. Akhmetov

formation of a more pronounced maximum for
the second zone.

The results obtained are consistent with the
calculations of the spatiotemporal instability of
swirling flows in an unbounded medium [18,
19], which show that the strongest flow
instability is observed in the region of bubble-
like decay and in its wake with the formation of
a spiral form of decay.

S. CONCLUSION

The provided studies on the swirling flows show
that there are two mechanisms of instability.
The first one is related with the effect of flow
swirl, the second one with the formation of
reverse flow zones. The traveling wave of
perturbations successively passes through two
zones, in which its amplitude grows most
rapidly. This effect can contribute to the
destruction of the vortex.
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