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Abstract

We study the stability of inviscid, incompressible swirling flows of variable density with
respect to azimuthal, normal mode disturbances. We prove that the wave velocity of
neutral modes is bounded. A further refinement of Fung’s semi-elliptical instability
region is given. This new instability region depends not only on the minimum
Richardson number, and the lower and upper bounds for the angular velocity like Fung’s
semi-ellipse, but also on the azimuthal wave number and the radii of the inner and outer
cylinders. An estimation for the growth rate of unstable disturbances is obtained and it
is compared to some of the recent asymptotic results.
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1. Introduction

Recent research on the stability of vortices is motivated by the aircraft trailing vortex
problem [10]. It has been pointed out in the review article of Spalart [14] that the
vorticity profiles appropriate for these problems should be continuous. However,
the analytical study of the instability of constant density swirling flows of inviscid
incompressible fluids with respect to infinitesimal normal mode disturbances was
initiated long ago by Howard and Gupta [7]. When the disturbances are only
axisymmetric, a number of general analytical results, such as the Richardson number
criterion for instability, a semicircle theorem for the instability region and an estimate
for the growth rate of unstable modes, can be found in that article. Since obtaining
general analytical results for the three-dimensional disturbances is very difficult, they
have considered the problem of stability of swirling flows with respect to a special class
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of nonaxisymmetric disturbances, namely, the azimuthal (also called two-dimensional)
disturbances. Let (r, 6, z) be a cylindrical polar coordinate system. Consider the motion
of an inviscid, incompressible homogeneous fluid in the annular region between two
infinite cylinders at r = Ry, Ry, where 0 < R; < R, < co. Then the basic flow has the
velocity (0, V(r),0), and the pressure is calculated from the Euler equations. The
azimuthal disturbances are of the form f(r)e™ =) where m is a nonzero integer,
called the azimuthal wave number, ¢ = ¢, + ic; is the complex wave velocity and
Q = V/r is the angular velocity. The only general result for this problem known
at that time was the Rayleigh theorem on instability, namely, a necessary condition
for instability was that DZ should change sign at least once, with D = d/dr as the
differential operator and Z the basic flow vorticity [3]. However, substantial progress
has been made on this problem subsequently. Shukhman [13] has constructed the
angular velocity profile

Q) +Q Q,-Q 1
= {252 (25 s )

as an analogue of the mixing layer profile in the parallel flow theory, where Q,Q,,d
and R are the parameters of the model. Note that d is a shear width parameter, R > 0
is a scale parameter and £+ and £+, are limiting values of the angular velocity in
the limits » — 0 and r — +o0, respectively. In the absence of the cylinders, that is,
when the fluid is in an open environment, Shukhman [13] has shown that this flow is
stable when m = 1 for all values of d, but, when m = 2, it is stable for d = d_itica = 1/2
and unstable for d < ditica;. Subbiah [15] has found an estimate for the growth rate
of unstable modes and also upper and lower bounds on the phase velocity of neutral
modes. Maslowe and Nigam [10] have developed a nonlinear critical layer analysis for
general profiles, while Shukhman [13] has constructed an analysis for a special profile.

Now we will discuss the problem under consideration in this paper, namely, the
two-dimensional stability of swirling flows of inviscid, incompressible and variable
density fluids. This problem has also been studied in many articles (see e.g. the
articles by Pierro and Abid [2, 11]) previously. The stability of a heterogeneous
swirling flow with velocity (0, V(r),0) and density po(r) confined within an annular
region R} < r < R, between two concentric cylinders was considered by Fung and
Kurzweg [5]. Following the usual normal mode analysis, they have considered
infinitesimal azimuthal disturbances, that is, disturbances of the form f(r)e™®-",
and derived the linear stability equation and the associated boundary conditions.
Subsequently, Fung [4] has obtained some of the important general analytical results.
In particular, he has defined a local Richardson number, J = Q*(Dpy)/por(DQ)?, with
D as the differential operator, and derived a semicircle theorem and a semi-ellipse
theorem for instability regions. If a < Q(r) < b, then for basic flows satisfying the
condition abDpy > 0, a semicircle theorem giving the instability region within the
complex wave velocity of unstable modes was derived. In addition, he has derived a
semi-ellipse theorem for the instability region, when the condition J < 1/4 is satisfied
by the Richardson number. The semicircle theorem was proved by adapting the
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method of Howard [6], while the semi-ellipse theorem was proved by that of Kochar
and Jain [8], both developed in the context of parallel shear flows. However, unlike
the semi-ellipse of Kochar and Jain [8], Fung’s semi-ellipse depended not only on the
minimum Richardson number J,,, (which is the minimum of J(r) over the flow domain
[R1, R>]), but also on the upper and lower bounds of the azimuthal velocity. Instability
of the constant angular velocity basic flow was also demonstrated by Fung [4] when
Dpy < 0, and it was interpreted as an instability due to a density variation, only because
there was no shear in this flow. Davalos-Orozco and Vazquez-Luis [ 1] have studied the
instability of an interface between two inviscid fluids inside a rotating annulus between
two cylinders with infinite dimensions, and pointed out the reason for not excluding
the disturbance with the azimuthal wave number m = 1, when the inner cylinder was
present.

In a recent work on this problem, Dixit and Govindarajan [2] have studied the
instability of the Rankine vortex. Though the stability equation studied is the equation
of Fung and Kurzweg [5], they have considered the stability problem in the absence
of the cylinders with infinite dimensions and, consequently, they have considered
only the modes m # 1. As there was no shear in the Rankine vortex, they studied
the instability by computing the growth rate of unstable modes as a function of
Atwood number [2] rather than the Richardson number. In the case of swirling
flows without cylinders, the instability of slowly varying velocity profiles was studied
asymptotically in the large azimuthal wave number limit by Pierro and Abid [11].
The basic flows considered in that work include general velocity profiles of the form
(0, V(r), W(r)) and the disturbances considered are also general, that is, they are of
the form f(r)e’*>*m0=@D_ Of course, the density of the basic flow is a nonconstant
function of r. They have also pointed out that swirling flows are important for
many application devices and as a fundamental problem considering their relevance to
aircraft trailing vortices, vortical transport of momentum and energy in meteorology
and vortex breakdown [12]. As such, these problems are widely studied, but the
physical mechanisms of their instabilities, when density variations are present, are
not generally discussed. In a variable density swirling flow, there are ingredients for
the development of two fundamental instabilities, namely, instabilities due to density
variations and instabilities due to differential rotation. Also, it is pointed out that the
instabilities due to density variations is characterized by the formation of bubbles and
spikes for positive and negative buoyant fluids, respectively.

The instability of swirling flows considered by Pierro and Abid [11] was restricted
to slowly varying basic velocity profiles, and the instability analysis was an asymptotic
analysis valid for large axial or azimuthal wave numbers. For the case of azimuthal
disturbances, they have obtained an expression for the growth rate, and observed that
the growth rate was unbounded for |m| > 1 (see equation (22) of their article [11]).
They have introduced the equivalent of the Brunt-Viisila frequency as N2(r) =
—(V2/r)(Dpo/po) (in our notation). Though Pierro and Abid [11] did not have any
restriction on the sign of Dpy in their asymptotic analysis, N(r) should be real only
for negatively buoyant fluids. They have also numerically studied the instability
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of Batchelor-like vortices [12] with density of the basic flow py(r) = poo[1 + (s — 1)
exp(—r?)], where p.. is the density at = co and s the axial to ambient density ratio.
Note that (s — 1)/(s + 1) is the Atwood number. Their numerical results demonstrate
the instability of the Batchelor-like vortices if s > 1, and this corresponds to negatively
buoyant fluids again. Pierro and Abid [12] have shown numerically that the linear
asymptotical results in their earlier article [11] that are valid for large azimuthal wave
numbers also work for lower values of m, and they are valid in the nonlinear regime.

Now we state the results obtained in the present paper. Upper and lower bounds
for the wave velocity of neutral modes are determined here. We have obtained a
generalized semi-elliptical region that depends not only on the minimum Richardson
number, and upper and lower bounds on the angular velocity in common with Fung’s
semi-elliptical region, but also on the azimuthal wave number and the radii of the
cylinders. For an infinite R, our generalized semi-ellipse reduces to Fung’s semi-
ellipse, but for finite R, it lies inside Fung’s semi-ellipse. Since J,, > 1/4 implies
stability of the swirling flow [4], the instability region should reduce to the line ¢; = 0
as J,, — (1/4)—. This is true for the instability region obtained in this paper and this
may be compared with that of Fung [4], which remains a semi-ellipse even in the
limit J,, — (1/4)—. A further consequence of the derivation of our generalized semi-
elliptical region is that we are able to obtain an estimate for the growth rate of unstable
disturbances. This estimate for growth rate is derived independently, and a further
improvement of this is also given. This can be compared with the estimation of Pierro
and Abid [11]. Our estimation is valid for all values of the azimuthal wave number
m, while theirs is valid for only large values of m. Another difference is that our
estimation is valid for positively buoyant fluids and for all smooth velocity profiles,
whereas theirs is valid for slowly varying velocity profiles.

2. Formulation of the problem

We consider the motion of an inviscid, incompressible and density stratified fluid
between concentric cylinders of radii R; and R, with 0 < R} < Ry < co. Also, we
consider a basic flow with velocity (0, V(r), 0), pressure Py(r) and density po(r), where
the pressure is related to the velocity and density by dPy/dr = po(V?*/r). The disturbed
flows are given by the velocity (u, V + v, w), pressure Po(r) + p and density po(r) + p
with equations

u (V+v)ou u (V+v)2)_ O(Py + p)
(p+po)( 6r+ r (')9+Waz r B or
o+ 0)(6(V+v) OV (V4 oV +v) +w8(V+v)+z(V+v))

or r 00 0z r
_lop
r oo’
ow (V+v)(9w ﬁw) ap
(p+p°)( +”ar T e V)T e
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ou u 18(V+v)

— +- =0,
c')r+r+r 06 61

op  dp+py) (V+v)dp  Gp

A e TR e

For infinitesimal disturbances, the nonlinear terms can be neglected to get the
following linear system of partial differential equations:
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%, o0 Vo (2.5)

o ar T roe
We consider the two-dimensional (that is, disturbances with w = 0 and 9/9z(u, v) = 0)
normal mode disturbances which are of the form

(v, p, p) = (@(r), ¥(r), p(r), p(r)e™ =,

where m is a positive integer, called the azimuthal wave number, 0 is the azimuthal
angle and c = ¢, + ic; is the (complex) phase velocity. When mc; > 0, it is called the
growth rate of an unstable mode. Substituting these variables into the equations (2.1)—
(2.5), we get the following system of ordinary differential equations:

V2 dp
po(im(Q — c)it — 2QP) — —p = —d—p
-
av v imp
po(im(Q — o+ (— N —)u) _ P
dr r r (2.6)
dic @ imd
—+-+—=0,
dr r r
d
im(Q —c)p + %ﬁt =0.
Evaluating all variables in terms of #(r), and dropping —,
Dpo
= 9 2-7
P im(Q —c) 2.7)
y=-—D'u, (2.8)
im
p =LY Q- )D*u + D*Vu), (2.9)
im
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with the differential operators D = d/dr and D* = D + 1/r. Now, substituting (2.7)—
(2.9) in (2.6), we get the second order ordinary differential equation

DlpoD*(rQ)]  rQ*Dpy
D(por*D" +{— 2 L " } =0 2.10
(por”D"u) + \=pom 0_¢ Q-o2)" (2.10)
with boundary conditions
u=0 atr=R|,R;. (2.11)

The eigenvalue problem consisting of equations (2.10) and (2.11) has been derived by
Fung and Kurzweg [5]. If we take u = (Q2 — ¢)F, then

rQ*Dpy

D(por?D*[(Q — ¢)F]) + {—mzpo(Q —¢) — rD(poD*(rQ)) + }F =0 (2.12)

C

with boundary conditions
F(Ry) = 0 = F(Ry). (2.13)
For unstable modes ¢; > 0, G = (Q — ¢)!/?F is well defined and

(@ — D DG) + por*DQD*G . D(pgr*DQG)  por’(DQ)’G

2 2 4(Q-c¢)
+ {—m2p0 — rD(poD*(rQ)) + rng)’s 0 }G -0 (2.14)
with boundary conditions
G(R)) =0=G(Ry). (2.15)

If the perturbation stream function is ¢(r)ei’"(9‘c’), then u = —im¢/r and, substituting
this in (2.10),

Lom? Q*Dp D(pyZ)
pO(D b= 7)¢+DPOD¢+{r(Q—c0)2 - r(Qic)

}¢ —0 (2.16)

with Z = rDQ + 2Q) as the basic vorticity and the boundary conditions
¢=0 atr=R,R,. (2.17)
When the fluid is homogeneous, that is, when pg is constant, equation (2.16) reduces
to equation (2.2) of Shukhman [13].
3. Boundedness of the wave velocity of neutral modes

The wave velocity c is real for neutral modes. For singular neutral modes, it is
bounded since a < ¢ < b. So, it is enough to prove that ¢ is bounded for nonsingular
neutral modes. For nonsingular neutral modes, either c <aorc > b,andso Q —c # 0
in [Ry, R;]. For such modes, we have the following general result.
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TueorEM 3.1. The wave velocity of any nonsingular neutral mode is bounded, and the
lower and upper bounds are given by

+ D(pOZ)min(RZ - Rl)2 _ (RZ - Rl)2 VAmax

27T2(p0)mian 2772(p0)minR1
_ 2 _ 2 ./
<c< b n D(pozzmax(Rz Rl) + (R2 2R1) Amax,
272(00)minR1 27*(Po)minR1

where
Amax = max [(D(0oZ))” + (4pominR17°Q* Dpo/ (Ry = R1))].

Proor. Multiplying equation (2.16) by r¢ (which is real) and integrating over the
interval (Ry, R,),

R m2 R
fR po(D*D—r—2)¢<r¢)dr+ f DpoDé(r¢) dr

Ry

. fR2 { O’Dpy  D(poZ)
Q-c2 Q-0

}|¢|2 dr=0. (.1)

R
Now
Ry . Ry D(rD
f poD" Do - (9 dr = f 002729 14y ar
R, R r
R
- fR DUDPpos dr
R
= [rDgl - fR rD¢(Dpod + poDe) dr.
Consequently,

R R> R,
f poD*D¢ - (r¢)dr = — f D¢Dpore dr — f porlDgI dr (3.2)
Ry R, Ry
(by applying the boundary conditions (2.17)).
Using (3.2) and (3.1),

R> Ry 2 R _ 02
f p0r|D¢|2dr+f m7|¢|2dr+f {D(’OOZ)(Q ) QDpO}I¢|2dr:0. (3.3)

Ry Ry R, Q- C)2

Note that in (3.3), if ¢ is sufficiently large, the last integral is dominated by the first
integral (by Sobolev embedding) and, therefore, the sum of the left-hand side must
be strictly positive, which is a contradiction. Consequently, the wave velocity c is
bounded. Now we use the well-known Raleigh—Ritz inequality [3], which yields
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R R>
f po(IDI’rdr = (pO)mianf \DgI* dr
R,

R

. 2 Ry
L (%
(R — R1)* g,

Using this estimate and dropping the second term in (3.3),

R b )
ol i
le [ (Ry — Ry Q=0+ DipeZ)(Q =) -0 DPO] Q-c) dr<0.

This means that there is a rg € (R, R») such that

rninR 2
PO RAT (1) — e + DipoZ) (1) ro) = €) — Q) Dpo(ro) < 0.
(R, —Ry)
We can rewrite this inequality as
(PO)minR17* 5 [2Q(p0)minRi7 (P0)minR170*Q? (r)
Re—R? | TRk AT T R Ry
+ D(poZ)(ro)(ro) — Q*(ro)po(ro) < 0, (3.4)

which is a quadratic inequality in c. If we only consider the equality sign in (3.4), we
have a quadratic equation in ¢ with discriminant

4(p0)minR1 7> Q% (r0) Dpo (ro)

_ 2
A = [D(poZ)(ro)]” + Ry —R))?

A negative quadratic discriminant means the nonexistence of the nonsingular neutral
modes. A nonnegative quadratic discriminant and the fact that the coefficient of ¢? is
positive imply that ¢ should be bounded from below and above, and

D(poZ)(ro)(R2 = R1)*  (R2 = R1)> VA(ro)
27T2(p0)minR1 27T2(p0)mian

D(poZ)(ro)(Ry — R1)? N (Ry = R1)* VA(ro)
272(p0)minR1 212 (p0)minR1

Q(ro) +

SCSQ(I"())+

This implies that
+ D(pOZ)min(RZ - R1)2 _ (RZ - Rl)2 VAmax

272(P0)minR1 2712(Po)minR1
— 2 _ 2 N
<c<b+ D(pOszax(R2 Rl) + (RZ 2R1) Amax’
27%(P0)minR1 212 (po)minR1
which completes the proof. ]

When p is constant, our result reduces to that of Subbiah [15]. Pierro and Abid [11]
have pointed out an important difference between swirling flows with Dpy > 0 and
Dpo < 0. The flows are characterized by bubbles for positively buoyant fluids (that is,
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when Dpg > 0) and spikes for negatively buoyant fluids (that is, when Dpg < 0). For
the positively buoyant fluids, the discriminant A is always nonnegative, whereas for
negatively buoyant fluids the discriminant A is nonnegative if the density po(r) and the
velocity V(r) satisfy the condition

(Do) in(R2 — R1)?
4(p0)minR17T2Q2max
The following is an example of a basic flow satisfying this condition:
Q +Q QQ—Ql) (1 r)]
Q) == h{ - log —
") +[ 2 +( R R VR
withQ; =0.5,Q, =1,d=1/4,R=2 and

|Dp0|max <

r—(R, +R2)/2)]

1
po(r) = 5[('01 +p2) — (o1 —Pz)tanh( o

with p; = 6,00 =7,Ri =1 and R, = 11.

4. Instability regions for arbitrary angular velocity and density profiles

We obtain instability regions within which the complex phase velocities, c,
corresponding to unstable modes lie in the (c,, ¢;)-plane using the classical integral
method. Since our results are improvements on the results of Fung [4], our analysis is
a continuation of his analysis. The details of the derivation of his results are given in
the Appendix.

The semi-elliptical instability region of Fung [4] is valid for flows satisfying the
condition abJ > 0. As pointed out in [4], this semi-ellipse is different from that of
Kochar and Jain [8] for stratified parallel shear flows, since the minor axis of the semi-
ellipse of Fung depends on the upper and lower bounds of the angular velocity. Note
that Fung’s semi-elliptical region has an important limitation, namely, it remains a
semi-ellipse even when J,, = 1/4. Since a sufficient condition for stability is J > 1/4
(see Appendix), it is desirable that the instability region should reduce to the line
¢; =0 when Jnin — (1/4)—. Since this does not happen similarly to the instability
regions obtained in [4], we try to improve the semi-elliptical instability region of
Fung [4]. Here our analysis is based on the adaptation of the method of Makov and
Stepanyants [9] to the present context of rotating flows. In an analogous inequality
used in the proof of Fung’s semi-ellipse theorem, we combine the first term and
the fourth term of the inequality (A.11). Consequently, the dependence on the wave
number m vanishes in the final result. However, we do not combine the terms at this
stage, and the wave number m appears in the inequality.

Next we rewrite the inequality (A.11) as

R>
E?+ B> + m*D* - f por’|DQ||F||D*F|dr < (1 — 4J,,)B, 4.1
R
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where

R R, 3 DQ 2
E?= f 0olQ — | |D*FR dr, B? = f por IDOF o
Ri R HQ-C

Ry
and D? :f 00lQ — c| |[F*rdr.
R

Since

Ry
f por’|DQ||F||D*F|dr

Ry
5(4 f 00r1Q — ¢ |D*F|2dr) ( f MIFlzdr)
R R 4HQ -

=2EB,
using the estimate in (4.1),
E*+B*+m’D* - 2EB < (1 —4J,)B%,
that is, E2 + m*D* - 2EB + 4J,,B* < 0.
Solving this inequality with respect to E,

B— (B> —m’D* - 4J,B»)'? <E < B+ (B> - m*D* — 4J,,B»)"?,

D2 1/2
which yields E? + m*D* < 2B*(1 = 2J, + (1 = m* = —4J,,) ). (4.2)
BZ

Now

R
D? o, POIQ = cl[FPrdr

B [ 1FRporIDQR /40 - cldr
4cl.2 fRITZ polFI>rdr

>
— R b
IDQRwRS [ polFPrdr

. D? 4c?
that is, - > —_— 4.3)
B DO R;

Since |Q — ¢| > ¢;,

R2 RZ
E? + m?D? = 00lQ — c|P|D*FP dr + m? f 0lQ — | |FPPrdr
R1 RI
Ry
> ¢ polP\D*FI* + m?|F*1rdr,

R,

Ry
thatis, E>+m’D* > c; Qdr, (4.4)
Ry
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and
Ry 3 2 Ry
por’|DQ| 2y 1 f 3 -2 2
B = - |F — FI*IDQP dr. 4.5
le 4IQ—||| 4 por” |FI"IDQI" dr 4.5)
Using the estimates (4.3)—(4.5) in (4.2),
R2 2¢? R2
f por’|FHDQP dr > ! er. (4.6)
R, 1= 20, + \/1 — 4y — 4m2c2 | RADQ) VR
Now
R o) 2 3 2
2 > QD DQ
abf Dp0r2|F|2dr:abf 7% Dpo_ pom D) i g,
R R, Por-(DQ)?) Q?
R, 3 2
DQ
:abf JM|F| dr
R] Q
R> 3 DO 2
> abd,, f Mm dr
R] Q
Jn
> Lm0 B (DQRIFP dr
b Jg,
I 2c? R
Zab L f Qdpr,
1 =20, + \/1—41 — 422 |RA(DQ) . VR
which yields
R
ab f Dpor?|F* dr
Ry
al, 2¢2 R

: 0dr. (47
=204 |1 =40, — 422 [R(DOQRy VP

> —
b

Substituting (4.7) in (A.8) and using the fact that fI:Z Qdr > 0, we have the following
generalized semi-ellipse theorem.

TueoreM 4.1. The complex phase velocity ¢ of any unstable azimuthal mode must lie
inside the generalized semi-ellipse

2 2 _ 2
-t e e
1 =27, + \/1 41, — 4m2 2[R (DQ)R

Note that in the absence of an outer cylinder when R; is infinite, the generalized
semi-ellipse in Theorem 4.1 reduces to the semi-ellipse of Fung [4]. However, when
the outer cylinder is present at r = R, < oo, the generalized semi-elliptical region of
Theorem 4.1 definitely lies inside the semi-elliptical region of Fung [4]. Another
consequence of this result is given in the next section.
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5. An estimation of the growth rate in the presence of the cylinders

One more important relation follows explicitly from (4.8): stipulation of a
nonnegative radicand involved in the condition

m*ct < (3 - J,)RS max{(DQ) ), (5.1)

which, in fact, sets an additional restriction on c¢;. The inequality (5.1) is derived from
(A.10), adapting the method of Howard [6]. Dropping the term fRITZ por’|D*G|? dr from
the left-hand side and using 1/|Q — ¢|* < 1/ cl.z,

R 1/4 = J,)(DQ2R2 (*
mzf PoIGIQrdrS(/ )(2 i 2[ polGI*rdr,

R, ¢ R,

that is, m*c? < (1/4 — J,,))(DQ)2,R3. Since the integration is over a finite interval,

[R1, R;], the dropped term may be estimated by using the well-known Rayleigh—Ritz
inequality [3] by adapting the method of Makov and Stepanyants [9]:

Ry R D 2
f p0r3|D*G|2 dr = f p0r3(w) dr
R R r

R
Z(po)mianf ID(rG)I dr

Ry
> (pO)mleﬂ' | G| dr
(R, —Ry)?
, (CominRi” &Wﬁh
T (R —Ry)? '
Ry

Therefore, from (A.10),

(P0)minR3 7 1 R porP (DY
(m +(p0)mian) (Z —Jm)‘fI PITOYE —o |Gl dr

I/\

1/1
_2 (Z m)R3 (DQ)max (p())max,

which yields the estimate

m C (pO)max (1/4 J )R’;(DQ‘)max (5 2)
= Podmin (Ror2/n(Ry — R)2 + Ry '

This estimate for growth rate of an unstable mode depends on the radii of the cylinders
R, and R, and their difference R, — R;. If the distance between the two cylinders tends
to zero, then it follows that the growth rate mc; — 0. The boundedness of the growth
rate of unstable modes given in (5.1) and the improvement given in (5.2) are only valid
in the presence of an outer cylinder at a finite distance » = R,. Note that the growth rate

https://doi.org/10.1017/51446181115000036 Published online by Cambridge University Press


https://doi.org/10.1017/S1446181115000036

[13] A note on the two-dimensional instability of swirling flows 221

of unstable modes has been found by Pierro and Abid [11] by the large azimuthal wave
number asymptotic analysis, that is, for m > 1. Their result shows that the growth rate
(see equation (22) of Pierro and Abid [11]) is an unbounded function of m for m > 1.
The reason for the difference between our result and theirs is as follows.

(i) Their result is an asymptotic result valid for large |m| but without any restriction
on the sign of (Dpy), whereas our result is valid for any value of |m/| but restricted
to the case of (Dpy) being nonnegative.

(i1) The presence of the cylinders at r = R; and R, gives our bound, while in their
analysis the cylinders are absent.

The instability of Batchelor-like vortices with density profile po(r) = poo[1 + (s — 1)
¢ has been numerically studied by Pierro and Abid [11], where s is the axial to
ambient density ratio. In the case of two-dimensional disturbances, they have shown
instability for s > 1. This corresponds to Dpy < 0, that is, density is a decreasing
function of r.

6. Further refinement of instability regions for specific angular velocity profiles

The general results obtained in Section 4 apply to arbitrary density and velocity
profiles for a stratified flow. Now we shall show that the generalized semi-elliptical
region of Section 4 can be improved for a special class of angular velocity profiles.
Recall that the apparent inequality

Ry
0> Q-a)(Q-b)0,dr
R
IRZ R2 R2
=f Q%Q, dr - (a +b) QQ, dr +ab O, dr (6.1)
Ry R Ry

plays a central role in proving the semicircle, semi-ellipse and generalized semi-ellipse
theorems. Substituting the integrals [4]

R2 R2 R2 RZ
f QO dr = c,f er,f Q*Q,dr = (c% + ciz) Qdr
R, R

R, Ry
and f O dr = f Qdr + f (Dpo)r?|F|* dr (6.2)

in (6.1), we obtain (A.8), which yields Fung’s semicircle after dropping the last term
on the left-hand side. The closer the right-hand side of (6.1) is to its upper limit
of zero, the more exact is the estimate of the (c,, ¢;) parameter region for growing
perturbations. For this purpose, we decrease the absolute value of the first integral in
(6.1), substituting Q; by a smaller nonnegative function

rpolrlDF| = Nm? — 1|F|]* = Q) — 2% Vm? — 1|DF||F]|,
which yields
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R>
0> (Q — a)(Q — b)rpy[r|DF| — Vm? — 1F|)? dr
R

Ry Ry
= Q-a)Q-b)Q1dr-2Vm?> -1 po(Q — a)(Q - b)|DF||F| dr
R R

1

R2 Rz R2
:f Q*Q,dr—(a+Db) QO dr + ab O, dr
Rl Rl Rl
R b—a\? b\2
Ve 1 r2po[( 2") —(Q—‘“zr )]lDFl \F|dr. 6.3)
Ry

Using (6.2) in the above inequality (6.3),

R2 Rz
0> {c? +c? — (a +b)c, + ab) Qdr+ab | (Dp)|FPdr
Rl Rl
R b—a\? b\2
Ve 1 r2p0[( - a) - (Q - a; ) ]lDFl Fldr.  (64)
Ry

This inequality generalizes (A.8) and contains an additional final term greater than
zero. Neglecting the second and third terms in (6.4) yields Fung’s semicircle
theorem [4], while neglecting the third term with a suitable estimate of the second
term gives his semi-ellipse. An estimate of the second term of (6.4) different from the
one obtained by Fung gives our generalized semi-ellipse Theorem 4.1 in Section 4.
Now, keeping the third term in (6.4), we will find an estimate for the same, which will
give an improved instability region.

Hence, we now estimate the third term on the right-hand side of (6.4), substituting
it either by an equivalent expression or by one with a smaller absolute value. For this
purpose, we see that when the condition

ke b—a\ {Q-(a+b)/2) Ra
2 _ 3
j;] r po[( 5 ) b2 ]|DF| |F|dr > ﬁl dr’po|DF||F||DQ|dr, (6.5)

where d is a constant with dimension of distance, is satisfied, the inequality (6.4)
can be strengthened, expressing the last component in terms of the integral f Qdr.
Unfortunately, validity of (6.5) in the general case has not been proved. Now we will
identify a class of basic angular velocity profiles that will satisfy the equation (6.5). In
particular, equating the integrand on the left- and right-hand sides of (6.5), we obtain
the differential equation

2 b—a\? a+b\?
o= 2552 -5} |
*o-ol\ 2 2 66)
which has a solution
a+b (b-a logr b—a
=+ +( - )tanh( ) +e( - ))] 6.7)
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where e is an arbitrary constant. If we choose e such that e{(b — a)/2} = —(log R)/d,
where R is a constant, then
a+b (b-a 1 r
Q) = i[ ~2 4 (552 anh - tog R)], (6.8)
which is the profile given by Shukhman [13]. Note that Shukhman [13] has constructed
this angular velocity profile as a model for a mixing layer of rotating fluid which
is an analogue of the mixing layer for a plane flow widely used in the literature.
He has discussed the linear instability of this model flow with homogeneous density
and the nonlinear instability as well. It is interesting that the Shukhman profile [13]
given in (6.8) is obtained as a solution of an ordinary differential equation satisfied by
the angular velocity that is necessary for the applicability of the improved instability
region.
The inequality (6.5) is satisfied for the profiles (6.7) or smoother ones, that is,

profiles for which
2 [(b-a\ a+b\?

s 2|52 -3}

1D b - a[ 2 2
For these profiles, the inequality (6.4) takes the form

b\2 b—a\l Ry R,

02[(0,—a+ ) +c,.2—( “)] Qdr+ab [ (Dpo)?IFPdr
2 2 R, R,

2

Now we estimate the last term by using the relation between F and G, that is, from
G=(Q-0)?F,

b- ke
+2dVm? = 1( “) f o |DQ||DF| |F dr. 6.9)
Ry

IDQP

DG > |Q - ¢||DF* +
IDGI” > |Q — c||DF] 204

|FI> — |IDQ||F||DF).

This yields

R>
f ,oo(rleGl2 + m2|G|2)rdr
R,

R>
> f porlQ — c|(FPIDFP? + (m? — D|F|?) dr
R

Ry, 3 DQ 2 F 2 Ry
f TpolDOIFE f P polDQ |F||DF) dr,
R 41Q — ¢| R

1

Ry
that is, f po(FPIDG + m*|GI»)rdr
Ry

R> Ry, .3 DQ 2
zf |Q—c|Q1dr+f TolDQF Lo
R g 4HQ -

Ry
- f rpolDQ||F||DF| dr. (6.10)

Ry
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Now, using integration by parts and the boundary conditions (2.15),

R
f polP\D*G* + m?|GI*1rdr
Ry
R
> (p0)minR1 [*|D*GI* + m*|GI*1 dr
Ry

R
= omnk| f (PIDGE + G dr|
R,
Ry Ry
+ ok f IGP dr + (G - f 6P ar|
R] Rl

R>
= (Po)mian[ f (PIDGP + m2|G|2)dr]

R
S (P0)minR1
a (pO)maxRZ

Ry R>
that is, f po(FAIDGI* + m* |G} rdr < A f polr?|D*GI* + m?|G*r dr,
Ry R

R>
[ f 00(PIDGP + m2|G|2)rdr],
R

where A = [(00)maxR2/(00)minR1] > 1. Then, from (A.10),

Ry 1 R 3(DQ)2
f 00(PIDGP: + mIGP)rdr < /l(— - Jm) f 2o DGRy, (6.11)
R 4 R Q-

Substituting (6.11) in (6.10) and since |QQ — ¢| > ¢; and 1/|Q —¢| > 1/(b — a),

A, —1/4) +1/4
b-a

R>
f por’|DQ||DF||F|dr > c;

Ry
Ql dr +
Ry R

R
f por’ (DQ)*|F|* dr,
R

provided that A(J,, — 1/4) + 1/4 > 0, that is, J,, > (1/4)(1 — 1/4).
Using the inequality (4.6) and since fRITZ Q,dr = (a/b) fRITZ Qdr, (6.11) reduces to

R, a (R A= 1/4 +1/4
f oo IDOIDF|Fldr = ¢ [ odr+ X M+ f oo (DQYIFP dr
Ry b Ry b-a Ry
a (R AT, —1/4) +1/4
> G (" gy AWn 1D 1]

b Ry b-a

2¢; Ry
X f Qdpr.
1= 2 1= 40, — 412 R (DD P

max

Substituting this estimate in (6.9), dropping the term ab fRITZ Dpor?|F|? dr (since we
have taken Dpy > 0) and since lefz Qdr >0,
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o= 32 ) e 5 =15

2dNm? = A, — 1/4) + 1/4)c?

+

1 =24, + \/ 1= 4J,, — 422 [R2(DQ2

(5] o)

And, if we do not drop the term ab fRITZ Dpor*|F|? dr and use the estimate given in (4.7),

= 432) e S5

L AN =T = U4+ U4} +adulb
1—2J + \/1— 4,y — 42 [RADD s

_(b a) [1 :(m —1)} 6.12)

Thus, we have proved the following result.

THEOREM 6.1. For angular velocity profiles satisfying the conditions (6.6) and (6.4),
the instability region for arbitrary unstable modes is given by (6.12).

If we put m = 1, then (6.12) reduces to (4.8), but for other values of m the instability
region given by (6.12) lies not only inside the semicircle and semi-ellipse of Fung [4]
but also inside the generalized semi-ellipse given by (4.8) of the present paper. As
noted earlier in the context of an improvement of Fung’s semi-ellipse, the presence of
an outer cylinder at a finite distance r = R; is also essential for the above result.

7. Discussion of the result

For the stability problem of inviscid swirling flows with variable density with
respect to two-dimensional disturbances, we have obtained a number of new results
in the present paper. The boundedness of the wave velocity of neutral modes has been
proved for the first time here.

Dixit and Govindarajan [2] and Pierro and Abid [11] studied the stability problem
of swirling flows in the absence of cylinders. This means that R; =0 and R, = oo
and, in this situation, the condition of Theorem 3.1 becomes [D(pyZ)]> > 0, which is
satisfied without any restriction on the basic velocity or density.

Our generalized semi-elliptical region of instability is an improvement on the
semicircular and semi-elliptical regions of Fung [4] in the following way: the
instability region given by (4.8):

(i) lies inside the semicircular region of Fung and it reduces to his semicircle when
In — 0;
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(i1) it depends on the minimum Richardson number J, and the minimum and
maximum of the angular velocity like Fung’s semi-ellipse; in addition, it also
depends on the azimuthal wave number m and the radius of the outer cylinder
R;. In fact, when R, — oo, it reduces to Fung’s semi-elliptical region;

(iii) it reduces to the line ¢; = 0 when J,, — (1/4)— in accordance with the sufficient
condition for stability, derived in the Appendix;

(iv) an estimate for the growth rate mc; follows from the nonnegativity of the term
inside the square root in (4.8).

The estimate of growth rate (5.2) of an unstable mode depends on the radii of the
cylinders R; and R, and their difference R, — R;. If the distance between the two
cylinders tends to zero, then it follows that the growth rate mc; — 0. The boundedness
of the growth rate of unstable modes given in (5.1) and the improvement given in (5.2)
are valid in the presence of the outer cylinder at a finite distance r = R, only. Note that
the growth rate of unstable modes has been found by Pierro and Abid [11] by the large
azimuthal wave number asymptotic analysis, that is, for m > 1. Their result shows that
the growth rate (see equation (22) of their article [11]) is an unbounded function of m
for m > 1. The reason for the difference between our result and theirs is as follows.

(1) Their result is an asymptotic result valid for large |m|, but without any restriction
on the sign of (Dpy); whereas our result is valid for any value of |m|, but restricted
to the case of (Dpy) being nonnegative.

(i1) The presence of the cylinders at » = R; and R, gives our bound, while in their
analysis the cylinders are absent and, consequently, R; = 0 and R, = oo.

Pierro and Abid [11] have studied the instability of Batchelor-like vortices with
density profile po(r) = po[l + (s — l)e"z], where s is the axial to ambient density
ratio. In the case of two-dimensional disturbances, they have shown instability for
s 2 1. This corresponds to Dpg < 0, that is, density is a decreasing function of r.

For further understanding of the results of the present paper, namely, the estimates
for the growth rate and the instability regions, we plot the curves defining the ranges
of ¢, and ¢; by choosing Q(r) = (a + b)/2 + [(b — a)/2] tanh((1/d) log (r/R)) with
a=05,b=1,d=1/4,R =2 and for a particular value of J;,, namely J,, = 0.2. In
Figure 1, the breaks of the curves indicate that the radicand in (4.8) becomes negative
for sufficiently large m. Therefore, the additional restriction stipulated by (5.1) occurs
in the imaginary part of the wave velocity. In this figure, the bold line is Fung’s
semi-ellipse and the dashed line is Fung’s semicircle. It is clear from this figure that
the maximum of the imaginary part of the wave velocity depends on the azimuthal
wave number as well as J,,. The inequalities (4.8) and (5.1) enable us to estimate
the dependence of the maximum growth rate on J,,. The family of lines in Figure 2
represent the estimates of mc; versus J,, at different values of m.

We now consider a velocity profile of the type (6.8), assuming that density is an
arbitrary smooth function of r. The range of (c,, ¢;) defined by (6.12) is shown in
Figure 3 for different values of m and J,, = 0.2. The value of 4 is computed by taking
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Ficure 1. Dependence of the complex wave velocity range for growing perturbations on the wave number
m, plotted using (4.8) at J,, = 0.2. The dashed line shows Fung’s semicircle, the heavy curve is given
for Fung’s semi-ellipse and the generalized semi-ellipse is given for different values of m, namely,
m=2m=3,m=4.
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Fiure 2. Estimates of the maximum growth rate mc; versus the minimum Richardson number J, at
different m. The thick line gives the growth rate given by (5.1). The improved estimates following from
the generalized semi-ellipse (4.8) are given for different values of m.
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Ficure 3. Dependence of the complex wave velocity range for growing perturbations on the dimensionless
wave number m for a particular velocity profile of the type (6.8), plotted using (6.12) at J,, = 0.2. The
dashed line shows Fung’s semicircle and the heavy curve is given for Fung’s semi-ellipse. The dotted line
gives the generalized semi-ellipse for m = 2.

the density profile

r— (R + Rz)/Z)],

1
Po=3 (o1 +p2) — (o1 — p2) tanh( 01

which Dixit and Govindarajan [2] have used by choosing p; = 6,0, =7,R; = 1, R, =4,
and this yields 4 = 14/3. Note that the curves corresponding to equal values of m are
located in Figure 3 lower than in Figure 1. From Figure 3, we see that the instability
region for m = 2 as given by (6.12) lies inside that given by (4.8). The improved
instability region is valid for disturbances with m # 1. It may be noted here that
Fung [4] has discussed a basic flow which is stable for m = 1 but unstable for m # 1.
Also, Shukhman [13] has shown that the angular velocity profile constructed by him is
stable for m = 1 and all values of d but it becomes unstable for m =2 whend < 1/2. In
the context of parallel shear flows, Makov and Stepanyants [9] have plotted the growth
rate versus the wave number curve for different values of the minimum Richardson
number. Unlike that situation, in the case of the stability of swirling flows to azimuthal
disturbances, the wave number m varies over discrete values, and we have plotted the
growth rate mc; versus the minimum Richardson number Jy,, curve for different values
of the wave number.
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8. Concluding remarks

We will make some remarks on the stability problem of variable density swirling
flows with particular reference to the problem that needs to be solved for a better
understanding of the problem. It is necessary to compute the maximum growth rate
curves as a function of the minimum Richardson number, J,,, for positively buoyant
fluids so that it can be compared with the growth rate curves given in the present
paper. For constant density swirling flows, a necessary condition for instability is that
DZ should change sign in the flow domain. Now, we should find the role of DZ in
the stability analysis of variable density swirling flows. In particular, we should find
instability regions that depend on the term DZ. Finally, the wave velocity of neutral
modes should be computed so that it can be compared with the bounds given in the
present paper.
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Appendix
Multiplying equation (2.12) by rF*, where F* is the complex conjugate of F, and
integrating the final equation over the flow region,

Ry
(Q - )D(por*D*[(Q — ¢)F1)rF* dr
R

Ry
+ f {(=m?po(Q — )% = rD(pyD* (r))(Q — ¢) + rQ*Dpo}riF|> dr = 0. (A.1)
R

Now, by using the integration by parts formula and making use of the boundary
conditions (2.13),

R
f (Q — )D(por* D*[(Q — ¢)F)rF* dr

Ry

R2 RZ
= f por?DQUQ — ¢o)|F1* dr + f Dpor* DQQ — ¢)|F|* dr
R[ R]

Rz R2

+ f por°D*Q(Q — ¢)|F) dr - (Q - ¢)’por’|D*F|* dr.
R] Rl

Substituting the above equation in (A.1) yields

Rz R2
(Q-0c)’Qdr+ [2rD(poQ)(Q — ¢) — rQX(Dp)|IFPrdr=0, (A.2)
R, Ry

where Q = po[r?|D*F*> + m*|F|*1r > 0.
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Further, let Q| = po[r?|DF|? + (m* — 1)|F|*]r > 0. Then equation (A.2) reduces to a
relatively simple form

Rz RZ
(Q% = 2cQ)Q; dr + 2 Qdr=0. (A.3)
R, Ry

The real and imaginary parts of (A.3) give

R, R R>
f Q*Q, dr - 2¢, f QO dr+(c? - ¢} Qdr=0, (A.4)
R Ry R
Ry Ry
f QO dr=c, Qdr. (A.5)
R R
Since a = Qi and b = Qi over Ry < r < Rp, a < Q < b, and we have the apparent
inequality
R
f Q-a)(Q-b)0,dr<0, (A.6)
Ry

which is the basis for the proof of Fung’s semicircle theorem.
It follows that

R R R>
Q,dr= Qdr+ f Dpor?|F? dr. (A7)

Ry Ry Ry
Using (A.4), (A.5) and (A.7) in (A.6),

R2 Rz
{2 +c? —(a+b)c, +ab) Qdr + ab f (Dpo)r?|FI> dr < 0. (A.8)
R] Rl

If abDpg > 0, then the last term in (A.8) can be dropped and, since fI:Z Qdr > 0, the
semicircle theorem of Fung [4], namely,

( a+b)2+ 2<(b—a)2
c; — c; < R
2 ! 2

follows.

For nonaxisymmetric instabilities of heterogeneous swirling flows the semicircle
theorem of Fung [4] holds under a restriction, namely, the product of the density
gradient and the upper and lower bounds of the velocity is greater than or equal to
zero. If this restriction is violated, then the phase velocity may no longer be bounded
and an example supporting this has been given by Fung. However, when abDpg > 0,
we have the semicircular instability region of Fung that has been derived just above.
Adapting the method of Kochar and Jain [8] to the case of swirling flows, one gets
from (2.14) the equality

R> R> 1 2 DO 2
f polPID"GP + m*IGPr dr + f (J - —)MIGIZrdr =0, (A9)
R R 4/ 1Q =l
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where J is the local Richardson number defined earlier. It follows from (A.9) that a
necessary condition for instability is J < 1/4 at least once in (R}, R;). Consequently,
it is necessary that Jy,;, < 1/4 for instability. Alternatively, it means that a sufficient
condition for stability is Jy,;, > 1/4.

From equation (A.9),
% por’(DQ)’

R

21 yk 2 2 2

D*Gl” + m*|G|"lrdr < (1 - 4J,,
le pol 1D G + m\GP1r dr < ( )fR. 10— o7

Now, since G = (Q — ¢)'/?F,

|G dr.  (A.10)

IDQP
41Q — ¢
Substituting the above inequality in (A.10) yields

R> R> 3 2 R>
r’|DQ
f o |Q = ¢ |D*F|2dr+f Mm%zr—f por’|DQ| |F||D*F|dr
Ry

ID*G* > |Q - ¢||D*F* + |F|* = |DQ||F||D*F)|.

R R 4Q -
R R - 31nOR
2 2 DQ
+m2f porlQ — ¢l [FP dr < (1 —4Jm)f porIDOF, po (A.11)
R R HQ -]
Using the transformation G = (Q — ¢)!/>F and adapting the method of Kochar and
Jain [8],
R, 4 [ Qdr
f por’ |IDQP|F dr > J . (A.12)
R [1+(1-4J,)12)?
Now, using (A.12),
Ry R> 3(DQ)2
ab f Dpor?|FI2 dr = ab f DR i g,
R R Q
alw [ 3 2 2
> Tf por” (DQ)*|F|~ dr
Ry
al, 4ci2 fI:Z Qdr
= L+ (=422
Hence,
R'7
R) 7 4C.2f “Qdr
b | DportiFPdr>Lm LR : A.13
“ fR por T S T (- 2l A1

Substituting (A.13) in (A.8) and, since lefz Qdr > 0, we have the following semi-
ellipse of Fung [4]:

( a+b)2+(]+ 4al,, )2<(b—a)2
¢ — —— c; < .
2 b[1+ (1 -4J,)212)" 2
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