Nonlinear Singular Kelvin Modes
in a Columnar Vortex

Philippe Caillol and Sherwin A. Maslowe

Abstract This paper considers the propagation of helical neutral modes within a
cylindrical vortex and the subsequent formation of nonlinear critical layers around
the radius where the mean-flow angular velocity and the mode frequency are com-
parable. Analogy can be done with the stratified critical layers. We formulate a
steady-state theory valid when the analogous Richardson number is small at the
critical radius. The apparent singularity is removed by retaining nonlinear terms in
the critical-layer equations of motion. The result from the interaction is the emer-
gence of multipolar vortices whose poles are located around the critical radius, spiral
along the basic vortex axis and are embedded in a distorted mean flow caused by a
slow diffusion of the three-dimensional vorticity field from the critical layer.

1 Introduction

The propagation of helical perturbations to a columnar and bounded vortex has
been studied first by Lord Kelvin. In cylindrical coordinates (r, 0, z), the problem
involves the investigation of infinitesimal perturbations (u,, ug, u;) superimposed
on a flow with azimuthal velocity profile V (r). In this paper, we are interested in
waves propagating in an unbounded vortex. A model that has often been employed
is the discontinuous Rankine vortex, a constant-vorticity cylinder embedded in a
zero-vorticity space. The related modes are called Kelvin modes. The motivation
stems with the study of the stability of interacting vortices. For instance, we can cite
the aircraft trailing vortices: a pair of counter-rotating vortex filaments shed from the
wingtips of aircraft. A prevailing instability in such problems is the elliptic instabil-
ity that involves resonantly interacting Kelvin waves. Tsai and Widnall [11] found
that the most unstable perturbations of the Rankine vortex corresponded to a pair of
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Kelvin modes having zero frequency and azimuthal wavenumbers m = =+1. Real
vortices, however, have continuous profiles and it is important to ask what effect the
use of a continuous-vorticity profile might have on this instability mechanism. Sipp
and Jacquin [9] have recently done so in a linear study and they concluded that the
“Widnall instabilities” would not occur because of the presence of a critical layer.
The neutral Kelvin modes required for the resonant interaction would be damped in
the continuous case. In this paper, we reexamine the question by emphasizing the
effect of nonlinearity rather than viscosity in the critical layer.

Due to the similarity between both critical-layer singularities, it is possible to
anticipate certain results based on those that have been demonstrated for stratified
shear flows in [5] which is a companion paper. For Kelvin modes on vortices, we
will extract an equivalent Richardson number and will show that when the latter
is small at the critical level, inviscid nonlinear modes exist while they would be
damped if viscosity were used to deal with the critical layer.

The reason of the nonlinear neutral mode existence is the absence of any phase
change across the critical point. We will show in Sect.4 by means of an inviscid
analysis valid when the vorticity is small at the critical level that the only solution
compatible with a nonlinear critical layer has no phase jump. Section 5 yields the
same result when the axial wavelength is large. This result was found by Caillol
and Grimshaw (2004) in the two-dimensional-motion assumption with the same
small-vorticity approximation and for a Bessel function J; azimuthal-velocity basic
profile [3]. In that particular case, neutral modes have an analytical expression.

2 Outer Flow

We consider small-amplitude helical perturbations to a swirling flow V (r) corre-
sponding to a pressure distribution p(r), of phase £ = kz + m60 — wt, k and m
being respectively the axial and azimuthal wavenumbers, and w the frequency. Deal-
ing with neutral modes, £ can be used as an independent variable. The momentum
and continuity equations can then be written
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Our analysis being primarily inviscid, we have retained in the momentum equations
only those viscous terms that will be the largest in the critical layer and, conse-
quently, required in the analysis to follow. The basic-vortex small viscous damping
is balanced by a body force F}, whose expression will be given later on. The equa-
tions have been nondimensionalized by using the angular velocity of the vortex at
its center and a vortex characteristic radius.

2.1 The Singular Mode

O(e) disturbances are superimposed to a mean flow V and W':
ur=¢eUy, ug=V-=4+elUy, u,=wW+HelU,, p=p+ebP. (2

¢ is a small dimensionless parameter. The mean shear flow induces axial and
azimuthal mean vorticities Q,; = D«[V] and Q9 = —D[W] where D = d/dr
and D, = D + 1/r. The angular rotation of the vortex is denoted Q2 = V/r. We
study the asymptotic steady régime following the critical layer formation induced
by the wave/vortex interaction. Mean axial and azimuthal motions are generated
while the critical layer is forming as results from this interaction. To have an ana-
lytically tractable problem, W will be of smaller amplitude than the basic-vortex
azimuthal velocity V. In the same way, V' contains additional smaller contribu-
tions to V. Such a mean flow is produced by viscous diffusion of momentum
through the critical layer over a very long time due to small viscosity [4]. Away
from the critical layer, the perturbations are taken sinusoidal: U, = wu sin§,
Ug = vcosé, U, = wsin€ and P, = p, cos&. Introducing these into (1),
the linearized system can be reduced to the Howard—Gupta equation [7]

DIS(r)Dsu] + [y (:;rz (250)0:(r) ~ rDIS() Q= (1)]) + 2K2S(NQA() 52((:))
+ ryk(r) (rD[S(r)Qe(r)] - S(r)Qg(r)) + 2mkrj/22(2) S(r)Qq(r) — 1] u=0,

3

where y = mQ + kW —w and S = r?/(m? + k?r?). This equation admits a
singularity at the critical radius r. where y(r.) = 0. Following [8], we expand all
terms in (3) around 7, to obtain a solution valid locally having the form

u(m) = Auy () + Bu_(n), us() =2 Fa ), andn=r—r.. @

The functions 7i+ (1) are regular in 0. We define v as v = (1 — 4 J,)'/2, and the
equivalent local Richardson number as

2k2Q
J. = ¢

m
= ; \Qzc+ Qo) - (%)
(msz;+ch)2( kre 9>
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3 Critical Layer Analysis

The critical-layer scaling is determined by balancing the perturbation with the
swirling flow in a frame moving with the wave angular speed w/m = Q.. Let us
concentrate on the case J. < 1/4 corresponding to (4). The most singular Frobenius
solution is characterized by the exponent§ = (1—v)/2. Consideration of the system
(1) leads to the conclusion that the inner cross-stream coordinateis R = (r —r¢)/ &P
where B = (2 — §)~!. The azimuthal velocity V in the new frame is defined by

ug—Ve~Ve'(r—re) +ev(r) cos € = eP[V(R,E) + Qe R].

The remaining dependent variables are scaled as

1
Uy ISZﬂU(R,E), Uz =8’3W(R,§) and p—

5 Q22 = P(R,§).

The Reynolds number scales as 1/Re = A &3#. Substituting these new variables
into (1) leads to the critical-layer equations. The latter are highly nonlinear and
the solution even at lowest order involves all the harmonics. For that reason, we
consider the case of small Richardson number because a simple closed form solution
is possible. This number is small for different régimes according to the value of
the shear, ratio of the vorticity over the inertial frequency at the critical radius: (1)
Sz, 89 < 1,(2) kre, Sg < 1 where Sz9 = Qz/0,/(282¢). (1) may apply to a
rapidly rotating vortex or a critical layer occurring far away from the core of the
vortex. Numerical solutions of the eigenvalue problem reveal that it is indeed often
the case. (2) corresponds to a long axial wavelength mode. Assuming J, small, the
expansions (4) become

o0 o0
$a =0+ Y daonn". ¢p =14 Y bonn" + boda(n)Inn*. (6)

n=2 n=2

n* is a normalized cross-stream coordinate: n* = 7n/no where 1o is determined

while matching the outer flow with the critical-layer flow. So, u becomes

u(m) = (Ore g + ¢p) siné + bore © P, cosé. 7

The logarithmic term in (6) is expressed by writing In|r — r.| for r > r. and
In|r—r¢| +i®whenr < r.; ®(1) is defined as the phase change. On either side
of the critical level, © takes different values denoted ©®=. u must be continuous at
r = r¢, so the integration constant in front of ¢ is unique and chosen without loss
of generality equal to 1.
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4 The Small-Vorticity Limit

Mean fields are expanded in the outer flow in this way

V=Vote2VidteVod ....W=e2W,+eWs+... (8)
with the related vorticities

1 1
0:=Q00+¢20:1+ ..., 09=¢20¢1 +60Qg2+ ...

and similar expressions for Uy, U, and P,. We omit the subscript z to the zero-order
axial mean vorticity. The first-order Richardson number is then since Qo = 0

2.2
k*rg

J =
be 2m2 Qo,c

(Qz,l,c + kn:c QG,I,C) . )

The additional mean flow is likely to be distorted, that is the velocity and its succes-
sive derivatives may be different at either side of the critical radius. Similar velocity
and temperature distortions were shown by [10] to be necessary for the stratified
critical layer. Distortions enable one to match the three components of vorticity and
the normal velocity on the separatrices bounding open and closed-streamline flows
within the critical layer.

4.1 Critical-Layer Flow Outside of the Separatrices

The critical-layer equations are in the small-vorticity limit (8 = 1/2)

oP V2
—2Q.V = g2
oR re
m dP 1% m W UV PV 2 VN Fp
U(29, V kW 5 — 2
r g T ( "+aR)+<r + )ag“ re <aR2+rcaR)+g
P oW m W PW g2 oW
kKae TU ar (3 VW) ok _k<8R2+rc ®)
and aU—i-maV—i-kaW:O. (10)

R 1 O 3

. 3 3 7 ! o
The body force is F, = —Ae2 AVy ~ —Ae2 (V, + V/rc). Writing the outer
expansion in inner coordinate determines how the inner variables are to be expanded
in the critical layer. For example, for U,

U ~ U(O)+81/2logsU(l)+8l/2U(2)+---, U(J) — UI(J)+AUI§J)+O(A2), (ll)
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with similar expansions for V, W and P. Each field at each order j, as A — 0,
can be expanded in an inviscid and a viscous parts. Injecting such a decomposition
in (10) leads to secularity conditions on the viscous velocity and pressure compo-
nents. Requiring them to match with the secular terms in the outer flow will fix the
arbitrary functions that arise from integrating the governing PDEs [2]. In contrast
with the O(1) vorticity case, it is straightforward to find a leading-order solution of
the system (10). It consists simply of a radial oscillation superimposed on the mean
flow, specifically,

U® =sing, VO =v,,-2Q0 . RWO =w,, PO
=2Q0cR(Vie—Qo,cR).

The O(¢'/2 log £) solution is also obtained from the outer flow. The non trivial equa-
tions are obtained at the order 0(85 .) Eliminating the pressure and replacing V ® by
a streamfunction-like variable v (?) lead to two coupled PDEs that can be integrated
once with respect to R. Before displaying these, we accomplish a transformation in
order to have the streamwise-motion equation written in a standard way [6].

b4 Q A Ry ~
§=X-" [1+s]. R=siRR" y@ =5 " RGYP. vD="20?.

c I'c

krc

v — ;i PO e - WO, PO =2503, oP<2)
m

1/2
v — 1//;2) +R?, s =sgn(R), s; =sgn(mQ,),and Ry = e
? 2m Qo,c
We then get
@) * 2 (2) ~2) @ re Qoe\  reF(X)
SlnXl//R*R*+R l//XR*_l// (WR*R*R*_ ’ >_ ) (12)
Qo,c RoQ20,¢
~ ~ N ~ F(X
and  sinX WQ + R*WE = §@ A W@, - X 3
RoQ0,¢

where A = A/Ry. In the following analysis, we drop the hats with the understand-
ing that it is the new variables with which we are dealing. The radial-momentum
equation integrated with respect to R determines P . Finally, the continuity equa-
tion provides an expression for U ®). F(X) is an arbitrary function arising from the
integration. Matching to the outer solution leads to the expression of F(X) and then

to
kr.
Qe,l,c = - Qz 1,c and Jl,c =0. (14)

In order to relate the mean-vortlclty jumps to the phase change, we integrate (12)
and (13) over one wavelength in X and then over R. The obtained relations are valid
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as R — 00, 50 ¥ and W® are replaced by their asymptotic expansions. Clearly,
when there is a phase change ® # 0, the only way is if 01, and Qg are
discontinuous across the critical layer. Finally, the relations of the vorticity jumps to
the phase change are given by

1 DA
[Qz,l,c]i_ = _:: [QG,I,c]i_ = =S b Qé),cRO i ) s (15)

where ®(A) must be determined by solving (12) and (13) numerically. When we
consider the limit A < 1, as in other critical-layer problems, there are regions of
closed flow in the cartesian frame (X, R) and the solutions within such regions must
be matched to those outside across separatrices. ¥® and W can be then deter-
mined by solving (12) and (13). Each streamline can be defined univoquely by the
variable: Z = 1/2R? + cos X, Fig. 1 for a picture of the current lines projected on
the plane z = Cs¢ in the case of the nonlinear neutral Kelvin mode m = 2.

4.2 Flow Within the Separatrices

First, the three vorticity components are matched across the separatrices. In
Appendix, we have extended the Prandtl-Batchelor theorem and shown that
1//%}@) = const. = Q@©) within a region of closed flow according to (A4). ®
defines the flow within the separatrices. Matching the axial vorticities along the
upper and lower separatrices Z = 1 give

1 sir _
Q(z,@) — 5 Qolc;o (QZLC + Qz,l,c) and
[Qz1.]F =251 Qf Ro[K(1) + V2]. (16)
The second equation in (16) shows that a jump in axial vorticity takes place across

the critical layer even in the inviscid limit. Equating now the two expressions for
[Q2.1.c]F derived in (15) and in (16), we obtain

CD?) ~4[K(1)++2] as A —0. (17)

This is exactly the result obtained in [6] but with the opposite sign. Numerical
evaluation of the integral below defining K yields K (1) 4+ +/2 ~ 1.3788,

z
KZ)= o ~ "z
2w 1 1
V2 Joo Jo (Zy —cos X)2 dX Z?

There are two conditions that should be satisfied along the separatrix, namely, a
kinematic condition and, secondly, continuity of pressure. The kinematic condition
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Fig. 1 Nonlinear neutral mode (¢ = 0.2)m =2,k = 2,r. = l and r, Q/Z.O.c = Qj_.l.c =
Q0.¢; view taken at a height z = Cst. The dotted circleisr = r.

requires the normal velocity to the separatrix Z = 1 to be continuous. At the order
g2 , the kinematic condition plus the azimuthal-vorticity matching yield jointly with
the PB theorem the determination of W (2-®), Radial-vorticity matching is equiva-
lent to azimuthal-vorticity matching. Moreover, if we require continuities of ¥ (:©)
across R = 0 and V® across the separatrix, then ®1 = ©; as aresult, there is no
phase change across the nonlinear critical layer in the inviscid limit.

5 The Long-Wave Nonlinear Critical Layer

In this section, the Richardson number J, is still taken to be O(¢!/2). How-
ever, J. is small because k < 1. Specifically, (5) shows that we must scale
kre =k /4. u, then possesses a new scaling; u; = &'/*k W(R, £). As in Sect. 4,
a simple leading-order solution of the system (10) can readily be found and consists
of a radial oscillation superimposed on the mean flow with an additional oscil-
latory component to the pressure. The axial-vorticity jump and the interior axial
vorticity turn out to be the same as in (15) and (16), where R, is now defined as
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1/2
Ro = |re/[m (2Q0,c — Qo0.0)]|"/? and J1  as

2 2
Tie = K Q Qo,c +mQy.1,c

. 18
’ m? o (Qo,c —2 90,0)2 (18)

Matching of the azimuthal vorticity across the separatrix Z = 1 leads to
mQgic=—0oc, of Jio=0, and [Qg1.T =0 or [W,]f=0.

(19)
Matching of the normal velocity across the separatrix determines W 2-®). Continu-
ities of V(2®) at R = 0 and Z = 1 respectively give ®F = ®~ and [Wlllyc]lL = 0.
To conclude this section, we say a few words about the mean-flow distortions that
are present even in the limit A — 0. Caillol and Grimshaw [4] have used the method
of strained coordinates to parametrize the streamlines in the critical layer in order
to have the velocity at the cat’s eye core and at the stagnation points obeying certain
topological conditions. We have done this here as well, but omit the details; these
points belong to helices, so all the velocity components are linked.

6 Concluding Remarks

We have analytically investigated the critical-layer like interaction of a neutral
Kelvin mode with a swirling shear flow. The linear theory is similar to this of
a stratified shear flow. The nonlinear study is made possible due to the small-
Richardson-number assumption relevant for instance, to rapidly rotating vortices
and yields a classic Kelvin cat’s eye pattern within the critical layer. The result
of this interaction is an additional and distorted mean flow of higher magnitude
than the mode amplitude. Axial and azimuthal mean vorticities may be distorted.
The vorticity jump is then proportional to the gradient of the basic axial vorticity.
The equivalent Richardson number J, reveals to be smaller than expected, of order
the mode amplitude, which implies that the streamlines within the critical layer need

. . . 1 .\
to be even more distorted, in order to describe an O(e2) J, critical-layer flow.

Appendix: Generalized Prandtl-Batchelor Theorem

Batchelor proved that for a steady, inviscid and plane flow the vorticity inside a
bounded region is constant. We follow that basic procedure, but the three dimen-
sionality of the present problem naturally adds complications. Our starting point is
the momentum equation

1
8,u+Q><u+VH=R Au+ Fp, (D
e
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H = p/p + |u|?/2, Q is the vorticity and F is a body force to enable a viscous,
parallel flow. We decompose the motion into an inviscid and a viscous components.
The development by Batchelor, at this point, involved a curvilinear integration along
a streamline, whereas in our case the integration is on a surface Z = const (recall
that Z = R?/2 + cos X). This surface is a cylinder that spirals with respect to the
axis of the vortex. The integration will be done either in a plane z = const, in which
case 0 varies over a 27t/ m range or in a plane 6 = const, in which case z varies over
a 27/ k range. In that way, we obtain two conditions that are sufficient to determine
the flow inside the separatrices. Performing the integration now, we obtain at the
leading orders

¢(Qi X uy) -dl—i—gg(Qv xu;) -dl+ &3/? Sﬁ[v x Q; + AVoeg]-dl = 0.
(2)

In the two dimensional case, the first two integrals vanish, but that does not happen
here because u is three dimensional. First, we carry out an integration with respect
to 0 in a plane z = const. The integration is along a “streamline” Z = Z,, say,
where Z is constant. At the lowest order, we obtain

PslrvS) 1 - g‘”]de:o,
0,c

where the integration is in the clockwise sense. The body force vanishes because of
symmetry which permits us to write the integral as

27/ m
/ WffROZ)JF I(QZRQZ) 1V Zo — cos[mB] df = 0. (3)
0

Given that 1//221’36) depends only on Z, (A3) leads us to conclude that

%2@) = const. 4)
A second condition is determined by integrating in a plane 8 = const with z travers-
ing a 27t/ k path. At leading order, this leads to a condition that helps determine the
axial velocity, namely,

SésR[(RWZ(Z’G))Z + W dz =o. (5)

The governing equations for ¥ > and W2®) used in the foregoing development
were those appropriate to the small-vorticity case O, . < 1. A similar analysis can
be carried out in the long-wavelength problem. Again, we begin with an integration
with respect to @ in a plane z = const. At the lowest order, we obtain (A3). A
second condition will now be determined by integrating in a plane 6 = const. The
leading-order equation is the following:
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2,0
Sﬁstéz’dz:o. (6)

Writing W) = «Q¢ ./m R+ V¢, further differentiations with respect to R and
Z followed by a substitution into (6) leads to

2n/k
/ [Wg&?} + ‘IJE&)}]\/ZO —coslkz]dz =0. (7)
0

That leads to the conclusion that \I’;o) = 0, the reason being that the general solu-

tion involves /2 Z and when substituted into (7), a singularity at Z = 0 would
result from differentiating with respect to Z.
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