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Abstract

Consider a three-dimensional vortex sheet in inviscid, incompressible
flow which is irrotational away from the sheet. We derive an equation for
the evolution of a vortex sheet in Lagrangian coordinates, i.e. an equation
that is restricted to the sheet itself and is analogous to the Birkhoff-Rott
equation for a two-dimensional (planar) sheet. This general equation is
specialized to sheets with axial or helical symmetry, with or without swirl.

1 Introduction

A vortex sheet in a three-dimensional inviscid, incompressible fluid flow is
a two-dimensional surface across which the tangential velocity is discontinuous.
Vortex sheets occur in a wide variety of flows, such as flow behind an obstacle
with a sharp trailing edge, or serve as approximations to thin shear layers in
such flows. If the flow is irrotational away from the sheet, as is often the case,
the sheet’s motion and the dynamics of the entire flow are determined solely by
the strength and shape of the sheet itself. Such a three dimensional flow can
thus be described through a two-dimensional problem. Under the additional
assumption of helical or axial symmetry, the problem is further reduced to
being one-dimensional.

The most important three-dimensional effect from the point of view of vortex
dynamics is vortex stretching, which is described by the term w - Vu in the
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Helmholtz equation
Ow+u-Vw=w- -Vu (1.1)

for the vorticity w = V x u. In a two dimensional flow or in axially or helically
symmetric flow without swirl, the vortex stretching terms vanish; while for
axi-symmetric flow without swirl, the vortex stretching terms vanish in the
equation for wy/r?. For flow with helical symmetry and no swirl, there is a
corresponding equation without vortex stretching terms. In this sense axially
or helically symmetric flows with swirl represent the simplest three-dimensional
flow with vortex stretching.

Vortex sheets with axial or helical symmetry and with swirl provide a rela-
tively simple set of examples from which to develop an understanding of general
three-dimensional flows. For example we hope that such flows may provide
evidence for the formation of singularities (or lack thereof) in 3D inviscid flows.

For a general three-dimensional vortex sheet, a Lagrangian description is
derived in the next section. Flows with axial or helical symmetry are discussed
in Section 3. The vortex sheet formulation from Section 2 is then specialized
to the cases of helical symmetry in section 4 and axial symmetry in section 5,
both with or without swirl. Simple examples are analyzed in section 7.

The general vortex sheet equation ( 2.14) derived in Section 2 has been
derived previously in [3, 6, 10]. The equations for an axisymmetric vortex sheet
without swirl have been derived and numerically solved in [2, 3, 4, 5, 7, 8, 12, 13].

2 Lagrangian Theory for a General 3D Vortex
Sheet

Assume that the vortex sheet S is a smooth surface dividing R? into two
parts Q4 and Q_ with normal vector n on S pointing into ;. Denote (uy,p4)
and (u—_,p_) as the velocity and pressure in Q4 and Q_ respectively. The
FEulerian equations for the flow field are

V. u+ = 0
Oug +uy - Vuyr +Vpyr =0 (2.1)
in Q4 and
n-u; = n-u_
P+ = p- (2:2)

on S. In addition we assume that u is irrotational away from 9, i.e.

V x us = 0. (2.3)



These are the Eulerian equations for flow due to a vortex sheet.

A “Lagrangian” description of the motion of S is given in terms of a parame-
terization X (a, §,t) of S. There is some arbitrariness in the parameterization of
S. For example the motion of S is determined only by the normal component of
the velocity 0;X; any tangential component can be considered as a shift in the
parameterization. Moreover since u is not continuous across S, a Lagrangian
description following the motion of fluid particles is impossible. On the other
hand it turns out that the average velocity

1
U= §(u+ +u_) (2.4)
is the natural choice for the velocity of the vortex sheet, i.e. we set
0
&X(O‘ 6 t) (OZ, 63 t) (25)

Since this equation describes the sheet through its parameterization X(«, 5, t),
we refer to it as a “Lagrangian” theory.

First we use the Biot-Savart law to find U in terms of S. Since VZu =
—V X w, then

u(x) = /w(x/) x V.G (x — x')dx’ (2.6)

in which G = —(4w|x — x'|)~! is the free space Green’s function. For a vortex
sheet flow, w(x) = o(x)ds(x) so that

u(x) = ﬁ /S o(x') x ﬁds(x/) (2.7)

away from the sheet, i.e. in 2, and _. Now take the limit as x approaches
a point on S from either side. According to the Plemejl formulas (derived in
Appendix A)

PV/ |;(__;|3d s(x') £ %a(x) xn(x) (2.8

in which the integral is a Cauchy principle value integral. It follows that
PV/ ;:;Pd s(x') (2.9)

for x on S. Since 0;X = U, then this can be rewritten as

X-X

- - /
XX (2.10)

1
8tX:—PV/O'X/
47 S

Next we find an expression for o(x). In Q4 and Q_ there are potential
functions ¢4 and ¢_ satisfying

u+ = _v¢i- (211)



Since u has a jump across S, w =n x (uy —u_) dg, i.e. 0 =n x (uy —u_).
Then since n- Vo =n-Vo_,

c = nx(up—u-)
= —nx (Vg —Vo_)
= —nxV,® (2.12)

in which ® = ¢4 —¢_ on S and V. is the gradient along S, i.e.
V,2=Vd— (n-VP)n. (2.13)
Therefore the evolution equation for the sheet is

X-X

1
X = ——PV/ (n' x V,®) x
47T S
In which &' = ®(X’), etc.
Finally we express this integral using the parameters o and 3. First consider
®. Bernoulli’s law holds in €2} and 2_ separately, i.e.

1
-0+ + §|V¢ﬂ:|2 +pr =cx. (2.15)

On S, n-V¢,r =n-Veo_, so that

Vo2~ Vo> = (Véy +Voo) (Vrds — Vr0o)
= —2U.V,9. (2.16)

Subtract the equation ( 2.15) for ¢4 from ( 2.15) for ¢_ and use py = p_ to
obtain
0®+U -V, d=c=c_ —cy. (2.17)

This says that on a point moving with speed U, ®(t) = ®(0) + ¢t in which c is
constant. Since we are only interested in V,®, we may set this constant to zero
for simplicity; i.e. ¢ = 0. Moreover since X(«, 3, t) moves at speed U for fixed
a and 3, we find that 9;®(a, 3,¢) = 0. This says that

® = d(a, B (2.18)

so that ® should be part of the prescribed initial data and then does not change
in time.

Assume that X, X, and n form a right hand system so that X, x Xz =
—|Xa x Xgn. Then on S



¢, = X,V

o3 = Xz-V, P (2.19)
and
c = —nxV.®
= |Xo x Xg| H(Xo x Xp) x V,
= —|Xax Xﬁrl((Xﬁ V)Xo — (Xo - V) Xp)
_|Xa X Xﬁ|71(¢ﬁXa - (I)aXﬁ>' (220)
Also
ds(X) = |Xq x Xgldadf. (2.21)

Therefore the vortex sheet equation in parametric form becomes
1
X (a, B,t) = -V /(%X’a — X)) x (X=X')[X-X'|%da’d3 (2.22)
T

in which X = X(a, 8,t), X' = X(/, 3, t), etc. This equation, as well as the
non-parametric form ( 2.14), was derived earlier in [3, 6, 8, 10].

3 Flow with Helical or Axial Symmetry

Fluid flows with helical or axial symmetry are briefly described in this sec-
tion, following which they will be specialized to vortex sheets in subsequent
sections. The discussion closely follows that of Landman [11] but is repeated
here for convenience and completeness. In addition to several changes in no-
tation, his parameter « is replaced by x = a~! so that axial symmetric flow
is just the special case Kk = 0. Furthermore we distinguish between flows with
swirl and those without swirl for both helical and axial symmetry, since vortex
stretching terms can be neglected in flow without swirl.

A flow possesses helical symmetry if in cylindrical coordinates (r, 0, z), the
physical quantities depend only on the variable r, ¢ and ¢, in which

E=z+kKb. (3.1)

The parameter « is the pitch angle of the helix. In particular kK = 0 corresponds
to axial symmetry.
We use the two unit vectors e, and e¢ given by

V& e, +key
BGRNGETSRE

€¢ (32)



in addition to the Beltrami vector h defined as
rVr x V&

h= o h*(ke, — reg) (3.3)
in which )
h? = ot (3.4)
This vector has the following properties:
Vxh=-2kh*h V-h=0 |h>=nh° (3.5)
and h is in the direction of symmetry of the flow, that is
h-Vg=0for g =g(r¢&,t). (3.6)

Since they are divergence free, the velocity and vorticity fields can be written
in helical variables as

u = rvh+Vxxh
w = C(h+Vyxh (3.7)

in which v, {, x and ¢ are scalar functions of (r,£,t). When rewritten in cylin-
drical coordinates, the velocity field is

1
;X&er — R (rv + kxr)eg + W2 (kv — ry,)e.

u =
1
= xeer +vh — hx,ee (3.8)
This shows that the cylindrical and helical components of u are
1
(ur,ug,uz) = (—xe, —h*(rv 4 mxe), B (52 = rxy))
1
(Ur, up,ug) = (;Xéa hv, —hx.) (3.9)

in which up, = h™'h-u, u¢ = e¢-u. Note that the second expression for u is not
written in a right hand order, since h goes to —ep as k goes to zero. Similarly
the cylindrical and helical components of w are

(rr0:) = (tbes WG+ ), B2 i)

(rromwe) = (e, hG, ). (3.10)

Using this representation of u and w, the fluid equations are the following:
The kinematic condition w = V X u is

v o= v
A*x = —h%¢—2rh'v (3.11)



in which

10 ax 1 0%y
A*x =V -h? =——(rh*=2) + = —= 12
X =V VX 7 Or (r 87") r2 9&2 (3.12)
is the helical Laplacian operator. The dynamic equation for v and ( are

0]

a—’; = h-(Vxx W) (3.13)

2% 9,34 2 _ 2
hat = —2kh*h- (VxxVv)+h-(V(h*v)x Vv)—h-(V(h*() x V)

We will say that a helically symmetric flow is “swirl-free” if the velocity is
perpendicular to h, i.e. if v» = v = 0. Note that this condition is maintained by
the equations and that the fluid equations for u and ¢ then reduce to

A = —h*¢
h2% ~h - (V(h%¢) x V). (3.14)

A direct calculation shows that the term on the right of the ¢ equation is
h- (V(h*¢) x Vx) = 7' (xedr — xr0¢)(h*()
u- V(h*() (3.15)
so that ( 3.14) is
Or(h*¢) +u -V (h*¢) = 0. (3.16)

which contains no stretching term.
Since we = —ht), = —hv, = —h0,(up/h), then

up(r) = —h(r) /0’” hil(r/)wg(r/) dr’. (3.17)

This relation is analogous to Stokes law relating angular velocity to axial vor-
ticity for an axisymmetric flow as derived below. So we refer to this as the
circulation formula for flow with helical symmetry.

In the case of axial symmetry with x = 0, the above definitions simplify to

1
= Ez h=—-
€¢ e Teg
1 1 1
u = —Keg — —Vx X ey = —x.€ — Keg — —Xr€; (3.18)
T T T T T
1 1 1
W = ——€y— —V1/) X ey = _wzer — —€g — _wrez-
T T T T T

Thus the components of u and w in cylindrical coordinates are

(UT;UJH;UJZ) = %(Xz,—lj, _XT)
(0,02 = (s, G ) (3.19)



The fluid equations are

b o= v
0%x 0 10x
a2 ¥ Taror - ©
%I/ + (urOr +u0,)v =0 (3.21)
5} 1
_(C/T2) +  (up0r + uzaz)((/r2) = _482(’/2)
ot r

For the case of axial flow without swirl these simplify to

w = V= O
0%x 010x

¢

ot

In the case of axial symmetry the relation ( 3.17) becomes the familiar
circulation equation

ug = Tﬁl/ w(r")r'dr’. (3.23)
0

Finally we state the relations between the quantities used here and the cor-
responding quantities defined by Landman [11]. They are

k=a! &= ko h=x"th;, A2 :AiQh%
06 G Y) = k(ur, v, (o, r) (3.24)
A* = AiQA*L

in which the subscript L denotes the quantity used in [11].
4 Vortex Sheets with Helical Symmetry

First we parameterize the sheet by setting « to be constant on the symmetry
curve, i.e. in the direction h, and 3 to be linear in angle. Write the point
X(a, 8,t) in cylindrical co-ordinates as

X = (z,7,0). (4.1)

Then
E=¢&at)  O(a,B,t) =¢(at) + 5. (4.2)



The function v, which represents the angular coordinate of the curve g =
constant, is unrelated to the potential function of the previous section. Since
& = z+ kB and since r is constant along a symmetry curve, then

z = —kB+Z(a,t)
r = r(a,t). (4.3)

It also follows that X is parallel to h.

Similarly the vorticity density —n x V,® must be constant along a symmetry
curve, i.e. it must be independent of 3. Since X, and X3 do not depend on 3,
this implies ®, and ®3 must be independent of 3, i.e. that & = ¢1(a) + ¢20.
The parameterization must also be chosen so that Xg, X, n form a right hand
system. For example if the vortex sheet is a perturbation of a circular cylinder
then X3 ~ ey, X, ~ e,, n = e, which is a right hand system.

In the case of helical symmetry with x # 0, the symmetry lines are the
helices 7 = constant, z + kK = constant which are unbounded, so that the
domain for § is —o0o < f < 00. A curve § = constant starts on a helix, say
«a = a1, and continues until it returns to the same helix at & = a. The interval
(a1, «g) is most likely finite, in which case r, ¢, and Z are required to be
periodic on (a7, a2).

The form of ® may be simplified in two cases.

(1) Azial or Helical Symmetry without swirl. In this case the vortex lines
coincide with the symmetry lines. Then the vorticity density o, which is parallel
to ®3X, — P4 Xp, is also parallel to h. Since h is parallel to Xz, ®3 =0, i.e.

o = (o) (4.4)

(2) Awial or Helical Symmetry with Swirl. Assume that the vortex lines are
never tangent to the symmetry lines. Choose the parameter 5 to be constant
along a vortex line; so that o is parallel to X, Then &, = 0, and

® = ¢ = Tf/2, (4.5)

in which I' is analogous to the circulation around the sheet and is independent
of (o, 3, 1).

Now calculate the quantities in the Birkhoff-Rott integral ( 2.22). A point
x has the representation in cylindrical coordinates x = (z,r,0) = ze, + re,(6)
in which the basis vector e, depends on 6 and has derivative dye, = reg. On
the surface S,

X = (_Hﬂ + Z(aa t)a T(aa t)a 6 + 1/’(0% t)) (46)
and thus its derivatives are given by
Xy = Zoz+71or+ T1/)aé
X = —kKkz+ 0 (4.7)
= —h*h



The vorticity density vector is then
0= —|Xo x Xp| 1 ®sX, — P Xp) (4.8)

in which

X0 x Xg| = r(r2(1 4 £2/1%) + (Zo + £100)?)? (4.9)

and
(I)ﬁXa - (I)aXﬁ = ((¢2Za + /f(bla)i + ¢2Taf' + T(¢21/)a - ¢1a>é) (410)

In terms of cylindrical basis vectors £, § evaluated at the point (a, 8), the basis
vectors r/, §' are given by

v o= cos(0 — )t + sin(¢’ — 0)0
6 = —sin(0 —0)F + cos(¢ —0)f (4.11)

Thus the vector ®;X;, — @, X} evaluated at (o/, ') is

PpX,, — X = (922, + Kd),)2 (4.12)
+  (p2rgeos(0 —0) —r'(¢2t, — ¢1,)sin(0’ — 0))¢
+  (P2rgsin(@ —0) +1'(d2thy, — ¢,) cos(0 — 0))0
Similarly
X-X' = (z—2)2+ (r—1"cos(6/ —0))i —r'sin(0 — )0 (4.13)
X -X'|* = (z=2) +r*+7"2 =2 cos(6 — 0) (4.14)

= (—k(0—0 -+ +Z—2Z)2 +r2+72 =21’ cos(0 — 0)

Now compute the cross product in the integral at 6 = 0; the value for 6 # 0
can be found by replacing ¢ by 6’ — 6. The cross product is

(@,X, — ®,X) x (X - X))

= (—=¢orr sinf + (7"/2 —rr’cos ) (patbl, — ¢1,))Z

—- -

since £, 6, z form a right hand system. In this expression z — 2’ = k(' + ¢ —
V') + Z — Z' since 0 = 0.

10

(622}, + ko)’ sin@ + (= — ') (@orl sind + 1 (61, — dh,) cos )
(622}, + Kha)(r 1" cos8') — (2 — ') (gary cos ' — 1/ (datly — $h,) sind))0

(4.15)



Define the following integrals

n = /Oocost?’|X—X’|*3d9’

I, = /Oo X — X'|~3d¢’

I; = /Oo sin@'|X — X'|3d¢’ (4.16)
I, = /00 0 cos 0| X — X'|3de¢’

Iy = /Oo 0 sin 6| X — X'| -3¢’

in which
X —X'2=(k(0 + =)+ Z =22 +r2+r2 =2 cosh.  (4.17)

First perform the 3 integration in the Birkhoff-Rott integral and denote this
integral as B. Since d = df’, then

B {=2rrids + (rIz — 11" ) (2005, — &) }2 (4.18)
{(62Z0, + k1) s + (Z = Z' + k(¢ = ') (d2r 3

' ($2vr, — P1a)11) + k(D2 ds + 1" (P20, — ¢14)1a)}E

{(92Z, + ko) (rla — 7' 1) = (Z = Z" + 5(¢p — ")) (2ro Tn

= (29l — $la)]s) — mlderl Ly — 1 (G2t — ¢1)T5)}0
In the Birkhoff-Rott equation the velocity is

- - -

Xt = Zti+th'+T1/)té (419)

then the equations for Z and r are

1
Zi= PV [~ Garrhdy 4 (7 R (6, ~ )i

(4.20)

Ty = _ipv/ ( 0Z,+ k) I3+ (Z — Z' + k(1 — ") (parods + ' (d2vr, — d10)11)

+  k(parl Is + ' (¢, — ¢y ) 1a)dd!
while the equation for v is

bo=—pm PV / (622, + 6010)(rLy — 7' 1) = (Z = Z' + k(=) (¢ar Ty

4rr
=1 (patby, — #1)13) — K(darg Ly — 7' (g2, — #1o)15)de’  (4.21)

11



In the swirl-free case,i.e. ¢2 = 0, these equations were derived earlier in [8], but
without the simplification derived next.

Using the circulation formula ( 3.17) for helical flow the equation for v, can
be considerably simplified. Since we = 0 except on the sheet, up/h is piecewise
constant as a function of r, i.e. constant on the line segments with z and 6
fixed between successive crossings of the sheet. By symmetry up, = 0 on the
axis r = 0; its value everywhere else can be found by determining the jump
Upt — up— across the sheet. Following ( 3.9), ( 4.7), ( 2.11) and ( 2.20),

I’Lil(’LLh+ — ’Lbhf) = I’L72h . (u+ — u,)
= X4 V,®
= 4 (4.22)

which is a constant. Recall that up4 is the value in 24 and up_ is the value in
Q_ and that the axis r = 0 is contained in Q_. Then ( 4.22) implies that

—1 o 0 in Q_
h uh—{ B, in0Q, (4.23)

Now h~'u;, = ku, — rug and the vortex sheet velocity is the average of the
velocities on either side. Thus

1
KkZy — 12, = §h71(uh+ + up_)

1

= §I’L71Uh+
1

= -®3. (4.24)
2

The resulting simple equation for the evolution of ¢ is
K 1
e = T—ta - 2T_2(I)ﬁ' (4.25)

A direct derivation of this equation from ( 4.21) is difficult and not illuminating.
The vortex sheet equations ( 4.20) and ( 4.25) can be simplified in each of
the two cases above as follows:
Case 1. Helical flow without swirl: ¢1 = ¢(«), ¢2 =0, i.e. & = ¢(«r). Then

1
Zy, = —PV / & (" Iy — rr'I})da/
47
1
ry = —4—PV/¢;T/(I€13 —(Z -7+ k@ =" — kly)dd
7I
K
P = ol (4.26)

The last equation for i) does not influence the equations for Z and r; it only
maintains the condition that u; = 0 for swirl-free flow.

12



Case 2. Helical flow with swirl: ¢; =0, ¢o =T i.e. ® =T5/27. Then

r
Zt - —@PV‘/ —TT(;I?, —+ (T/212 — TT/Il)U)(/ldO/
r
o= —S?PV/ Zor' Iy +(Z = Z' + w( = ")) (o Iy + ' 1) + w(roIs + 'y Ly)da’
K r
Ve = G4t o (4.27)

A helically symmetric vortex sheet with swirl may be represented in the form
of Case 2, if the vortex lines on the sheet are never tangent to the symmetry
direction h.

The equations above provide the velocity for a helical vortex sheet with or
without swirl. The fluid velocity uy, u_ for points off the sheet is computed
from similar formulas: The axial and radial velocities u, and u, at a point x
are exactly equal to the formulas above for Z; and r; in which the values of
z = Z 4 k1 and r in the integrals are the the axial and radial components of x.
The azimuthal velocity ug is then given from the formula ( 4.23).

In this presentation the main features of helical symmetry are that the evo-
lutions equations for the vortex sheet may be simplified in the two cases above
and that the angular velocity equation for v is easily expressed in terms of Z;
and I'.

5 Axi-Symmetric Sheets

For an axi-symmetric sheets the symmetry lines are the circles r = constant, z =

constant, so that the parameter g lies in the interval 0 < § < 27. The inter-
val for « is infinite if the vortex sheet forms an infinite cylinder, or finite with
periodicity if the sheet forms a ring.

Equations for an axi-symmetric sheet can be derived as in the previous
section. The formula ( 4.15) for the integrand in ( 2.22) is still valid, but
now k =0 and z = Z(a, t) = z(a, t).

The integrals corresponding to I, and I5 are not needed since k = 0. In
addition the term |X — X'| is periodic and even in ', so that the integral with
a factor sind’ corresponding to I3 vanishes. The remaining two integrals are

—3/2

2m
J1 = / cost/ ((z—2')* +r? +1"* = 2rr'cost)) do’
0

—3/2

27
Jo = / ((z — z/)2 L2 2 27"1"/0059/) de’. (5.1)
0

They can be written in terms of elliptic integrals ( see [1] p. 590 or [9] pp.

13



904-905)

ha
2
I

/2
/ (1 —msin®0)~/24d9
0

&
g
I

/2
/ (1 — msin®0)/2de (5.2)
0

of the first and second kind respectively. These also have the properties (see [9]
p. 907)

dK 1 I

— = ——(F-(1-m)K) == in2 (1 — msin?0)~>/2dh
- 2m(1—m)( (I1-m)K) 2/0 sin® (1 — msin” 0)

dE 1

After some manipulation, it follows that

ho= a4 )B/Q{E(E(m)_K(m))Jr;E(m)}

4rr! m 1—-m
m \3/2 1
- 4 ( ) —— E 4
J2 4rr! 1—-m (5-4)
in which trr?
m = il (5.5)

(z—=2")2+(r+r)?

These expressions will be used to simplify the integrals for z; and ry.

As before the potential difference ® across the sheet can be expressed as
® = ¢1(a) + ¢2 5. The general equations for the evolution of an axi-symmetric
vortex sheet are

2t = _ipv/(T/QJz =17 J1) (P21, — b7,)de’
1 ) , , m\3/2 (7 —r 2r ,
= —2v [t - (o) i E - - 69
v = —ﬁp" / (2 = 2 ) ($2tly — B10) Trd (5.7)
1 3/2 2 1
= 2PV [V et - 60 ) () {EUE— K+ 1 _mE}da’
U= 0PV [ =) — (- el hda’
P2 o
&, (5:8)

14



The equations for an axi-symmetric vortex sheet can then be written in the
two possible cases as before:
(1) Axi-Symmetric Vortex Sheet without Swirl: ¢1 = ¢(a), ¢2 = 0 and

3/2 r_
5 = —Pv/¢ {T TE—2—T(E—K)}do/ (5.9)
4TT 1—-m m
3/2
e = lPV/(b;T/(Z—Z/)( n ) {E(E—K)—F;E}do/
T drr! m 1—-m
(5.10)

with ¢ = ¢(a), ete. In the swirl free case 6 is constant on each vortex line, so
that no equation is needed for 1.
(2) Axi-Symmetric Vortex Sheet with Swirl: ¢ =0, ¢2 = —I'/27 and

T 3/2 r_ 2
—QPV/Mp; m/ {T TE——T(E—K)}do/

S 1—m m
m \3/2 (2 1
re = PV/ (2 —2') W,) {m(E K)+1_—E}d
o = L.~ (5.11)

4am
in which T is the circulation (which is constant) r = r(a, t), " = r(a/, ), etc.
As in the case of helical symmetry, an axi-symmetric vortex sheet with swirl
may be written in the form of Case 2 if the vortex lines on the sheet are never
tangent to the symmetry direction 0.

The velocity off the sheet may be obtained as in the case of helical symmetry.
The velocities u, and u, at a point x are equal to the formulas for z; and r; in
which z and r in the integrals are the coordinates of the point x. The azimuthal
velocity ug is given by

{ 0 inside the sheet
ug =

T'/2mr  outside the sheet. (5.12)

As before, “inside” means the component of R? — S containing the axis r = 0;
the remaining component is “outside.”

6 Two Simple Flows

For a purely rotating flow generated by a cylindrical vortex sheet of radius
R and circulation I', the vorticity and velocity are

w = (I'/27R)é(r — R)z
0 <R
u = {(C/4xR)d r=R (6.1)

(T/27r)0 r> R.
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The corresponding potential functions are ¢_ = 0, ¢4 = —(I'/27)0 and & =
—(T'/27)0. The vortex sheet may be parameterized as

z(a,t) = «
rla,t) = R (6.2)
Y(a,t) = (T/4rR)t.

This is directly seen to be a solution of the equations (5.11) for an axi-symmetric
vortex sheet with swirl.

For a purely axial flow with velocity U inside a cylindrical vortex sheet of
radius R, the vorticity and velocity are

w = UbS(r—R)

Uz r<R
u = iUz r=R (6.3)
0 >R
The corresponding potential functions are ¢ = Uz, ¢4 = 0 and & = Uz.
The sheet may be parameterized as
1
z(a,t) = a+ §Ut
rla,t) = R (6.4)
Plat) = 0

We now check that this solves the equations ( 5.9) for a non-rotating axi-
symmetric flow. The first equation for z becomes

UR? e
2y = - PV/ Jl—JQdO/
4am I

R? oo 2w 1—cos@
= U—PV dfda’
Ar /,00/0 (0 — a")2 + 2R2(1 — cosB))3/2
2 2 _
_ UR—/ 1 — cosf 40
21 Jo  2R?(1 —cosb)
= U2 (6.5)

using integral #3.252(7) from [9] (p. 296) for the o’ integral. The equation for
risr, = 0 since (z —2') = a—a’ is odd in (o — o), while all of the other terms
in the integral are even. These two equations for r; and z; agree with ( 5.9)
above.
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A Plemejl Formulas in Three Dimensions

In this appendix we derive the Plemejl formulas (2.9) and (2.10) above.
Consider the integral

u(x) = - /S o) x 22X gs(x) (A1)

47 |x — x/|3
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and its limits as x approaches a point xy on S from either side. Break u into
two parts

u(x) = ve(x) + we(x) (A.2)
in which v, is the integral over S, = S N {|x’ — x¢| < €} and w. is the integral
over S — Sc. The second integral is continuous at xy and

limwe(xg) = lim lim wg(x)
e—0 e—0 x—Xo

x—x

= PV — —ds(x’ A3
[ot)x ZZmast) ()
In the first integral v., first consider x approaching xg on a normal ny =
n(xp) pointing into 4, the region “above” S. For e small, the surface S. can
be approximated by a flat disc of radius €, centered at xg and normal to n. Also
we may replace o(x’) by o9 = o(x0). The integral is then approximated, after

substituting xg + x’ for X/, as
o 1 x — (x0 +x')

A% (X = —— og X —ds(x/) (A4)
’ dm |x’|<e, x’Lng |x — (%o + )3

Let x” have radial coordinates (r, ) in the disc. Since x = x¢ + dng, with § > 0
inQy and 6 < 01in Q_, the term x’ in the numerator integrates to 0 by oddness,
while x — x¢ = dng, |x — (%0 + x')|? = (62 + r2)3/2 and ds(x’) = rdfdr. Thus

L1 € or
VE(X) = EUO X g ) 2ﬂmd7’

1 4]
Finally for x — x¢ in 4,
lim v.(x) = limv,
X—X0 d—0
1
= 50’0 X g (AG)
and similarly for x — x¢ in Q_
1
lim lim v.(x) = —=09 X no. (A.7)
e—0 x—Xo 2

Finally we show that the restrictions in the above calculation can be removed.
The integral over the surface S, can also be written as an integral over the planar
disk D.. If this integral and the integral in ( A.4) are subtracted, the singularity
of size |x — x/| 72 is canceled leaving an integrand of size |x — x| . Since this
is absolutely integrable, the resulting integral, which is the difference between
the integrals over S; and D, goes to 0 as € — 0.
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We have established the limit as x — x( along a normal direction. Since the
limit is approached uniformly in ¢ and since o(xo) and n(xg) are continuous
in xg, then the same limit is achieved as x — xo along any direction (in Q4 and
_ separately).

The result is then

lim u(x) = —PV/ XX )+ o) xn (A.8)

X—X 4 |X - X/|3 2

as X approaches x in Q.
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