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nozzle. Gimballing a portion of the plug appears to be rela-
tively inefficient, particularly since that portion of the plug
which is gimballed can be removed with no decrease in per-
formance. The most promising methods of vectoring appear
to be throttling or gimballing the individual nozzles with the
shortest plug length consistent with satisfactory unvectored
performance.
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Falkner-Skan Equation for Wakes

K. StEwarTson*
Durham University, Durham City, England

HE existence of physically acceptable solutions of the
Falkner-Skan equation

A8 - =0 (D
subject to the boundary conditions

f) = f7(0) =0 fil=) =1 @)

in the range —5 < # < 0 was pointed out by the present
author some ten years ago.! These solutions have some
relevance to the flow in the laminar wake behind a flat-based
body, as has been noted by Kennedy,? who has also carried
out further and more accurate integrations of the equation.
From a study of the solutions obtained, he conjectures that as
80—

=1 @

apart from a shift of origin, where f; is the solution of (1), with
B8 = 0, and satisfying

f'(==) =0 fo'(=) =1 4)

This function has been computed by Chapman.?

Further points of interest from the numerical studies!- 2 are
that, if —0.1988 < 8 < 0, f(0) < 0, which means that the
flow direction in the wake is reversed, and that as § — 0—,
.'(0) = 0— having a vertieal tangent there. An estimate of
the dependence of f'(0) on 8 near 8 = 0 has been given earlier,?
and in this note an improved version is obtained.

We take (3) as our starting point and show that a consistent
solution can be derived from it when g8 is small. Choose the
origin of the independent variable nin (1) so that asy - —

fﬂ = —q -+ qedn — Ze -2qn ’?g edam | (5)

where ¢ = 0.876 . ... In consequence, the boundary condi-
tions in (2) are that f and '/ vanish together at some value 4*
of 9, to be determined. From the numerical integrations, it
may be expected that n* — — @ as §— 0—. The implication
of (3) is that, when || is small and n = 0(1), we can write

f="rf+afi (6)

where @ is a small number. Substituting in (1),
f1”' +fof1” +f1fo” = _(.3/0/)(1 - f'z) - aflfl” (7)
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and we now make the further assumption that ] B] &« a. The
right-hand side of (7) is then negligible in the limit ¢ — 0, and
the general solution for f; is

fi = Afy' 4+ BOfd + fo) + COfe’ 4+ fo) X

o ffdn L, (o 0f + f)dn (g
,’:, (2fe"? + fo''")? Ch (2fo’ + fo''')? ®

where A, B, C are constants. Since f;"(~) = 0, B.= 0, and
hence, on substituting the known values of f, and integrating,
we find that as n— — »

fi = (n + b)C/g" + O(nem) 9

where b = 1.765/¢ = 2.014. Writing « = —aC/g?, it follows
that

f+ap——qg— ab+ 0(a? B) {10)

asn — — . Itis noted that if « < 0, f > 0 for sufficiently
large and negative n. In turn, this implies that '/ ultimately
increases exponentially, so that the expansion (5) is not uni-
formly valid for all 5. However, we are only interested in
values of 7 > *, at which point f vanishes, but we need to in-
sure that here f'/ also vanishes. When 5« —1, 2« 1, and
the governing equation takes on the form

= -8 (11)

We can no longer neglect 8, because f'/ is exponentially small
when 7* < n « —1, but this means that to a first approxima-
tion we can replace fin (11) by (10}, so that (11) becomes

J" =g+ ab + an)f” = -8 (12)

with solution

J' =D exp[Zi (am + b + q>2] ~ B x
(4
exp[— 2% (an + ob + q)ﬂ X

fﬂ expl:%x (an’ + ¢+ ab){] dy’ (13)

0
Now when » = 0(1) but large,
"= glem (14)
from (5), whence
D =g exp[— L (¢ + ab)i’ =q° eXp[- z qb:] (15)
2c 2a

Furthermore, using (10}, f = 0 when

n=1"=q¢/a+b (16)
and f'’ = 0 at this point if
B = —DQRu/m)H? an

Having obtained an estimate for 8 in terms of e, the various
assumptions made in the course of the argument can now be
shown to be consistent. In particular, the neglect of 8 in (7)
and the assumption that the perturbation of f from (10) is
negligible even when v = O(a™) is justified. We conclude
that, whenf = f/ = 0,

f'=—a (18)

whence, returning to the origin of 7 implied in (2), we have
that, as o — 04,

B = —¢*Qa/mV2exp[—gb — ¢*/2al]
where

f0) =~ —a (19)
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Table 1
—B
—f(0) = Kennedy (19)
0.1637 102 0.356 X 102
0.1074 103 0.85 X 1073
0.0713 10— 1.15 X 10—
0.0513 108 1.21 X 105
0.0396 10— 1.17 X 10°¢

In the Table 1, a comparison is made between Kennedy’s
numerical results and those predicted by (19).

It may be noted that, for |3] < 1073, the errors in (19) cor-
respond to errors O(a?) in f/(0) and may well arise from the
neglect of a?in (7).
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Hydromagnetic Flow between Two
Rotating Cylinders

P. K. MunURr*
Indian Institute of Technology, Kharagpur, India

AMAMOORTHY! has considered the hydromagnetic
flow between two concentric rotating cylinders subject
to a radial magnetic field. He has used the approximate
equation deduced by Rossow,? neglecting the induced mag-
netic field. The simultaneous solution of the Navier-Stokes
equations and Maxwell’s equations for any hydromagnetic
problem presents a formidable task. The induced magnetic
field is generally ignored in order to uncouple the two sets
of equations. The object of this note is to demonstrate
that, in the problem of axisymmetric rotational flow in an
annular channel, the two sets of equations do not get coupled
even when the problem is generalized so that 1) the induced
magnetic field is not ignored, 2) an axial pressure gradient is
present, 3) the outer cylinder has a translational velocity in
the axial direction besides the uniform rotational velocity,
and 4) a uniform suetion velocity is imposed at the wall of
outer cylinder and a uniform injection velocity on the wall
of inner cylinder.

In this generalized problem, it is demonstrated that the
principle of independence of axial and rotational field holds.
Generalized Couette-type flow caused by the relative motion
of the walls of the channel, together with an axial pressure
gradient with suction at the walls in the absence of magnetic
field, has been considered by various authors.?3—¢ The case
of flow due to the axial motion of the outer cylinder with suc-
tion at the walls and an axial pressure gradient has been
studied by Jain and Mehta.” These all become special cases
of the problem considered here.

We cousider steady-state laminar flow of an incompressible,
viscous, electrically conducting fluid through an annulus
with ¢ and b as its inner and outer radii. Since the annulus
is of infinite length in both directions (z axis) with no entry
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region of the fluid into the annulus, suction rate at the wall
of the outer cylinder must be equal to the injection rate at
the inner cylinder, ie., aV, = bV, where V, and V, are
velocities of fluid injection and withdrawal. Cylindrical
polar coordinates (r,¢,z) are used having the axis of channel
as the z axis.

Since the problem is axisymmetric and the cylinders are
infinite, the physical variables can be assumed to be inde-
pendent of ¢ and 2z, They depend on the radial distance r
only.

We assume that

v
H

If

[Ve(r),Vo(r),Va(r)]
[H,-(T) yH¢ (7‘) sz(T) ]
The divergence relation for V and H admit of a radial

velocity and a radial magnetic field inversely proportional
to r, that is,

1

Il

V, = bVe/r H,= A/r @)

where A4 is a constant.
Introducing an axial pressure gradient —9p/0z = P =
const, the magnetohydrodynamic equations in mks units

take the following form:
Momentum
bV Ver 10 TH¢? dH dH,
Lt —"i=—l’+’—‘[—¢+H¢J+H, ] (3)
73 7 por pl r dr dr
d?V, 1dVy
dr? —E&-D7 r dr &+ 1)
sy, it _
pv 12 pv T dr =0 @
dz 1dV,  ApldH, P _
2 (R—-l)rdr ov 1 dr E/_O (5)
Ohm’s Law
Ve = w/As)[(xR — 1)Hy — r(dH /dr)} (6)
V. = (w/A»)[xRH, — r(dH./dr)] (")

where R is suction Reynolds number (bV:/») and » =
ouv.
The boundary conditions are

fog“?} atr=b Zig} atr=b (8
.= =
Ve = awy atr =a V.=0 atr=2¢a

Equations (4) and (6) are two simultaneous ordinary differ-
ential equations in V4, and Hg, and they determine the
peripheral velocity and magnetic field. Equations (5) and
(7) similarly determine the axial fields. The two pairs of
equations can be solved independently of each other. Thus
the axial and peripheral fields do not interact in the problem
posed. The radial pressure distribution can be determined
from Eq. (3) after V4 and H, are obtained as solutions of
Eqs. (4) and (6).

Eliminating V, between Kqs. (4) and (6) and V. between
Eqs. (6) and (7), we get

dH¢

dH¢+

+ 4 — R — »xR)r*

(B = Dok — 2) — B+ 1) — M2 B0

[(B+ DR —1) — M?Hy =0 (9)
- uR)rde +
(R —1) GR — 1)— M?r df’ - ‘i" 7P = 0 (10)
r 1/

where M2 = A%u20/pv. The sets of three boundary eondi-



