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The stability of the Stewartson layer in a rotating incompressible fluid is investi-
gated within the framework of a linear theory. The boundary-layer structure of
the shear layer is correctly taken into account and the effect of viscous dissipation
on the disturbance is included in the governing equations. The growth rate w; of
the disturbance is given as a function of the unified parameter m Ro/(yE?), where
m, an integer, is the azimuthal component of the wavenumber vector, y the
radius of the layer, Ro the Rossby number and ¥ the Ekman number. Instability
occurs when m Ro/(yE?) > 9-5. The time evolution of a growing disturbance is
given schematically. Comparison of our results with the experiments by Hide &
Titman shows good agreement.

1. Introduction

Recently, Hide & Titman (1967) performed an elaborate experiment on the
stability of a shear layer in a rotating liquid. They produced the shear layer by
inserting a circular disk into a rotating flow in a cylindrical tank. The disk rotated
concentrically with the tank, but with a different angular velocity (see figure 1).
When the relative difference between the angular velocities of the tank and the
disk was smaller than a certain critical value, they observed an axisymmetric
steady configuration. When this critical value was exceeded, however, the free
shear layer (the Stewartson layer) exhibited an azimuthal distortion. As in the
case of the Taylor-Proudman column, the distortion did not depend on the axial
co-ordinate. When the disk rotated faster than the tank, this distortion had a
regular wavy flow pattern with azimuthal wavenumber m which moved with
approximately the same angular velocity as the tank. The wavenumber m
decreased as the relative difference in angular velocities increased. In the opposite
case in which the disk rotated slower than the tank, distortion occurred at the
same absolute value of the relative difference in angular velocities. The flow
pattern, however, differed from that of the wavy motion, being in the form of an
off-axis ellipse. Hide & Tidman gave detailed tables of experimental data: the
apparatus, the configuration, the Ekman number, the Rossby number and
the wavenumber 7 at which the instability set in.

Corresponding to this experiment, Busse (1968) and Siegmann (1974) have
performed linearized analyses of shear-layer instability in a rotating fluid.
Siegmann also studied nonlinear effects on the basis of Stuart’s method. The
shear layers they considered were, however, much thicker than the Stewartson
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(1957) shear layer. This led to the neglect of the effect of dissipation on the
disturbance, and to oversimplification of the basic flow.

In this paper, we study the effect of lateral dissipation on the linear stability
of the Stewartson layer. For this purpose, we take the exact velocity distribution
in the Stewartson layer as our basic flow, and apply Hunter’s (1967) boundary-
layer method of solution to the viscous equation of the disturbances.

The most interesting aspect of our results is a similarity law by which para-
meters in the dispersion equation are combined into the single parameter
m RojyE?, where Ro is the Rossby number, E the Ekman number and y is the
non-dimensional radius of the Stewartson layer. Instability occurs when this
parameter exceeds 9-5. As is shown in figure 5 in §6, predictions based on this
result compare well with Hide & Titman’s experiments. Because of the lineariza-
tion, however, we failed to predict the asymmetry of the flow with respect to the
sign of the relative difference between the angular velocities of the disk and the
tank.

In §2 the basic equations are given. In §3 they are solved using Hunter’s
boundary-layer method of solution and under an assumption about the behaviour
of the inviscid solution. In §4 this assumption is examined to prove the self-
consistency of our method. In §5 the energy balance for the disturbances is
discussed. Finally, in §6, numerical results and a discussion are given.

2. Basic equations and main flow

Two parallel infinite flat plates rotate around the same vertical axis. The
distance between the plates is 2H. There are narrow annular gaps at a radius R
in both plates. The inner parts of the plates, inside these gaps, rotate with the
same angular velocity Q—34AQ, and the outer parts with angular velocity
Q+3AQ. The space between the plates is filled by viscous incompressible fluid.
The situation is shown schematically in figure 1. As was discussed by Stewartson
(1957), the fluid between the inner and outer parts of the plates respectively
rotates rigidly with the corresponding parts of the plates. Double Stewartson
layers of thicknesses E* and Et bridge the velocity discontinuity between the
inner and outer region. Qur problem is to study the stability of this shear layer.

Let usintroduce a system of cylindrical co-ordinates (r, 8, z) which rotates with
angular velocity €. The origin of the co-ordinates is the point on the rotation
axis midway between the plates. Position vectors are non-dimensionalized by
H, velocities by $HAQ and the perturbed pressure by pHRQAS, where p is the
density. The dimensionless forms of the linearized basic equations governing
small disturbances are

V.q =0, (2.1)

EYoqfot+ Ro{(U.V)q+(q.V)U}+kx q = —~ Vp+3EAq, (2.2)

where Ro = RAQ[4QH, the Rossby number, and £ = v/H2Q, the Ekman
number. In these equations, U[=(U, V, W)] is the velocity of the basic flow,

q[=(u,»,w)] the perturbation velocity, k & unit vector along the axis of
rotation, p the pressure and v the kinematic viscosity. We assume that E is much
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Figure 1. The schematic representation of the configuration in (a) Hide & Titman’s
experiment and (b) in the present paper.

smaller than unity and that Ro is of order E*. The parameter range of Hide &
Titman’s experiment is consistent with these assumptions. We have non-
dimensionalized the time by 2Q-1E%. This reflects the fact that the phase velocity
of the disturbance observed in the above experiment was of the same order of
magnitude as the azimuthal component of the basic flow.

The flow field is divided into three regions; the E¥-layer, the Et-layer and the
inviseid region. The inner part of the Et-layer and the outer part of the inviscid
region are separated by the E¥-layer. The approximate versions of (2.1) and (2.2)
in each region are solved subject to Ekman’s compatibility conditions on the
plates and matching conditions between different regions. Because of the
homogeneity of these conditions, we arrive at a dispersion equation by this
procedure. The Ekman compatibility conditions on the plates (Greenspan 1968,
p. 46) are

_ EY o) ou

As for the radial boundary conditions, it is required that the solutions be finite
at r = 0 and o0 and that the solutions and their derivatives be continuous across
the boundaries between the regions.

The basic flow fields have been studied by many authors (see, for example,
Stewartson 1957; Hunter 1967; Hashimoto 1975). Their results give

U=0, V==3%Frly, W=0 (2.4)
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in the inviscid region,

U=0(), V=5%1+tet"+O0(EY), W =O(E} (2.5)
in the Et-layer and

U= O(Ef), V=E&E+OEY), W =0k} (2.6)

in the E-layer, where the upper and lower signs refer to the inner and outer parts
of a region respectively, v (= B/H) is the non-dimensional radius of the free shear
layer, 5 = E-(r —v) and £ = E-¥(r —y). For the sake of definiteness, we assume
implicitly that the inner parts of the flat plates rotate more slowly than the
outer parts. The opposite case can be treated changing the sign of Ro.

3. The Stewartson layer

The Stewartson layer is composed of two shear layers whose thicknesses are
of order Et and E%, respectively. On the basis of the matching between these
regions, we expand physical quantities in power of E3s:

f=fot B¥f,+ B¥fy+ BAfs + BAfy + B5fo+ B f o+ .., (3.1)

where fis an arbitrary physical quantity. Substitution of (3.1) into (2.1) and (2.2)
leads to the approximate equations in each region.

The Et-layer

We use carets to denote variables in the Ei-layer and introduce a stretched
variable 7 defined by 9 = (r—y)E-%. The equations for #;and $; (j = 0,1 and 2)
are

o; _ 0Py _10p; _ 0P,

=0 0= 4=-_% 0=% (3.2)
Let us assume that ; and p; tend to zero as || —oo. This assumption is related
to the behaviour of the inviscid flow and will be proved to be self-consistent in
§4. This gives us #; = §; = 0 (j = 0, 1 and 2). For @, §), D, and p; we have

3ﬁ3 1@94_%_0

—5774-7—/ 20 Fra (3.3)
By = 0pqfm, (3-4)

Gy = —y~10P,[00, (3.5)
0= 3ﬁ3/3z, (3.6)

where we have used the fact that @4, = P, = 0. From (3.6), (3.4) and (3.5), s, 9,
and 4, are independent of z. Combining this fact with Ekman’s compatibility
conditions and (3.3), we obtain @, = 0. Using these results we get the equations

for @g, 95, Dy and Pg:

=0, (3.7)

63 = aﬁG/a"?: (38)
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T
0 = 9P¢[0z, (8.10)

where # = RoE-%. The corresponding Ekman compatibility conditions are
Wy = +300foq at z= £1. (8.11)

Inspection of (3.9), (3.8) and (3.10) shows us that 4 is independent of z. Thus
(3.7) can be integrated with respect to z subject to (3.11). The result of this
integration and (3.4), (3.5), (3.8) and (3.9) enable us to eliminate 9, @5, 9; and Py
to obtain a single equation for ;:

10'D;_ 0%y 1%y fp By BdWoopy _ (3.12)

2 oyt ot 2 og* y %06y’ y dy® 90
If we assume a solution of the form
Bs = Re [, (7) exp {i(m6— wt)}], (3.13)
d 1, d? . dzV;
d%3+2( E—zméVo) %3+2z ﬂ “;Qa_o (3.14)

The asymptotic behaviour of the four solutions of (3 14) as |p| >0 can be
estimated on the basis of the fact that IV | > 1 in the limit:

R3—>e#1, e+, g or constant, (3.15)
where —-u?=20w—%+imfly), Repu >0 when %0. (3.16), (3.17)

By our assumption after (3.2), the solution which grows exponentially and the
solution proportional to % in the limit are discarded. The two solutions retained
are

we obtain

2zm,b’/'y
s (3.18)
< . B\F pp—1) K 1
and o+ Zom(oiml) oo Ly 019

The above gives the solutions for 3 < 0, for which g is defined by (3.16). The
solutions for 4 > 0 are obtained by changing the signs of # and 5 and using the
definition (3.17) for u.
The E¥-layer

We use tildes over letters to denote physical quantities in the E3-layer and
introduce a stretched variable £ defined by £ = (r—y)E-}. The equations for
@, and P; (j = 0, 1 and 2) are

ot; 8pJ o 1 0p; 6p1

- = =—=-=1 =0. .

20 Z=0 4 -7 % (3.20)
Because @iy = ;) = iy = Py = P, = P, = 0, wehave @, = P, = 0forj = 0, 1and 2.
Equations (3.20) also hold for #,; and §; because @, = 0. Thus %, is independent
of £ and we obtain the following matching condition:

[] = [Rs]4, (3:21)
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where [f]+ = lim f(y)and [f]_ = lim f(');). For i, 4, %;, ®;and P;, 4 (j = Oand 1)

we have 7>+0 =0
8dj+4 1 07; 8'“
' ’J—/ 0 =0, (3.22)
v = 8ﬁj+4/8§, (3.23)
. 1 0P;,, 1 0%
. I e e s — . 4
u]+4 % 30 Iagz, (3 2 )
0P; 4]0z = § O%;[082. (3.25)
By eliminating ;,, and $;,, from (3.22)—(3.25), we obtain
 0%0,[083 + 0w;[0z = 0, (3.26)
o,[0z = § 0%, [083. (3.27)

Elimination of ¥; then yields
O,/ 0E° + 40%,/02% = 0, (3.28)
The Ekman compatibility conditions
B=TFLEYOB)0f at z= +1 (3.29)

give us @; = 0 (j = 0 and 1) at z = + 1. The solutions @, and @, of (3.28) which
satisfy these conditions and tend to zero as |£| - co are identically zero in the
E}layer. Because of this, (3.27) and (3.28) give us

¥; = a;+b;E+c;£2 forj=0and 1, (3.30)

where a;, b; and c; are functions of ¢ and ¢ to be determined from matching
conditions. Matching the solutions in the E¥-layer and in the Et-layer yields the
following conditions:

(Do) = ag = [Pl (3.31)
by=0, c5=0, (3.32), (3.33)
(%) = a, = [%,]4, (3.34)
[0Bo/om]_ = by = [Bo[0n], (3.35)
and ¢, =0. (3.36)
The equations for g, ¥, W, and P, are
Ollg 1 00, 0w,
F A =0, (3.37)
¥y = OPig[0, (3.38)
o, B 2% oV, . 10Pg  18%,
3t 080 +ﬂ g 3+u6_ ’;—67 E agz’ (3.39)

OB Jon = } O2Wyf0L2, (3.40)
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where we have used @, = @, = i, = f, = @, = 0. Because ¥, = 0 and ¥, = £ from
(2.6), the first three terms on the left-hand side of (3.39) are independent of §.
Therefore elimination of #; and g, from (3.37)-(3.40) gives us the same set of
equations as (3.26) and (3.27) for %, and @,. By following the same procedure as

above, we obtain
Wy =0, Ty=ay+bE+cy82% (3.41), (3.42)

where a,, b, and ¢, are functions of @ and ¢. The corresponding matching conditions
are

[D2]_ = ay = [Dy],, (3.43)
[08/0n]. = by = [9B,[0n], (3.44)
and [6%Dyf09%]_ = ¢y = [2D[on?],. (3.45)

The matching conditions (3.21), (3.31), (3.35) and (3.45) give us conditions on
Rsaty =0

o (] [2] (2] (22 [22] -5,

(3.46)

Substituting solutions hitherto obtained into (3.46), and dropping all the terms
except the first three in (3.19), we obtain the dispersion equation

— 64— 144(p +a) — 224(u> + %) — 16(u + ) (5u? — po + 5a) — 4(pt + 14p202 + a4)
+(p+a)(p—a)2(3u®*—-2ua+3a?) — (u2+a?) (u>—a2)2 =0, (3.47)

where 1= —20w—%+imfly) (3.48)
and a? = —2(iw—31—imply). (3.49)

Because it is prohibitively difficult to get an explicit form of dispersion equation
taking into account further terms in (3.19), we have not tried it. The coefficients
in (3.47) are all real, therefore the complex-conjugate pair (#*, a*) satisfies (3.47)
if (u, a) does. Consequently, if w and imp[y are eigenvalues, their complex
conjugates w* and —imp/y are also eigenvalues. This fact holds not only for (3.47)
but also for the general form of the dispersion equation. As mentioned in the
previous section, the dispersion equation in the case in which the inner plates
rotate faster than the outer plates is obtained by replacing £ by — £ in (3.47).
Thus the eigenvalues in this case are w* and +4mf/y. Another thing to be noted
is the similarity rule by which the dispersion equation is governed by a single
parameter mf/[y. The disturbance is unstable if this parameter exceeds 9-5. This
is demonstrated in figure 2, which shows w; vs. 2mf[y according to (3.47).

4. The inviscid region

In this section we investigate the perturbations in the inviscid region and
verify the assumptions made in §3: that 4, @, @,, §y, §;, P, and 9, tend to zero
as |g|—>c0.
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2mply
Frourk 2. Stability diagram showing the growth rate w; vs. 2mg/y.

The inviscid region was treated by Busse for a general basic velocity distribu-
tion. Here we apply his results to our basic flow (2.4). The equations for q; and
p; (j = 0, 1 and 2) are

V.q;=0, kxq;=-Vp;, V.qs=0, (4.1)-(4.3)
0q;/0t+ B[(Uy.V)q; +(q; VYUl + Kk x Qs = ~ V. (4.4)
From (4.1), (4.2) and the Ekman compatibility conditions (2.3), we obtain
w; =0, v;= —0p;lor, wu; = —r19p;/a0. (4.5)
If we assume p; to be of the form
P; = Re[y;(r) exp {i(mf — wit)}}, (4.6)

for j = 0, 1 and 2, combination of (4.3)-(4.5) and (2.3) gives us

d2y; ldy; m?
@t = *)
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where use has been made of the fact that the basic flow is a rigid-body rotation.
The solutions of (4.7) in the inner and outer inviscid regions are

{C]-Tm, 0 < r < 7, (4‘8)
x5 = cirmpeirT™ Y <7, 4.9)

where ¢;, ¢; and ¢} are constants. Because &;, = f;, = ;; = P;; in the Stewartson
layer for j = 0, 1 and 2, x; and dy;/dr must be continuous at » = y. When there
is a side wall at = r,, > 7y, the boundary condition on this side wall is »; = 0,
that is y; = 0 at » = r,. These three conditions combined with (4.8) and (4.9)
give us x; = 0 in the inviscid region. If there is no side wall, the first term r™ in
(4.9) is omitted. Again the solution y; = 0 results from the first two conditions.
The fact that y; = 0 in the inviscid region proves the self-consistency of the
assumptions made in §3.

5. Energy equations

Let us consider the energy balance for the disturbance. The largest magnitude
of the disturbance velocity is of order £ in the inviscid region and of order unity
in the Et-layer and the E3-layer. Thus the total kinetic energy of the disturbance
is of order Z* in the inviscid region, of order Et in the Et-layer and of order E3%
in the E3-layer. Therefore we can restrict ourselves to the Et-layer. Multiplication
of (3.9) by 9, and integration with respect to 7 over the Et-layer gives us the
energy equation of the disturbance:

o (e 1o0g ,dV, . Booddy,
[ 0" g G p st DRt

16pg_7m 0B\, 108 | _
+(’a6+; 20 37—35—0- 7)0—53”7—2"00 -—-0, (51)
where integration with respect to z is not necessary because each term in (3.9)
is independent of z. By performing partial integration and using (3.7), (3.8) and
(3.10), we obtain the simpler expression

d[* = © Al 1 [® = L[ (50

— 152 = — — 05 D = $2dm — bt}

oI an——p[" TERa-3[" Ba-3[" (3) . 62
where bars over letters indicate the average with respect to . The first, second
and third terms on the right-hand side of (5.2) are the contributions from the
main shear flow, the viscous dissipation in the Ekman layers and the viscous
dissipation in the Ei-layer, respectively. In terms of §,, (5.2) becomes

d(® ;= am , o [ db, ., ,
G| %= -Trpene [T TMRntu— funtinly

m ® ’ ’ T ow:
~gee [ e gian-Fee |

— ©

(Rak+ LsDdn,  (5.3)

where the subscripts B and I denote the real and the imaginary parts of &,
respectively, and the primes indicate differentiation with respect to 5. Figure 3
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gives the relative contributions of each dissipative term in comparison with
that of the main shear flow. Figure 4 gives distribution in 7 space of each inte-
grand on the right-hand side of (5.3) for a case of instability: 2mg/y = 20.

6. Concluding remarks

As we noted at the end of §3, we have a similarity law by which the parameters
m, y and £ in the dispersion equation combine to form the single parameter
mf|y. The Stewartson layer becomes unstable for 2mp/y > 19. To compare our
results with the experimental data of Hide & Titman, we must take into account
the fact that their Rossby number €, and Ekman number E, are different
from our Ro and E. Using the velocity distribution of the steady flow, we take
3d’ as our characteristic length A and 1Q, +1Q, (i.e.3{3(Q;+ Q) + Q,]) as our
angular velocity €, where d’ is the distance between the lower surface of the
disk and the bottom of the tank, and Q, and Q, the angular velocities of the tank
and the disk, respectively, in Hide & Titman’s experiment (see figure 1). This
gives

Ro = yeyp[2(4—€pp), B = 4y*Epr/(4—eqy). (6.1)
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-1-0 ~0-5 0 05 1-0
7

F1GURE 4. The distributions in % space of each integrand on the right-hand side of (5.3) for
a case of instability: 2mfJy = 20. Here Iy(y) = 2my 107V (Xin Ko — XsnXar)» Lo(m) =
S ol An 2

Xoz+ X3 L) = Xak+Xai and I(p) = L) — Ly(n) — Is(n).

Combining these, we get

2m me me
—B= AT = AT (6.2)
Y 2y[Eyr(4— GHT)J& 4‘}’E%IT
Our critical relation 2mg/y = 19 thus corresponds to the following relation
between €y and Epp:

logyo € = logy 76y/m — 0-51log,o Eg'p. (6.3)

From table A1l in the Hide & Titman’s paper, which gives experimental data
determining the critical relation between e, and E 7, we can see that log,, 76y /m
is within the range

0-76 < log,,76y/m < 1-16. (6.4)

Relation (6.3) subject to (6.4) agrees well with the empirical relation given by
Hide & Titman:
logo€pp = 1-225 + 0-055 — (0-586 + 0-013) log, By (6.5)

Tables 1 and 2 give the values of 2mf/y calculated from the experimental data
of Hide & Titman, who observed the instability in 127 different situations.
Figure 5 shows the observed frequency distribution of instabilities vs. 2mpg/y to
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a(em) Bl x10-%  egr m B 281y 2mply
2-5 2-24 0-218 2 1-33 11-67 23-34
3-58 0-184 2 1-41 12-40 24-80

52 0-125 2 1-14 10-07 20:15

7-11 0-104 3 1-11 9-77 29-32

8-46 0-082 3 0-95 8-38 25-15

375 5-17 0127 2 1:-16 6-81 13-61
77 0-109 3 1-21 711 21-34

11-30 0-083 3 1-11 6-54 19-62

15-7 0-074 3 1-17 6-86 20-59

188 0-063 4 109 6-39 25-54

5-00 8-37 0:095 3 1-10 4-84 14-51
13-4 0-073 3 1-07 4-69 14-07

176 0-063 4 1-05 463 18:53

277 0-053 4 1-11 4-88 19-54

34-0 0-045 5 1-04 4-59 22-95

6-25 13-5 0-077 3 1-13 3-97 11-92
21-2 0-059 4 1-08 3-81 15-23

314 0-046 5 1-02 3-61 18-04

43-0 0-039 5 1-02 3-58 17-88

516 0-035 5 1-00 3-51 17-57

7-5 21-7 0-058 4 1-08 3-16 12:62
30-2 0-038 5 0-83 2-43 12-16

44-5 0-039 5 1-03 3-03 15-16

61-7 0-032 6 1-00 293 17-56

74-5 0-028 6 0-96 2-81 16-87

TaBLE 1. All the 8, 26y and 2mg[y determined from the experimental data
in table A 1 of Hide & Titman.

give a clear view of the correspondence between our result and the experiment.
We see that most of the instabilities observed lie in our unstable region. We may
conclude, on the one hand, that the present theory explains why disturbances
with wavenumber smaller than a certain critical value m* were not observed
experimentally. From the stability diagram in figure 2, on the other hand, the
larger the wavenumber m, the larger is the growth rate. In the experiment,
disturbances with wavenumber larger than a certain threshold value did not
appear. The same discrepancy arises also in Siegmann’s theory, in which o;
increases in proportion to (m2?— 1)t In relation to this point, Busse concluded
that the wavelength of the most unstable mode is of the same order of magnitude
as the shear-layer width. He obtained this result, however, in the limit of an
infinitesimally thin shear layer. Because his theory becomes invalid in this limit,
his conclusion must be re-examined. For example, we must take into account the
effect of derivatives with respect to the azimuthal variable in the viscous terms
of the basic equations.

No disturbance with m = 1 was observed in the experiment. According to
Busse and Siegmann, this disturbance is stable regardless of the values Ro and E.
Our result shows that this disturbance can be unstable when 8/y > 9-5. Thus the
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a(cm) Epl,x107%  eyp m B 2By 2mply
2-5 5-55 0-139 2 1-32 11-59 23-19
56 0-157 2 1-50 13-19 26-37
8:58 0-113 3 1-33 11-68 3504
8:67 0-133 2 1-57 13-85 27-71
8-76 0-150 2 1-79 15-74 31-48
3-75 7-86 0-111 3 1-25 7-32 21-96
7-95 0-129 2 (3) 1-46 8-57 1715
8-00 0-136 2 (3) 1-55 9-08 18-15
8-05 0-149 2 1-70 9-99 19-98
810 0-161 2 1-85 10-85 21-69
10-80 0-112 3 1-48 8:66 25-97
10-82 0-115 3? 1-52 8-90 26-70
10-83 0-117 2 (3) 1-54 9-06 18-12
10-95 0-137 2 1-82 10-70 21-40
12-2 0-089 3 1-24 7-29 21-87
12-3 0-098 3 1-38 8-07 24-21
124 0-112 3 1-58 9-28 27-83
12-5 0-128 2 (3) 1-82 10-67 21-33
12-6 0-142 2 2-03 11-90 23-80
19-1 0-0735 3? 1-28 7-52 22-56
19-2 0-083 3 1-45 8-52 25-57
19-25 0-090 3 1-58 9-26 27-79
19-35 0-:0975 3 1-72 10-07 30-21
19-4 0-102 3 1-80 10-55 31-66
19-5 0-1125 3 1-99 11-69 35-06
19-6 0-1205 2 (3) 2-14 12-56 25-12
19-7 0-129 2 2:30 13:50 26-99
5-00 13-5 0-0795 3 1-17 5-13 15-39
13-6 0-0915 3 1-35 5:94 17-81
13-8 0-121 3 1-80 7-94 23-82
13-85 0-126 2 (3) 1-88 8-29 16-57
14-05 0-149 2 2-25 9-90 19-80
20-5 0-084 3 1-52 6-69 20-06
20-6 0-095 3 1-72 7-59 22-77
20-7 0-102 3 1-86 8-18 24-53
20-8 0104 3 1-90 8-36 25-08
21-0 0-113 3 2-08 9-14 2741
21-1 0-118 2 (3) 2-17 9-57 19-14
21-2 0-129 2 (3) 2-39 10-50 21-00
21-3 0-138 2 2-56 11-27 22-55
21-4 0-152 2 2-83 12-47 24-94
27-1 0-053 4 1-10 4-83 19-32
27-2 0-057 4 1-18 5-21 20-83
27-25 0-0635 4 1-32 5:81 23-25
27-4 0-0752 3 1-57 6-91 20-73
27-5 0-0855 3 1-79 7-88 23-65
27-6 0-0885 3 1-86 8:18 24-53
27-8 0-102 3 2:15 9-48 2843
28-0 0-114 3 2-42 10-64 31-93
281 0-125 2 (3) 2-66 1171 23-42
28-3 0-138 2(3) 2:95 12-99 25-99
28-5 0-148 2 3-18 14-00 28-01

[Table 2 continued on next page]
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a (cm) Hgh x10-3

345
34-9
350
350
351
355
356
358
359
36-1
362
36-4

625  17-25
17:35
17-4
17-55
177
17:85
431
438
440
44-1
443
445
44-8
451
452
456

750 620
621
62-5
62-7
62-8
633
63-7
64-4
64-6
649
766
77-0
771
775
78-0
78:1
78-4
78-8
79-3
79-5
80-1
81-2

€HT

0-0503
0-0593
0-0675
0-068
0-076
0-094
0-098
0-112
0-1175
0-1275
0-1315
0-141

0-078
0-088

0-095

0-1085
0-129

0-142

0-0441
0-0507
0-061

0-0669
0-0752
0-0908
0-0985
0-1095
0-116

0-132

0-048

0-0515
0-0625
0-0677
0-0695
0-0837
0-0971
0-122

0-1295
0-136

0-0295
0-0345
0-0418
0-0532
0-0652
0-0662
0-0707
0-0775
0-0905
0-1035
0-118

0-1395
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B
1-18
1-40
1-59
1-60
1-80
2-24
2:34
2-69
2-82
3-08
3-18
3-42
1-29
147
1-59
1-82
2-18
2-41
1-15
133
1-61
177
2-00
2-42
2-64
2-95
3-13
3-58
1-50
1-61
1-97
2-14
2-20
2-66
3-10
3-93
4-18
441
102
1-20
1-46
1-86
2-29
2-33
2-50
2-75
3-22
3-70
4-24
5-06

28y
517
6-14
7-00
7-06
7-91
9-86
10-30
11-82
12-43
13-54
13-99
1506
4-55
516
558
6-41
7.68
8-50
4-05
470
5-67
6-23
7-03
8-53
9-29
10-37
11-01
12-61
4-41
4-74
577
6-27
6-44
7-80
9-10
11-53
1227
12-93
3-00
3-53
428
547
6-73
6-84
7-32
8-06
9-45
10-84
12-43
14-84

2mply

25-86
2455
21-01
21-17
23-72
29-57
30-89
35-47
24-86
27-08
27-99
30-13

13-66
15-47
16-74
19-24
23-03
17-:00
20-25
1879
22-69
18:70
21-09
25-58
27-87
31-12
3304
2522

22-04
18:95
23-10
25-08
19-33
23-41
27-29
23-06
24-54
25-85
18-03
17-63
21-39
21-87
26-93
20-52
21-97
24-17
28-36
32:52
37-29
29-67

Tasre 2. All the 4, 28]y and 2mf[y determined from the experimental data
in table A 2 of Hide & Titman
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Fieure 6. Distortion with time of a line of particles in the Ei'-la.yer for the case w; = 1,
w, = —698, vy =1, m = 4 and § = —2-5. Equi-vorticity lines of the disturbance are

also drawn. (@) ¢ = 0. (b) ¢ = 0-5. () ¢t = 1-0. (d) ¢t = 1'5. (e) t = 2-0.
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only thing we can say is that the disturbance with m = 1isstable in the parameter
range of Hide & Titman’s experiment (see table 1).

An interesting phenomenon observed in the experiment is the asymmetry of
the flow with respect to the sign of the angular-velocity difference between the
disk and the tank. As mentioned at the end of §3, the solutions of the dispersion
equation are symmetric with respect to the sign of the angular-velocity difference.
The observed asymmetry may be explained by a nonlinear effect. Hide & Titman
noted that certain details of the flow structure in the corner region, in which the
free shear layer meets the Ekman layers, plays an important role in this
asymmetry.

We must mention that the details of the velocity distribution in the Stewartson
layer in the experiment are different from those in this paper. In the experiment,
the Stewartson layer was generated by differential rotation of a disk in a cylin-
drical tank. There thus existed an axial flow from one side of the disk to the other
through the corner region of the disk. This gave different matching conditions
through the E¥-layer. From the theoretical point of view, we think it desirable
to perform an experiment with the same configuration as that in this paper.

Finally, in figure 6, the time distortion of a line of particles in the E#-layer is
given. At an initial instant, uniformly spaced particles are aligned along the
line 7 = 0. We can see a gradual folding up of this line of particles around the
vorticity centre of the disturbance.

The author wishes to thank Professor Takeo Sakurai for his critical discussion
of the manuscript. The numerical calculations were performed on the FACOM
230-60 electronic computer of the Data Processing Centre of Kyoto University.
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