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The problem of slow and steady flow of a viscous incompressible fluid
between two infinite circular cylinders, with radii varying axially, has been
discussed under the assumption that the roughness is small. Explicit
results have been obtained for the case of sinusoidal roughness. The slow
and steady flow of a viscous incompressible fluid between two porous infinite
circular cylinders with sinusoidal roughness has also been discussed under
the assumption that the suction rate at one wall is equal to the injection rate
at the other wall. The results of the two cases so obtained have been
compared and discussed.

1. INTRODUCTION

The exact solution of the Navier-Stokes equations for the steady state flow
for a viscous incompressible fluid between two smooth coaxial circular
cylinders has been obtained by Miiller (1936). Berman (1958) has obtained
the exact solution of the Navier-Stokes equations in case of porous cylinders
under the assumption that suction rate at one wall is equal to the injection
rate at the other wall. Citron (1962) has discussed the slow viscous flow
between two rotating concentric infinite cylinders with axial roughness.
Khamrui (1963) has discussed the slow steady flow of a viscous liquid through
a circular tube with axial roughness.

In this paper, we have discussed the solution of the slow and steady
flow of a viscous incompressible fluid between two infinite circular cylinders
with axial roughness, under the assumption that the roughness is small cora-
pared to smooth radii of the cylinders. The paper has been divided into two
parts, Part I deals with the slow and steady flow of a viscous incompressible
fluid between two circular cylinders with axial roughness. Expressions for
axial velocity, radial velocity and pressure have been obtained in terms of
Bessel functions. Results have been explicitly obtained for the case of
sinusoidal roughness. Part IT deals with the flow of & viscous incompressible
fluid between two circular cylinders having porous walls with sinusoidal
roughness under the assumption that the suction rate at one wall is equal to
the injection rate at the other wall. The radial and axial velocities and pressure
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have been obtained in terms of Bessel function. At the end the velocities
for both the cases have been calculated numerically and the results so obtained

have been compared and discussed.

PART I

2. ProBrEM ForMATION

The determination of the viscous fluid motion between two coaxial
cylinders requires the solution of the Navier-Stokes equations and the equation
of continuity subjeet to the boundary condition that at the walls there be no
relative motion between fluid and the walls. The radii of the inner and
outer cylinders are ry(z) and r,(2) respectively, where

rie) = at+e'Ny(z) } @Y
r9(2) = b+€' Nof2)

Then the proper boundary conditions are

U=W =0 at r =r(z) and r = ry(2), N . (22)
where U and W are the radial and axial fluid velocities respectively. The
circumferential velocity has been set equal to zero because of the assumed
axial symmetry.

In cylindrical polar coordinates (r, 6, z), the equations of motion and the
equation of continuity are :

10P 02U 10U o2U U
a W= - part” [W*‘;W*‘ﬁ -,—2]» 23)
ow ow laP 2w  10W oW
Uar+W—5;——;az [ar2+r ar+az2] v R
U U oW
7+7+§—0’ .. .. .. .. . .. (2.5)

where p is the density of the fluid, » is the coefficient of kinematic viscosity
and P is the pressure.
Now we introduce the dimensionless quantltles
'u=g-(—z,w Wa A——,Z:—andp=£g—2,
1 v a vEp
where 1 <A <o and o = b/a.
*. From (2.3) to (2.5), we have

du,  du_ Op, (0% lou 0% w
vatey = "'(a,\z"',\ ataE— ,\‘z) - 28)
ow, 0w dp (02w 10w azw)

u +w‘a_' az+(aAz+ AaA+ azz . . (2'7)

ou  u A Ow .
SR =0 . e . . (@)
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The boundary conditions reduce to
u=w=0 ab A= A1(z) and )\ = Ay(2), . (29
where
Ai(z) = 14eN,(z) and \s(2) = o+ eNg(2).

We shall represent the dependent variables in the form
P(A; 2) = po+p'(A 2),
(), 2) = ap{w' (A, 2)}, .. .. .. (2.10)
w(}, z) = ao{wo+w'(d, 2)},
where ¢, is a dimensionless constant defined later on in equation (2.13). The
primed quantities are the variations caused by the cylinder perturbation and
po and w, are the known solutions for the flow in the unperturbed case
satisfying the equations

opo _

w=0, R A1
apo (azwo 1 a‘wO 62100)

2z =\ e Xa—/\'l'w .. . .. (2.12)

with the boundary condition wy=0at A=1and A =o.
From (2.11) p, is independent of A; thus from (2.12), we have

0

% = constant = —a, (say),
or

Py = —agz-+constant. . .. . .. (2.13)
and

wy = _i{(,\z—l)—(az 1)122;\} N e 0]

which agrees with Verma (1960).

Using equations (2.11) and (2.12) and substituting from equation (2.10)
into the Navier-Stokes equations (2.6), (2.7) and continuity equation (2.8),
we have

& {u, a(w"a:\"wl)+(wo+w ) aaez } - %1: +a (%2;';’4_/1‘ %’.,.2:;“’{'), . (2.16)
a’“ o+ +a’” A A L

Under the further assumptlon of slow motion these equations become
:_o"’a%_ﬁi'+§ %_";.,.a;; "\_‘é e e .. (218)
%%_1’1".’.,.%?%.,.9%; v e . (219)
a"'4."‘ +2 0 e
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3. MgTHOD OF SOLUTION
From (2.18), (2.19) and (2.20), we have

2 19 9
(B_XE"'Aaz\"'azz) =0

2 .12
(a,\z ,\a,\+azz)w=°' € B

From (2.18) and (2.20), we have

1 op’ azu'_gﬁ
ay 0x 022 ooz’

Let us take the solution of equation (3.1) to be

Hence (2.19) gives

(3.2)

w'(d, z)=—21; f [AIo(EN) +BEo(€0) + (N0 (€N + DK (E0)}1e%d¢,  (3.3)

where Iy(£A) and I;(¢é)) are the modified Bessel functions of first kind of the
zeroth and first order respectively, K,(¢)) and K,(¢)) are the modified Bessel
functions of second kind of the zeroth and first order respectively. A, B, C
and D are functions of ¢.

Substituting the value of »’ in (2.20), we have

1 , . o
0= - [ teAn @y +eBRAEN +ENCL N+ DE @t

2 = — ;—ﬂ f AAILL(EX) = BE(€)) +EMOI4(€)) — DK o(€))} 1eibedé 4 b(z).
- (3.4)

Now %'=10 at A=2A;(2) = 1+eNy(2) and A =M;(2) = 0+eN,(z). So from
(3.4), we have

= - %T f (14eNy(2)[AI (£ + €N 1(2)) — BE(E+€£Ny(2)) + (E4 £N1(2))
X {CILy(£+ < Ny(2)) — DE(E+e£Ny () leitedé+6(2), .. (3.5)
0=~ gr—r f (o4 eNo(2))[AI (ol +€éNg(2)) — BK (cf+e€Ny(2)) + (o€ +e£ENo(2))

X {CIg(0f +€£Nx(2)) — DK 5(0f +€£No(2)) etkdE +4(2). .. (3.6)
From (3.5) and (3.6), we have

¢(z) =0,
Therefore (3.4) gives

e o f [A1(6)~ BE(80) + (E{CLo(EN) — D o(EN}leibsde. .. (3.7)
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From (3.3), (3.7) and (3.2), we have

2=~ eronen+DrEopsar
P =he-% | oL@ -DEENeE .. 38)

From (3.3) and (2.19), we have

‘;1;) ?a?;l - 7_17 f [CIo(£X)— DE o) Jeitdé.
C P == | LN ~DRoEeks, .. (39)

The results (3.8) and (3.9) agree if

J1(z) = f2(A) = constant = C'.
Therefore, we have

p=0o- f LICIy(EN— DR o(ENJeitede. .. .. (3.10)

Boundary conditions are

u' =0 and w' = —w, at
} . (3.11)

= ); = 14+eNy(z) and A = A3 = o4-eNy(2)
The undetermined constant functions 4, B, ¢ and D then remain to be
determined so as to satisfy the boundary conditions (3.11).
From (3.3), (3.7) and the boundary conditions (3.11), we have
0=— i—,f [AL (4 €EN1(2)) —BE (£ 4N (2)) (£ 6N, (2))
X {CIy(£+ £ Ny(2)) — DK o(£+e£N((2))}]eté=de, .. (3.12a)
0= — i f [AI (ot +€£ENy(2)) — BKy(of +€£Ng(2)) + (o€ + €£Ny(2))

X {CIo(0f +e£Ny(2)— DK y(cf +e£Nog(2))eibedé, .. (3.120)

log (1+eN 1(2))]
log o

i[{l +eNy(2)}2—1—(02—1)
= 2%] [AIo(£+€EN,(2))+BEo(€+ €N1(2) +(€ +e£N 1 (2)
X {OTy(€+eEN1(2))+ DK (+ €Ny (2)eiéede, .. (3.120)

log (o
i[{o+eN,(z)}2—1 —(o2—1) L&)‘%ﬁﬁ@]
= 2%] [AIo(ct+€£Ng(2))+ BE o(0f +€£N g(2)) + (o€ + e£Ng(2))

X {CI (0 +€£Ny(2))+ DK 1(0f + £ Ng(2))}estzdE. .. (3.12d)
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We shall now expand the functions appearing in (3.12a) to (3.12d) in
powers of small parameter ¢ and equate like powers of . We shall give
explicit results only up to the first power of e.

For 4, B, C and D, we may suppose

A=Adgted; + ... e e . (313
and similar expansions for B, €' and D.
Further

Io(E +<ENy(2)) = Io(€) + N1 (), (E)+ - © .. (3.140)
LE+eeMs(0) = L©)-+eMa(2) | Lo I‘f’} . 3Y)
Lg+etWie) = L@ +etmi@ n@- L84 e
Eo(E+e£N:(2) = Eo(f)— e NA(DEL(E)+ - . ., .. (3.14d)

K (§+efN,y(2) = Ky(£)—€EN1(2) {K0(§)+K1§(§)}+ e, .. (3.14¢)
Ka(£4€£N,(2) = Koff)—etN1(2) {K1(§)+—25-§—(§—)}+ ey . (3140

with similar expressions for the expansion of the Bessel functions at the
outer boundary.,

The foregoing representations of Bessel functions require eN(z) to be
small with respect to the cylinder radii and the roughness wavelength. The
roughness need not be small compared to the spacing between the cylinders.
Also
M

log {14+eNy(2)} = eNy(2)— + ..., .. (3.15a)

log {o-+eNs@} =log o+ DA _ L 3usm)

Substituting (3.13), (3.14a) to (3.14f), (3.16a) and (3.15b) in (3.12a) to
(3.12d) and equating the coefficients of the like powers of ¢, we have:
From coefficients of ¢°:

0= =5 [ TALie)~BoKa@) +H{Oula)~ DR GNetedE, .. (3160
0= =7 f [l 1(06)— BoKi(o£)+ ot {Cola(o) — DoR o(cb)Yleiéedt, (3.160)
- f o161+ BoEo®) +H OO0 DN, .. (3160)

0= ?" J. [AoIo(O’f)+B0Ko(0'§)+O'f{ooll(o'f)+D0K1(0‘§)}]e'.£zd§. (3.16d)
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It has been shown later on (3.18a) that Ay,= By=Cy= Dy=0.
Hence we will not carry the terms 4,, B,, C, and D, in, the following work.
From coefficients of ! :

0= 5| IWL@O-BE@+EOLO-D RO, .. (3170)
0=~ [ Lot~ B o8+ ot Ol o)~ Kslo ek, (3170

te- 2t o= [ i@+ B0
FDEONRE, . (3170)

3 [20_ %] Nale) = o f Ao+ BEo(of) Hot(Cila(of)
+D,K (ob)}eibeds. .. (3.17d)

Inverting equations (3.16a) to (3.16d) by Fourier integral theorem, we
obtain,

Aol (2)—BoK1(2) +2{0pI2(z) — DoK(2)} = 0,
Aoly(02)— BoKy(02) +02{Col3(02) —DoK 5(02)} = 0,
Aolo(z)4 BoKo(z) +2{CoI1(2) +DoK,(z)} = 0,
Ayl (02)+ BoK(02)+02{Cpl1(02)+ Dy K1(02)} = 0.
Ay=By=Co=Dy=0. .. .. (3.180)
We know from Fourier integral theorem that if

N) = o f N(eJeitedg
then . . .. (3.18)

N§) = f N(z)e-sézd¢

Therefore inverting (3.17a) to (3.17d) by Fourier integral theorem, we obtain

AlIl(z) '—BIKI(Z)+Z{0112(2)—D1K2(Z)} =0 .o .o .. .o (3.190)

A]_II(UZ)‘—B]_KI(UZ)+D‘Z{0112(02) —DIKZ(U'Z)} =0 .o .o . (3.19b)
o2~1]. —

A Iy(2)+ B, Ko(2)+2{C:11(2) + D1 K;(2)} = i[ ~ Tog G]Nx(z), . . (3.19¢)

o2—1

AyI(02)+ B K y(02) +0z{C11(02) + D1 Ky (02)} = 1‘[20 ~ 7o U]N;(z). (3.194)
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Solving (3.19a) to (3.19d), we have

Ay(2) = = A 4, (IN1(2)+ A 45(2)N5(2),

B, (z) = A131(2)1\71@)"' ABz(z)NZ(z):

1 — — (3.20)
C1(@) = ~{~ Ac,(N:(2) + D co(2)Ng(2)}
Dy(@) = {2 n,@N1)— A ne(e)Nalo}
where
x —EKy(z) Iyz) —Ks2) y —K)(z) Ix2) —K»(2)
Ba=% —K,(02) oly(0z) —aKg(o2) Dy = = —K,(02) olz(0oz) —aKs(o2)
Kqy(oz) oly(0z)  oK;(o2) | Ko(z) Ii(?) K;(2)
X Iy(z) —Ky(2) I4(2) y Io(2) —Koy(z) I,(2)
Ap = N ol5(o2) —oKy(oz)  Iy(o2) Ap, = N oly(0z) —0Ky(02) I,(o2)
ol,(cz) aK(o2) Iy(oz) !> I,(z) K,(z) Iy(2)
X ~Ky(z) Ii(z) —Ki2) ¥ —Ks(z) Ii(z) —Ki(?)
Acy = x —oKy(0z) I,(02) —Ky(oz)| Aca= x —oKy(oz) Iy(0z) —Ky(o?)
oK,(0z) Ip(oz) Ky(o2) |» Ky\(2) Ip(®) Ko(»)
X I1(z) —~K;(2) Iy(2) y I4(2) —K(2) Iy(z)
Ap, = N I,(oz) —~Ky(02)  aly(oz)|and Ap, = |I;(o2) —K(oz) aly(oz)
Iy(o2) Ki(oz)  oly(o2) Io(2) Kq(z) - Ii(2)
where
o2—1 o2—1
X=i|:2— log a]’ Y=i[2a_alog a]
Ii(z) —Ky@2) I,(z) —K5(2)
and A = Ii(0z) —Ki(02) olg(02) —oKy(oz)
Io(2) Ky(2) Ii(2) Ky(2)
Iy(o2) Ko(oz) oly(o2) oK,(o2)].

The solutions for u(A, z), w(A, z) and p(}, z) including the linear terms in e
are given by
1 ,
g (A, 2) =w(A, 2)
1€

KA 4@LEN+ A O K1(E0) +A A O 1s(EN) +A A Dy (E) K (ENIN (£)

—{ B 4O EN+ A Bo(E)K1(EN) +AA col€)2(6X)+A A Dy (E)K o(ENINo(E)leié=dE, (3.21)
i f [{— 2 ax(OToEN) + B 5, (OFo(E) —AA L1 (EN) A B 0 OEL ENIN(6)

+{AA2(§)Io(fA)—AB,(f)Ko(fa)+AA¢,(£)II(§,\)—AAD,(ﬁ)Kl(fA)}N;(ﬁ)]e*zdé (3.22)

-

-

-
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and
P, 2) = po+2'(A, 2)

= oo+ %% f {2 co(OTo(EN) + A py (DKo ENI V() — (Al O)Lo(€N

+ B Dy &) B o(ENIN(O)]eibede. .. (3.23)

4. ExampLE (SINUSOIDAL ROUGHNESS)
For this case we take the roughness function at the walls
N1(2) = Ny(z) = sin 21, R O % )
where 27l is the wavelength of roughness at both walls.
Using relations (3.18b), we may formally write (Sneddon 1951)

NI(£)=N;(§)={s(g+%)-s(g_%)}iﬂ, L @

where the function 8 is the Dirac delta function.
Substituting equation (4.2) in equations (3.21) to (3.23) and making
use of the following relations (McLachlan 1955)
Io(—B) = Io(B),  Ko(—B) = Ko(B)—inly(B),
I(~B) = —I)(B), Ky(—P)= —K:(B)—inl\(B),
I(~B) = I(B),  Ky(—B) = Ky(B)—inlx(B),

and
Aay(=2) = Aqy(A)—imAB2),  Aug(—72) = Aup(?)—imAps(2),
Ap(—2) = Ap(2), Apy(—2) = Apy(2),
Acy(—2) = — Acy(2)—im Apy(2), Acy(—2) = — Ace(z)—im Apy(2),
Ap,(~2) = — Ap,(?), Apy(—2) = — A py(2),

we have

El(;u()«, 2) = W, z)=e[{ml(§) AAz(l) }11(?)+{‘AB,G) ABZ(Z)}KI()
DR T T S A

b A = vt 8) = ~ o112

re{=aa 1) +ae () () a0 ()20 () (1)
+/\{ Acl()+Ac2(l)EII( )+,\{ (;)-—A (%)}K(i)]sinz/l,(u)

p(A’ Z) = Do +pl(/\s Z)

-l el sl )
+{AD1(§) ADZ()}KO( )]coszﬂ. L (45)

3
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PART 1II

5. PROBLEM

Now we propose to consider the slow steady flow of a viscous incompres-
sible fluid in the region bounded by the porous walls of the two coaxial cylinders
with sinusoidal roughness. The radii of the inner and outer cylinders in
dimensionless quantities being A,(z) and Ay(z), where

A(z) = 14-esinz/l, } 5.0)

Ao(2) = otesing/l, esinzll<<l<oa,

oo’ +

0 °005%

ufa,

-0°008

~0'01 |

o n 2m 3n 4

D ———

4

Frc. 1. Radial velocity profiles for o = 2, ¢ = 0-1.
3B
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Thé condition, that the suction rate at one wall be equal to injection rate
at the other wall, is satisfied if
Aty = Agly,
where u; and u, are the radial velocities at the walls of the smaller and larger
cylinder respectively.
The proper boundary conditions are
w =20, at A= A;(z) and ) = Xp(2) ; }

,\lul = )\2%2. (52)

20
10
lu/a.,
ool 2
< 0 n an am or
z

2°0 Nw/p\

T

F1c. 2. Axial velocity distribution at different sections of a
roughness wave foro =2, e = 0-1.

As previously, we shall represent the dependent variables in the form
DA, 2) =Po+P'(A 2),
u(}, 2) = ag{ug+u'(A, 2)}, .. - .. (.3)
_ w(d, 2) = aog{wo+wi(A, )} J
In case of unperturbed cylinders axial velocity is independent of z and
boundary conditions are
gy == OUge; wo =0, at A\ =1and A =o.
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Continuity equation (2.8) gives

UpA = constant — ug; = oUge

= Yor _ oz e .. (B4
or o =~ 5 .. (5.4)
From (5.4) and (2.6), we have
Py = —apz+constant, .. .. .. .. (8.5)
where q, is a constant.
20
1o
wjae
oL o2
« o n 2n 3m 4T
S————— e

20 \/‘\
)

Fie, 3. Axial velocity distribution at different sections of a
roughness wave for ¢ = 2, € = 0-2,

From (2.7), (5.4) and (5.5), we have

(1~02)(1—AR)] ’ 56

1
= | (1 —)2) =
W = 55_R) [(1 A%) T_oF
where B = wuy,0, being cross-flow Reynolds number. The result (5.6) agrees
with Berman (1958).

Substituting equations (5.3) to (5.6) in the Navier-Stokes equations (2.6),
(2.7) and continuity equation (2.8), we have

nou'  ou W ou'
a {(’“o'i'u)'éx'i'“ aﬁ+(wo+w)5z~}

== “+“°{a‘= Hatew e

861;' o' 1louw 0% u'}, .. (5T)
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n O’ i , ap' 02w’ 10w 0%’
ag{(uo+u)—az§+u w0+(wo+ ) az} 'az—;'i'ao{—a%'l';\a—lg'i-@} (5.8)
ou' u'  ow

3/\+ +3z .. .. .. (6.9

Under the further assumption of slow motion equations (5.7), (5.8) and
(5.9) become (2.18), (2.19) and (2.20) respectively.

.6, M®ETHOD OF SOLUTION

Proceeding in the same way as in the case of non-porous cylinders, equa-
tions (2.18) to (2.20) with the boundary conditions (5.2) give «’, w’ and p’ as:

o Jfoi - 6) o () -si )
Y P R ) et

015 |

010 1

4 r
o n 2n n 4N

z

Fi6. 4. Axial velocity profiles for ¢ = 2, € = 0-1.
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) n_
b))l s

//’:\\.‘
] Vs \\_.
0015 s \\\ No CRoss FLow R:0'000 ——n
/“/ ’/,. \. \‘.
7 RN \ SUCTION AT OUTER WALL R:0'006§ ----
/'~.// \\\ SUCTION AT OUTER WALL R:0'010 — .—.
4 SN N\

0°010 1

0oo0st .-

u/a.

0°000

-0'0051

-0'010

z
Fie, 5. Radial velocity profiles for different cross-flow Reynolds number for 0 = 2, ¢ = 0-1.
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S Y0 B PR R T

where
' M , N
AA1(Z) = 'X-" AAl(Z): AAg(z) = ? AA2(Z)’
’ M P N
ABl(z) = X AB1(z)’ ABa(Z) = T,v ABz(z):
s M , .N
Acl(z) = X Acl(z), ACz(Z) = ? ACz(Z),
p M , N
A])l(z) = X A py(), ADz(z) = % ADz(Z):
1 R( _02)]
-9
= 2(R—2)[ SR g
and
yo L RUR‘1(1—02)]
T XR=2)| 1—oF
oo T
Asla SUCTION AT OUTER WALL R:=0')
oosT
©'100
/13\'8
—Az"2
00957 ~A:1'6
Loasra
0090
S
3 ) n an n 4T
0'5'0 + —-—z-——-b-

Fie. 6. Radial velocity profiles for cross-flow Reynolds number = 01 and for o = 2, e = 0-1.
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SUCTION AT OUTER WALL R=0°1
R:0'85 ~w— o
R*1'0 ~— ——

0021
Q200 —t —t +- +
o " Py, an 4
e r————
z

Fi1e. 7. Axial velocity profiles for different cross-Sow Reynolds number for ¢ = 2, € = 0-1.
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20
10
R=zQ’I
wl/a,
ot o2
20
< 1o
Rz0O'S
20
10
R=1'0
o n am r 4
—_—

z

F1c. 8. Axial velocity distribution at different sections of a roughness

wave for o = 2, e = 0-1.

351
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The solution for u(}, 2), w(}, 2) and p(A, z) are then given by

1
—u{], 2) = ug+u’
L)

= 01;02+ur’
—120(/\, 2) = wotw .. .. - .. .. .. .. (6.4)
)

1 (1—0‘2)(1—/\1‘)} ,
—_— YA Y. S A S A
~2(2—R){(1 A2) T of ERTN .. .. (6.5)
X, 2) = pot+p’
= ¢—agz+p’, .. - .. .o . .. (6.9)

where u’, w" and p’ are given by (6.1), (6.2) and (6.3) respectively.

7. DiscussioN

Numerical work has been done to draw the velocity profiles for the radial
and axial velocities by fixing the outer boundary o, roughness wavelength
97l and small parameter e. Values of u/a, and w/a, have been calculated
foro=2and =2, e=0-1 and ¢ = 0-2.

(a) Awial velocity.—In the absence of cross-flow, B = 0, the maximum
axial velocity occurs closer to inner boundary at z = » and closer to outer
boundary at z = 3x. At z =0, 27, 4ur maximum velocity occurs at the
centre (Figs. 2 and 4 for e = 0-1; Fig. 3 for e = 0-2). When ¢ = 0-2, back
flow occurs closer to inner boundary at z = 3= (Fig. 3).

In the presence of cross-flow, characterized by R = 0-1, R = 0-5 and
R = 1-0 (injection at the inner wall and suction at the outer wall), the maximum
axial velocity is displaced towards the centre (Figs. 7 and 8). When
e= 02 and R = 0-1, back flow occurs at z = 3=, but as R increases, back
flow disappears due to increased injection at the inner wall.

(b) Radial velocity.—In the absence of cross-flow, minimum negative
radial velocity occurs at z = 0 and z = 4r; maximum velocity occurs at
z = 27 and remains zero at 2 = 7 and z = 3». So the fluid presses the inner
wall, when 0 <z <7 and 37 <z <<4wx. It presses the outer wall, when
m <z < 3n (Fig. 1).

Radial velocity profiles for different Reynolds number R = 0-605, 0-01,
0-1 have been drawn (Figs. 5 and 6). When R = 0-005 minimum negative
radial velocity occurs at z = 0 and z = 47. But as R increases negative velo-
city disappears, though still minimum velocity occurs at z = 0, z = 4.
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