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The solution of Navier-Stokes equations in cylindrical coordinates is obtained
for the flow of a viscous incompressible fluid in a porous annulus with differ-
ent radial velocities v, and v, at the walls. The results of Berman (1958)
and Bansal (1966) are obtained as particular cases of the investigation. In
general, v, and vy are different and thus eight types of flow, in a porous annu-
lus, arise on permuting the negative and positive signs of v, and v, and their
magnitudes. The case of [v,| > v, ] is discussed fully in this paper. When
|vg| > 1951, the problem can be reduced by a simple transformation to the
case of | vp | > | va | and is discussed in detail.

INTRODUCTION

In the last two decades a number of papers have been published on the
flow problems of incompressible fluid through porous channels and pipes.
They have given a deeper understanding of the problems of cooling rocket
and jet motors by the diffusion of fluids through porous-metal combustion
chamber liners, etc. Berman (1953) investigated the effect of wall porosity on
the two-dimensional, steady state, incompressible, laminar flow of a fluid in a
channel of rectangular cross-section. With the assumption of uniform suction
at the walls, he arrived at a third order non-linear differential equation which
has been solved by a perturbation method for small flows through the porous
walls. Sellar (1955), Yuan (1956) and Berman (1956) have investigated by
various approximate methods the laminar flow of a fluid in rectangular chan-
nels with porous walls for large suction and injection Reynolds numbers.
Verma and Bansal (1966) have obtained the exact solution of Navier-Stokes
equations for the flow of a viscous incompressible fluid between two parallel
plates, one in uniform motion and the other at rest with uniform small suction
at the stationary plate. Yuan and Finkelstein (1956) and Bansal (1966) have
studied the laminar flow in a pipe with porous wall. Applying the method of
averages, Morduchow (1957) discussed the laminar flow through a channel
and a circular tube with injection. Berman (1958) gave the solution of Navier-
Stokes equations for the case of steady state, laminar flow in an annulus with
porous walls assuming the constant influx through one wall equal to the efflux
through the other wall. Recently Terrill and Shrestha (1965) have studied
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the flow through parallel and uniform porous walls of different permeabilities
for small Reynolds numbers of the cross-flow.

The present investigation represents part of a continuing effort to under-
stand the effects on the flow field of fluid removal or injection through channel
walls and ducts. The solution of Navier-Stokes equations in eylindrical
coordinates is obtained for the flow of a viscous incompressible fluid in a porous
annulus with different radial velocities v, and vp at the walls. The results of
Berman (1958) and Bansal (1966) are obtained as particular cases of the
investigation.

In general, v, and vy are different and thus eight types of flow in a porous
annulus arise on permuting the negative and positive signs of v, and v, and
their magnitudes. When [v,| > |vs], the suction parameter is defined by

av . . . by
Ay = —", while for |vs|>|v,|, the suction parameter is A, =— , where
v 14

a and b are the inner and outer radii respectively and » is the coefficient of
kinematic viscosity. The case of |vs| > |v.| is discussed fully under the
assumption that the flow is due to the pressure gradient of the Hagen-
Poiseuille flow at the mouth and the suction at the wall is uniform and small.
It is found that the axial pressure gradient and the sxial velocity decrease
along the axis of the annulus, and vanish simultaneously at a finite distance
from the mouth of the annulus. In the present case it is interesting to note
that an adverse pressure gradient is developed beyond the point where both
axial velocity and axial pressure gradient vanish, which causes a back flow
from infinity to this point. The axial velocity profiles, stream line patterns
and the pressure-drop along the axis are shown graphically.

When |v,| > [vp|, the problem can be reduced by a simple transformation
to the case of |vs| > [v4]| and is discussed in detail in Appendix I.

EqQuaTtions or MortioN
Let us consider the steady laminar flow of an incompressible fluid in the
region bounded by the porous walls of two coaxial cylinders of radii @ and b.
It is assumed that the fluid is injected at the inner cylinder with a velocity v,
and is sucked at the outer cylinder with a velocity v, and the rate of suction is
not equal to the rate of injection. The Navier-Stokes equations in cylindrical
polar coordinates (x, r, 8) for axially symmetrical flow are

du , du 1 0p v(azu 10u aZu) )

it o o
ov, v 10dp 0% l1év v 0%
“W”E——m’f”(mﬂé‘r'ﬁ 5;2) - @

and the equation of continuity is

d 0
a(ru)+$(rv) =0, .. .. . oo (3)



LAMINAR FLOW WITH POROUS WALLS OF DIFFERENT PERMEABILITY 79

' where u and v represent the axial and the radial components of the velocity in
the directions of 2- and r- respectively.
The boundary conditions are

4)

r=a,v='ua,u=0,}
r=2"b,v=1p u=0

Since the velocities of suction and injection are constant along the axis of the

d . . o .
annulus 5;)—0 = 0, therefore, v is a function of r only. Now, it is evident from

eqn. (3) that —a—“=0
Thus equations (1) to (3) reduce to
ou Ou _ 1 op ot 1 ou
U 3——x+vﬁ T o (87’2 z 67‘) - .. .. ()
dv_ - 109p 0w l1ldv w
YaT T (aT 25—72)’ (©)
and
ou ov v
It is convenient to introduce the following dimensionless variables
o wb _ wb __z_J_b_f avg
U 77” _;'777_5 w—_b’p_vp’Al-T’
b’Ub /\ A a
Az—‘;}'—,dl-—x— lag—l—/\—zand —B’
where :
o< 1. 8
Hence equations (5) to (7) in non-dimensional form are
0d p. (024 1 0@’
+ an ai+(5‘;§+;’ —a;)y .. .« .o (9)
av op (020 1 60 27)
"= T o (3n2 o e
and
oa 0% b
stat, =0 B B )|
with the boundary conditions
s Mo
n—a,v—a,u——o,g (12)
n=1; 6=Xy =0

TLet
BE, ) = po+p' (& 1),
UZE, 1) = ug+u'(%, 1),
o) =2'(n), .. .. .. .. .. (13)
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where the primed quantities are the perturbations caused due to porosity and
Do %y, the known quantities for flow with solid walls, are given by

Oug 9po
o = .. .. .. .. (14
m=0.70=0, (14)
and
Opg _ 0%ug , 1 du,
e a’72+5?;’ .. .. .. .. (15)
with the boundary conditions
yg=0atn=candn=1. .. .. .. (16)

From (14) p, is independent of » and %, is independent of %; thus from (15)
we have

o
% = constant = —aqy (say)
or
Po = —ayT+ constant, .. .. o (1
and
= %02y 1=0% ] 1
uo_4[(1 72) Tog o logn|. .. .. .. (18)

The equations (9) to (11) using (13) to (15) reduce to

Dug au) __ o (ot 1 pu’’
(ug+u’ ) a_ ( +—=- an 2% + Ty %/), (19)
av op’ (a%’ 1w 2) 20
Yo T\t ) (20)
and
ou +a'”+ O 1 )
with the boundary conditions
R | /\1
n=o0; v =",u"=0, E R )

n=1; 0 =X, v =0

METHOD OF SOLUTION

Assuming |vs| > |vg |, let

v'=% (n). L ®
From eqn. (21), we have
W= =22 f(a)+Flo) 11

where f(y) and F(n) are unknown functions of 5 to be determined.
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Substituting (23), (24) in (19) and (20), we get

op’ P 0
5%=F+—F—;(f§,° wof’ Ff+Ff)
A
2L g2 —nf "+ delnf = ) .. (25)
and
0
%——Wf”—nf —Nbff =} .. .. .. (26)

with the boundary conditions

n=0; f(n) = 1=as, f'(n) =0, F(n) = 0,)

n=1;fn =1 fn)=0Fxn=0 1}

At the mouth of the annulus the pressure gradient along hte axis of the

annulus is assumed to be the same as the pressure gradient of the flow without
porosity.

(27)

Therefore, at z = 0 o’ =0,

> a—
Hence from (25), we have
1 dug
W+5F ?(f uof — ﬁy+Fﬁ .. .. (28)
From (26), we have
a2p’ _
g = R 1)
Using (28) and (29) from (25), we obtain
d 4 " '’ /) 4 ’
an [,,3{ 2f = f 4 f A0S E—n "+ S )}] =0 .. (30)
or
B =2 f e f a2 2= ff o ff) = Kem®, .. .. (3])

where K, is the constant of integration to be determined.

If A; = Xy = R (say), i.e. the rate of injection is equal to the rate of suc-
tion, then ay = 0 and f(e) = 1, giving the obvious solution f(y) = 1.
Hence from (28), we have

nF’' —(R—=1)F' = %%9. - .. .3 (32)

Using (13) to (15) and (24), eqn. (32) reduces to

a”-(R-n%: —a, e (33

with the boundary conditions
@) = @) =0. .. .. .. .. (34

This agrees with the result of Berman (1958).
6
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Following Bansal (1966) it can be easily seen that if we put
ao f'(n)
F = —Ug— ol A N .o . . 35
(")) 0 k2 ” ( )

then eqn. (28) reduces to eqn. (31) satisfying the proper boundary conditions.
Hence we have to determine the solution of f(y) from eqn. (31) with
the help of the following boundary conditions

F=1; f(1)=0,
flo) = 1—az; f'(0) = 0.
and then F(n) is given by (35).

(36)

PERTURBATION SOLUTION FOR SMALL Ag

The solution of eqn. (31) can be expressed for small values of Ay, by a
power series developed near A, = 0, as follows

fo)y =D hoNsd Ky = 0oy, .. .. .. (81

where the f;’s and Cy’s are independent of A;.  Substituting (37) into (31) and
equating the coefficients of like powers of A, leads to the general equation
r—1

V44 ” ’ W 4 1 7
ﬂaff _nzfr+77fr = 7)40"'—7)2 Z <f5f7-1_5"_f5f7-1-s+5 fsfr—l—s)' (38)

s=0
The boundary conditions to be satisfied by the f;’s are

fo(l) = l,fo(a) = 1—‘“2,
fr(1) = fi(o) = 0, for r > 1,

and
F) = fle) =0, forr > 0. N 1)
The equation for f4(7) is
1Bfy —n2fotnfy= Cont. R 1)
The solution of eqn. (40) subject to the boundary conditions (39) is
Cont
fo(n) = Ly+ (L, log 1+ L)nP+ 5> (41)
where
_ (1—'“2)"‘02 000'2
Li=sq2im - @)
2a C
L= _—1—22__82(1"'02)’ .. .. .. (43)
o C
L3=1—_%—1—(‘;(1—02), .. .. .. .. (44)
and
1
Co = 6ap log o 45)

T (=1 —c®)+(1+0% log o]
6B
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The equation for fi(n) is
wfy —n¥f,+af, = Copt—n2f) +n2f fomnfofor .. .. (46)
Using (41), the solution of (46) is
2
00 8. 00
T 256%367  96x24
+12L,; log n—5Lg)mS 45 {00L1+ 16L,L,— 1412 —8L?

filp) = My+(M; log 7I+M3)7)2+

(12L,

—8Ly(log 7)2+ 16L} log n—16LyLs log n{ 74+ 4L La{2(log n)2

—2 log 741} 2 T 71, )
and
2
, 0, Cy Oy
fin) = (2M g log n+2Ms+Mo)n+- 1 — o5 26" — 198

+1 {OOL1 +12L,L;—10L% —8LE—8L(log 7)2+12L% log 4

(4L3+-4L; log n— Ly)n®

—16L,L, log n} B+InLa(log 2, .. .. .. . .. (48)

where My, M,, My and C; are constants of integration to be determined. In
order to determine these four constants we use the following boundary condi-
tions

and A =£) L @)
filo) =fi(o) = 0.

The boundary condition fy(1) = 0, gives
2

C C 2
0 0 3—5Lg)— 16L,L;—14L%—S8L
Mot Myt T3 = it pegn (1259= 500 = (Col+16LL o
4
= P (say). .. .. .. .. . .. .. (b0)
The boundary conditions f'(l) = 0 gives
C 2 2
2M3+.M2+ 1=% x°3 5 128 O (4L, — Ly)—$(CoLy +12LyL3—10L,—8L,)
=@ (say). .. .. .. .. . .. o W (8D
The boundary condition fi(o) = 0 gives
2
Cyot Cy Co
M1+(M2 log 0’+.M3)0’2+ 1 256)(360 +96X24_ (12L3+12L2 log o

—5L5)05— 35 {00L1+16L2L3—14L —8L?

—813:(108 o)2+ IGL: log ¢—16LyL, log a} ot
— 30 Ls{2(log 6)2—2 log ¢+1}0?
=R (say), -. .. .. .. .. (82)
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and the boundary condition f'(c) = ( gives

2
010' 00
~ 32%36

o
128

(Z.Mz log 0’+2.M3+M2)(7+ 0'7+ (4Ls+4L2 log 0—L2)05

-1 {COL,+ 12Ly Ly —10L2—8LE—8LE (log o)

+12L2 log 0—16Ly L log a} a3 —IL,Ly(log o)%o

= 8 (say). .. .. .. .. .. (b3)
Solving (50) to (53) we find
(2R—80)—(2P—Q)o2 _ C;
My = 2(1—0?) 76" 54)
M, = (2R_‘?;’)__G(§P @ _ G Qe L)
_ (2P—Qo®)—(2R—80) C
My = 51 —o%) —l—é(l—cﬂ), .. .. (56)
and
0y = 4(Qo—8) 8{(2R—80)~ (2P—Q)} log o (&7

o[(1—02)+(1+02) log 6] ' (1 —02)[(1=02)+{1+02)log o}
The equation for fy(n) is
n3fy —n2fy+f, = Cot— 202 f 421 fo 4n2fof, ~nfifo—nfof, - (58)

Using (41) and (47), the solution of eqn. (58) is
3 2

0 12 0
356864007 T 956X 72% 19800 L4?

02’74
fo(n) = N1+ (N3 log n+ Ngn2+ 16 +

C
—)pl0g4— 70 —11
+199L5(20 log 7—7)Iy +1152X 588 [Az+43 (log n—11)
1
+423L5{(log 7)1 log 1435} 11+ {55 [4e+ 45 (log n—3)
+4o{(log 12— log n+31}+256L5{(log 7)3—2(log 7)*+44 log

— 52 I8+ A7+ As(log —§) — Ao{(log 7)2—§ log n+32}
—16L,Ly{(log 7)8~42(log )24 3+ log n— 122 Int 4 55[64,0{2(log 7)2

—2log n+1}+LLy{4(log n)2—6(log 7)2+6 log —3)In2, .. (59)

where _
Ay = 20(64L,—24L,), . O (1))
Ay = (288L2—480LyL,+383L2 — 2200L1—7201) Y ()]
Ag = (T11LyL;—480LY), Y (%)

Ay = ~8(6C Lo+ CoLyLy—26L5 + 56 Lo L2 +8C, M3+ 6C,Ly Ly
+80,Ly—32L+6C My —32L,L7), .. .. .. .. .. (63)
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Ay = (~640,L3—49000, L1y — 1024 L5 Ly + 256 L34 1280 L, LE— 640, M), .. (64)
Ag = 64(16L2L;—TLE~3CInLy), .. .. .. .. N (353}
Ay = (CoL2420,Ly +4Ly Ly Ly~ 2L L3 — 8L, L= 32Ly M s — 8 M, Ly — 8L, M),
(66)
Ag = —8(L1L2L3+4L2.M3—2L2M2—4.M2L3), .. .. .. .. (67)
Ag = 4L2(L1L2+8.M2+4L1L3), .. .o .. . .o .. (68)
and
A10= (L2M1+L1M2). . .o .o . .o . PN (69)
Differentiating each term of (59) we get
oW 4N O, c’ c;
foln) = (2N, log m+2N+ Nopy+ ZEnd+ s tmmn 0+ gepe Toas
) Co
X [41+199Ly(20 log n—5) P+ 5 [ Aa+ Ag(log n—3)
1
+423L{(log 7)2—} log n+%}]n7+m[A4+As (log n—4)
+ Ag{(log )2—log n+3§}+256L{(log n)3—§(log n2+¢ log 7
— 8} 5+ [ A7+ Agllog n—1)— A4{(log 7)2—2 log n+3}
—16L, L{(log 7)3—3(log 7)>+4 log n~3}J®
L’L, .
+ | 410(log )2+ (log 7)3|m, . .. . .. (70)

where N,, Ny, N3 and C, are constants of integration and 4, to A, are
known constants. In order to determine the constants of integration we use
the following boundary conditions

f2(1) = fi(1) =0,

and ;
Jolo) = flo)=0. . .. .. .. (7
The boundary condition fa(1) = 0 gives
2
Cs _ c G
N1+ Ns+15 = — 555% 86400 ~ 256 x 72 % 19800 A1 — 1393 L2)

Co 280
T 1152x 288 (Az—da+3 1L;) — ]28><96

x (A4‘— %As +43dg—152 L)) —3(Ar— 3 45— 4

=T(say). O « £ I
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The boundary condition f;(l) = 0 gives

oV, 4N+ 02 = ¢ _ % (A, —195Ly) — —20 (4
st N et 5 = — 07200 256%x72x 1280 ! 2= T4z 288 (A2
2 1
=g+ Y L) — 15g5 1 (Ae— 445 +§45—96L;)
— (47— Ag—§4o+48L, L))
=U (sa,y) . (73)
The boundary condition fo(e) = 0 gives
0 03 02
2 ot o
Ni+(N; log o+ NyJo?+—a= = — 5 a6~ 256 x 72 x 12800 1
c
- 10 70
+199Ly(20 log 0—T)]o10— 750 ocs [do

+Ag(log a—%)+423L2{(1og a)2

—11 log o4& }o8— 128x96 ————[A,+ A{log o

—3)+4e{(log 0)2—4% log o +33
+266L5{(log )3 2(10g )24 22 log o — 5 Ho®
—3[47+ Ag(log o —§) —Ag{(log 0)?

—4$log o4} — 16L1L {(log 0)3—135(log )2

and the boundary condition f;(o') = 0 gives

<2N2 ].Og O’+2N3+N2)O'+

+ 95 log o — 17 ot~ [64,0{2(log o)
—2log o+ 1}+L1L2{4 (log 0)2—6(log o)2
+6 log 0 —3}]e?
=V (say), (74)
020’3 03 Oﬁ A
4 T 256x7200°  266X72X 1280[ !
Co
) —5)lo®— — 20
+45(log a-—%)+423L2{(10g 0)?
—4log o+§}lo7— (As+A45(log @

128 X 16
—3)4A4¢{(log 0)2~—log o+ %}

+256L3{(log )3—§(log 0)24 & log o—3}]ob
—~ 5[4, + Ag(log o —1)— Ag{(log )2

—2 log o4} —16L,L{(log 0)3—3(log o)?

+3 log 0—3}]o8— [Am(log 0)2
LL,
+'~§—— (log 0)3}o

= W (say). (75)
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Solving (72) to (75), we find
@V —Wo)—(2T=U)* O,

N, = i ~ 2 (76)
@V =Wo)~@2T-U) O,
Ny = oot — 2 (1+02), e
2T —Uo%)—(2V—-Wo
N, =T Uz(l)_fﬂ)v w )_%(1—02), L. 8
and
o, qUo—W) | 8{(2V —Wo)—(2T—U)}log o 79)

= o[(T—o2)F(1+0?) logo] " (1—oB)[(1—0®)+(1+02) loga] "

Hence the second order perturbation solution of eqn. (31) satisfying the
boundary conditions given by eqn. (36) is

fo) =folm)+afrm+a o), .. .. .. (80)

where fo(n), fi(n) and fo(y) are given by equs. (41), (47) and (59) respectively,
and

Ky =Co+MCr+X0s .. .. .. .. (81)

where Oy, C, Cy are given by eqns. (45), (57) and (79) respectively.

The particular case of laminar flow through a uniform circular pipe with
small suction can be obtained by taking v, = 0 and a ~ 0, this implies as = 1
and o — 0.

In this case

Li=0, P=3, M;=0, A4,=2560,
Ly=0, Q=122 M,=0, A= 288,
Li=2, R=0 My=j 4,=%%8
Co=—16, 8=0, C;=12, A= —5¢,
Ag=Ag=Ag=Ag=Ag=Ayo=0,
T=3%, Ni=0,
U=33, N2=0,
V=0, N3 = £,
W =0, and Cy = &8, (82

Therefore from (41), (47) and (59), we have
Joln) = (22 —74),
[1(n) = F5(4nE—t+69°—n8),
f2n) = 5255(16692—3807+ 27578 — 7698 - 15710~ n12), .. (83)
which agrees with the result of Bansal (1966).
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StrEAM FUNCTION
From (13), (14), (25), (28) and (31), the axial pressure gradient is

op -
- 37’—; = ag+A. Ko7,
where K, is given by (81).

Using (13), (18), (23), (24), (35) and (84), the velocity components are

4=

and

= — ; 59_;f(77)+constant
or

=2 (1425, ) st
Pressure DISTRIBUTION
Substituting eqns. (28) and (31) in (25) and (26), we get

and

% _ [vf”—f’ 2y (nﬁ’—ﬂ}]‘
o n? 73
From equs. (14) and (17), we have

oo Oa,ndapo

o Oy =
Therefore, from eqgns. (91), (92) and (93), on integrating, we get
2
= — - K2A2 =2 A2 7] ,\2 2
Pz, 1) = ag¥+—5— 2 — -;f +—2_";§f +constant.

(91)

(92)

(93)

(94)

From this general expression, the pressure distribution in the # and 4 directions
can be immediately deduced. The pressure drop in the z-direction is given by

. _ KA
(0, n)—p(%, ) = aos‘v+—§——2 z2,

(95)
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and that in the n-direction by
2

A
87, o), m) = 1Ly — L2 (96)

FrIcT1ON—COEFFICIENT
The shearing stress 7, at the outer cylinder is

W (au)
. on/n=1

L op 0
=_'g_;faﬁf )]_1, N )

it Pl L)) Co e (98)
The expressions for coefficient of skin-friction at » = 1 and » = ¢, with the
help of (80), (97) and (98), are given by

7 b2 ,
o = e L a'p[fo(l VL MHELL] .. .. (99)
and
a aaz 1 a "
o = T?J - - 5’:”[1'0(0 Y4 dof (@) 221" (o) ] .. (100)

Hence it can be inferred that the coefficient of skin-friction at the walls changes
sign with the axial pressure gradient.

Axial velocity profiles with porosity

0. L
=-0l0 —008 —006 -0. 04 -002 ;, 0 o.02 0.04 006
—p— u;’d.o
Fra. 1. Axial velocity profiles plotted against n in an annulus with porous walls of
different permeability. [, = 0-75, ¢ = 0-5, A, = 0-1]
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NUMERICAL DISCUSSION

The axial velocity profiles for various values of g along the axis of the
0

annulus are calculated from eqns. (85) and (86) for wp = 0-75, 0 = 0-5 and

~—— Axaal velocity profiles wich porosity
10 |- ---- Axial veloaty profile without porosity
09
oer
"
Dot
o6}~
-
0.5 1 1 1 1 - i 1 1
-005 -004 -003 -002 -00I E/ 0 0.0 0.02 0.03
—"/Qp
Fie. 2. Axial velocity profiles plotted against 4 in an annulus with porous walls of
different permeability. [wg = 0-75, ¢ =0-5, A; = 0-01]
i -=— Streamhne in the region
1.0 | of no back flow
j —— Streamline In the region
~o.0t o) 001 002 0.0340.0810-05% 0 of back flow
o9}l | %
4 A
!
0.7+
0.6
0.5 i [l ] L L L
0 0.2 04 0.6 .08 _ 10 L2 14 1.6 1.8
X
Qs
Fie. 3. Streamlines pattern in an annulus with porous walls of different

permeability. [ay = 0-75, o = 0.5, A3 = 0-1]
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A2 = 0-1, 0-01 and are shown in Figs. 1 and 2. It is noted that the maximum
axial velocity exists near the middle of the annulus and that at the mouth it is
greater than the velocity of the flow without porosity. The axial velocity
distribution is parabolic and it decreases along the axis of the annulus with the
axial pressure gradient and vanishes for Ay = 0:1 and 0-01, oy = 0-75, ¢ = 05

0.6
0.5

0.4

LIEY-R

0.4 0.8 1.2 1.6 20 2.4

-0.2-

-0.3

Fra. 4. Axial pressure drop against the axis of the annulus with porous walls of different
permeability. [« = 0-75, ¢ = 0-5, A, = 0-1, 0.01]

a,t(-f— = 0-17 and 1-07 respectively. It is interesting to note that due to
0 —
porosity (Jus| > |va|) an adverse pressure gradient is developed beyond g—

0

== 017 and 1-07 for A3 = 0-1 and 0-01 respectively, which causes a back flow
from infinity to these points. This phenomenon follows from the law of conser-
vation of matter. To have a clear insight into the pattern of the flow the

streamlines are plotted in Fig. (3) for ay = 0-75, ¢ = 0-5 and A; = 0-1. Since
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there is injection at the inner wall and suction at the outer wall, the effect of
back flow is nearer the outer wall, as it is suction that causes the back flow.

4

For az = 0-17, the streamline o= 0 emerges out radially and thus separates
0 0

the two regions. The pressure drop along the axis of the annulus is parabolic
and is shown in Fig. 4 for ay = 075, ¢ = 0-5, Ay = 0-1 and 0-01.

AprrENDIX I

It can be seen that a certain transformation will reduce the problem for
|val > {vo] to [ve] > |val.

For
Ival > ]’l)b],
let
;A
v’=#¢(v;), .. .. . .. (101)
and therefore from (21) we have
W= — %:}:’(ﬁ'(n)-}-f('r;). U )

In this case the equation
1’4" =P+ b + M (2 —12$¢" +ndd) = Kynt, .. .. (103)
where K, is an arbitrary constant, has to be solved subject to the boundary

conditions
n1=1; ¢(n) = 14a;,¢'(n) =0,

n=o0;¢(m)=1,¢H =0, .. . .. .. (104)
and é(y) is given by
= % ¢'(n)
S(n)——uo—f"l-n—. N & (1)

Now, let us apply the transformation ¢(x) = ;\—2 f(m) and K, = :\EKZ.
1 1

Then eqn. (103) reduces to
13" =02t uf 4 Ao (P 2—n%f" +0ff') = Kb, .. .. (106)
with the boundary conditions
n=17fn) =1f()=0, $
n=0,f(n) =1—ay, f'(y) =0,

which is the same equation as (31) with the boundary conditions (36) govern-
ing the flow with jup| > |24 ].

.. (107)
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