sen method is used to study the correlated incompressible case. The results in
respect of the location of point of separation for the chordwise flow for one case
are compared with those of Stewartson’s Effects of compressibility, suction and

injection are studied.

1. INTRODUCTION

Incompressible boundary layer on a yawed semi-infinite flat plate with
suction and injection have been investigated by Bhatnagar and Ahuja' and
Ahuja® by using the * independence principle ° and a modified Pohlhausen
technique. For the corresponding compressible flows, the independence principle
does not hold good. 1In order to study the effects of compressibility, we assume
that there is no flux of heat across the plate, Prandtl number of the gas is
unity and the coefficient of viscosity varies directly with the absolute tempera-
ture. We transform the boundary layer equations by Howarth’s transforma-
tions’ where we assume that the spanwise flow is incompressible in the
transformed plane. This assumption is based on two facts, Firstly, the angle
of yaw is small and secondly, the Mach number for the chordwise flow cannot
be greater than unity, since beyond that we will have to study the interaction
of shock and the boundary layer, which our treatment cannot take care of.
Therefore, the Mach number for the spanwise flow will be very small. Using
this assumption we find that the independence principle holds in the transformed
Plane and the effects of compressibility for the spanwise cor{lponeglt are taken
care of through the transformations only. Crabtree* and Tinkler h_ave ti't?udu:d
similar problems by using Illingworth and Stewartson’s transformations and
¢Xpanding the solution in series in powers of spanwise Mach number. Here

We consider four flows viz.,
65
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Uwl—x, V=const, (I); U=1+x, V=const, (II)

!
Un_...l_--’ V = const,, (III); Uﬂ ) .
1 +x

, V=const., (1V)

and compare the results of case (1) without suction with those of Sf“_ewa_ﬂson's"_
We find that the fifth degree polynomial with two boundary conditions 03 the
plate gives good agreement even for compressible flows.

We study the effects of compressibility on all the four flows and also the
effects of suction and injection through the paramsier S[= (fﬂu Ax)o]  we
find that compressibility decreases the skin friction, a comparison of which ijg
shown in Figs. 1 and 2. Suction and injecion have effects similar to the

case of incompressible flows. Their effects are presented in Figs. 3, 4, 5
and 0.

EQUATIONS oF MOTION

2. The equations of motion of the steady compressible lamina;
boundary layer over a yawed semi-infinite plate are:

a d a/ cu
pu-itf ¥ pr.u-—u- e il + -——(,u.—-—-) .

;X oz X dzZ\ ¢z [211
cX &z ¢Jz\ ¢z
ap
il [2.3]
3 d -
"a';(PH) + -B_..;.: (pw} = 0, [34]
and
d 3\ [+ 50 B1Eao \)
plUu— 4 w— - Co T Y s v L
( ax o E‘:Z) ( 2 s f 4 ) az l.!u az( 2 + Cp 7-.)j » [2.5]
p~pRT

are the equations expressing conservation of energy for a Prandil number of
unity and the equation of state respectively,

We measure x, y
z 1s the direc*ion per

In the chordwise and spanwise directions respectively and
usual meanings.

pendicular to the plate. The other symbols have their
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The boundary conditions are :
Atz=0, u=0-=0, (u-wﬁ(x) and 3T/BZ=0

At z = oo, u—>U, v—=>Vand T—>T,

Since we are dealing with zero heat transfer between the gas and the
wing surface, we use the following integral of equation [2.5].

C, T+ A = constant [2_7]

The chordwise velocity outside the boundary layer satisfies the following
equation .
| 3p_ UdU
p dx dx

The velocities in the equations of motion can be replaced through the
definition of a stream function;

i
pu = Ps"ib
oy 4
" [2.8]
A
B AX

so that the continuity equation is automatically satisfied. Here the suffix s

denotes standard conditions of the gas at the plate.

and introducing
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BX. 80_[5X Y ¥
dZ OX

where we use the suffix ‘1
the edge of the boundary layer.

T 2, p? 2 2
T; 201 [ ) ( )]

From [2 7] we have

» to denote general values in the mainstream ;¢

The effects of compressibility may, therefore, be thought of as supy.

marized in square brackets. Now we write

y—1[.2 [3X\* y X 1
=1+ U—(=1) | - ¥R o ¥ gt dy
20} [ (az)J 2a; a22+ 2 M {l (

gl

where M, = V/ay, is the Mach number of the spanwise flow at the edge of

the boundary layer.

The maximum value of w=(y —1)/2 M2 is 0.2 for air with y = 1.4 and
M,=1. We can take the Mach number of the chordwise flow upto unity

?nly as .our treatment cannot take into account shock wave-boundary la

mteracu_on which may be present in the flow field for Mach numbers rea{ﬂr
than unity. Therefore, for small angles of yaw and for the extreme valgue r*‘-l'
chordwise Mach number to be unity, M, is much smaller than unity, ¢ "
quently, we neglect the term containing M,. In other words, spam}:.r,lse 0;11;:

may be treated as incompressible, Then

G=1+12 ][Uz (ax)]-—?—xﬂ

231 Z

and the equations [2.11] and [2.12] reduce to

I'X X X X

1+L-__1{ 2 _[3X 32x ] . dU
2X2Z 3Z 5°Z ox [ 2 1" (z ll Ea Yzl Ve ?
and I dx

&7 dx B

94 8o [E"X Y ,dU _ | ayv 32
2 U_—' X v
oxX 2a7 dZ ( ) ,

5 ¥
Vil
[2.13]

[2.14]
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where the boundary conditions are

o X y .dU _, aX
— S 0, g = 0, — U____ X__ i g =
X
and .B_E-f—} U, v—=>V at Z— co.

Equations [2.13] and [2.14] define an incompressible flow in the (x, Z)
plane and can be solved by the modified Pohlhausen method, then we can
transform the results to the physical plane by means of the inverse trans-
formation.

The momentum integral equations in the transformed plane area :

—‘ij 247 UL J udZ
X d x
’ ° LXx B X
dU ; u u u ]
o a2ty ) (1 )z - [5 (-2} -
dx [ 2 v =1) \ U U J
0
—ng—vj(E—!i) , [2.15]
AL/ z=0
and
sy , d Ay N
d | yM~ dU ( u) oy 2.16]
e - = . -V dz — Pt — o ¥ s .
de o - V)az =3 o [”(” ) 37 ) o0
0 0
where A, and A, are the chosdwise and spanwise boundary layer thicknesses
U
respectively in the transformed plane and M= (_;)

METHOD OF SOLUTION
3. Following [1] and [2], we assume
u/Uu-f(qx,N,S); o[V =g (1, K. S) [3.1]

where for the flows (1) and (111) we have the following velocity profiles: .

(9 N S)
(9+8)N+60  30S—18N o S(10S-6N) s,
B g B == S D
Dl Dl 1 )
- ON) s
L (BN - 155 — 45) S + (18N - 60) q4+(_24-33‘£+653)5 + (36 ., [3.2]
X 1

D,
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g(q,.-,KS)
60 30KS ., 10K2S? 4 15 K2S2 4+ 45 K S + 60 , 4
ok - i y - V
D‘z q}'+ Dz Ny D?_ DZ
2621 24 KS + 36
p.

and for the fows (11) and (1V) we have the following sixth degree velocity
profiles :

f(').ﬂ N, S)

= 10S(25-N
(12+S)N+120  30(28 N)q§+_ S( ),ﬁ+

D, 4 Ds Dy
5(12N—-60—-365+4SN-95%) 4 3(120 - 20N + 645 — 55N +1257) |
+ - - o - qx-*- D ’7;
D3 3
(10— I8N + 60S—4 SN +108%)
— - 1 x [3.4]
D,
3(’}J"KS)
120 60KS . 20K'S* , 45K’S’+180KS+200 o
D. Ny D, Ny Da Ny D, Ny
36 K2S*+192KS +360 5 10K°S*+ 60KS +120 o |
T D L/ _' D - Ny (3 5)
4 i

with
D =5"+95+36, D,=K>S*+9KS + 36,

Dy=5"+128+60, D, = K*S?+12KS + 60,

S"Eg'&x 1N=_‘li' Ai [[ + ‘%T—IMZ]

Ve Vs
Z Z

’]x" y q_p"'"'_""‘", K=AP'
A"‘ A.P &x

It has been shown by Howarth?®

that for moderat h mbers,
M can be replaced by 7, e

the lcading edge Mach number without any
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loss of accuracy. Accordingly, in our subsequent working we replace
M by M; and ta}ce y = 1.4, As pointed out earlier we cannot take My> 1.
Therefore we restrict our analysis to My = 1, though, for comparison we have

calculated the point of separation for case (1) for the chordwise flow corres-
ponding to Mp = 2, 3.

We shall now discuss the four flows in detail.
Case I: U=1-x, V=const
(a) Chordwise flow :
(i) No suction or injection, My = 1

The equation [2.15] becomes
dN U' 1269 N° + 44416 8N” — 571584 N + 3991680 [3.6]

dx U 2115 N2 + 4500 N — 124000

which on integration gives
5.770998 — In (1 — x) = 1.211550 In (N + 46.219215)

+0.227559 In (N2 — 11.217797 N + 68.056963)

- 0.222399 tan“'iv o 13.7]
6 049563

Point of separation x,=0.1158.

Similarly, the point of separation, for the flow, corresponding_ to My = 2 is
x, = 0.092 and for My=3, X;= 0.070. From the following table it is evident

; 7
that the results compare favourably with the results of Stewartson .

Point of separation :

Present method Stewartson’s results
My =0 0.127 0.120
My =1 0.116 0.110
M, = 0 092 0.096
My =3 0.070 0.077

(i) Suction with S = —1, Mo =1

The equation (2.15) becomes
14099.4N? — 109922.4N + 741 13.6 [3.5]

oy e ——

T665N 2 + 2457N — 32760

N U 39N’ +

dx U
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which on integration gives

5623240 = In (1 -
= 1.233578 In (N + 42.794224) + 0.216544 In (N* — 7.457382N + 43.638134)

-1 N = 3.728691

— 0.286394 tan 691 |
5.45 980 [3.9]

Point of separation x, = 0.170.

(iii) Injection with § = +1, My =1
The equation [2.15] becomes
dN U' 7743 N3+ 275200.2 N*® - 5253514 N + 40548816

dx U 12905 N2 + 7425 N — 922350 ’

[3.10}

which on integration gives
5.933482 — In (1 = x) = 1.194168 In (N + 50.894739)

+0.236249 In (N? - 15.352933 N + 102.895360)

.1 N—17.676466
6 630772 [3.11]

Point of separation x, = 0.082

— 0.170068 tan

(b) Spanwise flow (i) No suction or injection, My = 1

The equation [2.16] becomes

3F dK dF
A = HE _
= dN+AaN+BF+C =0, [3.12]

where 4 = - 10 UN (d N/d x),

. _ (208584 N2 — 2485920 NV + 19958400)
2115 N% + 4500 N — 124000 ’

C = 20/K,

1
O . ‘
8960 k5 | ~ 166320 K° — (8316 N — 166320) K + (4950 N - 66000) K* -

— (660 N — 6160) K + (243 N —2160)),
and where K = 1 when N = 0.
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The solution of equation [3 12] is presented in the foll
ow
selected values of N. ing table for

s T ; |

——— mea -

0.6 |

= - s —
f e ——

’ . r

~N] B 0'2i 0'4i 08 I-OI 20 30 40 50 60i
_ i . | ; m
T | - | l B B R .
X 1.0012 | 1.0027 ‘1.0056 1.003311.0110!1.0137 1.0264'1.0390! 1.0520 1.0658!1.0808 1.0920
! l | | ;, l | 1 | i .
(ii) Syction with S = —1, Mg =1
The equation [2.16] becomes
3F dK 3F
3K dN 3N ¥ ’ [3.13]
where 4 = — 10 NU [d N/dx]
_ —1(63126 N* — 451332 N + 3725568)
B 665 N2 + 2457 N — 32760 '
C=—12(K*-9K24+36K—-60)/(K*-9K*+36K).
' [ - 194040 K® — (6930 N — 1670130) K

~ 388080 (K’ — 9K® + 36 K°)
+(62370N — 5717250) K — (249480 N — 4241160) K>

+ (119460 N — 1356300) K* — (4785 N - 35145) K°
+ (15525 N -1 13565)K 2 - (23820 N — 173100) K + (7020 N — 48780)]

and where K =1 when N=0.

The solution of equation [3 13] is presented in the following table for

some selected values of N:

i

= [ ok e L en am | #—- 1.5
N | 01]02}04 )06 ;03 ‘ 1.0 | 2.0 ! 3.0 | 4.0 ‘ 5. ‘ 6.0 ‘ 7.0 .,
| l N | I
- ' I | | 61
| 0698:1.0867 1. 1051 1.1252i1.13
. | 2021. 0375 1.0537,1.
ol ce 0044=1.008611.0126 1. 0164 1.0 * | | ]
(iii) Injection with S = + 1, Mg= 1
The equation [2.16] becomes
[3.14]

i, dK 4 £ B+ C=0,
2K dN o N
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where A = — 10 N U d N/dx

— (1353726 N? — 22500620 N + 202744080)
12905 N2 + 7425 N - 922350

C=12 (K> +9K?+ 36 K +60)/(K* + 0K%+36K),

l [ - 318780 K® — (9702 N + 2321550) K7
F'6375b0 (K7 +9K°+36K°)

— (87318 N +5592510) K°® — (349272 N — 8232840) k*
+(265¢50 N — 4136550) K* — (7095 N — 82665) k*
— (19539 N — 228525) K* - (21396 N — 252780} K

+ (10476 N — 116820) |,
and where K=1 when N=0.

The solution of equatiod [3.15] is presented in the following table for
some selected values of N:

-_-__'_‘—'—rl-

| #

—N 0.1 } 0.2 0.4 I 0.6 0.8 1.0 2.0 3.0 4.0 50 i 6.0

| ! | ‘ ;
K 1.001011.0020 1.0041 il.OOﬁl 1.0081 | 1.0100 | 1.0:99 | 1.0300 ; 1.0406 | 1.0520 1.0643

A | |

i ———

Case II. Uw=1l+x, V=const, My =1
(a) Chordwise flow :
(i) No suction or injection

The equation [2.15] becomes

dN U 42N°+2344.2 N? - 48082 8 N + 432432

d x U TON? + 285 N — 9850 [3.15]

which on integration gives

6.483165 — In (1 + x) = 1.209923 In (N + 73.338706)

+0.228372In (N? — 17.524420N + 140 038974)
— 0 18933] tan-! V= 8.762210

— —— —

71.954411

Range of applicability, x; = 0.153.
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(ii) Suction with §= —1
The equation [2.15] becomes
dN _ U’ 46536 N” +2574658.8 N* — 36130147.2 N + 300886185 6
dx U 77560 N? + 455742 N — 9218160 [3.16]

which on integration gives
6.359773 — I (1 + x) = 1.225092 In (N + 68 117468}
+0.220788 In (N? — 12.791294 N + 94 919271)

-1 N —6.395647

- 0.250750 tan
7.142476

Range of applicability, xg = 0.231.

(iii) Injection with S = + 1

The equation [2.15] becomes

dN U' 76272 N* +4350589.2 N* — 121601174 AN + 1218506889.6 13.17]
U 127120 N° + 291906 N — 21292560

which on integration gives

6.520083 — In (1 + x) = 1.197321 In (N +79.593029)
+0.234673 In(N* —22.552579N + 200.718565)

N —11.276289
8 459542

1

—0.145911 tan"

Range of applicability xz = 0.123

(b) Spanwise flow :
(i) No suction or injection :

The equation [2.16] reduces to

dF dK | Aa__f‘+BF+C-0'

A aK dN aN
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dN

= - U"'""
where A ION e

~ (108662 — 210864 N +2162160)
70 N? + 285 N — 9850

B =

C = 24/K,

[~ (135N -900)K7 + (780N — 4680)K ® — (1456 N — 7280) x5 .,

360360 ;
+ 3575 NK” — (4290N + 42900) k7

and where K =1 when N=0.

The solution of equation [3.18] is presented in the following table for
some selected valucs of N:
; ' !
+N{1 0.1 0.2 0.4 0.6 0.8 1.0 2.0 3.0 4.0 l 5.0 5.5

——

T

K (0.9991(0.9984 | 0.9969 | 0.9954 ' 0.9938 0.9922 0.98340.9731 0.960’7!0.9454~ 0.9364

(ii) Suction with S = —1:

The equation [2.16] becomes

aF dK BF
EK dN aN : [3'19]
where A= — 10N U‘-!E
dx

— (11506068 N* — 152996256 N + 1504430928)

B =
77560 N® + 455742N — 9218160

C=-12(K’-12K>4+ 60K - 120) [ (K®-12K% + 60 K),

1
1765764 (K2 — (2K + 60)

— (124614N - 577206)K 7 + (323973N — 1461798)K®

— (246480N — 1647360} K 5 — (634491 N + 1647360)K'

+(1711710N +7207200) K ® — (1415700 + 15444000)K ],
where K =1 when N =0

Fa

~ [ - (15128 - 7560)k® + (21630N — 104328)K"
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The solution of equation [3 19] 18 presented in the following table for

some selected values of N:

+N| 01 |02 |04 |06 |08 | 10 |20 30 |40/ 50160/ 70

* !

g

K

B —

0.9988 [ 0.9978 | 0.9955 | 0.9932 | 0.9908 | 0.9883 | 0.9774 { 0.9573 | 0.9359 | 0.9096 | 0.8775 | 0.8397

(iii) Injection with S = + 1

The equation [2.16] reduces to

dF dK
AR a2 i Bric-o, [3.20]

3K dN oN

dN

where A= — 1ONU —,

dx

= (20877”28N“ — 544128192N + 6092534448)

—— e p— S

127120N 2 + 291906N — 21292560

C = 12(K? + 12K + 60K +120) [ (K> + 12K* + 60K),
- : [ - (2376N - 20520)K° ~ (7470N — 75384)K"
2630628 (K> + 12K + 60)

+(37242N - 278154)K 7 + (0.117819N - 1 192230)K
— (595920N — 4380480)K° + (541827N — 1647360)K* + ‘785070N ~ 720

7200)K°

— (1673100N + 15444000)K %],

and where K =1 when N=0.
sented in the following table for

The solution of equation [3.20] is pre
some selected values of N: __ _ . o

- i i —————

+Nl o1 | 02 | 04 | 06 | 08 | 10 | 20 l 30 | 40 | 50 , 5.5

e ——

K 10.99910.9987 | 0.9976 | 0.9965 | 0.9954 0.9942

0.9881 I 0.9815 | 0.9738 0.9647' 0.9594

1
I 4+ x

Case lI1: U= .V =const, Mg=1.
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(a) Chordwise flow :
(i) No suction or injection

The equation [2.15] becomes
dN =U' 423N +41416.8N 2 — 323584 N 4+ 3991680

ax U 115N 2 + 4500N — 124000

[3.21]

which on integration becomes
22 3300760 + In(1 + X) = 4 495943 In(N + 105.971075)
+0.252028 In (N2 —~ 8.059018N + 89.048833)
-1 N—4029509
8.532988

— 0.528910tan

Point of separation X, = 0 146,

(ii) Suction with S= —1:

The equation [2.15] becomes
dN U' 133N+ 12461.4 N> — 44402.4 N + 745113.6 [

dx U 665N2+ 2457 N — 32760

3 27]

which on integration gives
21.969780 + In (1 + x) = 4.570338 In (N + 97.698835)
+0.214831 In (N* — 4.004098 N + 57.343(94)

-1 N — 2.002049

- (0.594751 tan
7.303074

Point of separation x,« 0.243

(iii) Injection with S = + 1 :

The equation [2 15] becomes

dN _ _ U 2581 N° 4270250 2 N? — 3408434 N + 40548816 :
dx U 12905 N'* + 7425 N - 922350 23]

which on integration gives
22.778357 + In (1 + x) = 4.435672 In (N + 117 127509)
+0.282164 In (N? - 12.419954 N + 134.131655)

~ 0.473230 tan~' V= 0.209977

| 9 775880
Point of separation X, =0 098
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(b) Spanwise flow :
(i) No suction or infection :
The equation [2.16] becomes
dF dK QF
A—. + A
sk an T Ay TArtCe=0, [3.24]
dN
where A= —10NU—,
dx’

— (16920N" + 238584 N — 2485920N + 19958400)
2115 N* + 4500 N — 124000

and C and F have the same values as in equation [3.12] and where K =1
when N =0.

The solution of equation [3.24] is presented in the following table for
some selected values of N ;

] l

—N| 0.1 0.2 0.4 06 0.8 1.0 20 | 30 ! 40 | 50 | 60 | 6.7

|_ :
K 1.001211.002% 1.0055| 1.0082 ; 1.0107| 1.0132 | 1.0246| 1.0353 | 1.0464 ; 1.0584 | 1.0718 | 1.0823

(ii) Suction with S= —1:

The equation [2.16] becomes

4(3F dK 9% L BFiC =0, [3.25)

3K dN AN

dN
dx’

- (5320N + 79506 N2 — 451332N + 3725568)
665N 2 + 2457N — 32760

where A

= hen
and C and F have the same values as in equation [3.13] and where K=1Ww

Na=0,

; i for
The solution of equation [3.25] is presemcd in the following table

some selected values of N: ——

i g} : 70 | 7.5
~N| 01] 02} 04 061} 0.8 LOI 2.0 3'°I e S’Ol 60 l _

L e———

-

! | _ 11,1054 1.1156
b ‘- |l-0590 1'0722 1'0875 '
K 11.0023/1.0044,1.0084 1.0122 1.0153.1.019211.0341 I.(MGI’I i . ] B
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(iii) Injection with S= +1:
The equation [2.16] becomes

(OF dK v A o BRC i, [3.26)
dK dN oN

dN
with 4 e

— (103240N° + 1403226 N” — 23498620N+202744080)
Sl 12905N2 + 7425N — 922350

and C and F have the same values as in equation [3.14] and where K =1 apg
N=0.

The solution of equation [3.26] is presented in the following table for
some selected values of N :

——

-N | 0. 0.2 0.4 0.6 08 1.0 2.0 3.0 4.0 5.0 6.0
4 !
) | f | | | |
K 1.00101 1.0020 | 1.0040| 1.0060 | 1.0079 |-1.0097 | 1.0189 | 1.0279 1.037'4‘F 1.0477| 1.059]

—

Case IV. U= l—l—, V=const. My=1

e X
(a) Chordwise flow -

(i) No suction or injection :
The equation [2.15] becomes

dN _ - U' 14N° + 2154, 2N? — 28382.8N +432432
dx U JON? + 285N — 9850

[3.27]

which on integration gives
24.503454 + In(1 ~ x) = 4.469354 In (N + 167.109347)
+0.265323 In (N* — 13.237918N + 184.837047)

— 0.475055 tan~! 'N— 6.§l 8959'
11 875455

Range of profile, Xp=10.106
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(ii) Suction with S = — 1 ;
The equation [2.15] becomes

dN _ - Uj_ |5512N"‘_ir 2270830.8N° — 17693827 2N + 300886185 6
dx U T1560N* + 455742 N = 9218160 13.2¢]

which on integration gives

24.14793 + In(1 — x) = 4.521739 In(N + 154 582553)
+0.239130 In(N* — 8.190675N + 125.48] 369)

— 0533049 tan-' V= 4.095337

10.423260
Range of profile =0 1257

(iii) Injection with S = +1
The equation [2.15] becomes

AN _ U 25424 N° +4155985.2 N* — 79016054 4N + 1218506889 6
dx U 127120 N* + 291906 N — 21292560

[3.29]

which on integration gives

24.931661 + In(1 — x) = 4.405031 In(N + 182.482101)
+0.297484 In(N* — 19.015093N + 361.982578)

1N~ 9.507546
16.480933

— 0.465442 tan
Range of applicability xz = 0.073

(6) Spanwise flow
The equation [2.16] becomes

OF O o AL G BF1E0, [3.30]

¢cK dN eN

A

with 4 - _ 1080

dx

g — (560 N+ 12766N° — 210864N +2162160)
TON? + 285N — 9850

- =1 when
and C and F have the same values as ip equation [3.18] and where K

N -0,
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i The solution of equation [3.30] is presented in the following table fo;
some selected values of N :

——— -
— e —

———

on| o1 | 02| o4 | o6 | 08 10| 20} 30 40| 5
I ’ T ——
K { 0.9991 | 0.9984 | 0.9969 | 0.9953 I 0.9936 | 0.9919 | 0.9820 [ 0.9699 | 0.9549 0.9367
(ii) Suction with § = — 1
The equation [2.16] becomes
dF dK AF
A—+—+ A~— + BF+ C=0,
3K dN =~ &N [3.31]
dN
with A = — IONU — ,
ax

_ (620480N° + 14544348N* — 152996256 N + 1504430928)
- 71560N2 + 455742N — 9218160 -'

and C and F have the same values as in equation [3.19] and where K =1 when
N ==0.

The solutions of equation [3.31] is presented in the following table

T

s

+N | 01 | 02 f 04 | 06 | 08 1.0 [ 20 | 30 | 40 | 50
K 0.9998 0.9977‘ 0.9955 | 0.9931 | 0.9905 | 0.9879 | 0.9724 | 1).9529 0.9286' 0.8994
(iii) Injection with S = +1:
The equation [2.16] reduces to
dF dK 3 F
A gyl == + A ——— B o=

T sxt F+C=0, [3.32]

with A= _— ION(}@,
dx

B —(1016960N° + 22823268 N — 544128192 + 6092534448)
127120N° + 291906 N — 21292560 ‘
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and C and F have the same values as

N =0

The solution of equation
some selected values of N -

in equation [3.20] and where &

89

= ] when

[3.32] is presenteq in the following tabje for

' — s —
+N| 01 [ 02 | 04 | 96 ’ 0.8 ( 1.0 ‘ 20 | 3.0 I 4.0 l 50 | 6.0
[
— - e -l s
K [0.9991 09986 0.9976 | 0.99¢4 099521'09940'09372 0.9792;0.9696;0.9580 0.944]
N SR B | '
SKIN FRICTION
4. For the flows (1) and (111), the skin-friction is given in the table
below : — e
, T, E'If' '\/(Vs) T, =12 \/(vl)
, M ¢ H'JV
238 [ [ 0 | x(7)-(2)
3=l 12 \ N Ps) 3K\ N/ \ p.
_____ e oo ) T a
U2_1V+]5(U e\ 6t _(U_r)i(i)
S=_1 EEERVTAYS K(K*—9k+36)\ N/ \ p.
, IS S
T AW $
| 3N +30 (U [ p b %0 (U)'('E“)
§=+1 3 Y, D, K(K?+9k+36)\ N/ \ p,

and for the flows

e e —

(I1) and (1V), in the table below :

' .
T x E‘_Ty- ‘\/ V-F)
T.r E;L': ‘\/(Vs) l 7."’ s V (
-——-——--__.__.____.________'—""““:——"
N+10/U\ [ p |} 2(0)*.(__45'_)i
S =0 U - - (7{,)'(; K\N Ps
3 i e = T
i 120 U
- MN+120[{U'\ [ p : ( )
A I (?)'(}Z) ALK AL
e - S e 2 120
138 +120 (U'\' [ p : (
S=+1 Y3 (W) (pﬁ) RS Lok 4 0
- | 2y y-1
where P _ [1 _ el -U_z.} ’
P, 2 a;
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and the inverse transformation gives
§ 1 u!
p-! e Y s UZI _‘I .
a":(?)é"’{l 2 a? U”]

ay Loes Ka..t'

CoNCLUSIONS

(i) From Figs. (1) and (2) it is clear that the skin-friction for compressible

flow is less than the corresponding value for inccmpressible flow., The

reduced skin friction is the result of increased boundary layer thickness iq

compressible flow.

(ii) Figs. (3), (4), (5) and (6) show the relative values of skin-friction
for the four flows corresponding to S=0, — 1, 1. We notice .that the effects
of suction and injection are similar to those for the incompressible flow.

ACKNOWLEDGMENT

The author expresses his gratitude to Prof. P. L. Bhatnagar for suggesting
the investigation and for help and guidance throughout the preparation of this

paper.
The author is also grateful to the Indian Institute of Science, for making
a grant which epabled the numerical work to be performed on the digital

computer at the Hindustan Aircraft Ltd.

REFERENCES

1. Ahuja, G. C. and Bhatnagar, P. L. .. Three dimensional boundary layer on a yawed
semi-ififinite flat plate with or without suction
ﬁlg injection. Proc.Ind.Acad.Sci., 1963, 57,

2. Abuja,G.C. .. . .. Boundary layer on a yawed semi-infinite flat
plate in converging and diverging flows with
suction and injection. Communicated for
publication to ZAMM.

3. Howarth,L. .. . .. Concerning the effect of compressibility on
laminar boundary layers and their separation.
Proc.Roy.Soc.,Lond., 1948, 194, 16

4. Grabtree, L. F. s . - The commpressible laminar boundary layer on
?Egé)lwed infinite wing. Aero.Quart., 1954, 5

5. Tinkler, J. ‘ u i » .o Three dimensional boundary layer flow.
A.R.C..F.M , 2269, 1955.

6. Illingworth, C. R, £ .- Steady flow in the laminar boundary layer of

a gas. Proc. Roy.Soc., 1949, 199, 533.

Correlated incompressible and compressible
}_’3{,‘ nsdary layers. Proc. Roy. Soc., 1949,
, 84.

7. Stewartson, K.



