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Abstract

Steady non-similar laminar compressible boundary layer flows over yawed infinite cylinder with non-uniform multiple slot injec-
tion/suction and non-uniform wall enthalpy have been studied. The numerical difficulties are overcome by applying the method of quasi-linear
implicit finite difference scheme with an appropriate selection of finer stepsize along the streamwise direction. Separation can be delayed
more effectively by non-uniform multiple slot suction and also by moving the slots downstream as compared to the non-uniform single slot
suction but the non-uniform multiple slot injection has the reverse effect. Increase of Mach number shifts the point of separation upstream
due to the increase in the adverse pressure gradient. An increase of enthalpy at the wall causes separation to occur earlier while coolin
delays it. Non-uniform total enthalpy at the wall has very little effect on the skin frictions or the point of separation. Also, the yaw angle has
very little effect on the location of the point of separation.
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1. Introduction local non-similarity, etc. and the exact location of the point
of separation was not reached. But it is of more practical
The existence of cross flow which occurs in the boundary use to obtain exact solutions of non-similar flows using
layer of an yawed cylinder is important for understanding advanced numerical techniques and the accurate prediction
the aerodynamic properties of swept wings. Studies on of the point of separation may be helpful in reducing the
yawed cylinder boundary layer have a practical interest also. energy loses due to the formation of boundary layer and its
When yawed or swept back wings operate at higher lift, the separation.
pressure on the suction side near the leading edge shows The nature of steady three-dimensional laminar bound-
a considerable gradient towards the receding tip, causedary layer separation may be characterized by two possible
by the rearward shift of the aero-foil sections of the wing. modes: singular separation and ordinary separation, which
The decelerated fluid particles in the boundary layer have has been pointed out by Maskell [2]. For the singular sepa-
a tendency to travel in the direction of this gradient and ration, both (longitudinal and transverse) components of the
a cross flow in the direction of the receding tip producing wall shear vanish simultaneously and for the ordinary sepa-
a detrimental effect on the aerodynamic properties of the ration, only one component (longitudinal) of the wall shear
wing. A detailed survey of the literature on flow pastayawed yanishes. Cebeci et al. [3] and Smith [4] have given excel-
infinite cylinder has been made by Dewey and Gross [1] but jent reviews on boundary layer separation phenomenon. It is
in most past studies, the solutions of non-similar flows have poted that in both the incompressible and compressible flow
been obtained by using approximate methods such as thgases, due to separation of the boundary layer, there is a de-
momentum integral, series expansion, local similarity, the rease in the pressure and consequently a sharp increase in
drag and decrease in lift. To overcome this disadvantage, it
~* Corresponding author. is desired to at least partially delay the separation. There are
E-mail address: h.s.takhar@mmu.ac.uk (H.S. Takhar). two mechanism widely used to control the boundary layer
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Nomenclature
A mass transfer parameter X = x /R, dimensionless chordwise distance
Ct, Gt skin friction co-efficients in the, z-directioqs X1,%2 slotlocations parameter
C specific heat at constant pressure . . .kgJ~-K
Ep dipssipation parameter i & Gresk symbols
f dimensionless stream function B Pressure gradient function
F dimensionless chordwise velocity n,& dimensionless similarity variables
G dimensionless total enthalpy 0 yaw angle
h, H  specific and total enthalpy ) small parameter
K thermal C(.Jn.dUCtiVity .............. \N]_l-K An’ AX Stepsizes in tha’ x-directions
i/] f\:ﬂharacterlstm length................ot. m 4 dynamic Viscosity .. ............. kg 1.5
ach number _ v kinematic viscosity . ................. Fist
N Chapman—Rubesin function 0 density ............ooiiii kg2 y
Nu Nusselt number : > 1
P PreSSUMe. . .ttt eees Pa v stream function ... ... 8
Pr Prandtl number w* slot length parameter
qw rate of heat transfer at the wall Subscripts
Re Reynolgis number . . o0 conditions in the free stream
L fmerdonlessspanvseveocly | ew denoleconditons a the cige of he bouncr
u,v,w velocity components in the Iaye.r and Qn the surface, respectively
x,y,z-directions ..................... st x,y,z partial qe”"at'ves with respect1q y, z,
Uso resultant freestream velocity respectively
x,y,z dimensional chordwise, normalto the surface 7.6 partial derivatives with respect ip &,
and spanwise distances, respectively . ...... m respectively

separation, namely, suction and injection [5-7]. Fluid injec- a constant value of the total enthalpy) on the steady non-
tion/suction is widely used in the aircraft for reducing heat similar compressible boundary layer flow over yawed cylin-
transfer across turbine blades and is an effective means ofder, which has not yet been studied by earlier investigators.
controlling transition and/or separation of boundary layers Compressible boundary layer flow over yawed cylinder pro-
over airplane control surfaces. vides many practical applications. For example, the yawed
Mass transfer through wall slot (i.e., mass transfer occurs infinite cylinder simulates approximately the leading edge
in small porous sections of the body surface and there is noof a swept-back wing or a body of high fineness ratio at an
mass transfer in the remaining part of the body surface) into angle of attack and also allows a basic simplification of the
the boundary layer is of interest for various potential appli- complicated three-dimensional compressible boundary layer
cations including thermal protection, fuel injection in ramjet equations. Thus, the study of the effects of non-uniform mul-
engines, energizing of the inner portion of boundary layers tiple slot injection/suction and non-uniform wall enthalpy on
in adverse pressure gradients, and skin friction reduction ona steady non-similar laminar compressible boundary layer
high speed aircraft. References [8—12] present different stud-flow over yawed infinite cylinder are useful in understand-
ies on the effect of slot injection/suction into a laminar com- ing many boundary layer problems of practical importance.
pressible boundary layer over a flat plate. In recent investi- Uniform mass transfer in the slots or uniform heating (or
gations, Roy and Nath [13], and Roy [14] have studied the cooling) in the slots causes finite discontinuity at the leading
effects of non-uniform single slot injection/suction and non- and trailing edges of the slots. Hence, the mass transfer or
uniform total enthalpy at the wall into steady non-similar the wall temperature distributions are chosen in such a way
compressible boundary layer flows over two-dimensional that there is no discontinuity.
and axi-symmetric bodies, and over yawed circular cylin-  The non-similar solutions have been obtained starting
der. In both the above studies [13,14], non-uniform injection from the origin of the streamwise co-ordinate to the point of
and suction combinations have been used in a single slot toseparation for non-uniform multiple slot injection (suction)
study the effect of non-uniform mass transfer. or non-uniform wall enthalpy. The computational difficulties
The aim of this investigation is to study the effects of non- encountered at the origin of the streamwise co-ordinate, at
uniform multiple slot injection/suction and non-uniform to- the edges of the slots and near the point of separation have
tal enthalpy at the wall (wall cooling or heating takes place been overcome by using the quasi-linearization technique
in the slots and the remaining part of the body surface haswith an implicit finite difference scheme. There are two
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types of free parameters in this problem, one type of assumed that the potential flow dependsxgrbut not on
parameters measures the length of the slots and another type, i.e., whenue = ue(x), we = we(x). Hence the boundary
of parameters fixes the position of the slots. These two setslayer equations will be independentafUnder the forego-
of parameters vary the lengths and locations of the slots,ing assumptions, the boundary layer equations governing the
respectively. steady laminar compressible flow are [17,18]:

It may be noted that in our analysis the discontinuities at ~ Continuity:
the leading and trailing edges of the slots have been avoided

following [13,14]. Thus the present analysis differs from (pu)x + (pv)y =0 1)
those in [8-12] with finite discontinuities. Momentum:

P[Mux+U”y]=—Px +(/U/‘y)y (2)
2. Basic equationsand transfor mations pluwy + vwy] = —P; + (uwy), 3)

Consider a boundary layer flow over a yawed infinite ENergy:
cylinder placed in uniform compressible flow of velocity (WH, + vH, ]
Us having components.,, ws andvs, in the chordwise, pLittis T UHy
spanwise and in _the orthogonal dlre_ctlon_ to t_he surface, re- _ (KH}) + (- Pr—l)(wy +wwy)] (4)
spectively. The distances in respective directions are desig- Pr y )
nated as, z andy as shown in Fig. 1. The blowing rate is
assumed to be small and it does not affect the inviscid flow
at the edge of the boundary layer. The inviscid (potential) — P, = peute(ite)y and —P, = peue(we)y (5)
flow is considered to be isentropic. It is also assumed that
the injected fluid possesses the same physical properties a

where

;[he boundary conditions are given by

the boundary layer fluid and has a static temperature equal to, (x,0) =0, v(x, 0) = v (x)

the wall temperature. Both fluids are assumed to be perfect

fluids. The Prandtl numbé®r is assumed to be constant as %> 0) =0, H(x,0) = Hw(x) (6)
its variation across the boundary layer is negligible for most u(x, o) = ue(x), v(x,00)=0

of the atmospheric problems [15]. It was shown by Cam-

bel [16] that the specific heat of argon plasma is constant at

constant pressure if the temperature is less than 10.000 K. Itwhere the total enthalpyd can be written asd = h +

was also shown that the viscosity and the thermal con-  1/2(u? + w?) = CpT + 1/2(u? + w?). The total enthalpy

ductivity K vary linearly with temperature in that range. at the edge of the boundary layBg = constant, since the

Schlichting [17] has also shown for gases that the viscos- potential flow is isentropic. Herp and P are the density

ity and the thermal conductivity vary in the same way with and pressure, respectively. The subscriptsy, z denote

temperature (see Table 12.1 of Schlichting [17]). Therefore partial derivatives with respect to those variables. Further,

the local Prandtl numbePr remains nearly constant. It is the subscripts w and e denote conditions at the wall and

at the edge of the boundary layer, respectivélyand Cp

are, respectively, the static enthalpy and the specific heat at

constant pressurey (x) denotes the surface mass transfer.
Applying the following transformations:

w(x, 00) = We, H(x,00) = He )

X y
s=/$wwmm n=ue(26) 2 [ pdy
0 0
fEm =@y, =t py=-2"
y ax
u=uefy&,n) =uekF(§,n), w=weS(,n)
H = HeG (&, 1), He= Hy (8)

to Egs. (1)—(4), we find that Eq. (1) is identically satisfied
and Egs. (2)—(4) reduce to non-dimensional form given by
(NFy)y+ [ Fy+ BE{(pe/p) — F?)

=2%(FF; — Fy fe) 9)
Fig. 1. Flow model and co-ordinate system. (NS)y+ fS; =26(FSg — Sy, fe) (20)
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(NGy)y +PrfG,—2(1—Pr)E
x [NFFy(ue/us)?cog 6 + NS, sinze]n
=26(FGg — Gy fe)
Here & and n are transformed co-ordinateg; and f

(11)

are the dimensional and dimensionless stream functions,

respectively;S and G are respectively, the dimensionless
spanwise velocity and total enthalpy; the subscrpédn
denote the partial derivatives with respect to those variables.
Here N is the Chapman—Rubesin functiof(¢) and E
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is supersonic and there is an apparently smooth transition
from subsonic flow elsewhere. Faf,, > 0.45, the series
(14) appears to diverge [20]. Experimentally it has been
found that local shock waves appear for abdtyt, = 0.45.
Consequently, as a first step, we have investigated only the
subsonic flow ¥ < 0.4), because several investigators
encountered considerable difficulty both at the origin and
near the point of separation. The analogous supersonic
or hypersonic case will be considered separately as the
potential flow solution has to be obtained numerically before

are the pressure gradient and dissipation (Eckert number)Proceeding to the boundary layer solution.

parameters, respectively, given by

=P g e
Pelte ue d¢
U:L  (y—-DMZ

2He 2+ (y —1)MZ

whereU, M andy (= 1.4 for air) are, respectively, the
resultant freestream velocity, the freestream Mach number
and the ratio of specific heats. The transformed boundary
conditions are

F(,00=0,
F(§,00) =1,

S(.0=0, G(¢.0=GuwP(X)
S, 00)=1,  GEo00=1 (12)

whereGy P (%) is the total enthalpy distribution prescribed
at the wall and

n

/Fdﬁ+fw,

0
AN
—[2€fs(é,0)+(pu)w(2g) / (E) }

From the above equatiorfy, can be written as

f

Jw

fu = —(28)2 / (po)wdx (13)
0

It may be noted that the system of Egs. (9)—(11) reduces
to that of two-dimensional case fér= 0. Hence Eq. (10)
becomes redundant as the velocity component inzthe
directionw =0 (i.e.,S =0) for6 = 0.

The potential flow velocity for a yawed finite circular
cylinder of radiusR in subsonic flow is given by [19].

ue(X) = us(A1Sinx + A2 sin 3x)
We = W = CONStant (14)

whereA; = 2(14 M2 /3), A = —M2,/2,% = x/R. It may

be remarked thatin Eq. (14), which is valid for subsonic flow
(M~ < 0.4), we have retained the terms up to orxﬂmgo)
only. If the terms up to the next order i.e., up to ordet?,)

are included in the series (14), the flow on the surface of
the cylinder atv = +7/2 becomes locally supersonic [20]
at M ~ 0.404. For 0404 < M, < 0.45, there are regions
just above and just below the cylinder in which the flow

Using the relation (14), the expressions §r8 and fy
can be written as

£ = RpefteliooP3, B =2COSt P4PsPy Py (15)
fw =0 forx<ix
= A(cost) 2P 1%C(x,571) forx <X <}
= A(cost) V2P M2C (x5, 51) forif <E< 2
= A(cost) V2P Y2C (%5, %)
+ A(cost) " V2p;YPC(7, %) foria<i< i
= A(cost) V2P M2C (%5, %)
+ A(cosp) V2p; VP (35, %) fori>x;  (16)
where the functiorC (s, ¢) is given by
C(s.1) =1—codw*(s — 1)}
and
P1 = 1—cosx, P> =1+ cosx
P3 = A1P1+ A2(1—cos)/3
Py = A1+ 3Az(4cogi —3)
Ps = A1+ A2(1+ 4Py cosx)/3
Ps = A1+ Ap(3—4sirfx)
Here(pv)w is taken as
(pv)w = —(peUso) (Re/2) "2 Aw* sinfw* (¥ — %1}
for ¥1 <% < i}
= —(peUsc) (Re/2) 2 Aw* sinfw* (¥ — ¥2)}
forka <x<is
=0 forx<xi, xj<x<i20rx>i; a7

whereRe = (Uxo R/ve), andw™ and (i1, X2; X1 < X2) are

two sets of free parameters which, respectively, determine
the lengths and locations of the slots. The subscripts ‘1’
and ‘2’ denote for first and second slot, respectively. The
function (pv)w is continuous for all values for and it has
non-zero values only in the interval$;, x7) and (x2, x5).

The reason for taking such a type of function is that it allows
the mass transfer to change slowly in the neighbourhood of
the leading and trailing edges of the slots. The parameter
A >0 or A <0 is taken according to whether there is a
suction or injection. Since the flow considered here is a
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subsonic one, it is reasonable to take the fluid medium asthe leading edge of the first slot (i.e.,.0x < x1) and as
one, which has constant gas properties. Accordingly, we the slot starts, total enthalpy at the wall slowly decreases
have (increases) and reaches its minimum (maximum) value from
which it again increases (decreases) up to the constant value

-1 _
poh, poch, Pr = constant Gy at the trailing edge of the first slot. The distribution of
and total enthalpy at the wall has also similar variation in the
pe G — E{(te/uto0)?COLOF2 + sir? 052 second slo_t (i.e., i_ofz < X < x3). This type of function hf_as_

— = 2cod 7 (18) been considered in references [13,14,21] for the variation
P 1 - E{(ue/ucc)*COS 6 +sin" 6} of the wall temperature distribution in the single slot along

Itis convenientto express Eqgs. (9)—(11) in tefmsstead streamwise direction.
of £. Eq. (15) gives the relation betweérandx as The skin friction co-efficients in- andz-directions (i.e.,

9 9 in the chordwise and spanwise directions) can be expressed
é% =B(®)5- (19) in the form

Lo 172 ,-1/2

whereB(F) is given by Cr(Re)Y2 = 2Y2(cosp)sinz Py * P, Y2 PE(Fy)w  (24)
B(X) = P3Py */(sin) and

ol 1/2 _ 51/2 1/2 i 1/2 ,—1/2
Substituting Egs. (18) and (19) in Egs. (9)—(11), we obtain CT(R®) 12 =212 (cost) 2 sing Py “Pg 7 Pe(Sy)w  (25)
Similarly, the heat transfer co-efficients in terms of Stanton

2 2 &2
Foy + [ Fy + B1[G — F* + E1(F* — §%)] number is defined by

= 2B()(FFs — Fy f5) (20) 9
Sy + 1Sy = 2BE)(FSs — $, f2) on  S(ReVI =2V Pra-Gw]
Gy +PrfGy — 2(1— Pr) x (cos0) Y2 Py/? P M2 Po(G p)w (26)
x [E2F Fyy + E2F? + E1SSy, + E1S7] where
= 2PrB(E)(FGx — Gy f2) 22) = z[ua_u} oel%, i Z[MH_w] /o2
whereEy = ESin?6, E2 = E(ue/u0)?co$ 0 andpy = B/ 0y Jw 3y lw
[1— E1— E32]. and

” oH
The boundary conditions become - K/CP(E) /[pe(He — Ha)Us]
w

F(Z,00=0, S(F0=0 G0 =GuP() o

_ _ _ Thus, it is clear from Egs. (24)—(26) thék;,)w, (S;)w and
F(x, 00) =1, S(x,00)=1, G(x,00)=1 (23) (G,)w are the crucial parameters which characterize skin
where f = /87 Fdn + fiv and fiy is given by Eq. (16). The friction and heat transfer of the fluid flow.
arbitrary functionP (x), associated with the non-uniformity
of the total enthalpy at the wall, is given by

3. Resultsand discussions
P(x) = 1+ esinfw*(x —x1)], forxy <x <ij
=1+ gsin[w*()z - )22)], for o < ¥ < i3 Egs. (20)-(22) under the boundary conditions (23) have

been solved numerically using an implicit finite difference
scheme in combination with the quasi-linearization method.
wheree is a small real number. HerB(x) is a continuous  Since the method is described in complete detail in [22],
function with a small perturbation in the intervdlg, x] its detailed description is not presented here. However, for
and [x2, x5] over the constant value ‘1’ and it gives the the sake of completeness, its outline is given here. The non-
variation of the total enthalpy at the wall only in the intervals linear coupled partial differential equations (20)—(22) were
[x1,X7] and [x2, 5] while the remaining part of the body first linearized using quasi-linearization technique [22]. The
surface is maintained at the constant value of the total resulting linear partial differential equations were expressed
enthalpy at the wal(Gy). The sudden rise or fall of the in difference form. The equations were then reduced to
total enthalpy at the edges of the slots can cause numericab system of linear algebraic equations with a block tri-
difficulties in the solution of the energy equation. To avoid diagonal structure, which is solved using Varga's algorithm
these, we use this type of function so that it allows the total [23]. The stepsize in the-direction has been chosen as
enthalpy at the wall to change slowly in the neighbourhoods An = 0.01 throughout the computation. In thvedirection,
of the leading and trailing edges of the slots. It can be Ax = 0.01 has been used for small valuesixof< 0.50),
seen from the boundary conditions (23) that in the first slot, then it has been decreased A& = 0.001. This value of
the distribution of the total enthalpy at the wall, given by AXx has been used fat < 1.25, thereafter the stepsize
Gwl1+ esinfw*(x — x7)}], has a constant valug,, before Ax has been reduced further, ultimately choosing a value

=1, forx<ixi, ¥y <i<i2orx>x;
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A% = 0.0001 in the neighbourhood of the point of zero I A S 5 Tinie sntoranen Lo
skin friction. This has been done because the convergence 4 Experimental Results [27 ]
becomes slower when the point of vanishing skin friction in

chordwise direction is approached. The choice of stepsizes ; osl
has been found to be optimum since further reduction does $
not alter the results up to the fourth decimal place.

The computations have been carried out for various
values of A (=05 < A € 0.5), ¥1,x2 (0.25< x1,x2 <
15), My (0.2< My < 0.4) and Gy (0.2 < Gy < 0.6).

In all numerical computationBr has been taken as 0.72.
The edge of the boundary layer, is taken between 4 0 05 +0 5 20

and 6 depending on the values of parameters. In order to

verify the correctness of the procedure, solutions have beenfig. 2. Comparison ofFy)w and (Sy)w = (Gp)w with those obtained by
obtained for the non-similar incompressible flow cases by °e" methods.

substitutingPr =1 andMy = A =60 =Gyw =0 [G =
(T — Tw)/(T — Tw)] to compare the skin friction and

(Sqhw = (6w

(Fodw, (Snw =
o
~

Present Results

Present Results

heat transfer parametef@;, )w, (Syp)w = (G,)w) with those 20 ® Roy and Nath [13]
obtained by using the differential-difference method [24, 4 Vasantha and Nath [28]
25] and finite difference method [26]. The heat transfer 3 A= -05

result ((G,)w) has been compared with the experimental §
results [27]. The results are found to be in good agreement. ~
The results, corresponding o= % = 0 in the present 10
non-similar case, have been compared with the self-similar
results obtained by Dewey and Gross [1], and found them in
excellent agreement (these differ only in the fourth decimal
place). We have also compared our results for zero yaw )
angle (i.e., for6 = 0) with the steady state results of —
Vasantha and Nath [28] who studied the unsteady non- P Mo =04, Gw=02, w* =4t
similar compressible boundary layer flow over a cylinder ¥ =125 6 =0
without mass transfer. The results are found to be in
excellent agreement. Comparison of the results for zero yaw  3-0
angle (i.e., ford = 0) is also made with the results of Roy
and Nath [13] who studied recently the effect of non-uniform
injection/suction combinations in a slot on a steady non- g
similar compressible boundary layer flow over a cylinder.
The results are found to be in excellent agreement with
the present results. Further, the comparison of the results
is done with the most recent results of Roy [14] where
the investigation has been made to study the effect of non-
uniform injection/suction combinations in a single slot on a Fig. 3. Comparison of F;)w and(G)w.

steady non-similar compressible boundary layer flow over a

yawed infinite cylinder, and the results are found in excellent first slot. Next,(F,)w, (S;)w and(G,)w decrease from their
agreement with the present results. Comparisons are showmaximum values at the trailing edge of the first slot. Similar

-05

2
o
i

in Figs. 2—4 and in Table 1. variations of skin friction and heat transfer parameters
((Fpw, (Spw, (Gy)w) are also observed in the second slot,
Case I: Non-uniform multiple slot injection (or suction) and finally beyond the trailing edge of the second glB§)w

reaches zero butS,)w and (G,)w remain finite (Fig. 5).

Figs. 5-7 show the effects of non-uniform multiple slot This implies that an ordinary separation occurs at this point.
injection (or suction) parameteA(< 0 or A > 0) andxy, X2, For the problem under consideration, the singular separation
which fix the slots positions (i.e., the porous sections on has not been encountered (i.e., for no valug ofF;)w =
the surface of the body) through which mass transfer are (S, )w = 0 simultaneously). The above results hold good
considered, on the skin friction and heat transfer parameterswhatever may be the values of mass transfer paranfeter
((Fpw, (Spw. (Gpw). In the case of multiple slot suction Hence in subsequent discussion the word separation denotes
(A > 0) the skin friction and heat transfer parameters only the ordinary separation. The results indicate that the
((Fpw. (Spw. (Gyw) increase as the first slot begins and effect of non-uniform multiple slot suctiofA > 0) is to
attain their maximum values before the trailing edge of the move the point of separation downstream, i.e., it delays the
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iy - - - No slot, —e—e—Single slot at X = 1.25
. . oy [147] A=z-04 — —— — Multiple slot at X1=0-25 and X2 = 1.25
s Present Result Men = 0-4, Gy =02, w¥=2m, A=0.25
~ o= w" ' i ' -
o
S o5k
101
* o —¢o —0— (Gf])w
0
¢}
3-0
3
:;C‘ (Sr])w
= 1.5
15
° PY P S - 0
0
2.0
(Fr})w

Fig. 5. Effect of suction(A > 0) on (Fy)w, (Sy)w and(Gy)w.

Slot locations at X1 = 0-25 and iz =1.25
————— Slot locations at X; = 0-50 and Xz =1-50

Mg =04, Gw=02, w¥=2m, A=025

Fig. 4. Comparison of F;))w, (Sy)w and(G)w.

Table 1 10
Comparison of skin friction and heat transfer parameters with those (Grw
tabulated by Dewey and Gross [1] fAr=05,Pr=1,A=&=x=0

Gw Esirfo Present results Dewey and Gross [1] 0
Fpw  Spw=Gpw  (Fpw  Spw = (Gpw

0 0.3750 0.6439 0.5071 0.6438 0.5070 (Snw

0 0.6667 0.7811 0.5330 0.7812 0.5328 15

0 0.8461  1.0892 0.5829 1.0890 0.5828 ’

0 0.9000 1.3652 0.6213 1.3650 0.6211

0.5 0.3750 0.9169 0.5411 0.9167 0.5410

0.5 0.6667  1.2483 0.5835 1.2480 0.5833 0

0.5 0.8461 1.9663 0.6578 1.9660 0.6577

0.5 0.9000 2.6004 0.7115 2.6000 0.7113

2.0

(Fw
separation but the non-uniform injectiqa < 0) through
multiple slots on the body surface has the reverse effect as
shown in Fig. 7. Moreover, the multiple slot suctiof > 0)
is found to be more effective in delaying the separation as
compared to the single slot suctigd > 0). To be more
specific, forGy = 0.2 (Fig. 5), the point of separation moves
downstream approximately by 8% and 15% for single slot
suction and multiple slot suction, respectively, when the rate
of suction has the fixed valué = 0.25. It is noted in Fig. 6 the separation). Thus, separation can be delayed by non-
that if we move the locations of the slots downstream, the uniform multiple slot suction(A > 0) and also by moving
point of separation also moves downstream, (i.e., it delaysthe slots down stream.

Fig. 6. Slot positiongxy, xp) variation effect on(Fy))w, (Sy)w and(G)w.
(Slot locations are not shown in this figure.)
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Effects of the total enthalpy at the wallGy) and
the free stream Mach numbéM.,) on the skin friction
and heat transfer paramete(éF,)w, (Spw, (Gpw) are
shown in Figs. 8 and 9. For a fixed,, an increase in
total enthalpy at the wallGy) enhances the skin friction
parameters(Fy)w, (Sy)w) and also moves the separation
point upstream. But, the heat transfer parameger;)w)
decreases with the increase of the total enthalpy at the wall
(Gw). When wall temperature is increased, fluid near the
wall becomes rarer. This results in a reduction in the skin
friction at the wall causing the separation to occur earlier.
The effect of decreasingf, results in slight reduction in
the values of F,))w and(S,))w, and the separation is delayed.
Similar effect observed by Davis and Walker [29], and more
recently, by Roy and Nath [13] and Roy [14] for non-similar
compressible boundary layer flows over two-dimensional
body, axi-symmetric body and over yawed cylinder. It has
also been found that the yaw anglehas little effect on
the point of separation. In particular, the variations in the
values of skin friction parametécF;,)y) are within 1% for
different values of (0 < 6 < 45°) and the results are not
presented here to limit the number of figures.

Case II: Non-uniformtotal enthalpy at the wall
The effect of non-uniform total enthalpy at the wall (i.e.,

the effect of cooling or heating in the slots at the wall
along the streamwise direction) on the skin friction and
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Fig. 9. Effect of Moo on (Fyp)w, (Sp)w and(G)w.

heat transfer paramete(&;,)w, (Sy)w, (Gp)w) is shown in
Fig. 10. The heat transfer parametér, )\ increases due to
the wall cooling in the slots (Fig. 10), but decreases when
there are wall heating in the slots (not shown to reduce
the number of figures). The variation of the heat transfer
parameter(G,)w is strongly affected by the variation of
the total enthalpy at the wall whereas the skin friction
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