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Abstract

Steady non-similar laminar compressible boundary layer flows over yawed infinite cylinder with non-uniform multiple slot
tion/suction and non-uniform wall enthalpy have been studied. The numerical difficulties are overcome by applying the method of qu
implicit finite difference scheme with an appropriate selection of finer stepsize along the streamwise direction. Separation can b
more effectively by non-uniform multiple slot suction and also by moving the slots downstream as compared to the non-uniform s
suction but the non-uniform multiple slot injection has the reverse effect. Increase of Mach number shifts the point of separation
due to the increase in the adverse pressure gradient. An increase of enthalpy at the wall causes separation to occur earlier w
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 an
very little effect on the location of the point of separation.
 2003 Éditions scientifiques et médicales Elsevier SAS. All rights reserved.
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1. Introduction

The existence of cross flow which occurs in the bound
layer of an yawed cylinder is important for understand
the aerodynamic properties of swept wings. Studies
yawed cylinder boundary layer have a practical interest a
When yawed or swept back wings operate at higher lift,
pressure on the suction side near the leading edge s
a considerable gradient towards the receding tip, ca
by the rearward shift of the aero-foil sections of the win
The decelerated fluid particles in the boundary layer h
a tendency to travel in the direction of this gradient a
a cross flow in the direction of the receding tip produc
a detrimental effect on the aerodynamic properties of
wing. A detailed survey of the literature on flow past a yaw
infinite cylinder has been made by Dewey and Gross [1]
in most past studies, the solutions of non-similar flows h
been obtained by using approximate methods such a
momentum integral, series expansion, local similarity,
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local non-similarity, etc. and the exact location of the po
of separation was not reached. But it is of more pract
use to obtain exact solutions of non-similar flows us
advanced numerical techniques and the accurate predi
of the point of separation may be helpful in reducing
energy loses due to the formation of boundary layer an
separation.

The nature of steady three-dimensional laminar bou
ary layer separation may be characterized by two poss
modes: singular separation and ordinary separation, w
has been pointed out by Maskell [2]. For the singular se
ration, both (longitudinal and transverse) components of
wall shear vanish simultaneously and for the ordinary se
ration, only one component (longitudinal) of the wall she
vanishes. Cebeci et al. [3] and Smith [4] have given ex
lent reviews on boundary layer separation phenomenon
noted that in both the incompressible and compressible
cases, due to separation of the boundary layer, there is
crease in the pressure and consequently a sharp increa
drag and decrease in lift. To overcome this disadvantag
is desired to at least partially delay the separation. There
two mechanism widely used to control the boundary la
Elsevier SAS. All rights reserved.
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Nomenclature

A mass transfer parameter
Cf , �Cf skin friction co-efficients in thex, z-directions
Cp specific heat at constant pressure . . . kJ·kg−1·K
E dissipation parameter
f dimensionless stream function
F dimensionless chordwise velocity
G dimensionless total enthalpy
h,H specific and total enthalpy
K thermal conductivity . . . . . . . . . . . . . . W·m−1·K
L characteristic length . . . . . . . . . . . . . . . . . . . . . . m
M Mach number
N Chapman–Rubesin function
Nu Nusselt number
P pressure. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Pa
Pr Prandtl number
qw rate of heat transfer at the wall
Re Reynolds number
S dimensionless spanwise velocity
T temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . K
u,v,w velocity components in the

x, y, z-directions . . . . . . . . . . . . . . . . . . . . . m·s−1

U∞ resultant freestream velocity
x, y, z dimensional chordwise, normal to the surface

and spanwise distances, respectively . . . . . . . m

x̄ = x/R, dimensionless chordwise distance
x̄1, x̄2 slot locations parameter

Greek symbols

β Pressure gradient function
η, ξ dimensionless similarity variables
θ yaw angle
ε small parameter
 η, x̄ stepsizes in theη, x̄-directions
µ dynamic viscosity . . . . . . . . . . . . . . . kg·m−1·s−1

ν kinematic viscosity . . . . . . . . . . . . . . . . . . m2·s−1

ρ density . . . . . . . . . . . . . . . . . . . . . . . . . . kg·m−3 ψ

ψ stream function. . . . . . . . . . . . . . . . . . . . . . m2·s−1

ω∗ slot length parameter

Subscripts

∞ conditions in the free stream
e, w denote conditions at the edge of the boundar

layer and on the surface, respectively
x, y, z partial derivatives with respect tox, y, z,

respectively
η, ξ partial derivatives with respect toη, ξ ,
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separation, namely, suction and injection [5–7]. Fluid inj
tion/suction is widely used in the aircraft for reducing h
transfer across turbine blades and is an effective mean
controlling transition and/or separation of boundary lay
over airplane control surfaces.

Mass transfer through wall slot (i.e., mass transfer occ
in small porous sections of the body surface and there i
mass transfer in the remaining part of the body surface)
the boundary layer is of interest for various potential ap
cations including thermal protection, fuel injection in ram
engines, energizing of the inner portion of boundary lay
in adverse pressure gradients, and skin friction reductio
high speed aircraft. References [8–12] present different s
ies on the effect of slot injection/suction into a laminar co
pressible boundary layer over a flat plate. In recent inve
gations, Roy and Nath [13], and Roy [14] have studied
effects of non-uniform single slot injection/suction and no
uniform total enthalpy at the wall into steady non-simi
compressible boundary layer flows over two-dimensio
and axi-symmetric bodies, and over yawed circular cy
der. In both the above studies [13,14], non-uniform inject
and suction combinations have been used in a single sl
study the effect of non-uniform mass transfer.

The aim of this investigation is to study the effects of no
uniform multiple slot injection/suction and non-uniform t
tal enthalpy at the wall (wall cooling or heating takes pla
in the slots and the remaining part of the body surface
f

a constant value of the total enthalpy) on the steady n
similar compressible boundary layer flow over yawed cy
der, which has not yet been studied by earlier investiga
Compressible boundary layer flow over yawed cylinder p
vides many practical applications. For example, the ya
infinite cylinder simulates approximately the leading ed
of a swept-back wing or a body of high fineness ratio a
angle of attack and also allows a basic simplification of
complicated three-dimensional compressible boundary l
equations. Thus, the study of the effects of non-uniform m
tiple slot injection/suction and non-uniform wall enthalpy
a steady non-similar laminar compressible boundary la
flow over yawed infinite cylinder are useful in understan
ing many boundary layer problems of practical importan
Uniform mass transfer in the slots or uniform heating
cooling) in the slots causes finite discontinuity at the lead
and trailing edges of the slots. Hence, the mass transf
the wall temperature distributions are chosen in such a
that there is no discontinuity.

The non-similar solutions have been obtained star
from the origin of the streamwise co-ordinate to the poin
separation for non-uniform multiple slot injection (suctio
or non-uniform wall enthalpy. The computational difficulti
encountered at the origin of the streamwise co-ordinat
the edges of the slots and near the point of separation
been overcome by using the quasi-linearization techn
with an implicit finite difference scheme. There are t
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types of free parameters in this problem, one type
parameters measures the length of the slots and anothe
of parameters fixes the position of the slots. These two
of parameters vary the lengths and locations of the s
respectively.

It may be noted that in our analysis the discontinuitie
the leading and trailing edges of the slots have been avo
following [13,14]. Thus the present analysis differs fro
those in [8–12] with finite discontinuities.

2. Basic equations and transformations

Consider a boundary layer flow over a yawed infin
cylinder placed in uniform compressible flow of veloc
U∞ having componentsu∞, w∞ andv∞, in the chordwise
spanwise and in the orthogonal direction to the surface
spectively. The distances in respective directions are de
nated asx, z andy as shown in Fig. 1. The blowing rate
assumed to be small and it does not affect the inviscid fl
at the edge of the boundary layer. The inviscid (poten
flow is considered to be isentropic. It is also assumed
the injected fluid possesses the same physical properti
the boundary layer fluid and has a static temperature equ
the wall temperature. Both fluids are assumed to be pe
fluids. The Prandtl numberPr is assumed to be constant
its variation across the boundary layer is negligible for m
of the atmospheric problems [15]. It was shown by Ca
bel [16] that the specific heat of argon plasma is consta
constant pressure if the temperature is less than 10.000
was also shown that the viscosityµ and the thermal con
ductivity K vary linearly with temperature in that rang
Schlichting [17] has also shown for gases that the visc
ity and the thermal conductivity vary in the same way w
temperature (see Table 12.1 of Schlichting [17]). There
the local Prandtl numberPr remains nearly constant. It

Fig. 1. Flow model and co-ordinate system.
e

s

t

assumed that the potential flow depends onx, but not on
z, i.e., whenue = ue(x), we = we(x). Hence the boundar
layer equations will be independent ofz. Under the forego
ing assumptions, the boundary layer equations governin
steady laminar compressible flow are [17,18]:

Continuity:

(ρu)x + (ρv)y = 0 (1)

Momentum:

ρ[uux + vuy ] = −Px + (µuy)y (2)

ρ[uwx + vwy ] = −Pz + (µwy)y (3)

Energy:

ρ[uHx + vHy ]
=

(
µ

Pr
Hy

)
y

+ [
µ

(
1− Pr−1)(uuy +wwy)

]
y

(4)

where

−Px = ρeue(ue)x and −Pz = ρeue(we)x (5)

The boundary conditions are given by

u(x,0)= 0, v(x,0)= vw(x)

w(x,0)= 0, H(x,0)=Hw(x) (6)

u(x,∞)= ue(x), v(x,∞)= 0

w(x,∞)=we, H(x,∞)=He (7)

where the total enthalpyH can be written asH = h +
1/2(u2 + w2) = CPT + 1/2(u2 + w2). The total enthalpy
at the edge of the boundary layerHe = constant, since th
potential flow is isentropic. Hereρ andP are the density
and pressure, respectively. The subscriptsx, y, z denote
partial derivatives with respect to those variables. Furt
the subscripts w and e denote conditions at the wall
at the edge of the boundary layer, respectively;h andCp
are, respectively, the static enthalpy and the specific he
constant pressure;vw(x) denotes the surface mass transfe

Applying the following transformations:

ξ =
x∫

0

ρeµeuedx, η = ue(2ξ)−1/2

y∫
0

ρ dy

f (ξ, η)= (2ξ)−1/2ψ(x, y), ρu= ∂ψ

∂y
, ρv = −∂ψ

∂x

u= uefη(ξ, η)= ueF(ξ, η), w=weS(ξ, η)

H =HeG(ξ,η), He =H∞ (8)

to Eqs. (1)–(4), we find that Eq. (1) is identically satisfi
and Eqs. (2)–(4) reduce to non-dimensional form given b

(NFη)η + fFη + β(ξ){(ρe/ρ)− F 2}
= 2ξ(FFξ − Fηfξ ) (9)

(NSη)η + f Sη = 2ξ(FSξ − Sηfξ ) (10)
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(NGη)η + PrfGη − 2(1− Pr)E

× [
NFFη(ue/u∞)2 cos2 θ +NSSη sin2 θ

]
η

= 2ξ(FGξ −Gηfξ ) (11)

Here ξ and η are transformed co-ordinates,ψ and f
are the dimensional and dimensionless stream funct
respectively;S andG are respectively, the dimensionle
spanwise velocity and total enthalpy; the subscriptsξ andη
denote the partial derivatives with respect to those variab
Here N is the Chapman–Rubesin function,β(ξ) and E
are the pressure gradient and dissipation (Eckert num
parameters, respectively, given by

N = ρµ

ρeµe
, β = 2ξ

ue

due

dξ

E = U2∞
2He

= (γ − 1)M2∞
2+ (γ − 1)M2∞

whereU∞, M∞ andγ (= 1.4 for air) are, respectively, th
resultant freestream velocity, the freestream Mach num
and the ratio of specific heats. The transformed boun
conditions are

F(ξ,0)= 0, S(ξ,0)= 0, G(ξ,0)=GwP(x̄)

F (ξ,∞)= 1, S(ξ,∞)= 1, G(ξ,∞)= 1 (12)

whereGwP(x̄) is the total enthalpy distribution prescribe
at the wall and

f =
η∫

0

F dη+ fw,

fw = −
[
2ξfξ (ξ,0)+ (ρv)w(2ξ)1/2

(
dξ

dx

)−1]

From the above equation,fw can be written as

fw = −(2ξ)−1/2

x∫
0

(ρv)w dx (13)

It may be noted that the system of Eqs. (9)–(11) redu
to that of two-dimensional case forθ = 0. Hence Eq. (10
becomes redundant as the velocity component in thz-
directionw = 0 (i.e.,S = 0) for θ = 0.

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

ue(x̄)= u∞(A1 sinx̄ +A2 sin 3x̄)

we =w∞ = constant (14)

whereA1 = 2(1+M2∞/3),A2 = −M2∞/2, x̄ = x/R. It may
be remarked that in Eq. (14), which is valid for subsonic fl
(M∞ � 0.4), we have retained the terms up to order(M2∞)
only. If the terms up to the next order i.e., up to order(M4∞)
are included in the series (14), the flow on the surface
the cylinder atx̄ = ±π/2 becomes locally supersonic [2
atM∞ ≈ 0.404. For 0.404<M∞ < 0.45, there are region
just above and just below the cylinder in which the flo
,

)

is supersonic and there is an apparently smooth trans
from subsonic flow elsewhere. ForM∞ > 0.45, the series
(14) appears to diverge [20]. Experimentally it has be
found that local shock waves appear for aboutM∞ = 0.45.
Consequently, as a first step, we have investigated only
subsonic flow (M∞ � 0.4), because several investigato
encountered considerable difficulty both at the origin a
near the point of separation. The analogous supers
or hypersonic case will be considered separately as
potential flow solution has to be obtained numerically bef
proceeding to the boundary layer solution.

Using the relation (14), the expressions forξ , β andfw
can be written as

ξ =Rρeµeu∞P3, β = 2 cosx̄P4P5P
−1
2 P−2

6 (15)

fw = 0 for x̄ � x̄1

= A(cosθ)−1/2P
−1/2
3 C(x̄, x̄1) for x̄1 � x̄ � x̄∗

1

= A(cosθ)−1/2P
−1/2
3 C(x̄∗

1, x̄1) for x̄∗
1 � x̄ � x̄2

= A(cosθ)−1/2P
−1/2
3 C(x̄∗

1, x̄1)

+A(cosθ)−1/2P
−1/2
3 C(x̄, x̄2) for x̄2 � x̄ � x̄∗

2

= A(cosθ)−1/2P
−1/2
3 C(x̄∗

1, x̄1)

+A(cosθ)−1/2P
−1/2
3 C

(
x̄∗

2, x̄2
)

for x̄ � x̄∗
2 (16)

where the functionC(s, t) is given by

C(s, t)= 1− cos
{
ω∗(s − t)}

and

P1 = 1− cosx̄, P2 = 1+ cosx̄

P3 = A1P1 +A2(1− cos 3̄x)/3

P4 = A1 + 3A2
(
4 cos2 x̄ − 3

)
P5 = A1 +A2(1+ 4P2 cosx̄)/3

P6 = A1 +A2
(
3− 4 sin2 x̄

)
Here(ρv)w is taken as

(ρv)w = −(ρeU∞)(Re/2)−1/2Aω∗ sin
{
ω∗(x̄ − x̄1)

}
for x̄1 � x̄ � x̄∗

1

= −(ρeU∞)(Re/2)−1/2Aω∗ sin
{
ω∗(x̄ − x̄2)

}
for x̄2 � x̄ � x̄∗

2

= 0 for x̄ � x̄1, x̄
∗
1 � x̄ � x̄2 or x̄ � x̄∗

2 (17)

whereRe = (U∞R/υe), andω∗ and (x̄1, x̄2; x̄1 < x̄2) are
two sets of free parameters which, respectively, determ
the lengths and locations of the slots. The subscripts
and ‘2’ denote for first and second slot, respectively. T
function (ρv)w is continuous for all values for̄x and it has
non-zero values only in the intervals(x̄1, x̄

∗
1) and(x̄2, x̄

∗
2).

The reason for taking such a type of function is that it allo
the mass transfer to change slowly in the neighbourhoo
the leading and trailing edges of the slots. The param
A > 0 or A < 0 is taken according to whether there is
suction or injection. Since the flow considered here i
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subsonic one, it is reasonable to take the fluid medium
one, which has constant gas properties. Accordingly,
have

ρ ∝ h−1, µ∝ h, Pr = constant

and

ρe

ρ
= G−E{(ue/u∞)2 cos2 θF 2 + sin2 θS2}

1−E{(ue/u∞)2 cos2 θ + sin2 θ} (18)

It is convenient to express Eqs. (9)–(11) in termsx̄ instead
of ξ . Eq. (15) gives the relation betweenξ andx̄ as

ξ
∂

∂ξ
= B(x̄) ∂

∂x
(19)

whereB(x̄) is given by

B(x̄)= P3P
−1
6 /(sinx̄)

Substituting Eqs. (18) and (19) in Eqs. (9)–(11), we obta

Fηη + fFη + β1
[
G− F 2 +E1

(
F 2 − S2)]

= 2B(x̄)(FFx̄ − Fηfx̄) (20)

Sηη + f Sη = 2B(x̄)(FSx̄ − Sηfx̄) (21)

Gηη + PrfGη − 2(1− Pr)

× [
E2FFηη +E2F

2
η +E1SSηη +E1S

2
η

]
= 2PrB(x̄)(FGx̄ −Gηfx̄) (22)

whereE1 = E sin2 θ , E2 = E(ue/u∞)2 cos2 θ andβ1 = β/
[1−E1 −E2].

The boundary conditions become

F(x̄,0)= 0, S(x̄,0)= 0, G(x̄,0)=GwP(x̄)

F (x̄,∞)= 1, S(x̄,∞)= 1, G(x̄,∞)= 1 (23)

wheref = ∫ η
0 F dη + fw andfw is given by Eq. (16). The

arbitrary functionP(x̄), associated with the non-uniformi
of the total enthalpy at the wall, is given by

P(x̄) = 1+ ε sin
[
ω∗(x̄ − x̄1)

]
, for x̄1 � x̄ � x̄∗

1

= 1+ ε sin
[
ω∗(x̄ − x̄2)

]
, for x̄2 � x̄ � x̄∗

2

= 1, for x̄ � x̄1, x̄
∗
1 � x̄ � x̄2 or x̄ � x̄∗

2

whereε is a small real number. HereP(x̄) is a continuous
function with a small perturbation in the intervals[x̄1, x̄

∗
1]

and [x̄2, x̄
∗
2] over the constant value ‘1’ and it gives th

variation of the total enthalpy at the wall only in the interv
[x̄1, x̄

∗
1] and [x̄2, x̄

∗
2] while the remaining part of the bod

surface is maintained at the constant value of the t
enthalpy at the wall(Gw). The sudden rise or fall of th
total enthalpy at the edges of the slots can cause nume
difficulties in the solution of the energy equation. To avo
these, we use this type of function so that it allows the t
enthalpy at the wall to change slowly in the neighbourho
of the leading and trailing edges of the slots. It can
seen from the boundary conditions (23) that in the first s
the distribution of the total enthalpy at the wall, given
Gw[1+ ε sin{ω∗(x̄ − x̄∗)}], has a constant valueGw before
1
l

the leading edge of the first slot (i.e., 0� x̄ � x̄1) and as
the slot starts, total enthalpy at the wall slowly decrea
(increases) and reaches its minimum (maximum) value f
which it again increases (decreases) up to the constant
Gw at the trailing edge of the first slot. The distribution
total enthalpy at the wall has also similar variation in
second slot (i.e., in̄x2 � x̄ � x̄∗

2). This type of function has
been considered in references [13,14,21] for the varia
of the wall temperature distribution in the single slot alo
streamwise direction.

The skin friction co-efficients inx- andz-directions (i.e.,
in the chordwise and spanwise directions) can be expre
in the form

Cf(Re)1/2 = 21/2(cosθ)1/2 sinx̄P 1/2
2 P

−1/2
5 P 2

6 (Fη)w (24)

and

�Cf(Re)1/2 = 21/2(cosθ)1/2 sinθP 1/2
2 P

−1/2
5 P6(Sη)w (25)

Similarly, the heat transfer co-efficients in terms of Stan
number is defined by

St(Re)1/2 = 21/2[Pr(1−Gw)
]−1

× (cosθ)1/2P 1/2
2 P

−1/2
5 P6(Gη)w (26)

where

Cf = 2

[
µ
∂u

∂y

]
w

/
ρeU

2∞, �Cf = 2

[
µ
∂w

∂y

]
w

/
ρeU

2∞

and

St =K/CP

(
∂H

∂y

)
w

/[
ρe(He −Hw)U∞

]

Thus, it is clear from Eqs. (24)–(26) that(Fη)w, (Sη)w and
(Gη)w are the crucial parameters which characterize s
friction and heat transfer of the fluid flow.

3. Results and discussions

Eqs. (20)–(22) under the boundary conditions (23) h
been solved numerically using an implicit finite differen
scheme in combination with the quasi-linearization meth
Since the method is described in complete detail in [2
its detailed description is not presented here. However
the sake of completeness, its outline is given here. The
linear coupled partial differential equations (20)–(22) w
first linearized using quasi-linearization technique [22]. T
resulting linear partial differential equations were expres
in difference form. The equations were then reduced
a system of linear algebraic equations with a block
diagonal structure, which is solved using Varga’s algorit
[23]. The stepsize in theη-direction has been chosen
 η = 0.01 throughout the computation. In thex̄-direction,
 x̄ = 0.01 has been used for small values ofx̄ (� 0.50),
then it has been decreased to x̄ = 0.001. This value of
 x̄ has been used for̄x � 1.25, thereafter the stepsiz
 x̄ has been reduced further, ultimately choosing a va
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the
 x̄ = 0.0001 in the neighbourhood of the point of ze
skin friction. This has been done because the converg
becomes slower when the point of vanishing skin friction
chordwise direction is approached. The choice of steps
has been found to be optimum since further reduction d
not alter the results up to the fourth decimal place.

The computations have been carried out for vari
values ofA (−0.5 � A � 0.5), x̄1, x̄2 (0.25 � x̄1, x̄2 �
1.5), M∞ (0.2 � M∞ � 0.4) andGw (0.2 � Gw � 0.6).
In all numerical computationsPr has been taken as 0.7
The edge of the boundary layerη∞ is taken between 4
and 6 depending on the values of parameters. In orde
verify the correctness of the procedure, solutions have b
obtained for the non-similar incompressible flow cases
substitutingPr = 1 andM∞ = A = θ = Gw = 0 [G =
(T − Tw)/(T∞ − Tw)] to compare the skin friction an
heat transfer parameters((Fη)w, (Sη)w = (Gη)w) with those
obtained by using the differential-difference method [
25] and finite difference method [26]. The heat trans
result ((Gη)w) has been compared with the experimen
results [27]. The results are found to be in good agreem
The results, corresponding toξ = x̄ = 0 in the presen
non-similar case, have been compared with the self-sim
results obtained by Dewey and Gross [1], and found them
excellent agreement (these differ only in the fourth deci
place). We have also compared our results for zero
angle (i.e., for θ = 0) with the steady state results
Vasantha and Nath [28] who studied the unsteady n
similar compressible boundary layer flow over a cylind
without mass transfer. The results are found to be
excellent agreement. Comparison of the results for zero
angle (i.e., forθ = 0) is also made with the results of Ro
and Nath [13] who studied recently the effect of non-unifo
injection/suction combinations in a slot on a steady n
similar compressible boundary layer flow over a cylind
The results are found to be in excellent agreement w
the present results. Further, the comparison of the re
is done with the most recent results of Roy [14] wh
the investigation has been made to study the effect of n
uniform injection/suction combinations in a single slot o
steady non-similar compressible boundary layer flow ov
yawed infinite cylinder, and the results are found in excel
agreement with the present results. Comparisons are s
in Figs. 2–4 and in Table 1.

Case I: Non-uniform multiple slot injection (or suction)

Figs. 5–7 show the effects of non-uniform multiple s
injection (or suction) parameter (A< 0 orA> 0) andx̄1, x̄2,
which fix the slots positions (i.e., the porous sections
the surface of the body) through which mass transfer
considered, on the skin friction and heat transfer parame
((Fη)w, (Sη)w, (Gη)w). In the case of multiple slot suctio
(A > 0) the skin friction and heat transfer paramet
((Fη)w, (Sη)w, (Gη)w) increase as the first slot begins a
attain their maximum values before the trailing edge of
n

Fig. 2. Comparison of(Fη)w and(Sη)w = (Gη)w with those obtained by
other methods.

Fig. 3. Comparison of(Fη)w and(Gη)w.

first slot. Next,(Fη)w, (Sη)w and(Gη)w decrease from thei
maximum values at the trailing edge of the first slot. Sim
variations of skin friction and heat transfer paramet
((Fη)w, (Sη)w, (Gη)w) are also observed in the second s
and finally beyond the trailing edge of the second slot,(Fη)w
reaches zero but(Sη)w and (Gη)w remain finite (Fig. 5).
This implies that an ordinary separation occurs at this po
For the problem under consideration, the singular separa
has not been encountered (i.e., for no value ofx̄, (Fη)w =
(Sη)w = 0 simultaneously). The above results hold go
whatever may be the values of mass transfer parameteA.
Hence in subsequent discussion the word separation de
only the ordinary separation. The results indicate that
effect of non-uniform multiple slot suction(A > 0) is to
move the point of separation downstream, i.e., it delays
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Fig. 4. Comparison of(Fη)w, (Sη)w and(Gη)w.

Table 1
Comparison of skin friction and heat transfer parameters with th
tabulated by Dewey and Gross [1] forβ = 0.5, Pr = 1,A= ξ = x̄ = 0

Gw E sin2 θ Present results Dewey and Gross [1]

(Fη)w (Sη)w = (Gη)w (Fη)w (Sη)w = (Gη)w
0 0.3750 0.6439 0.5071 0.6438 0.5070
0 0.6667 0.7811 0.5330 0.7812 0.5328
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
0.5 0.8461 1.9663 0.6578 1.9660 0.6577
0.5 0.9000 2.6004 0.7115 2.6000 0.7113

separation but the non-uniform injection(A < 0) through
multiple slots on the body surface has the reverse effec
shown in Fig. 7. Moreover, the multiple slot suction(A > 0)
is found to be more effective in delaying the separation
compared to the single slot suction(A > 0). To be more
specific, forGw = 0.2 (Fig. 5), the point of separation mov
downstream approximately by 8% and 15% for single
suction and multiple slot suction, respectively, when the
of suction has the fixed valueA= 0.25. It is noted in Fig. 6
that if we move the locations of the slots downstream,
point of separation also moves downstream, (i.e., it de
Fig. 5. Effect of suction(A > 0) on (Fη)w, (Sη)w and(Gη)w.

Fig. 6. Slot positions(x̄1, x̄2) variation effect on(Fη)w, (Sη)w and(Gη)w.
(Slot locations are not shown in this figure.)

the separation). Thus, separation can be delayed by
uniform multiple slot suction(A > 0) and also by moving
the slots down stream.
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Fig. 7. Effect of injection(A < 0) on (Fη)w, (Sη)w and(Gη)w.

Effects of the total enthalpy at the wall(Gw) and
the free stream Mach number(M∞) on the skin friction
and heat transfer parameters((Fη)w, (Sη)w, (Gη)w) are
shown in Figs. 8 and 9. For a fixedM∞, an increase in
total enthalpy at the wall(Gw) enhances the skin frictio
parameters((Fη)w, (Sη)w) and also moves the separati
point upstream. But, the heat transfer parameter((Gη)w)

decreases with the increase of the total enthalpy at the
(Gw). When wall temperature is increased, fluid near
wall becomes rarer. This results in a reduction in the s
friction at the wall causing the separation to occur ear
The effect of decreasingM∞ results in slight reduction in
the values of(Fη)w and(Sη)w, and the separation is delaye
Similar effect observed by Davis and Walker [29], and m
recently, by Roy and Nath [13] and Roy [14] for non-simi
compressible boundary layer flows over two-dimensio
body, axi-symmetric body and over yawed cylinder. It h
also been found that the yaw angleθ has little effect on
the point of separation. In particular, the variations in
values of skin friction parameter((Fη)w) are within 1% for
different values ofθ (0 � θ � 45◦) and the results are no
presented here to limit the number of figures.

Case II: Non-uniform total enthalpy at the wall

The effect of non-uniform total enthalpy at the wall (i.
the effect of cooling or heating in the slots at the w
along the streamwise direction) on the skin friction a
Fig. 8. Effect ofGw on (Fη)w, (Sη)w and(Gη)w.

Fig. 9. Effect ofM∞ on (Fη)w, (Sη)w and(Gη)w.

heat transfer parameters((Fη)w, (Sη)w, (Gη)w) is shown in
Fig. 10. The heat transfer parameter(Gη)w increases due t
the wall cooling in the slots (Fig. 10), but decreases w
there are wall heating in the slots (not shown to red
the number of figures). The variation of the heat trans
parameter(Gη)w is strongly affected by the variation o
the total enthalpy at the wall whereas the skin frict
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Fig. 10. Effect of wall cooling (in slots) on(Fη)w, (Sη)w and(Gη)w.

parameters(Fη)w and(Sη)w are very little affected by it (it
is indistinguishable in this scale in Fig. 10) because the
transfer parameter is more sensitive to the change in the
enthalpy at the wall than the skin friction parameters.

4. Conclusions

The results indicate that the separation can be delaye
non-uniform multiple slot suction and also by moving t
slots downstream but the non-uniform multiple slot inject
has the reverse effect. Moreover, the multiple slot suc
is found to be more effective in delaying the separat
as compared to the single slot suction. The increas
Mach number shifts the point of separation upstream du
the increase in the adverse pressure gradient. The inc
of total enthalpy at the wall causes the separation
occur earlier while cooling delays it. The non-uniform to
enthalpy at the wall (i.e., the cooling or heating of t
wall in the slots) along the streamwise co-ordinate has v
little effect on the skin frictions and thus on the point
separation. Also, the yaw angle has very little effect on
location of the point of separation.
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