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Summary
This paper presents a theoretical analysis of the hypersonic

viscous flow over a sweat-cooled flat plate. The physical sys-
tem under consideration is the hypersonic laminar boundary
layer over a porous flat plate with homogeneous, normal injec-
tion of a coolant into the external stream. A heat balance at
the porous surface is made between the heat transferred to the
surface and the heat absorbed by the coolant. The existence
of similar solutions requires a nonuniform distribution of coolant
injection. The method of solution consists of the integration of
three simultaneous first-order equations, the momentum and the
energy integral equations in the boundary layer, and the tangent-
wedge approximation in the inviscid layer. First-order asymp-
totic formulas are given in both the strong and the weak pressure
interaction regions for the induced surface pressure, the skin-
friction coefficient, and the Nusselt number. Numerical re-
sults for three specific cases are presented and discussed.

Symbols
A = f unction defined by Eq. (20a)
an — coefficient of rjn in the velocity profile
bn = coefficient of r)n in the stagnation-enthalpy profile
Coo — viscosity-temperature proportionality constant, de-

fined by Eq. (4)
Cf = local skin-friction coefficient, defined by Eq. (32)
cp = specific heat of gas at constant pressure
E = function defined by Eq. (lOb)
F = function defined by Eq. (lOa)
H = stagnation-enthalpy, defined as [(l/2)u2 + CPT]
h = (H*/Hi)
I = function defined by Eq. (20b)
iz,ii =• values defined by Eq. (26c)
J = function defined by Eq. (lOc)
joji = values defined by Eq. (26b)
k = thermal conductivity of gas
M = Mach number
Nu = local Nusselt number, defined by Eq. (35)
p = pressure of gas
T = absolute temperature
Tc — temperature of the coolant
Te = equilibrium insulated wall temperature
t = transformation variable defined by Eq. (6a)
u = velocity of flow along the flat plate
v = velocity of flow normal to the flat plate
v = variable defined by Eq. (6b)
x = distance along the flat plate
y = distance normal to the flat plate :
7 = ratio of specific heats .
A = dimensionless boundary-layer thickriess, defined by

Eq. (25b)
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d = boundary-layer thickness in (x, y) plane
5 = boundary-layer thickness in (x, t) plane
?! = variable defined by Eq. (lOd)
A = Pohlhausen parameter, defined by Eq. (13)
IJL = coefficient of viscosity
v = kinematic viscosity
p = density of gas
3> = injection parameter, defined by Eq. (lOe)
X = interaction parameter, defined by Eq. (25a)

Subscripts
0 = values at wall (exceptions, #o, io, and Jo)
1 = values at outer edge of boundary layer (exceptions,

ai,ii, andji)
oo = values at an undisturbed region of the flow

Superscripts
(0) = zero-order coefficients in the expansion in %
(1) = first-order coefficients in the expansion in %

Introduction

THE HYPERSONIC viscous FLOW over a flat plate
with surface mass transfer has been studied in the

region of strong pressure interactions by Yasuhara1

for the insulated flat plate, and by Li and Gross2 for
both the insulated and the noninsulated flat plates.
By application of a method originally proposed by
Nagakura and Naruse3 for the treatment of the hyper-
sonic viscous flow over an impervious plate, Tien4 has
extended the treatment to the case with surface mass
transfer. He obtained results in both the strong and
the weak pressure interaction regions for an insulated
plate. His results for the zero-order strong interac-
tions agree favorably with the results of Li and Gross.
The case for the insulated flat plate, however, is not
as physically important as that for the noninsulated
plate. In most cases, the main purpose of having a
surface mass transfer is to protect surfaces from hot gas
streams, such as the surfaces of high-speed vehicles.
The problem of practical interest is that of maintaining
a certain uniform surface temperature by injecting a
coolant gas into the hot gas stream.

The purpose of the present work is to study the
effects of coolant injection on both the flow and the
heat-transfer characteristics in the hypersonic stream
over a porous flat plate. The coolant gas in this in-
vestigation is assumed to be the same as the gas in the
main stream, and the coolant injection velocity is nor-
mal to the surface. The required injection velocity
will be, in general, a function of the coolant tempera-
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ture, the desired uniform surface temperature, the
free-stream Mach number, and the distance from the
leading edge. The variation of the injection velocity
along the plate surface is determined by the require-
ment for the existence of similar solutions. Approxi-
mate expressions of the induced surface pressure, the
boundary-layer thickness, the skin-friction coefficient,
and the Nusselt number will also be given for both the
regions of strong and weak pressure interactions.

The present physical problem is different from that
considered by Li and Gross for the noninsulated flat
plate in that a heat balance at the porous surface has
been considered here. At steady state, this heat
balance is characterized by an equation stating that
the heat transferred by the hot gas to the wall is ab-
sorbed by the coolant flow in the wall. This type of
heat balance has been considered by several authors
in treating sweat-cooling problems.5 The wall tem-
perature is thus related to the rate of mass injection in-
stead of being independent of each other as in the case
considered by Li and Gross. Therefore, the emphasis
in the present analysis is placed upon the effects of a
coolant injection on the hypersonic viscous interac-
tions.

The treatment in the present study is an extension
of the method of Nagakura and Naruse3 to the sweat-
cooling problems in hypersonic flow. The Howarth-
Dorodnitsyn transformation is first applied to the
equations of motion. By using one boundary-layer
thickness and applying the Karman-Pohlhausen in-
tegral method, the momentum and the energy bound-
ary-layer equations, combined with the heat-balance
equation at the wall, are simplified and integrated.
The approximate final results are then obtained by solv-
ing simultaneously the integrated boundary-layer
equations and the tangent-wedge expression in the
in viscid region. The less accurate tangent-wedge
approximation is used here in view of its simplicity in
the present treatment. The final solution, however,
is expected to give reasonably approximate results,
as good agreement has been established in several
cases3' 4j 6 between the results from the present ap-
proach and those from other approaches.

Analysis
The semi-infinite flat plate is placed at zero angle of

attack with respect to a uniform hypersonic stream.
A shock wave extends back from the leading edge,
which is located at x = 0 and y = 0. The region be-
tween the shock and the plate surface is divided into
two regions, the inviscid region, and the boundary
layer. A schematic diagram of the physical system is
shown in Fig. 1. The main portion of this section will
be the development of the integrated boundary-layer
equations.

The governing equations for the boundary-layer
region, under the assumption that the fluid is a perfect

BOUNDARY LAYER

FIG. 1. Diagram of the physical system.

gas of constant specific heats and Prandtl number of
unity, may be written as

(la)+ (d/w/dy) = 0
du du dp () / du

pu —— + pv —- = — —— + —- ( fj, ——

bp/dy = 0

dH bH d / bH\
pu— + pv—- = r- ( M V" JOx oy oy \ oy J

(Ic)

(le)

The coolant, which is assumed to be the same as the
fluid in the main stream, is injected normal to the plate
surface. A steady heat-balance equation can then be
established at the porous surface by equating the heat
transferred from the hot fluid to the wall and the heat
absorbed by the coolant—i.e.,

k(i(dT/by)o = PGVOCP(TQ — Tc) (2)

where VQ is to be much smaller than the velocity in the
free stream,

^o2 « uj (3)

With the assumption of a linear relationship between
the viscosity and the temperature

(4)

the governing equations can be expressed as

udpp du dp =

Po dx dx dt

du _ du 1
u—- +v—- = — —

,». *,„

+ va ——

&H

where

and
-f(-)*Jo \ po/'=

(5a)

(5b)

(5c)

(6a)

(p/po)» (6b)

The above equations must satisfy the following bound-
ary conditions:



JANUARY 11963 HYPERSONIC VISCOUS FLOW 161

at t = 0,

u H
—— = 0, ——— = k, V = VQ
Ui Hi

|~—(-^Yl = ~-^
\_dt \ MI / Jo p dx

r d* / « vi
—— I —— 1

Ld/2 \Wi / Jo

VH

at J = S,

A f — ̂  = — (— \ =
Zt \~H~J ~ W \H~J ~ °

— ̂  =
HJ ' Zt \~H~J ~ W \H

where 5 according to Eq. (6a) is defined as

(7)

(8)

and 5 is the boundary-layer thickness. The last two
conditions at t = 0 are compatibility conditions at the
surface and were cited above because of the integral
treatment to be used in the later analysis.

Integration of Eqs. (5a)-(5c) with respect to t from
t = 0 to t = d, with the appropriate boundary condi-
tions (7), yields the following equations:

P=\ ± (PL\ T2 _
pJdApJl

2E

F dx (9a)
and

2S2

J

where

2 -

y./'/iV, *)
JO \Ui/ \ Hi/

and the injection parameter,

$ == V0S/V0

jf (4-m («>>Orj

(lOa)

(lOb)

(lOc)

(lOd)

(lOe)

Note that the integration of the momentum and the
energy equations involves only one boundary-layer

thickness. This, however, does not impose any undue
limitations on the stagnation-enthalpy profiles, since
these profiles are to be permitted to contain an addi-
tional unknown coefficient, as discussed in Ref. 7.
This additional coefficient replaces the thermal bound-
ary-layer thickness as a parameter. The use of a
single boundary-layer thickness makes the analysis
somewhat simpler. The velocity and stagnation-
enthalpy profiles are thus given in the following poly-
nomial forms:

(u)
l / n = 0

where the coefficients an and bn, as determined from the
boundary conditions (7) , are

= 0,
A + 12 6$ - 3A

<£ + 6' " $ + 6
+ 12 - 3A) (3$ + 6 - A)

6)
(12a)

and

b0 = h,

b, = 10 - 10A - 663 - (3/2) $61
&4 = -15 + 15A + 861 + (3/2)3*!
55 = 6 - 6A - 3&! - (1/2) $61

where A is the Pohlhausen parameter,

(13b)

*c) (13)
The temperature in the boundary layer, from the

definition of stagnation enthalpy and the assumption
of small mass injection, can be expressed as :

(14)

Since the Mach number of the free stream is large,
MJ1 ^> 1, and consequently MI" ^> 1, the temperature
at the wall is given approximately as

(TQ/TI) = h[(y — l)/2]Mi2 (15a)
and similarly,

(r0/r.) = (15b)

These relations will be useful in simplifying the integral
equations.

For a Prandtl number of unity the equilibrium in-
sulated wall temperature is related to the temperature
at the outer edge of the boundary layer

(16)

and thus,
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h = (17)

The ratio, h, is less than one for a sweat-cooled surface.
The heat-balance Eq. (2), in terms of dimensionless

parameters, can be written as :

(18)

\ •- o — ^ / \ - •- T- / * \ ^ / \J-ytv
where

^ =
+ 6$ + 12)
($ + 6)

With appropriate manipulations, and neglecting
terms of order 0[Mi~2], the momentum and the energy
integral equations become respectively

—) — ( — J ^2 -
\ pi / dx \p00/ (

(^)[ + 6) - 252

2,4 C»
^(^-} (19a)

and

pi dx\p< J dx

(20a)

(20b)

It should be emphasized here that in writing the
energy integral Eq. (19b) and also in carrying out the
integration of this equation later, the function, J, has
been assumed to be nonzero. From the definition of
J, Eq. (lOc), this means that results for the case of an
insulated flat plate can not be obtained simply by put-
ting into the final solution h = 1 and Tc — TQ) as re-
quired for an insulated surface from Eqs. (2) and
(17). The case of an insulated plate with mass injec-
tion, however, is much simpler since the energy equa-
tion can be replaced by h = 1, and the solution of this
case has been obtained by the same method as used
here.4

The explicit expressions for F, J, and / can be ob-
tained by use of the assumed velocity and stagnation-
enthalpy profiles, Eqs. (11), and the heat-balance
equation, Eq. (18). They are,

F = (21 + 3$)
6) 6)

(734 + 221$ + 17$2) +
20($ + 6)

420($ + 6)
(142 + 17$) -

A2

252 6)2 (21a)

23
5040

10

(21b)

120 ~ ¥J J "
J__ ["734 221
+ 6)2 L^ + ^5"

-$21 -
35 * J

A
6)2 L210 420

A2

6)2 (21c)

Eqs. (19a) and (19b) represent the governing equa-
tions in the boundary layer. For the inviscid region,
the following relation8 provided by the tangent-wedge
approximation for a flat plate will be used:

L (**\ = _L r 2 ii/2
 xdx\hj Mm LT(T + 1)J

//>! A / ^VT: ~ ; VT: 7 - 1\-1/2

7 +
(22)

where the boundary-layer thickness in (x,rj) plane is
related to the actual boundary-layer thickness by the
relation:

(6/8) = I/h (23)

The solution of the physical problem is then reduced

to integrating Eqs. (19a), (19b), and (22) simultane-
ously for the three dependent variables, 3, (pi/p*>) and
$ with x as the independent variable. The expressions
of F, J, and I are quite complicated; however, simpli-
fications can be made from order-of-magnitude con-
siderations. An approximate solution for the asymp-
totic behaviors in the weak and the strong interaction
regions is given in the next section.

It will be more convenient for the subsequent analysis
by having Eqs. (19a), (19b), and (22) in dimensionless
forms and by integrating directly each of them. The
equations then become, respectively,
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/($ + 6) - h d ' *- \ (T-D/T
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X

(7)7 Kfr
l |

7 + I
(24c)

where x is the dimensionless form of the independent
variable, x, and is called the interaction parameter,

X =
C v \1/2 C 1/2

(25a)

and A is the dimensionless boundary-layer thickness,

(25b)

The constants of integration in Eqs. (24a)-(24c) have
been set to be zero, since the boundary-layer thickness
is zero at the leading edge.

Approximate Solution
The virtue of the present integral approach, as also

demonstrated in Refs. 3, 4, and 6, owes much to the
fact that simple approximate expressions can be ob-
tained for the complicated functions, such as F, J, I,
and A, in the integrated equations. The Pohlhausen
parameter A has been shown to be of the order 0 [10 ~1]3'4

and the injection parameter 3> of the order 0[1]4 as a
consequence of the assumption (3). Consequently,
for the sweat-cooling case of small injection (0 < $ <
1.5), the following simplifications can be made for F,
J, I, and A:

F = 0.118

J = Jo + j

(26a)

(26b)

where

> = 0.243(1 - K)

j,= -0.0123(1 - h) - 0.0627&[1 - (7VT0)]

/ = io + *!$ (26c)

where

i0 = 0.5A - 0.0825

i, = 0,0188 + O.l&fl - (7Vr0)]

and

Higher order approximations than those given above
have also been used for a check of the degree of im-
provement in the final results. The resulted compli-
cated algebraic manipulations, however, are not justi-
fied in view of the small differences found in the final
results.

With the approximations (26a)-(26d), asymptotic
solutions can be obtained in both the strong and the
weak pressure interaction regions.

Weak Pressure Interaction Region (x <C 1)
The induced surface pressure in the weak interaction

region can be expressed as:

where />(1) is a constant to be determined. The zero-
order term is unity since the flow deflection due to the
boundary layer is extremely small in the region far
from the leading edge of the flat plate.

With the above expression for the induced pressure,
Eqs. (24a)-(24c) require, in order that they be con-
sistent among one another, the injection parameter
being of the form

h 0[x2] (27b)
where $(0) and <£(1) are constants to be determined.

The functions /, /, and A, which were expressed in
terms of 3>, can now be made in terms of the inde-
pendent variable x. They become

J= /(o> + Jd>x + 0[x2] (28a)

where

0[x2 (28b)
where

and

where

A = (28c)

= 2 + (2/3)$(0)

A = 2 + (2/3)$ (26d)
The dimensionless boundary-layer thickness, ob-

tained by substituting Eq. (27a) into Eq. (24b), is
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where

and
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Cf =

11/2

= (7-D/«» ^ 1-A^ ' ±- (30a)

(30b)
$(i)i
^ J

where

and

(i)

= [12(T ~

AIAA JOURNAL

- 0[%2]} (33)

+ 6)] (34a)

(0)
/(o

A(o)

f <
Substituting the above first-order expressions, Eqs. 127(7- i) \/ (0 )/ (34b)

(27a)-(27b), Eqs. (28a)-(28c), and Eq. (29) into Eqs. The Nussdt number> by definition> is
(24a)-(24c) gives the solution as:

—-ifl>+»-?('-*R)>
K 3F ( T \ V ~11/2)

jo + 3ji - — <l - * -CY) - 12JOJ! > (31a)
^ \ 1 Q; / J /

'[(-th

._
M-x (35)

(1 - A) J
which, in the weak interaction region, gives,

Nu = M<»x~l{Nu(v + Nu(»x + 0[x2]} (36)

where

A(0) (1 ~ h)
and

and = 0

(37a)

(37b)

= (1/2)7(7 - 1/2 (31c)

The asymptotic solution of (pi/pm), ^, and A can
then be used to evaluate the asymptotic behaviors of
the skin-friction coefficient and the Nusselt number in
the weak interaction region. By definition, the skin-
friction coefficient can be written in terms of the inter-
action parameter and the dimensionless boundary-
layer thickness as

Cf = + 6) A
X

12 + A (AY1
dx\pJl

The vanishing first-order contribution in Nusselt num-
ber in the weak interaction region is not a complete
surprise as will be discussed later.

Strong Pressure Interaction Region (% » 1)
In the strong interaction region it has been shown8

that the existence of a similar solution in the boundary
layer requires the induced surface pressure to be di-
rectly proportional to the interaction parameter. Thus
the expression for the induced pressure is given as,

= %{£(0) + P^X-1 + 0[x~2]} (38a)

7(7 - D/2

In the weak interaction region this becomes,

(32) where pw and p(l} are to be determined.
The injection parameter must have the form

$ = + -1 + 0[x~2] (38b)

TABLE 1. Numerical Results for the Weak and the Strong
Interactions

in order that Eqs. (24a)-(24c) are consistent among one
another.

The approximate expressions for J, /, and A, Eqs.
(26b)-(26d) , thus become :

Tc/TQ 0
h
$(0)
$(1)
A(0)

A(1)

/(O)J(l)
^(0)

0
1,

-0
0.

-0
0

-0
1

.2

.5
,985
.161
,440
.050
.285
.010
.000

p™ 0.299
C/»> 0.389
C/(1)

JVw^'
Nu^'

0
1 2,
> 0

.060

.060

.000

0
0
0.

-0
0.

-0
0

-0
1
0

x«
.2
.7
.941
.090
.450
.050
.338
.006
.000
.315

0.520
0
1
0

.084

.885

.000

1
0.
0.
0.

-0.

.2

.9

.216

.035
0.386

-0.
0.

-0
1.
0
0.
0
1.
0

.066

.387

.003

.000

.327

.775

.164

.732

.000

x» 1
0.2
0.5
1.441
0.572
0.654

-0.696
0.252
0.034
0.404
0.733
0.297
0.212
0.890
1.420

0.
0.
0,
0,
0.

-0.
0.
0
0
0
0
0
0
1

.2

.7

.715

.262

.699

.639

.321

.020

.461

.761

.402

.231

.875

.175

0.2
0.
0.

.9

.207
0.075
0

-0,
0,
0
0
0
0
0
0
1

.736

.611

.386

.007

.510

.755

.609

.308

.870

.060

and

J = J(o)

/ = /(o)

A =

+ 0[x

0[x

(39a)

(39b)

(39c)

where the respective coefficients have the same ex-
pressions as those in the case of weak interactions.

The dimensionless boundary-layer thickness can be
obtained by substitution of Eq. (38a) into Eq. (24c) as:
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V •- 1.4

h=0.9

1.0 2.0 3.0 _ 4.0
X

5.0 6.0 7.0

FIG. 2. Asymptotic behaviors of the coolant injection velocity
in the weak and the strong interaction regions.

where

and
97(7 +1).

(40)

(41a)

<->
With the above first-order expressions, Eqs. (24a)-

(24c) are solved simultaneously to the first-order inter-
actions, and the coefficients <£(0) and pw are given as

[52 (42a)

where

F ,
1

Te\ 1 . .1
J ~ ^ J c~ J l

1 o/ O J

and

h(0) = ™ ̂ (7

J
(42b)

The general expressions for <i>(1) and p(V} are extremely
lengthy and are not given here. However, numerical
values of <i>(1) and p(l} for specific cases can be obtained
with relative ease by substituting numerical constants
into Eqs. (24a)-(24c) and solving these equations

simultaneously. Values of $(1) and £(1) for a number
of specific cases are tabulated in the next section.

Consequently, the skin-friction coefficient in the
strong interaction region, from Eq. (32), becomes

Cf = 0[x~2]} (43)
where

(0)(l ~ I)/
$(o> + 6)A (0)

(44a)

and

[/(i) Ad) &U) ~|— _ —— _ ————— _i_
/(O) A(0) ^>(0) _|_ gj

- 1)/(0) ~| r 2pv»h ( A(0) \2"|
'}J LT(T - 1) VJ™) J6)A«» 7(7 X

<°>- 7^ (44b)

The Nusselt number, from Eq. (35), becomes

Nu = Mmx~l/2{Nu^

where

/( 0)^(0)

(1 - A)

and

= (o) r^= M L/(0)

(45)

(46a)

(46b)

The above formulas for the injection parameter, the
induced surface pressure, the dimensionless boundary-

4.5

6.0 70

FIG. 3. Asymptotic behaviors of the induced surface pressure in
the weak and the strong interaction regions.



166 C. L. TIEN AND C. GEE AIAA JOURNAL

layer thickness, the skin-friction coefficient, and the
Nusselt number will be used in the following section
to obtain numerical results for certain cases in both
the strong and the weak interaction regions.

Numerical Results and Discussions
The distribution of coolant injection velocity is not

explicitly expressed in the above solution, but it can
be obtained without much difficulty from the definition
of the injection parameter, Eq. (lOe). It is given as

which becomes, in the weak interaction region,

^o \ h /7 — 1\2 $(0)/ro)

^J = M:\~~2~) ~A^T*X

(48a)

and, in the strong interaction region,

=
 h h - 1
Mm\ 2

*"

Shown in Fig. 1 is a representation of the coolant in-
jection distribution along the surface of the porous
flat plate.

Three specific cases have been computed and their
results are presented in Table 1 and in Figs. 2 to 5.
These cases are for 7 = 1.4 and (TC/TQ) = 0.2, but with
different values of h, namely, h = 0.5, 0.7, and 0.9.
The ratio of (Tc/To), chosen as 0.2, is based on the
practical consideration of having a coolant temperature
in the range from 500-600 °R and a limiting surface

10.0

9.0

8.0

7.0

6.0

5.0

)

4.0

3.0

2.0

—— F I R S T - O R D E R WEAK INTERACTIONS

- — F I R S T - O R D E R STRONG INTERACTIONS

3-0 _ 4.0 5-0

X
6.0 7.0

5.0

4.5

4.0

3.5

3.0

»
2.5

2.0

1.5

1.0

0.5

F IRST-ORDER WEAK INTERACTIONS

FIRST-ORDER STRONG INTERACTIONS

IT = 1.4

*•••'

FIG. 4. Asymptotic behaviors of the skin-friction coefficient in
the weak and the strong interaction regions.

0 1.0 2.0 3.0 4.0 5.0 6.0 7.0

X

FIG. 5. Asymptotic behaviors of the Nusselt number in the weak
and the strong regions.

temperature from 2,500-3,000°R. The three values
of h cover approximately the range of free-stream
Mach number from 6-9, as indicated in Eq. (15b).
This range is usually regarded as such that the hyper-
sonic behavior exists for flow over slender bodies.

The numerical results in Table 1 can easily be used
to verify that the assumption of the Pohlhausen param-
eter being of the order OjlO""1] is a valid one for the
sweat-cooled case as well as for the insulated case.4

The results also indicate that the restriction for the
range of the injection parameter (0 < <£> < 1.5) is quite
reasonable except in the weak interaction region for the
case (TC/TQ = 0.2, h = 0.5). This fact explains why
the trends of the weak and the strong interaction solu-
tions, as shown in Fig. 2, seem to match quite well ex-
cept in the case (TC/TQ = 0.2, h = 0.5). In the three
cases under consideration the coolant injection velocity
at the surface is found in Fig. 2 to vary from zero to ten
percent of the free-stream sonic velocity (um/Mm).
This again justifies the assumption in Eq. (3), ^o2 <3C
um\

The effects of sweat-cooling on the hypersonic vis-
cous behaviors are shown in Figs. 3 to 5. The induced
surface pressure decreases as the plate temperature
decreases. The skin-friction coefficient, however, ex-
hibits a more pronounced effect due to sweat-cooling.
The variation of the Nusselt number along the plate
surface remains almost the same for all three cases.
This does not mean that the same amount of cooling
occurs in the three cases since the plate temperatures
are different. In the weak interaction region, it is
indicated in Eq. (37b) that the first-order coefficient
in the asymptotic expression of the Nusselt number
or the local heat transfer coefficient vanishes. This
agrees with the conclusion reached by Maslen9 for an
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impermeable surface, that the local heat transfer rate
is unaltered to first order by the self induced pressure
gradient. Thus the present analysis shows that the
same statement is valid in the weak interaction region
over a surface with mass transfer.

The direct application of the above results to actual
physical systems is quite limited in view of the many
assumptions and approximations being made in the
present analysis. Among them the nonuniform coolant
injection velocity as required by the similarity con-
sideration seems to be most restrictive. A nonsimilar
solution such as for a uniform coolant injection would
be possible by application of some numerical scheme,
such as the technique used by Pallone.10 The present
analysis, however, does present a comparatively simple
approach and gives an analytical form of the asymptotic
behaviors. The results obtained may be used as a
preliminary estimate to the actual complicated system.
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