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Abstract—The laminar Couette flow has been analysed to show the effects of the injection of a radiation
absorbing—emitting gas on the interaction of convection with radiation, on temperature profiles, and
on heat transfer to the stationary surface. Both a constant and a variable physical property cases are
considered. Heat-transfer results are presented and it shown that the reduction in radiation heat-transfer
rate at the surface by injection of a radiating gas is accompanied by an increase in convective heat-transfer
rate. It is found that the effectiveness of the radiating gas in shielding the surface from an incident radiation
flux diminishes with decreasing emissivity. The emissivity condition between the black and perfectly
reflecting surface extremes above which it is advantageous to inject an absorbing gas is determined.

NOMENCLATURE k, thermal conductivity;
Bo, Boltzmann number, 6T3/mc,;; m, mass flux of the injected gas, pv;
Cpr specific heat at constant pressure ; N, dimensionless conduction-radiation
D, binary diffusion coefficient ; interaction parameter, k,x,/40 T3 ;

E, Eckert number, U/c,; (T — T}); Pe, Peclet number, Re Pr = méc,; /K, ;
E,,  black-body emissive power, 6 T*; Pr,  Prandtl number, p,c, /k,
E, exponential integral function, 9 heat flux to the wall defined by
L equation (31);
E(7) = a[ pCexp (— t/p)dp; q*, dimensionless heat flux to the wall,
e, local energy flux defined by equation q/(k; T,/0);
(5); Re, blowing Reynolds number, mé/u, ;
e*, dimensionless local energy flux, Se, Schmidt number, u,/p,D; ;
ef(kyT,/0); T, absolute temperature;;
Z, local radiation flux defined by L dummy integration variable;
equation (6); u, velocity component in the x-direction ;
F*,  dimensionless local radiation flux, v, velocity component in the y-direction ;
F [k, Ty/5); w, mass fraction of the injected gas;
F,  diffuse component of the incident ) distance normal to the surface.
radiation flux;
F%, dimensionless incident radiation flux, Greek symbols
FyoT%; o, B, y, parameters in equation (25);
F, parallel component of the incident 4, spacing between plates ;
radiation flux; € emissivity;
F3, dimensionless incident radiation flux, €5, break even emissivity;
F,/oT%; n, independent variable, 7/t ;
Jos radiosity defined by equation (7); 0, dimensionless temperature, T/T; ;
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K, absorption coefficient ;

U, dynamic viscosity ;

Ho» Cos 00 ;

&, dimensionless distance, y/d;

P density;

g, Stefan-Boltzmann constant ;

T, optical depth defined by equation (8);

Ty optical thickness defined by equation
®);

T4, optical distance, k6 ;

Toos shear stress at the wall;

T dimensionless shear stress at the wall,
Tw/(11U1/8);

P, dimensionless radiation flux, # /o T$;

@, dimensionless velocity, u/U, ;

w, dimensionless mass fraction of in-

jected gas, w/wg;

X0 dimensionless radiosity, J,/cT1.
Subscripts

¢, convective;

i, injected gas;

n-r, refers to a non-radiating gas;

0, wallaty = 0;

1, wallat y = §;

w, refers to the wall at y = 0.
Superscripts

+, refers to dimensionless property, i.c.

k* = kjk,, etc.

INTRODUCTION

THE PROBLEM of shielding the surface of a space
vehicle from radiation emitted by the shock
layer duringentryinto the planetary atmospheres
at high speeds is important. Protection of
bodies from high intensity thermal radiation
emitted from a fireball produced by an atomic
explosion is also of considerable practical
interest. Gaseous core nuclear reactors, arcs
and many others are some of the problem
areas in applied physics and engineering where
protection of surfaces from incident radiation is
required.

It is the purpose of the present paper to
determine the effectiveness of mass transfer
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cooling in shielding a surface from incident
radiation by transpiration of an absorbing-
emitting gas. Real surfaces are neither perfectly
absorbing nor completely reflecting, and the
optical thickness of the radiating gas cannot be
made infinitely large. Therefore it is of interest
to predict the reflectivity of the surface, the flow
parameters and the radiation characteristics
of the gas which would be able to shield effec-
tively the surface from the incident radiation.
Since the geometric complexities introduced
by the dependence of the radiation flux on the
flow geometry are avoided by considering
Couette flow, this simple but physically meaning-
ful flow model was selected for the system. The
usefulness of Couette flow has been proven of
value in the past for gaining understanding of
more complex flow systems since it is a one-
dimensional representation of the two
dimensional boundary layer.

The effect of radiation absorbing foreign gas
on the heat transfer in laminar compressible
boundary-layer flow over a blunt body has been
investigated by Howe [ 1] and by Rumynskii [2]
for flow over a flat plate. Radiation transfer was
assumed to be one-dimensional. Fmission of
radiation from the gas was neglected in [1]
and the gas was treated as transparent in [2].
They have shown that under certain conditions
a net saving in total heat transfer (convective
plus radiative) can be achieved. Very recently,
Fritch et al. [3] studied the shielding of a surface
from parallel beams of thermal radiation by
distributed injection of a fluid containing ab-
sorbing particles into an incompressible laminar
boundary-layer flow over a gray surface near
the stagnation point. Novotny et al. [4] has
investigated mass transfer cooling of a black
surface in high-speed Couette flow of a radiating
gas. They have found that radiation flux is
relatively unaffected by the rate of mass transfer
for small and intermediate values of optical
thickness but very influenced by the optical
properties of the fluid. Convective heat transfer,
on the other hand, is strongly affected by the
mass-transfer parameter and relatively insensi-
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tive to the optical properties. Viskanta [5]
has reported that a stagnant layer of radiating
gas can shield a surface effectively from incident
radiation if the optical thickness is large, but
that the protection diminishes to zero as the
surface reflectivity is increased to unity. Heat
transfer in Couette flow of a viscous radiating
gas without mass transfer cooling has been
studied by Greif [6] and Viskanta [7].

In the present paper the problem is formulated
exactly and both the constant and variable
physical property cases are studied. Due to the
large number of independent parameters in-
volved, only selective and representative solu-
tions are given. Results are given for the Couette
flow problem having a cool stationary wall as a
thermal boundary condition. Situations approxi-
mating the low and high-speed boundary-layer
flow are examined. The dimensionless para-
meters governing the interaction of radiation
with other heat-transfer processes are varied over
a wide range of values of physical interest. The
effect of varying the blowing rate and changing
the surface emissivity on temperature distri-
bution and heat transfer is established and
optimum characteristics determined.

ANALYSIS

Physical model and assumptions

The Couette flow model is illustrated sche-
matically in Fig. 1. The flow is produced by a
steady relative motion of two infinite parallel
plates. The lower wall is stationary and the
upper wall moves in its own plane witha constant
velocity U,. An absorbing-emitting gas is
injected uniformly into the main stream from
the stationary plate. The other plate then must
also be a porous one so that mass as well as
heat may pass readily through it to keep the
entire system in a steady state. The walls are
considered to be isothermal. The stationary wall
is assumed to be a gray, diffuse emitter and
reflector, and the moving wall is completely
transparent to radiation. The injected gas is
considered to have an index of refraction of
unity and to be gray.i.e. the absorption coefficient
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is independent of wavelength but varies with
temperature and concentration. There is a
radiation flux incident on the transparent
moving plate from some external source. This
radiation flux has a diffuse component F,

7

D

y=8 STADPATIAVIZA usUNT =T,

r=0 YA A A A AL

pv=m

l% w=0 ,7=7,

F1G. 1. Physical model and coordinate system.

and a collimated component F, making an
angle 6, with the normal to the plates.

Basic equations

The conservation equations which govern
Couette flow of non-radiating gas are well
known and the development of these equations
can be found in [8]. The formulation of the
radiation transfer problem is derived in some
detail in [6] and need not be repeated here.
Thus, the basic conservation equations can
be written as:

mass,
d(pv) =0  or pp = m = constant; 1
dy
species.
d dw
(- pp¥ =0; 2
dy ( dy ¥ puw) ?
momentum,
d / du
i (g o) =01 ¥
energy,
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where the local energy flux in the y-direction is

dT
e= -«kE;+mcpiT+37. &)

The local radiation flux # can be expressed as
‘g—(f) = 2[JOE3(T) - FdE3(to b T)
— 3p,F e~ Cem e ¢+ [E (1) Ex(r — t)dt
[
(6)
— JE{t) Exlt — 1) dr].

where the radiosity J,, i.e. the energy emitted
from the stationary wall plus the fraction of
incident energy reflected from the wall, is
given by:

Jo = €Eyo + 21 — €)[F4E5(t,)
+4uF, e + [ B0 Et)d]. (D)
4]

In equations (6) and (7) the optical depth, T and
the optical thickness 7, are defined as:

kdy. (8)

oy

¥
t=|kdy and 17, =
o

The boundary conditions for equations (2-4)
are assumed to be:

u=0 w=ws T=T, at y=0,and 9

u=U, w=w, T=T, aty=34 (10

The momentum (3) and the energy equation
{4) can be readily integrated once. Integrating
equation (3) with respect to y #nd using equation
(9), we may write:

e w1y, (11)

k3 N
where 1, = (udu/dy),~, is the shear stress at
the stationary surface, y = 0. It follows at once
that the energy equation can be integrated to
give:

e=e, + (m2u + 1tu, (12)

if equation (11) is substituted into equation (4).
Here ¢, is the value of ¢ at y = 0. Integration of
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equation (2) yields:

dw

dy

where the integration constant was evaluated
from the condition at the wall, y = 0:

pD— pv(l — w) =0, 13

dw
— pD— + pvw = pv = m. 14}
(p atr )M p (

Introducing dimensionless variables and
appropriate parameters, the momentum, and
energy equations can be written as:

d¢ A
+ X = ‘¥
U a Re¢ +'t% (15)
and
— (k*/Pe) mjg +¢; 6 + Bod

= e} + E(6, — 1) 3¢ + th/Re) ¢ (16)

If equations (6) and (7) are combined, the local
radiation flux in dimensionless form, &, can
be expressed as:

@(T) = 2{5063E3(T)
— [Es(t, — 1) = 21 — &) Ea(z,) Es(D)] F}
— [%e—("o"t)/lln -1 - Eo)e“tn/ﬂo E3(T)],u0F:

+ ;f@‘(t) [sign(z — ) E;(Jr — t])
+ 2(1 — €) Eo(t) Eo(0)] dt}.

amn
where sign (t —t} = +1 for (z — 1) > 0 and
sign (t —t)= —1 for (1 — ) < 0. In terms of

dimensionless variables, the species equations
is given by:

ptD* %c_g_ + ReSc{l/wy — ) = 0.

The boundary conditions in dimensionless
notation are:

¢=O, 9":60, wzl
¢="'1,0==1,w=(!)1 at€=1.

Note, however, that the concentration w, at the

(18)
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wall is not known and has to be calculated. The
connection between the blowing velocity at the
wall v, and the concentration of the radiating
gas injected at the wall is given by equation (14).

Equations (15), (16), and (18) with boundary
conditions (19) compose a system to be solved
for the dependent variables ¢, § and w. Since
the system of equations is classified as a “two
point-boundary-value-problem,” and because
the integrodifferential equation of energy is
nonlinear a closed form solution does not appear
possible. Two numerical methods of solution
are feasible: (1) forward integrations of conser-
vation equations, and (2) integrations by
successive approximations. To use the second
method, the differential and integrodifferential
equations were converted to integral equations.

Constant property solution

Considerable insight into the heat-transfer
process is obtained if it is assumed that the
injected absorbing-emitting gas has physical
properties not markedly different from the main
stream thereby permitting the assumption of
constant physical properties. This hypothesis
also includes the simplification that the di-
mensionless heat-transfer results are dependent
on a minimum number of parameters, but still
retain many of the essential features of the
related boundary-layer problem.

Integration and use of the boundary con-
ditions, equation (19), yields the solution of
equation (15) in the form:

¢ =" - e - 1) (20

Substituting this into the energy equation results
in:

Ei—€=Pe[-— e* + 0+ Bod + 3E(1 — 6,)

dg

x (e2Red — N)e® — 1)?] @2n
Integrating equation (21) once with respect to
£ from 0 to ¢ and making use of the boundary

conditions (19), yields a nonlinear integral
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equation for the temperature distribution:

0=0,+(1—0,)¢+ Pe [Eﬂ(t)dt - élﬂ(t)dt]

ZP:BO (€82 G(&) + [3¢ + (1 — OEq (1)

= Eq[z,(1 — O] + 2(1 — €) Es(z,) GO F¥

-+

+ %ﬂg [f + e " Tolko (1 — ﬁ — gtoblio
2 *
+ E(l — &) G| Fy

1
-1, g 04(1) [Es(t,|E — t]) — (1 — O E5(z,t)

— EE5[,(1 — 1]
— 201 = €o)E,(1,0) G(&)]dt} + 4E Pr(1 — 6,)
[&(1 — e?F) — (1 — %)™ — 1) (22)
where

GO = (1 — &) — Eyf1,0) + EE4(x) (23)

Variable property solution

The purpose of this section is to present a
more realistic analysis of mass-transfer cooling
of a surface against incident radiation and to
show that the procedure of the previous section
may be extended to gases having temperature
and concentration dependent properties, while
at the same time keeping the number of inde-
pendent parameters to the minimum. The intent
here is not an accurate reproduction of data for
physical and optical properties of the gases by
analytical expressions, but only a qualitatively
correct functional form which represents the
gross trends of the properties.

To accomplish this we consider an “ideal gas™,
which we will define as one for which the
following relations hold:

ut=0% kT =0%  D* =6}
p = p/RT; ¢, = const; (24)
Pr = const; Sc = const.

These expressions represent approximately the
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qualitative dependence of the transport prop-
erties of an ideal gas such as air.

The absorption coefficient depends on wave-
length, gas composition, density and tempera-
ture. The assumptions of grayness has eliminated
the wavelength. This involves some sort of
wavelength average. There are, however, basic
difficulties associated with an averaging over
wavelength [9]. No distinction is made here
between the- different mean absorption coeffi-
cients, and the justification is that, while these
may differ considerably from each other, the
variation of either over the temperature range
of interest is not dominant. Of the remaining
variables, the density is assumed to be implicitly
accounted for by the variation with temperature.
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Thus, as an approximation it is assumed that
the mean absorption coefficeint of a mixture of
gases composed of non-radiating free-stream
gas and the radiating secondary injected species
can be expressed by the following relation:

Kkt = @'@Fe P00 (25)
where o, B, and y are appropriate constants.
This expression has a qualitatively correct func-
tional form which représents the gross features
of the absorption process for such gases as CO,,
H,0, CH,, NH, and others.

Integrating the momentum equation (15) and
species equation (18) once with respect to £ from
0 to ¢ and evaluating the integration constants
from the boundary conditions (19), we obtain:

4 1 & 1
¢ = Reg(d)/u*)dé +[1 - Reg(¢/u+)dé] g(d:/w)/(g dé/u*)

w=1—ReScf(
J P

and

1 1
) (-9

(26)

(27

The non-linear integrodifferential equation (16) can be transformed to a non-linear equation by
integrating once with respect to £ from 0 to £. If the integration constants are evaluated by applying
the boundary conditions (19), the resulting equation becomes:

0 =00+ (1 —060)f(S) + Pe [j(()/k*)dé —f(¢)

~f(ﬂ/k‘“) dé:l

4 1
_ f (O*hjk* ) ]+EPe(1—eo) U(S/k“)dé—f(é) j(s/k*)df:l, 8)
0 0 0

1
Xo = €08 + 2(1 — €)[F¥Es(z,) + $pu,Fre ™" + 7, [ *)E,(z,n) dn],
0

(dé/k*)/i(dé/kﬂ,

1
k*dé/ fx* dg,
0
— 'I)] — %‘qu; e ol 'ﬂ)/‘lo'

29

2Pe B
—e——"i [ f (g/k*x*)dn — (&) f (g/k*x*) dy
0
where

f =j

1]

(o =§

g(m = xoEs(t,n) — FYE;[1,(1

()

= E3(t,|¢ — n]) = FO{E;s[t(1 — n)] — E5(zm)} —

Es(To)s
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and
(&) = [#(8)/2 + /Re] $(O).

Since the temperature depends on the velocity field and indirectly through the absorption
coefficient on the concentration, the system of equations (26-28) must be solved simultaneously
in order to determine the temperature uniquely. The method of solution is discussed in the
following paragraphs.

Method of solution
Successive approximations were carried out on an IBM 7094 digital computer according to the
following procedure. The temperature profiles were expressed in terms of a power series, for
example:
k

k
08 =) af and 6% = ;0 b’ (30)

=0

This allowed for an exact evaluation of integrals in equation (22). Least squares fits were performed
on each calculated temperature profile and an iteration procedure was carried out until the
temperature profile converged to within a prescribed limit. Normally the solution to the corres-
ponding non-radiating gas problem was used as the initial guess in the iteration procedure. A
similar procedure was followed to find solutions to the variable properties problem. The expressions
for the dimensionless absorption coefficient x* and temperature were approximated by polynomials
and least square fits were performed for each iteration. The temperature distribution was solved
by a forward integration of equation (21) using the Runge-Kutta method. The maximum residual
error in each fit was printed out with each iteration so that some estimation of the accuracy of
solution could be made. For example, the maximum residual error in approximating 6* by a sixth
degree polynomial was of the order of 1073 to 10™4.

The rate of convergence depended upon the choice of parameters. For small values of the optical
thickness, it was possible to use the method of direct substitution. In more severe cases where the
optical thickness was large or where the incident radiation flux was large it was necessary to use
an averaging process to compute an adjusted value of the temperature profile for the next iteration.
In several cases where more than five iterations were needed in the averaging process, a special
procedure [10] was used to speed convergence.

Heat transfer
The heat flux to the stationary wall (y = 0) is given by:

dTr
¥=0

Thus, once the temperature distribution has been determined, the heat transfer can be calculated.
The heat flux in dimensionless notation becomes:

q* = q/(k,T,/d) = q¢ + F*
= —(k* d0/d&),o + Bo Pe e, {05 — 2[F¥E;(t,) + 3u Fhe Mk

+ 7 j 6%t Ex(tmdn]}y  (32)

0o

Injection of a non-radiating gas into the layer diminishes the total heat-transfer rate to the
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surface by reducing the convective part of the flux as has been shown in [8]. In order to determine
whether or not a net saving in heat transfer to the surface results from injection of an absorbing—
emitting gas a comparison will be made with the heat-transfer rate with injection of a non-radiating
gas.

If the gas injected into the layer is non-radiating the total heat transfer to the surface in
dimensionless form is

dé,_
q* .= — (k* _‘_9_"_;)‘:_0 + Bo Peey(0 — F¥ — p,F%) (33)

d¢
The temperature distribution 6, _, for the case of Couette flow with mass injection of a non-radiating
gas having constant physical properties has been given, for example, by Eckert and Schneider [8].
The convective heat transfer to the wall can be expressed as:

o= — (1 — 8y)Pe {1 E

¢ T ePe_ T 2(2 — Pr)(e®e —

17 [Pr(e*Re — 1) — 2™ — 1)]} (34)

RESULTS

Independent parameters

Before discussing the results it is desirable to
review the parameters that enter into the prob-
lem. An inspection of equation (22) reveals that
the dimensionless temperature, 0, is a function
of ten parameters: 8 = 6(Re, Pr, E, 0,, 1,, Bo,
F}, F}%, p, €o, &). For the variable property
problem several additional parameters arise. It
was considered impractical to cover the full
range of variation (which is of physical interest)
for each parameter. Results are reported here
primarily for the cases when radiation interacts
strongly with the gas.

We note that for the case of constant ab-
sorption coefficient, the optical thickness of the
layer t, is given by t, = k,0 = 1,; however,
when the absorption coefficient varies with
temperature the optical thickness 7, is related
to 7, by the equation

o 1
T, = gk(y)dy = 116516*(6) a (35

and thus is not known a priori.t The corres-
pondence between t, and 7, or 7 and ¢ is
established only after the temperature distri-
bution has been determined (or assumed). For
this reason 7, and not 7, is chosen as an inde-

1 Note that x; corresponds to the absorption coeflicient
of the injected gas evaluated at the upper wall temperature
and a concentration of unity.

pendent parameter for the latter case. The
physical nature of the results can be understood
better when we note that the parameter Pe Bo/t,
= 6T3/k;x, = 1/(4N) represents the relative
magnitude of heat transfer by radiation to that
by conduction. The value N = oo corresponds
to pure convection and N = 0 to pure radiation.
The remaining parameters are familiar ones and
need not be discussed here.

Constant properties

Figure 2 presents the variation of the tem-
perature distribution with the emissivity of the
stationary wall for dissipationless Couette flow
with an intermediate blowing rate parameter,
Re = 2:0. For the purpose of comparison, the
temperature distribution for the case when the
injected gas is non-radiating is also included in
the figure. The temperature profiles for the
intermediate values of emissivity, 0 < ¢, < 1,
fall between the perfectly black, ¢, = 1, and the
perfectly reflecting, ¢, = 0, limiting cases and
have not been included for the sake of clarity.
It is seen from the figure that in shielding a
surface from incident radiation by injection of
an absorbing—emitting gas, the convective heat
transfer is increased at the cool stationary wall.
Absorption of radiation produces an effective
heat source which in turn increases the tem-
perature gradient and therefore the convective
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heat transfer at the cool wall. It is also seen that
as the surface is made more reflecting the
temperature level is increased ; with decreasing
emissivity more energy is reflected from the
stationary wall and absorbed in the layer. Thus,

16 y T

m3 PP
5885
S
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og—CQ

NON-RADIATING GAS

i
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i

. ) 1 ; .
0 02 04 o8 0

3

FiG. 2. Effect of emissivity on temperature distribution for
dissipationless flow.

the reduction in radiant heat transfer by ab-
sorption in the layer tends to be offset by the
resulting increase in convective heat transfer.
The effect of the emissivity on the temperature
distribution for a similar case of Couette flow
but with viscous dissipation is shown in Fig, 3.

-6 r——T " T g T

-
12
o8
%’ =04 N=0-4
r =07 10
o4 - Re =20 c% 5.0 j
£ =-50 F20
NON -RADIATING GAS
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3

FiG. 3. Effect of emissivity on temperature distribution for
flow with viscous dissipation.
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The particular value of the Eckert number
selected (E = — 5-0) corresponds approximately
to Mach number of 4. As expected, a comparison
of temperature profiles in Figs. 2 and 3 shows
that the temperature level and the gradient are

..q'
-4 e e—
8,:01 N =01 7 ~
Pr=07 15210 g
2t Rez2.0 Fr:50 .
Fr<0
C L Y ) L
0 02 o4 06 08 o)

F1G. 4. Comparison of total and convective heat transfer
for flow with and without viscous dissipation.

° ‘ - £ 10
—— F5.0,E 20, uo=l-
8,01 £ =0 ‘728 280
07 W:0l —— 0 50 10
Re=20 1o=t0 o 5.0

F1G. 5. Effect of incident radiation flux on total and radiative
heat transfer.

smaller for the dissipationless case. The effects
of the conduction-radiation interaction para-
meter N, the mass injection parameter Re, and
the optical thickness 7, have been discussed by
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Novotny et al. [4] and need not be repeated here.

The variation of the total and the convective
heat-transfer rates with emissivity for flow with
and without viscous dissipation is shown in Fig.
4. It is seen from the figure that the total heat-
transfer rates decrease and the convective
heat-transfer rates increase almost linearly with
decreasing emissivity. The larger values of ¢*
and g* for the flow with dissipation is expected.

The differences in the total and radiative
heat-transfer rates resulting from different types
of radiative fluxes incident on the transparent
moving plate are illustrated in Fig. 5. An
inspection of the figure reveals that both the

*»
n-r

g*/q

Fi1G. 6. Ratio of heat transfer with injected radiating gas to
that with injected non-radiating gas.

total and the radiative heat-transfer rates are
largest when a parallel beam of radiation falls
normally (u, = 1) on the transparent plate and
smallest when the beam makes an angle of 6, =
cos™! 0-5 = 60° with the normal to the plates.
These trends are expected. For example, the
direct radiation reaching the stationary plate
for 7,=1 is 2E3(t )F} = 02194 F?} for the
diffuse flux, y, exp (—1,/u,) F3 = 0-3679 Fj and
00677 Fj for a parallel flux incident normally
and at an angle of 60°, respectively. In the
limiting case as 6,— n/2(u, — 0), the direct
radiation flux incident on the stationary plate
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vanishes as can be readily seen from equation
1.

A comparison of heat-transfer rate with
absorption of radiation in the layer to that
without absorption for a given injection rate is
shown in Fig. 6. Examination of the figure
reveals that for all cases involving black surfaces,
it is advantageous to inject an absorbing gas.
However, the effectiveness of the gas in shielding
the surface from an incident radiation flux
diminishes with decreasing emissivity. For small
emissivities it is not desirable to inject an
absorbing gas to shield the surface from radiation
because of increase in convective heat transfer.

[20] T T T T
801 FJ=I0
Pr:07  £*0
£=0
o8} a

Re

FI1G. 7. Variation of the break even emissivity as a function of
the blowing Reynolds number for N/z, = 0-1.

The emissivity for which the heat transfer rate
is the same whether the injected gas is radiating
or not is called the break even emissivity [1]
and is denoted by ¢}. For emissivities below the
break even value, the non-radiating gas would
provide better heat transfer protection than a
radiating gas. Inspection of Figs. 5 and 6 reveals
that ¢§ decreases with decreasing radiative flux.

The break even emissivities determined in a
a similar manner for other values of the mass
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injection parameter Re and three values of
optical thickness 7, are shown in Fig. 7. It is seen
that €3 decreases almost linearly with Re and is
smallest for the largest optical thickness (t, =
10) considered. For surface emissivities above
lines corresponding to a given optical thickness
7, the heat protection is best afforded by
injection of a radiating gas, and below the
curves by injection of transparent gas. Similar
trends in €} with Re have been reported by
Howe [1] who considered the shielding of
stagnation surfaces against incident radiation by
transpiration of an absorbing but non-emitting
gas. Additional calculations not presented here
have shown that for given values of optical
thickness and incident flux the break even
emissivities are rather insensitive to the con-
duction-radiation interaction parameter N and
the Eckert number E.

Variable properties

A comparison of the temperature distribu-
tions between the constant and variable property
cases (for selected values of «, § and y) is given
in Fig. 8. Because of the particular dependence
of the thermal conductivity on temperature the
trends of 6 are not unexpected. Again as in the
case of constant properties, a decrease in the
emissivity increases the temperature gradient at
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F1G. 8. Comparison of temperature distributions for constant
and variable property cases.
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the stationary wall; however, the convective
heat-transfer rate is larger for the case of con-
stant thermal conductivity as can be seen from
Fig. 9. This is due to the fact that the thermal
conductivity at the cool wall is higher in the
latter case. For the particular values of para-
meters chosen, the convective heat-transfer rate
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__ cbNsTAaNT PROPERTIES | !
— —a:-05,8:0,9:0
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F1G. 9. Comparison of total and radiant heat-transfer rates
as a function of emissivity for constant and variable property
cases.

is approximately equal to the radiative heat-
transfer rate (at ¢, = 1), and #* is seen to be
affected little by the variation of thermal con-
ductivity and absorption coefficient with the
temperature.

Examination of Fig. 9 reveals that for the
cases where the injected and the free stream
gases have the same physical properties, ie.
y = 0, the total heat transfer is largest for the
constant property case. A comparison of results
for which 7, is the same shows that the increase
in temperature level caused by the variable
thermal conductivity is associated with an
increase in the radiation flux. Further examina-
tion of the figure indicates that the radiation flux
is smallest for the case when the absorption
coefficient decreases most rapidly with increas-
ing temperature. The optical thickness, however,
becomes larger in this case, ie. 1, ~ 12 for a =
—05 B=y=0at ¢ = 1-0. For fixed z,, it is
expected that the most effective shielding would
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be obtained with a gas having a large absorption
coefficient in the high temperature region away
from the stationary wall. The calculations for the
case when the absorption coeflicient depends
on the concentration of the injected gas were
based on a value of w; = 0 for the purpose of
\\\ —~—-— VAR PROP {a=-0'5, B=0,y=0}
N\ __.__ VAR PROP.{az-05, 8:015, y:0)

\\ . VAR PROP (a=0, B=0, y=I)
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FIG. 10. Ratio of heat transfer with injected radiating gas to
that with injected non-radiating gas for constant and variable
property cases.

simulating boundary-layer flow. The large in-
crease in radiation and total heat-transfer rates
are primarily due to the decrease in the optical
thickness to t, =~ 0-65.

The results of Fig. 10 show that the break even
emissivity is affected little by the variation of
the absorption coefficient and the thermal con-
ductivity with temperature. It is expected that
for larger incident fluxes and optical thicknesses
these effects would be more pronounced.

CONCLUSIONS

The results of the analysis of Couette flow
model shows that the total heat transfer to the
surface is always reduced by injection of an
absorbing-emitting gas into the layer if the
stationary wall is black. This protection dimi-
nishes to zero as the emissivity decreases to the
break even condition. For the emissivity below
the break even condition it is disadvantageous
to inject a radiating gas, and a transparent gas

R. VISKANTA and R. L. MERRIAM

offers better protection against incident thermal
radiation. It is concluded that for a given optical
thickness the gas which has the largest absorp-
tion coefficient in the high temperature region is
the most effective in shielding the cool surface.

The break even emissivity depends most
strongly on the radiation flux at the wall and the
optical thickness of the layer t,. Transpiration
of a radiating gas is most advantageous for large
incident radiation fluxes where the surfaces are
nearly black. With increasing optical thickness
the effectiveness of the radiating gas in shielding
a surface against incident radiation is extended
to lower values of emissivity.
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SHIELDING OF SURFACES IN COUETTE FLOW

Résumé—L 'écoulement laminaire de Couette a été analysé afin de montrer les effets de I'injection d’un gaz
absorbant et émettant un rayonnement sur I'interaction entre la vonvection et le rayonnement, sur les
profils de température, et sur le transport de chaleur 4 la paroi immobile. Les cas des propriétés physiques
constantes et variables sont considérés tous les deux. Les résultats du transport de chaleur sont présentés
et I’on montre que la réduction du transport de chaleur par rayonnement 2 la surface due 4 I'injection
d’un gaz rayonnant est accompagnée par une augmentation du transport de chaleur par convection. On
trouve que ’efficacité du gaz rayonnant comme écran pour la surface par rapport a yn flux de rayonnement
incident diminue lorsque I'émissivité décroit. On détermine la condition d’émissivité intermédiaire entre
les extrémes d’une surface noire et d’une surface parfaitement réfléchissante au-dessus de laquelle il est
avantageux d’injecter un gaz absorbant.

Zusammenfassung—Die laminare Couettestrdmung wurde analysiert um zu zeigen, welchen Einfluss die
Einblasung eines strahlungsabsorbierenden—emittierenden Gases auf die Wechselwirkung von Kon-
vektion mit Strahlung, auf die Temperaturprofile und auf den Wirmeiibergang an der fasten Oberfliche
besitzt. Es wird sowohl der Fall konstanter als auch variabler Stoffeigenschaften betrachtet. Die Ergebnisse
des Wiirmeiiberganges sind angegeben und es wird gezeigt, dass die Abnahme im Wirmeiibergang durch
Strahlung beim Einblasen eines strahlenden Gases von einer Zunahme des konvektiven Warmeiiberganges
begleitet wird. Es ergibt sich, dass die Wirksamkeit des strahlenden Gases fiir die Abschirmung der
Oberfliche von einfallender Strahlung abnimmt mkt abnehmender Emissivitit. Die Emissionsbedingung
zwischen den Extremen der schwarzen und der vollstindig reflektierenden Oberfliche fiir die eine Ein-
blasung des absorbierenden Gases vorteilhaft ist, wird bestimmt.

Amnoranma—Ha anajuse JaMHHapHOro MoToka HyaTra nokasaHO BJMAHUE BAYBA MOrJO-
LIAIOWEr0 M3JIy4eHMe M H3JIyYalollero rasa Ha KOHBEKIMIO, TeMmeparypuee mpoduium, a
TaKsKe NMepeHoC TeIla K CTalmoHapHO! moBepxuocTn. Paccmarpusaerca cayyall ¢ MOCTOAH-
HEIMH, & TaK#e H ¢ nepeMeHHHMH Qusndeckumu cBoitcrBamu. IIpuBORATCA JaHHHE IIO
TemsIoo0MeHy N IIOKa3aHO, YTO CHMMKEHME CKOPOCTH pagHaliMOHHON Tenmomepefavn Ha
MOBEPXHOCTH INyTeM BAYBa M3Jy4Yalolero rasa CONpoBOKAAeTCA BO3PACTAHUEM CKOPOCTH
KOHBEKTHBHOro TemitoobMena. Hauwtm, uro sddeKrHBHOCTE MBIYYAWNIEro rasa B 3aiure
MOBEPXHOCTH OT NAAAMIEro NOTOKA PANMAIMM CHIKAETCA C NMOHMKEHHEM H3IyYaTedbHOH
cnoco6roctH. OnpejeieH YCIOBHA M3JIYYEHUS MEKAY NpeNeNbHHMU CIyyaaMH dYepHORt u
a6CcoMIOTHO OTpasKalolleif MOBEPXHOCTH, HAJl KOTOPHMH Lenecoo0pasHO BAYBATb abcopbu-
pylomuit ras.
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