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Abstract—An analytical attempt is made to understand the non-equilibrium interaction between thermal
radiation and laminar free convection in terms of a heated vertical plate in a stagnant radiating gas.
The effect of radiation is taken into account in the integral formulation of the problem as a one-dimensional
heat flux, evaluated by including the absorption in thin gas approximation and the wall effect in thick
gas approximation. The local Nusselt numbers thus obtained help to interpret the gas domains from
transparent to opaque and from cold to hot. The present thick gas model approximates the radiant flux as

160 € oT
R _ - - — T3
q 3 [1 (1 2) exp ( %ay)] %

whose limit for large a and small but non-zero y is the Rosseland gas, g§, = — (160/3«) T*(9T/2y), and
that for y = 0 and large but finite a is g% = — ¢,(80/3a) TXOT/dy),.
NOMENCLATURE B, coefficient of thermal expansion;

a, thermal diffusivity, k/pc ,; r, local dimensionless number, B /(G,/
B Bouguer number, ad; 4);
B,, local Bouguer number, ax; d, boundary-layer thickness;
Cp specific heat at constant pressure; € diffuse emissivity of plate wall ;
E,(y), integro-exponential function of order g, dimensionless variable, 1 — &;

n; 7, dimensionless variable, ay ;
g, gravitational acceleration ; A, temperature ratio, (T,, — T,)/T,,;
G,  local Grashof number, gfp*(T, — T,) 4, viscosity;

x3/u?; v, kinematic viscosity;
h, heat-transfer coefficient; £ dimensionless variable, n/B;
k, thermal conductivity; P, density;
N,, local Nusselt number, hx/k; P diffuse reflectivity of plate wall;
P, Prandtl number, v/a = ucy/k; o, Stefan-Boltzmann constant ;
#,., ambient Planck number, okT, /4o P, Pos P15 ©2; P3; P4 @s; functions

T.*; defined for thick gas;
q, heat flux; Y, Yos Wi Was ¥3; Was ¥s; functions
T, absolute temperature;; defined for thin gas.
u, x-component of velocity ;
U, maximum of u;
X, variable along plate wall; Superscripts
¥, variable normal to plate wall. C, convection ;

R, radiation;
Greek symbols - mean value;

o, volumetric absorption of gas; ', dummy variable.
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Subscripts
0, first approximation;
1, second approximation;
w, plate wall;
o, ambient ;
X, local;
Rs, Rosseland gas.

INTRODUCTION

MoTIVATED by the technological demand and
provided by the present level of applied science,
the effect of thermal radiation on gas dynamics
and/or heat-transfer problems has received
increased attention in the last decade. Because
of the size of the literature, no attempt will be
made here to give a complete list (see, however,
references cited in Viskanta [ 1] for heat-transfer
problems and those in Cheng [2] for gas
dynamics problems). Although recent works on
gas dynamics consider multi-dimensional radia-
tion effects and place no restriction on the
absorption of gas, studies on boundary layers
(which are mainly on forced convection), are
restricted to one-dimensional radiation effects,
evaluated on the basis of thick gas and thin gas
approximations. In thin gas, the absorption of
gas is neglected in the boundary layer; in thick
(Rosseland) gas, the wall effect is excluded.
Although the assumption of one-dimensional
radiation can be justified on grounds of bound-
ary-layer physics, the existing thin gas and thick
gas approximations need improvement in order
that the effect of radiation on boundary layers
may be shown for all values of the absorption
of gas. So far as the author is aware, no published
work exists on free convection except a recent
attempt by Blake [3] which rests on the
approximations above and that by Cess [4]
involving the cases of hot gas or slightly
absorbing gas.

A preliminary study is made here to under-
stand the non-equilibrium interaction between
thermal radiation and laminar convection for
all values of the absorption of gas, using a
heated vertical plate in a stagnant gas as a
vehicle. The main objective of the work is to
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consider a model for thin gas absorbing inside,
as well as outside, of the boundary layer, and
that for thick gas including the wall effect. Thus
it becomes possible to represent the local
Nusselt number evaluated on the basis of these
approximations, as well as velocity and tem-
perature profiles, in terms of common dimen-
sionless numbers, and to interpret the gas
domains from transparent to opaque and from
cold to hot. Furthermore, the behavior of Rosse-
land gas at boundaries is clarified.

FORMULATION

Consider a heated, semi-infinite, vertical
plate in an infinite expanse of stagnant, radiating
gas. To simplify the problem and isolate the
influence of radiation, the following assumptions
are made: the gas is perfect and gray ; radiation
scattering, radiation pressure, and the contribu-
tion of radiation to internal energy are negli-
gible; the effect of radiation is included to the
energy equation as a one-dimensional heat flux ;
the plate diffusely radiates as a gray body;
non-equilibrium effects other than diffusion
and radiation are negligible.

On the foregoing basis, the usual integral
formulation of the problem is modified to
include the effect of radiation. This gives

'] ]
d {, Ju
— = —T)dy —pu{ =),
pdxfu dy prJ(T o) dy ”(ay)w
0 0

(1)
[

3
w

-]
d oT
Pl 4% wT - T,)dy = —k (@)w - q®
0

(2
where the radiant flux (see, for example, Blake

[3Dis
q® = 20[e, TSE(n) + j'r*(n') Eyln — ) dnf
— T T%r) Estr’ — mdy

+ 2p,,E3(n)IT‘(n') E () dr’], 3)
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¢ being the Stefan—Boltzmann constant, n = ay,
7' = ay’, o the absorption coefficient of gas,
¢, and p, the diffuse emissivity and diffuse
reflectivity of the plate walls, respectively, and
E, and E; the special cases of the integro-
exponential function of n, defined by
1

E(y) = g "~ 2 exp (—y/t)dt. 1G]
A full discussion of this function and its proper-
ties may be found in Kourganoff [5].

Equation (3) may be integrated by parts for
later convenience (see Vincenti and Baldwin [6]
for similar manipulations on the divergence of
radiant heat flux). The result is

n
q* = —8o[{ T*OT/on) Esln — ') dn’

+ [ T*0T/on') Es(n' — n)dn’
n

— 2pEqn) }: T@T/on) Ex) dn].  (5)

The difference between the values of g® evaluated
at the boundary layer and the plate walls may
readily be found from equation (5) to be

ad

"= 80{!} T3@T/on')[Es(n)
— E(@é — )] dn’ — p,[1 — 2E;(ad)]

ad

X { T(0T/an) Es(n)dn'}.  (6)

Next the solution of the problem is considered.

SOLUTION
The solution of equations (1, 2, 6) presents,
even in terms of simple profiles, considerable
mathematical difficulties for the intended in-
vestigation. In view of this, the integro-exponen-
tial function is approximated in the usual
manner by a simple exponential of the form

E,(y) = aexp(—by).

The appropriate choice of the constants a and b
depending on the values of n is not unique, and
a number of values have already been used for
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them on different grounds. Noting, however,
that the present problem requires the approxi-
mation of E;(y) only, and that the use of the
correct value of E4(0) is important for boundary-
layer problems, the Lick approximation [7] is
employed. This gives

E5(y) = exp(—3y/2)/2. ™

Inserting equation (7) into (6), introducing the
Bouguer number B = a4, and the dimensionless
variables £ = n'/B and {' = 1 — &, the radiant
flux may be arranged to give

1

q® {fv = 4a{£ T3@T/0) exp (—3B{/2) AL’
— {1 = p[1 — exp(—3B/2)]} exp (—3B/2)
1
X (j; T3@T/3,) exp (+3B{'/2) d¢'y. (8)

Now the solution of equations (1, 2, 8) presents,
at least in principle, no difficulties in terms of
polynomial profiles. However, the integrals
associated with the radiant flux yield rather
lengthy expressions for any practical use. This
difficulty will be circumvented by evaluating the
radiant flux for small and large values of B.
Hereafter the conditions B < 1 and B > 1 will
be referred to as the definition of thin gas and
that of thick gas, respectively.

(a) Thin gas (B € 1)

Replacement of the exponential terms in
equation (8) by the first two terms of their
Maclaurin expansions gives

£ = 4GB [ + pw):j) TOT/3r) At

_2 5 THOT/C) Al + OB, )

where O implies the order.

Recalling the preliminary nature of the present
investigation, the selection of the velocity and
temperature profiles may be confined to the
first order profiles,

u=UQ/d)(1 ~ y/o),
(T - Too)/(Tw - Teo) = (1 - y/5)2’

(10)
(11)



874

previously used by Squire for the same problem
in the absence of radiation (see, for example,
Howarth [8]).

Expressing equation (11) in terms of { and
then introducing into equation (9) yields

g" o = 426 TLBlY, + O(B)],  (12)
where
L =3[ +p,) (1 + 342 + 22 + 23/4)
— 43 + 32/5 + 34%/7 + 23/9)],
and A =(T, - T,)/T,.
Inserting equations (10-12) into equations

(1) and (2), and neglecting terms of order B2
and higher results in

1 d v
2 46T*
@ad‘ d) = 5+ (kT)wa (14)

where a = k/pc,, is the thermal diffusivity. Note
that for the limiting case T4 — 0 (cold gas),
equations (13) and (14) reduce to those ob-
tained by Squire, as expected.

Clearly, B = ad €1 suggests the solution
procedure for equations (13) and (14) as that
of a regular perturbation on the Squire problem.
Thus multiplying equations (13) and (14) by
d, introducing the mean Bouguer number
B =«d (in terms of a mean boundary-layer
thickness which will drop out later), and using
the first two terms of the expansions

N

Z (B* 2,)

U= i (BY 2.y U,
n=0
(15)

where 2, = akT, /40 T4, is the ambient Planck

number, yields for (B?/ 2 ,)°

o 4 a5y LT, — T,)62 — vU,, (16)

105 d 1] 3! w o/ Y0 0
ma}(ano) =2, (17)
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and for (B*/ 2 )!
5, d 5, d
— —(U36, + 2U,U 8¢) + — — (U3
10 d oY1 0 0) 105dx( (1] 0)

= 398(T, — T,) 5051 -,  (18)
do o4
30ad (Uoél + U,dg) + — 30a dx (UO o)

o
=y, 5—2-, (19)

Squire obtained the solution of equations (16)
and (17) by assuming the velocity and the
boundary-layer thickness of the form

Uy = Cox™, 8o =Dyx™  (20)
The result is
UO = 40[gﬁ(Tw - Too)]ix%/l//%a

8o = Qa)y,x¥/[gB(T, — T}, (21

where ¥, = 2¥(100/7 + 15P)* and P is the
Prandtl number.

In general, the form of first approximations
does not necessarily imply the form of second
approximations. On the contrary, second ap-
proximations often remain in differential form
when they are expressed in terms of first
approximations. However, the inherent nature
of the present problem allows the solutions
of similar nature,

U, =cCcx™ 6, =Dx", (22)
for equations (18) and (19). This gives
Uy = af Y3avax/s?, (23)
= Qa3 x [T, — T, (24)
where
Vs = (8/3 + P)/4(68/21 + 3P),

v, = 8(P — 4/21)/(8 + 3P)(20/21 + P),

and other ’s were defined following equations
(11) and (21).

A parametric study of the velocity and tem-
perature profiles would be rather space con-
suming due to the number of parameters
involved. Because of this fact the study will be
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confined to the local heat flux only. The local
heat-transfer coefficient may now be defined,
including the radiant as well as convective
effects, as

quw = h(Tw - Too) = ‘15 + qg, (25)
where g€ being the convective flux,
g = — k@T/ay), = 2KT, ~ T,,)/3,  (26)

evaluated by equation (11). In terms of the
exponential approximation given by equation
(7), the radiant flux is obtained from equation
(5) to be

1

gR = 4o¢,, exp (—3B/2)g T30T/o&)
x exp(+ 3BE)dE.  (27)

For small values of B, retaining again the first
two terms in the Maclaurin expansion of the
exponentials, equation (27) may be reduced to

gt = 4a£w[3’T3(8T/6§’) d¢’ — (3B/2)
0

1

X g T*@T/o¢)(1 — £)dE]. (28)

Insertion of the temperature profile given by
equation (11) into equation (28) yields
g = 4Ae, 0T [Wo — Bys + O(BH],
where
Yo=1+342+ A2+ A%4
and
Vs =% +94/20 + 32%/14 + 2324,

Introducing equations (26) and (29) into
equation (25), and neglecting terms of order B2
and higher, the local Nusselt number is found
to be
N, = hx/k = 2x/6) + €,(ax) Yo — Ys28)/ P,

(30)

where x/6 and aé may be obtained from the
second expansion of (15), the second term of (21)
and equation (24) as

o/x = Y, P/PHG /A%,

(29)

(1)
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b = Y, ¥T /P, (32)

where
Y=14+ d/lltb%w:i(rx/gao)z?oo/l”
I', = B/(G /4%

B, = ax (the local Bouguer number) and G,
= gBpAT, — T,)x3/u® (the local Grashof num-
ber). Finally, rearranging equation (30) in
terms of equation (31) and (32) results in

NAG /A = 2P, ¥ + e[/ Po)

[Wo — ¥2Us P/ P)PL/PY].  (33)

The use of G,/4 in equations (31) and (33)
rather than G, is for customary reasons only.
In the limit as I',/?,—0, ¥—1 and equation
(33) approaches the Squire solution,

N /G,/4* = (2P)*/(100/7 + 15P)3, (34)

provided 0 < #,, < . The physical implica-
tions of I',/?,, — 0 and £, — 0 are identical to
those discussed following equation (14). Al-
though the limit #_ — oo is not permissible, by
keeping I' /2, — 0, #, may be increased to a
reasonably large value. This corresponds to a
reasonably opaque, cold gas. Equation (33) will
be plotted together with the similar expression
to be obtained from the thick gas approxima-
tion that we consider next.

(b) Thick gas (B > .1)

The details of the thick gas solution are left
out because of their similarity to those of the
thin gas solution.

Noting that exp (— 3B/2) < 1 for B> 1, the
radiant flux given by equation (8) may be
rearranged as

é 1
0| = 40’[(I)T3(5T/6C') exp (— 3B{’/2)dl’

— ey oxp(~ 3B2) [ TOT/A0)
1]

exp(+ 3B./2)dl']. (39)
In terms of the temperature profile selected, and
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by the successive use of integration by parts,
equation (35) becomes

R

g | = — 86T,

“1/B) {3¢,(1 + 4 - (1/B)
@+ 0[(1/3)2]},

T—ao

where
@, =31 + (1 + TA( + H?].

The momentum equation resulting in equa-
tion (13) remains valid for the thick gas; equa-
tion (14) is modified, however, in terms of
equation (36). This gives, after neglecting terms
of order (1/B)? and higher,

e =2 <<p 21 ) (37)
30ad FRGERTY

where @, = 1 + 2¢,(1 + 1)*/32, and ¢, was
defined following equation (36). The limiting
case P, —o0, which corresponds to a—c0
(opaque gas) or to ¢T:—0 (cold gas), is the
Squire problem, as expected.

Inspection of equations (13) and (37) by the
consideration of B = ad > 1 suggests again a
perturbation procedure for the solution. Thus
multiplying equation (13) by  and equation (37)
by 62, and using the first two terms of the
expansions

N N
U= Y U/B. &=Y /B (39
n=0 n=0
gives for 1/B°
50 d 2 2
705 a5 (U300 = WB(T, — T) 85 — vUs,  (39)
63 d
aoad-;(ano) = 000, (40)
and for 1/B!
S0 d 0y O d
05 s —(U36, + 2U,U,6,) + —= 105 4 ——(Ugdo)
= 3BT, — T30, — WUy, (41)

VEDAT S. ARPACI

& d 50 L d
o
= Pody — %,‘;. “2)

Since equations (16) and (39) are identical,
and equations (17) and (40) differ by a parameter
only, the particular forms similar to those of
equation (20),

Uy = Cox™, (43)

may be used for the solution of equations (39)
and (40). (Clearly, the effect of radiation is
included in the coefficients C; and D, the
exponents m, and n, remaining identical to
those found in the absence of radiation.) The
result is

UO = 40[gﬂ(Tw - Too)]ix%/(pga
50 = (ZG(PO)%X*/[QB(TW - Too)]*’ (44)
where @, = 2¥(100/7 + 15P/p,)*, and ¢, was
defined following equation (37). Note that
Q> as gg—1 for > .
Inspection reveals that equations (41) and

(42), in a manner similar to the solution of first
approximations, assume solutions of the form

U,=Cix™, 5, =Dix".  (45)

50 = D:)x"o,

This gives
Uy = — (2/a90)* 010203040
[9B(T, — T.)]*x*/2.,, (46)
81 = — 01936/00P (47)

where
@3 = (32¢,/21 + P)(24¢,/7 + 11P),
= (% + 14P/9,)/(20 + 21P/@o)32¢0/21 + P),

and other ¢’s were defined following equations
(36, 37, 44).

The wall radiant flux given by equation (27)
is also valid for the present case. This equation
yields, in terms of the temperature profile
assumed,
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gk = 8AcTo(1/B{3e.(l + 4)* — 305
+ O[(1/B*]}, (48)
where g = 4(1 + 7AX1 + 2)2/9.

Finally, combining equations (25, 26, 48), and
neglecting terms of order (1/B)® and higher,
yields the local Nusselt number,

N, = hxfk = 2x/0f@o — €,95/20P ), (49)

for which x/8 and ad may be evaluated from the
second expansion of (38), the second term of (44)
and equation (48) as

d/x = PAG,/4)*, (50)

where @ = (¢o/P)}@; — 0,03/00P I ;. Inser-
tion of equation (50) into equation (49) results
in

ad = @I,

Nx/(Gx/4)* = (2/¢)((p0 - ew(pS/dj?oorx)- (51)

Note that the limit 2, I',— co gives the asymp-
tote of equation (51) depending on 0 < Z < 0.
As ?. I, — o, & - (¢p,/P)}¢p, and equation
(51) becomes

N.[(G,/4* = A¢oP)/¢p.,

Furthermore,as # , — o0, ¢, = land ¢, - ¥,
and equation (52) reduces to equation (34), the

0< P, < . (52

7 T
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result previously obtained by Squire. The physics
associated with the limit #_ —» oo was dis-
cussed following equation (37). The other
limit £, — 0 cannot be materialized because of
the restriction 2 I, —» 0. However, by keeping
P I' large, # , may be reduced to a reasonably
small value. This corresponds to a small «
(nearly transparent gas)ortoalarge 6 T4 (reason-
ably hot gas).

Note that the local Nusselt numbers evaluated
on the basis of thin gas and thick gas approxima-
tions, and given by equations (33) and (51),
are in terms of common dimensionless numbers,
and are expressible in the form

NAG/4* = f [4 €, P, P, B/Gx/4)*].

Figure 1 shows N_/(G./4)* vs. B/(G,/4)* for
values 0 < 2, < o0; the three dimensionless
numbers remaining are held constant, assuming
a typical value of Prandtl number for gases,
P = 0733, black walls for the plate, ¢, = 1, and
4 = 0-1 which may be interpreted as the walls
being 54 degF above the ambient gas at 77°F.
An important problem of gas radiation, the
behavior of thick gas near boundaries, may be
discussed now by comparing the present model

T V‘Y_FYVII T T

5 A= O, €4= 10

P=0-733

Ny
(Gy/a)*

T T 1T TTT T

T T T T 117 —T

1 I lllllll i

\ No radiation 7

IllIIIlI A1

L llLII!I 1

1072

10”! | 3
s
B /Gy t4)

Fig. 1.
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for thick gas with the Rosseland gas: rearrange-
ment of equation (5) in terms of {’and ¢ = #/B
yields

gt = - 4a{£ T3(0T/o&)exp[ —3B( — &)/2]d¢

1
+ [T*@T/08) exp [-3BE — ¢)/2]d¢

1
— pwexp(—3BE/2) g TX9T/3%)
x exp(—3B{/2)dl}.  (53)

Expressing the assumed temperature profile,
equation (11), in terms of £ & and inserting
the result into equation (53) results in

q® = (160AT/3B) {21 — H[1 + A1 - &P
~ (L + p) (1 + 2’ exp(—3B¢/2)
+ O(1/B)}. (54)
Evaluation of the heat flux in terms of the
Rosseland gas, qR,= —(160/3x) T3(T/dy), and
the same temperature profile gives
g, = (166ATE3B 21 — H[1 + A1 - &)
(55)
After neglecting the terms of order (1/B)? and
higher in equation (54), the ratio of equation
{54) to equation (55) may be written as
g%ak =1~ (1 = /D1 + 2
x exp (=3BE/2)/(1 — H[1 + A1 — &P
(56)

Noting that near boundaries £ <€ 1, and that
B¢ = ay, equation (56) may be approximated

to yield
160 €
R _ _ -7 _ .4
= 3a ‘:1 (l 2)
x exp —%ay)] T3 %;1; (57

When o becomes large while y remaining small
but not zero, equation (57) approaches the
Rosseland gas; when y = 0 and «a is large but
finite, equation (57) reduces to

Qw = — €,(80/32) T3(OT/3y),,
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the result previously obtained by Deissler [9].
Since for the latter case exp { —3ay/2) = 1 rather
than being zero, the omission of wall effect in
the Rosseland gas leads to an erronious result
near boundaries. It is apparent now that the
expansion employed for the Rosseland approxi-
mation is not uniformly valid in the domain
0 < y < oo, and it can only be an outer expan-
sion for the thick gas model. An inner expansion
valid within the radiant attenuation depth where
y = O(1/) should be considered for the be-
havior of thick gas near boundaries. This problem
is presently under investigation. For the time
being however, equation (57) may be utilized
in the solution of other boundary-layer problems
because of its apparent independence from the
present solution.

In Fig. 2 the effect of 4 on the local Nusselt
number is shown by holding £ constant at
0-1; note that higher values of A cannot be
allowed because of the constant-property basis
of the present formulation. The thin gas and
thick gas approximations plotted in Figs. 1 and
2 are joined, arbitrarily to some extent, by their
common tangent for a continuous representa-
tion.

Since the thin gas approaches the Squire
problem as B_/(G,/4)* — 0, the effect of wall
emissivity on Fig. 1 may be best understood
by considering the limit of thick gas for
B./(G,/4)* — o given by equation (52). Figure
3 shows the local Nusselt number of this equa-
tion versus €, for 0 < #_, < o0, keeping 4 and
P constant.

The sketch of Fig. 4 summarizes the physics
of the problem, by showing the effects of the
temperature and absorptivity of gas, the emis-
sivity of plate walls, and the ratio of the tem-
perature difference between plate walls and
ambient gas to the ambient gas temperature
on the local Nusselt number.

A direct comparison of the results obtained
from the present thin gas solution with those of
reference [4] is not possible because of the
different Prandtl numbers considered. An order
of magnitude comparison, however, shows that
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no restriction on the absorption of gas are
rather involved. It may then be necessary,
unless a numerical procedure is considered, to
include the radiation effects into these problems
on the basis of thin gas and thick gas approxima-
tions, and except that the results will be in-
formative for the entire range of the absorption
of gas. The Rosseland gas falls short in com-
plementing the thin gas, and implies its over-
simplified nature for boundary-layer problems.
This difficulty is eliminated in the present work
by including the wall effect in thick gas, and
also that the absorption of thin gas in the
boundary layer.

The most critical approximation in the
present work is that of the gray gas. Since the
dependence of absorption on the frequency
is rather strong in actual cases, the problem
should be reconsidered by including this de-
pendence before any serious attempt to check
the analytical results against experiment. Mean-
while the gray gas analyses should continue,
at least in the near future, to provide further
insight into heat-transfer problems in radiating
gas.

ARPACI
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Résumé—Un essai théorique est effectué pour comprendre 'intéraction en non-équilibre entre le rayonne-
ment thermique et la convection naturelle laminaire dans le cas d’une plaque verticale chauffée dans un
gaz rayonnant au repos. L’effet du rayonnement est pris en compte dans la formulation intégrale du
probléme comme un flux de chaleur unidimensionnel, évalué en comprenant I'absorption dans I’approxi-
mation du gaz mince et I’effet de paroi dans "approximation du gaz épais. Les nombres de Nusselt locaux
obtenus ainsi aident 2 interpréter les domaines du gaz entre les cas transparent et opaque et entre le froid

et le chaud.

Le modéle actuel du gaz épais donne le flux rayonnant d’une fagon approchée sous la forme:

160 € oT
R 21— (1 = Xexp(—Say)| T? —
q 3a[ ( 2) p( 2y):| ay
dont la limite pour de grands « et des valeurs de y faibles mais non nulles est le gaz de Rosseland,
qR, = —(160/3a) T3 9T /3y) et celle pour y = 0 et pour des valeurs de « grandes mais finies est
q® = —¢,(80/3a) THIT/0y),

Zusammenfassung—Es wird der analytische Versuch gemacht, die Nicht-Gleichgewichtswechselwirkung
zwischen Wirmestrahlung und laminarer freier Konvektion in der gewohnten Art fiir eine beheizte
senkrechte Platte in einem ruhenden, strahlenden Gas zu bestimmen. Der Strahlungseinfluss wird als
eindimensionaler Wirmestrom in der Integralformulierung des Problems angesetzt und gelést unter
Beriicksichtigung der Absorption in der Néherung fiir optisch diinne Gase und des Wandeffekts in der

Néherung fiir optisch dicke Gase.

Mit Hilfe der so erhaltenen Nusselt-Zahlen, lisst sich der Einfluss von Durchlassigkeit und Temperatur
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des Gases ersehen. Das gegenwirtige Modell fiir ein optisch dickes Gas liefert fiir den Strahlungsstrom
ndherungsweise die Gleichung

160 3 aT
R_ _2290 [y -2 _ 3 9%
qf = 3a[1 <1 Z)CXP( %ay)]T %

deren Grenzwert fiir grosses a« und kleines aber endliches y das Rosseland Gas ist,
Ixs = —(160/3a) T*(T/2y)
und fiir y = 0 und grosses aber endliches

q? = —¢ (8a/3a)T3(8T/3y), ergibt.

Annoranas—CrenaHa NONHTKA AHAJINTAYECKM ONHMCATh HePaBHOBECHOE B3aUMOHeHCTBUE
MeKIy TeIIOBHIM MBIyYeHHeM M cBOGOMHON TaMMHADHON KOHBeKIMell HA MpUMepe Harperoit
BePTHHKANBHON IJTACTMHBI B HENOABMKHOM M3JIyYalollleM rase. BiMAHne M3myYyeHUA y4YMTHI-
BAaeTCA NPU MHTETpPaJIbHON (QOpPMYJIOpOBKe 3ajauM vepe3 ONHOMEPHEHIN TemaoBOIt MHOTOK,
paccuuTHBAEMbIN ¢ y4eToM abGcopOLMy IpH TOHKON anIPOKCUMALNN rasa ¥ BIUAHUN CTEHKN
npu rpy6oit anmpokcumanuy rasa. IoxyyenHsie TakuM 06pa3oM 3HAYEHHA JOKAJIBHBIX YNCEN
Hyccenpra momoraloT OmmcaTb COCTOSHMA Tasd OT NPO3PAYHOrO [0 HENPOSPAYHOrO M OT
XOJIOAHOTO [0 ropAdero. JlanHasa rpyf6as Mofeldb Tasa faeT CIeAyIOIIYI0 NpUGHMHEHHYIO
GopMyIy MIA JYYNCTOTO MOTOKA

160 € 3 oT
R _ 1Y% _ _uw —_ 3
7= 30:[1 ( 2)""“’( 2"‘y)]T &

KOTOpaf B mpefelle SIA GONBINAX « ¥ MAJbIX, HO PABHHX HYJIO y MEPeXOmuT B POopMymy,
crpaBenIuBylo Aus rasa Poccenanna gy, = — (160/3¢)T3(8T/éy) n gaa y = O u Goaslunx, HO
KOHEYHEIX 3HAYEHUN o MMeeT BUj

qg = —€,(80/3a) T?u(aT/ay)w-



