bon units; uyge, atomic mass of an He melecule, carbon units; uy, atomic mass of W atom, car—
bon units; ¢, condensation coefficient, dimensionless; P, gas pressure, mm Hg; m, cooling
rate of tungsten filament, 1/sec; X, fraction of tungsten covered with contaminants, dimen-
sionless. '
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"EQUILIBRIUM'" APPROXIMATIONS IN THEORY OF RADIATIVE
HEAT TRANSFER

V. N. Adrianov UDC 536.33

Two methods are proposed for approximately taking into account the selectivity
and anisotropy of radiation characteristics in calculation of radiative heat
transfer. Both methods are shown to be sufficiently reliable and effective.

Accounting for selectivity and anisotropy is the most difficult problem in calculations
and studies of radiative heat transfer. Tt therefore ig important to develop approximate
but still sufficiently accurate and reliable methods of calculating radiative heat transfer
with these features taken into account. Such methods can be developed along two main lines.
In the first line, the approach is based on simplifying assumptions regarding the radiation
characteristics of bodies and media which participate in the heat transfer (selectively gray,
gray, diffuse, diffuse-specular, or other approximations). In the second line of develop-
ment, one makes no assumptions pertaining to the radiation characteristics of materials, but
accepts some premises regarding the characteristics of the radiation which interacts with
the bodies and the media within a given system.

In this study, two approximations will be considered along the second line, called
"equilibrium" approximations on account of the assumed equilibrium distribution of spectral
intensity with respect to any integral radiation characteristics.

Moscow Institute of Steel and Alloys. Translated from Inzhenerno-Fizicheskii Zhurnal,
Vol. 43, No. 6, pp. 989-995, December, 1982. Original article submitted March 11, 1982,

1398 0022-0841/82/4306-1398%07.50 © 1983 Plenum Publishing Corporation



Approximation of "Equilibrium'" Incident Radiation Density. In calculation of heat
transfer by this method, it is possible to approximately account for the selectivity and
also (partly) the anisotropy of radiation characteristics. One assumes here that the dis-
tribution of spectral intensity with respect to volume density and surface density of the
incident radiation is in equilibrium and obeys Planck's law at a certain radiation tempera-
ture. This radiation temperature is, in turn, determined by the density of the incident in-
tegral radiation. On the basis of this approach, the integral absorptivity and reflectivity
of bodies, as well as the irradiance ccefficients (appearing in the theoretical equations),
will depend not only on the temperature of a body but also on the density of the incident in-
tegral radiation. These relations can be established beforehand, however, if the geometry
of the system and the radiation characteristics of the bodies participating in the heat trans-
fer are known. The integral emissivity of bodies in a fixed direction, moreover, depends only
on their physical temperature and can be determined without particular difficulties. By using
this approximation in algebraic methods of heat transfer calculation, one can obtain a system
of nonlinear algebraic equations which, approximately, take into account both the selectivity
and the anisotropy of radiation. This resulting system of equations can be solved by the
method of iterations without any fundamental difficulties.

Let us examine in detail the approximation of equilibrium density of incident radiation,
using as an example the zone method of heat transfer calculation. The radiating system will
be assumed to consist of N surface zones separated by a diathermal medium. According to the
conventional formulation of the problem, for some zones (k =1, 2, ..., N;) the distribution
of surface temperature (Ty) will be given, and for the remaining zomes (k = N, + 1, N; + 2,

..» N) the surface density of resultant radiation (Ey) will be given. The system of alge-
braic equations based on approximation of the fundamental integral equation and yielding the
density of incident radiation Eip, in the given formulation, is

Ny

N
EAIR = S o lE = % enffR (=12, (1)

h=N;+1
with the coefficients Ajk determined from the relations

L—qury, i=4k, 1IN,
l— @, i=Fk, (N4 1)<Ti<CN,

A= | (—qun), ik, | <EZN, 2)
(—@u), ik, (Ny+ 1) <Th<N.

This system of algebraic equations (1) is a nonlipnear one, inasmuch as the irradiance
coefficients @4y and the reflection coefficients ri (which determine the [|4]] matrix) depend
on both the temperature Ty x of a given zone and the surface density of incident radiation
within that zone Ein k. An analysis reveals that these quantities can be determined from the
relations

F
Pin = Qin (Tw,k, j_nk) ""’1“ X
F,
|V Eopy v Tupddv [ dFy | ayo(Py syp) K(P, MYdF,+
= F.

v (Fp) (F

oo

4

4§ Eou(v T v [ dF,x

V=0 (F)
X { res(Py sy K (P, M)dFM]/[ { Eouv, Tum)dv | ay(P)dF, +
(F;) v=0 ()
+ [ By T pav | r(PdF,], 3)
v=0 (Fy)
PEFy; MEFg; i, k=1,2, ..., N,
{ Eop(v, Ty [r(P)dF,
Ty = I (Twp, Eink) = v=0 Emth(Fk) R (43

PEFy k=1,2 ..., N.
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The zonal absorption coefficients ¢y depend on the same quantities Ty, k and Ein,k, be-
ing related to the reflection coefficients ry through the well-known equallty

@ =y (T, Einp) = 1 — 13 (Tyr, Eingg), k=1, 2, ..., N, (5)
where rk(TW,k’ Ein,k) are determined from relation (4).

The integral hemispherical emission coefficients ek for each zone are functions of the
zone temperature Ty i only, and can be calculated according to the expression

j Eoy(v, Typ)dv | ay(P)dF,

e =ep(Tyn) = _Fp) , 6
v oaTh aF ©)
PcFy k=1,2, ..., N.

In this way, the specific form of relations ®ik(Tw,ks Ein,k)»> Tk(Tw,ks> Ein,k), and ek-
(Tw,k) for a given radiating system can be established beforehand on the basis of expressions

(3), (4), and (6).

Since for zones k = N, + 1, N; + 2, ..., N the surface densities of resultant radiation
Ey k are given while their temperatures Ty k are unknown, according to the conventional
statement of the problem, it is necessary to add to the fundamental system of Eqs. (1) equa-
tions which relate E7,k and Eip,k

Eyp=— ! (akElnk“"EglV)), E=N,+1, ..., N. (7
5773

Upon combining the two systems (1) and (7), one arrives at the expressions

(giv) ﬂ) X X
—+1) Qi (T » Einn) @1y ogiv)
E{?ll Z . wA(,z) k(Tw'g,k )ETg,h -
te -
N N
b (1) %) A s (#1)
> el B pgp 3 A g o1 oW, @)
[y At A= Al
=i
1 1
1 iv) 1 .
T8 = | @ (T8, Efn) Ef—EEY) | i=N 1, ., 9)
aoit?e; (Tw i)

for determining the sought quantities in the (n + 1)-th approximation.

Solution of the system (1) and (7) by the method of iterations yields the surface den-

sities of incident radiation Eip k (k =1, 2, ..., N) in all zones and the sought tempera-
tures Ty, (k= Ny + 1, ..., N) in the zones where Er,k was given. It is now easy to deter—~
mine the surface densities of resultant radiation Ey k (k =1, 2, ..., N;) in the zones; tem-

peratures were stipulated, namely by using the well-known expression
Eqpp = apEqn—en (TEWVESE), k=1, , Ny (10)

Approximation of Equilibrium Intensity. The approximation of equilibrium intensity is
distinguished by a high accuracy, in comparison with the preceding approximation. This is at-
tributable to the fact that this approximation refers to finer characteristics, namely to the
integral radiation intensities with the spectral distribution assumed to be in equilibrium
and assumed to obey Planck's law at the corresponding radiation temperature. The latter is,
in turn, determined by the integral intensity within the given spectral range. The emissiv-
ity of a surface and the emissivity of a medium depend in this approximation on their temper-
atures, while the integral radiation characteristics which determine the absorption as well
as volume and surface scattering are functions of both the local temperature and the integral
intensity. When the spectral radiation characteristics of bodies and media in the radiating
system are known, then the relations for all integral radiation characteristics can be de-
termined as before. Since the equations of transfer and boundary conditions in the approxi-
mation of equilibrium intensity are written in terms of integral intensity, this greatly sim-—
plifies the solution of the problem, on account of obviating the need for analysis of the
spectral equations and subsequent integration over the spectrum.
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The entire radiation spectrum is subdivided into bands characteristic of individual seg-
ments (zones) of the system, within each of which the radiation characteristics vary rela-
tively little. For instance, under certain conditions such a segment can cover the entire
frequency spectrum. Integrating the spectral equation of radiation transfer with respect
to frequency over each spectral band, we obtain for each segment the system of equations of
radiation transfer

syl (s) = j{" — ki, (s) +
-+ L S‘pﬁw(s’, $)f;(s)dos, i=1,2, ..., N. (117
4

(4m)
Analogous integration of the spectral equations describing the boundary conditions
yields for the boundary surface the system of equations of integral radiation
1u~n(s)::ﬂF)@)4—-1”‘j?1u»n(§)305(§, Yol (s, sydos, i=1,2, ..., M. (12)
T
(27, )

In Eqs. (11) and (12) the quantity Ii(s) represents the integral radiation intensity within
the i~th band of the spectrum, determined through integration of the gpectral intensity I,(s)

Vmax, i

I (s) = S I,(s) dv. (13)

The total radiation intensity over the entire frequency spectrum I(s) is calculated by
summation of the integral intensities over all bands

I(s) = 2 I;(s). (14)

The volume coefficients pi(v) and the surface coefficients pi(F) of brightness, as well
as the attenuation coefficients ki for each band, depend on the local temperature of the me-
dium T or of the body surface Ty, as well as on the integral intensity Ij, and can be evalu-
ated on the basis of the quadrature relations

Vv ’ 1 ’
ot (s, sy = p"N(T, 11 8, §) =

1 ,
= ( oNUT; s s)nglo,n (v Ty ) av, o
i Vmin, i
ps, sy = 0 (T, 11 8, ) ==
1 Vmax, {
=7 Vel (T 8y s)nily o (v, Ty (1) dv, e
' Vmin, i
Vmax, i
ko= (T )= | T, Wl (v, Tos ) dv, i =1, 2, . N, )
Y Vmin, i

with the radiation temperature Ty j (i =1, 2, ..., N) for each spectral band determined by
the corresponding integral intensity I; for that range in accordance with the equation

Ymax, i
I, = j n2lo,y (Vs Tp,:)dv. (18)
Vmin, i

The volume coefficients ji(v) and the surface coefficients ji(F) of intrinsic radiation

are determined solely by the intrinsic local temperatures of the medium T and of the surface

Ty,

Vmax, i

=M= [ v Dadl (v Dy, (19)

¥min,
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Fig. 1. Comparison of results based on
equilibrium approximations with numeri-
cal solution of the problem in exact
formulation: 1) T, = 1200°K; 2) 1400;
3) 1600; 4) 1800; 5) 2000; 6) 2200; 7)
2400; 8) 2600°K.

Vmax, i
]iF) €F> (T 8)= 5 fy,s (S Ty) ﬂzlo,v<\"= Tu)dv, i=1,2,..., N. (20)

Vmin, &

The radiation characteristics of the medium and of the body surface py (V)(s s ),
pl(F)(s s 8), ki(T, I1), Jl(v)(T) and Jl(F)(Tw, s) are calculated beforehand for each spec-
tral band on the basis of relations (15)-(17), (19), and (20), and their values are inserted
into the system of Egs. (11)-(12), which is then solved by numerical methods with Eq. (18)
taken into account. ‘

Application of Given Approximate Methods. For the purpose of egtimating the accuracy of
both approximations, they were used for solving the problem of radiative heat transfer in a
system of parallel optically smooth surfaces with each at a different temperature. The re-
sults were compared with the numerical solution to the game problem in the exact formulation,
taking into account both selectivity and anisotropy [1]. The results of such a comparison
are shown in Fig. 1. PFor tungsten as the material of both surfaces, their temperatures (T,
and T,) are, respectively, T,, T, = 1200, 1400, 1600, 1800, 2000, 2200, 2400, and 2600°K. The
temperature difference T, — T. has been selected as argument of the relation shown here, and
the temperature T; of the first surface has been selected as its parameter (curves 1-8).
Along the axis of ordinates we have plotted the ratio of the surface density of resultant
radiation, obtained on the basis of some equilibrium approximation (Ey appr)a to a similar
value based on the numerical solution to the problem in the exact formulation (Er,exact) -
The solid lines refer to the approximation of equilibrium density of incident radlatlon, the
dashed lines refer to the approximation of equilibrium radiation intensity.

The graphs indicate, first of all, that both approximations are sufficiently accurate
(the maximum error only slightly exceeds 3%). As was to be expected, the approximation of
equilibrium radiation intensity is more accurate than that of equilibrium density of incident
radiation. According to the graphs, however, the difference in accuracy between the results
of the two approximations is small, which can be explained by the geometrical characteristics
of the given radiating system.

NOTATION

Er,x = n®cT" w,k 1s the surface density of equilibrium radiation at the surface tempera-
ture Ty, k of the k—th zone in a medium with a refractive index n F; and Fy, surfaces of the
i-th zone and the k-th zone, respectively; Tr,k = (Ejyp, k/oon? y'/*, radiation temperature cor-
responding to the surface density of incident radlatlon for the k~th radiation zone; Ty k =
(7%— X Té(P)dFP)l/“, mean surface temperature of the k-th zone (PgFr)i Ey,(v T)» spectral

(Fy
surface density of equilibrium radiation in vacuum at frequency v and temperature T; a, g-
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(P, smp) and ’v,s<P’ sqp) = 1 -aVSS(P, sMp), spectral directional absorption coefficients
and reflection coefficients of the surface at point P for radiation at frequency v coming
from point M; K(P, M) = (cos 8p cos SM)/ﬂrzMP, kernel of the integral equation of heat trans-

. . 1
fer, known from theory and a function of points M, P in the given system; a (P)= — E ay (P, s).
(g
cos (s, np)dos, 7y (P) =1—a,(P), respectively, spectral hemispherical absorption coefficient and

reflection coefficient of the surface at point P for ideal diffuse radiation at frecuency v:
g(giv), 1(8iv) and E(8iv), quantities as stipulated; E(D) and g(ott) - p(n) ang T(ott) | quan-
r,k W,k T,k in, i in, i w,1 w,1
tities defined in n-th and (n + 1)-th approximations of the iteration process; dug', element
of the solid angle about direction s'; s', unit vector in the given direction; I{-n(s), in-
tegral dntensity of effective radiation within the i-th band in direction s;.n, unit vector
normal to the boundary surface at a given goint; Vmin,i and vpax i, respectively, lower limit
and the upper limit of the i~th band; pv(v (T; s', s) and pv(F (Tw, s8', s), spectral coeffi-
cients of brightness of the medium and for the surface, respectively; ks (T, v) and ué (T, v),
respectively, spectral attenuation ccefficient and spectral absorption coefficient for the
given medium; ny, spectral refractive index for that medium; and Io,y(v, T), spectral inten-
sity of equilibrium radiation in vacuum.
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TEMPERATURE DISTRIBUTION IN THIN FILMS RECEIVING
RADIANT ENERGY

M. A. Gurbanyazov, I. S. Lisker, UDC 536.33
and M. B. Pevzner

An expression is derived for estimating the temperature distribution in thin
metal and semiconductor films locally receiving radiant energy.

The operating modes and the design configurations of thin-film devices are known to de-
pend on the number and the characteristics of influencing external factors {electric current,
magnetic field, temperature, etc.). Thermal action is of special significance among such
factors, inasmuch as, even when none is agsumed to take place, temperature fields can build
up as a result of conversion of other forms of energy to heat.

It has been estimated in earlier studies [1-3] how the thermal (superposing) galvano-
thermomagnetic effects in semiconductor bulk specimens influence the accuracy of determina-
tion of the underlying galvanothermomagnetic effects, and the feasibility of determining sev-
eral thermophysical parameters of specimens on the basis of complete separation of all mea-
surable effects has been established. As far as these authors know, no such study was ever
made with regard to film specimens.

Other studies [4-6] have dealt with the temperature distribution and the thermal fluxes
in thin films resulting from action of laser vadiation. It has been established that, as a
rule, the thermal flux @, to the substrate exceeds the thermal flux @ in the plane of the
film (except in two cases: during a short initial time period of the order of 107° sec, and
when the substrate has a low thermal conductivity).

In some problems, such as recording the distribution of energy flux density in the focal
spot of solar concentrators [7, 8], or calculating the thermal distortion of the contour of
the laser irradiation zone [4-6, 9], or determining the buildup time of superposing galvano-

Scientific~Research Institute of Agrophysics, Leningrad. Translated from Inzhenerno-
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