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Abstract—The validity of the commonly used simplified models for predicting local as well as overall
radiation interchange among real surfaces has been critically examined. The directional and spectral
effects have been examined by comparing the experimental data with the predictions based on six simple
models for the radiation characteristics of surfaces. The directional property variations were evaluated
from Fresnel’s equations with the optical constants predicted from simple Drude’s theory.

The configuration studied consisted of three plane parallel surfaces of finite extent. This permitted
critical examination of the influence of various parameters on radiation interchange. The test surfaces
were gold with rms roughnesses varying from 0-02 u to 7-1 p. Enclosure surface temperatures varied from
77°K to 760°K. The local incident flux was measured on the total basis. The prediction of the overall
irradiation using appropriate constant property models agrees well with the experimental results to within
the combined experimental and theoretical uncertainties. In general, the analysis and experiment agree
better for prediction of local irradiation when the directional property variation and specularity of surfaces
is taken into account. The experimental data agree equally well with the gray and semigray analyses in
which the directional effects are considered and the direction independent specular component of reflec-

tance is calculated by taking into account the spectral, directional and configuration effects.

NOMENCLATURE EXP, experimental;

A4, surface area; G, irradiation ;

Ay mechanical correlation distance;; I intensity of radiation;

B, bidirectional ; L.WH, seeFig. 1;

By_;, local absorption factor defined as N, number of surfaces in the enclosure;
the fraction of energy emitted from 0. overall {(average) heat-transfer rate;
an elementary area dA4; and absorbed q. local heat flux;
at surface A; (directly and indirectly S, specular;
after all possible inter-reflections in S-1,  specularsurface 1 ;
the enclosure) ; S-B-S, surfaces in positions 1, 2 and 3, respec-

D, diffuse; tively ;

CP,  constant property; T, temperature;

DP,  directional property (emission and UR, uniform radiosity;
absorption according to Fresnel’s x, y,z, coordinates.
equations):

E.,  rateof energy absorption; Greek symbols

E, total energy emitted per unit time and o, absorptance, absorptivity;
per unit area; v.6,  H/L and W/L, respectively;

1553



1554

e emittance, emissivity;
0. polar angle;
A, wavelength ;
T micron.
£ n dimensionless coordinates x/L and
¥/L, respectively ;
o reflectance. reflectivity;
C s mechanical r.m.s. roughness
&. azimuthal angle;
Q, solid angle;
2 unit vector denoting the direction
(0, ¢) of radiation,
Subscripts
b, refers to blackbody:
G, gray;
L. dummy indices;
NG semigray;
A refers to spectral values;
o, integration over hemisphere.
Superscripts
d, diffuse component of reflectance.
s. specular component of reflectance;
*, dimensionless. i.e. G* = G/cE,:

'

. refers to incident.

INTRODUCTION

THERMAL problems cncountered in the design
of space vehicles capable of penetrating into
unfamiliar environment include such widely
divergent areas as long-life storage of cryogenic
liquids, heat rejection systems, solar power
generation devices. maintenance of safe and
comfortable environments in living gquarters
and instrument compartments. In these and
many other applications radiation heat transfer
is quite important and in some cases it is the
only mode of energy transfer. Other areas where
knowledge of radiant heat transfer is essential
involve the design of furnaces, high temperature
equipment, high temperature energy conversion
devices. The inability to accurately predict
radiant heat transfer has been illustrated by
overheating of many spacecrafts which has lead
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to failure of costly experiments. Future genera-
tion spaceships with tighter thermal (olerances
and much longer active life will demand im-
proved thermal design and control The
particular applications have called for more
reliahility, greater precision and greater detail
in radiant heat transfer predictions than were
considered neccssary in the past.

This demand has provided the impetus for the
research effort in the various aspects of radiant
heat transfer; however, experimental studies
have been few and only a modest amount of more
detailed analyses has been reported. Predictions
of radiation interchange have been limited to
simple surface characteristics models and en-
closures because of the complexity of the prob-
lem and the lack of accurate knowledge of
radiation properties of surfaces. However. the
validity of these simple models has not been
substantiated by more refined analyses or
experiments. The small number of experiments
carried out have reported the measurements on
a fotal (integrated over the whole spectrum)
basis only. The experimental data on local basis
are not conclusive and in some cases are contra-
dictory [1-4]. However, these conclusions are
based on the comparison of measured total heat
transfer with gray or semigray analysis. This
shows the need for additional research effort
so that appropriate comparisons can be made.
i.e. comparison of spectral measurements with
spectral analysis and of total measurements
with nongray analysis.

This study is undertaken t© meet this need.
Specifically, the purpose is to critically examine
the validity of the commonly used simphfied
models for predicting local as well as overall
radiation interchange among real surfaces on
total basis. The directional effecls are examined
by comparing the experimental data with the
predictions based on simple and more detailed
models for the radiation characteristics of
surfaces. In this paper only the comparison of
results on total basis is reported. The speciral
results and the details of the experiment can be
found elsewhere [5].
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ANALYSIS

Formulation of problem

The radiation heat exchange in an enclosure
(accounting for the spectral, directional and
surface roughness effects) can be formulated
with as few idealizing assumptions as possible
using the integral or the Monte Carlo methods.
The integral method was found to be impractical
even on a fast digital computer (CDC 6500) and
was abandoned in favor of the Monte Carlo
method. Hence, the problem is formulated and
the calculations are performed using the Monte
Carlo method.

In the analysis it is assumed that the geo-
metric optics theory is valid for radiant heat-
transfer analysis between surfaces separated by a
nonparticipating medium having an index of
refraction of unity. In addition the polarization
effects are ignored. All the radiant heat-transfer
quantities of interest such as the heat flux,
radiation interchange or irradiation can be
readily calculated, once the absorption factors
B, ;s are calculated [6].

The energy absorbed at the elementary
area dA; due to emission from all the N surfaces
in the enclosure can be expressed as

N
Eups = ZlAjsij—diEbj (1)
=

and the local radiant heat flux is given by
9; =dQ;/dA4; = &Ey;

N
- [ _ZlAjsiEbij—di:l /dA;. 2
i~

It follows from equation (1) that the irradiation
atdA;is

N
G = '21 Aje;EyB;_ gi/0dA; 3)
i=

where ¢; and «; are the hemispherical emissivity
and absorptivity, respectively, and are defined

as
[ &)1, cos 6dQdA

T f;o .“o I,; cos 0 dQdA
(01, 262) 162 cos 6 A di
o, L@)cosf dQ di’

(4)

o =

(5
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The calculation of radiant energy quantities
from the above relations is straight forward after
the required factors B;_, and the hemispherical
absorptivities o; are calculated. The absorption
factor B;_, can be calculated from the spectral
values B ,;_,; or obtained directly. The former
method is very cumbersome and- usually the
latter is used. The details of the calculations using
the Monte Carlo method can be found else-
where [6, 7]. Unfortunately, on total basis the
reciprocity relation

dAgBy;-; = Ag;b;_ 4 (6

in general is not valid. This relation is useful
because with its help equations (1)«3) can be
put in a more convenient form. For gray surfaces
use of the reciprocity relation yields

N
Eops = ‘ZldAisini—ijj (7)
i=
N
q4i = & I:Ebi - .ZlEbdei—jJ (8)
i=

N
G = ZlﬁiEbdei /% )
i=

Equations (7)+9) have been purposely cast
in this form because now the radiant energy
quantities can be calculated more efficiently.
In the Monte Carlo calculations it is advantage-
ous to predict By_; rather than B;_, because
the local radiant quantities can be calculated
directly at a few points of interest. For gray
surfaces all the B;;_/’s can be evaluated simul-
taneously resulting in considerable saving of
computer time. In general, B;_; > B;_, and it
is on this fact that the accuracy of the Monte
Carlo method depends. The larger the By;_ ;, the
more accurate is the result for the same number
of energy bundles traced. Also some of the short
cuts [6] can be used more fruitfully for a single
point than for an entire area.

Use of equation (9) to predict the irradiation
presents two difficulties: (1) The relation is valid
only for gray surfaces, or equal temperatures of
surfaces i and j, and (2) it is not easy to calculate
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« because its evaluation demands the knowledge
of the incident radiation field. However, the
second difficulty can be by-passed if the absorp-
tion factors B, _; are calculated by considering
emission from d4, as diffuse. This amounts to
introducing at the desired location a fictitious
surface d4; having constant properties and
reduces equation (9) to

N
G, = -ZIE”"B““f' (10

j=
It is evident that the introduction of this ficti-
tious surface dA4; does not alter the character of
the enclosure because in all the interreflections
it is the real surface which participates in the
radiation interchange. The first difficulty can
also be overcome easily. It has been proven [8]
that equations (6)+9) are also valid on nongray
basis provided that in calculating the absorption
factors By;_; the energy emitted from d4, corres-
ponds to radiation characteristics of dA; at
temperature T, but the blackbody emission
corresponds to temperature T ;.

Radiation characteristics of surfaces

An analysis of radiation exchange among
surfaces requires an acceptable description of
the radiation characteristics of surfaces. The
degrees of detail required in specifying the
radiation characteristics, i.e. emission, absorp-
tion and reflection, depend upon the surface
arrangement, temperatures, emissivities and the
energy quantities to be calculated. For example.
the calculation of the local (overall) radiant heat
loss, as compared to local (overall) radiant
interchange, may demand a different degree of
detail of the radiation characteristics of sur-
faces.

In the present application, where an attempt
is made to evaluate the importance of real
surface effects, considerable detail is required in
specifying the radiation properties. However,
the intent here is to adopt simple models that
predict the radiant heat exchange realistically
rather than to calculate the radiant exchange
from more complicated models. Previous
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studies [ 1-4] have shown that for better accuracy
in the prediction of radiant interchange, direc-
tional effects must be taken into account. How-
ever, these calculations are based on gray or
semigray analyses. The predictions based on
nongray directional property models for in-
finite parallel plates in some cases were higher
by a factor of four [9]. which illustrates the
importance of spectral and directional effects.
Hence, for a meaningful comparison of the
experimental data and the predictions the
dependence of radiation characteristics on direc-
tion, wavelength, temperature, and surface
roughness should be accounted for accurately.
This, however, requires precise knowledge of
the optical constants of the surface materials. In
a recent study Bennett and Bennett [10] have
shown that the measured infrared reflectance
from carefully prepared high conductivity
materials like silver, gold and aluminum sur-
faces is in excellent agreement with the predic-
tions of Drude’s theory in the infrared spectrum.

Commercial surfaces are rarely ideal. i.e.
clean and optically smooth. It has been reported
that emittance of pure metals (clean) is smaller
[11. 12] than those deposited commercially.
due to contamination and surface damage. The
effect of roughness on the directional charac-
teristics can be found elsewhere [13. 14]. It
suffices to say that slight roughness (¢/4 < 1)
does not materially affect the magnitude of
absorptance and emittance : however, it strongly
influences the spatial distribution of the reflected
energy.

The slightly rough surface (o/4 < 1). has
been studied in detail by Houchens and Hering
[13]. They have examined the Davies and the
Beckmann [15] models for predicting the
spatial distribution of reflected energy. Both of
the models assume that the surfaces are ran-
domly rough and can be described statistically
by the normal distribution of the surface heights
and the autocorrelation coefficient. Electrical
conductivity of the material is assumed to be
infinite, i.e. it is perfectly reflecting. They have
shown that the predictions of the Beckmann



RADIANT HEAT TRANSFER ANALYSIS

model compare favorably with the experimental
data [16, 17]. One of the limitations of this
model is that, to account for the finite con-
ductivity of materials, the reflection distribution
function is muitiplied by the reflectance of the
optically smooth material Although this
approximation violates Helmholtz reciprocity
relation in the incoherent part of reflection
distribution function, it predicts the bidirectional
reflectance reasonably well [13, 17]. Use of the
incoherent part of the reflection distribution
function, however, is too complicated for engin-
eering calculations [3, 18], and such a detailed
analysis is not justified in view of the fact that
radiation characteristics of surfaces in general
are not known accurately enough.

Since consideration of spectral effects makes
the problem rather complicated it is felt that for
engineering calculations alternative simple
models should be explored. It should be based
on the properties which can either be easily
measured or can be calculated by incorporating
the important spectral and directional effects.
The predictions based on simplified models,
then, must be compared with the predictions of
nongray calculations and the experimental
data to check the validity of the analysis. The
models used in the analysis are summarized in
Table 1.
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ponding to the emitting surface. Thus, for
calculating By;_, a,8) is evaluated from the
equation

0 f8) = (g0, TIE(THVELT). (11)

The specular component of reflectance used in
nongray calculations is predicted from the
coherent component of Beckmann model. i.e.

(. 6/2) ~ p,(@)exp { —[4n{o/4) cos 1*}. (12)

For semigray and gray analyses with the D + S
model the specular component of reflectance is
independent of direction but it takes into account
the spectral and directional effects as well as the
geometry. The details of the calculations are
omitted to conserve space and can be found in

(81

Configuration, surface materials and surface
roughness

The configuration chosen for the study con-
sisted of three square plates arranged as shown
in Fig. 1. The choice of the configuration was
dictated by previous studies which showed that,
with surfaces of finite extent, it yields a very
critical comparison between the predictions of
the various models. Some of the other reasons
are: The configuration has a simple geometrical
character, is suitable for experiment and analysis

Table 1. Theoretical models for radiation characteristics of surfaces

Constant property models

Symbol Emission and absorption  Reflection Analysis

D Diffuse Diffuse Gray

N Diffuse Specular Gray

D+S Diffuse Diffuse + Specular Gray

Directional property models

DP(S) Directional Specular Nongray, gray
B(D + §) Directional Specular + Diffuse Nongray
DP(D + §) Directional Specular + Diffuse Gray

(p%0)/p(@) = constant)

The radiation properties used in nongray
analysis are spectral properties. The total direc-
tional absorptances are calculated with the
spectral distribution of the incidemt flux corres-

and it can be made to represent both open and
closed systems by easy change of parameters.
This configuration was recommended by Bobco
[19] also for experimental study.
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Previous studies [1, 4] had shown that it is
for highly reflecting materials that the choice of
the model is more critical. For this reason. gold
was chosen as a test surface material as it
satisfies the experimental requirements, ie. is
stable at high temperatures., has low vapor
pressure, and does not tarnish in air. Also the
radiation characteristics of gold could be pre-
dicted [10] accurately from Drude’s theory.

FiG. 1. Configuration studied.

The choice of surface roughness was guided
by the desire to cover the whole range of
specular component (zero to one). The rough
ness of test-specimen reported in Table 2 is a
mean of measurements at five locations on a
surface 1524 cm square. The maximum depar-
ture from the mean was about six per cent. The
surfaces were found to be isotropic. Although
autocorrelation coefficient showed normal dis-
tribution the surface height density departed
from the Gaussian [5].
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EXPERIMENT

In the experiment only the measurement of
temperature and irradiation was required.
Irradiation was measured by thermopiles at
eight locations in the cold surface 1. The
thermopiles were 6 mm in diameter, uncompen-
sated, evacuated and were of the end on pencil
type with KBr windows. The experiment was
conducted inside a double walled aluminum
environment chamber painted black on the
inside. The chamber was cooled by LN,
(77°K) to effectively eliminate any radiant
energy external to the test surfaces. During the
experiment the pressure inside the chamber was
reduced to 133 x 1072 N/m? or less. This
practically eliminated convection and helped
in obtaining uniform temperature over the test
surfaces. Full details of the experiment are given
elsewhere [5].

RESULTS AND DISCUSSION

Parameters

There is, of course, an infinite number of
combinations of the various independent para-
meters, and so it is necessary to be selective.
The reasons for selecting the particular con-
figuration used have already been given. The
dimensionless separation distance ¢ was main-
tained close to unity while the dimensionless
spacing y between the plates was kept at ¢ to 1.
This choice of the parameters was dictated by
irradiation consideration on the detectors as
well as the available space in the chamber. For

Table 2. Description of surfaces and the measured roughness

Designation of Roughness o,,(1)

surfaces radius of stylus
25 12-5p
S-1 002 -
S-2 003 --
S-3 002 —
B-2 1-50 090
B-3 075 050
D-3 710 550

Correlation  Method of preparation.

distance Goldplated after
a,(n) being:
— Polished
— Polished
— Polished
400 Blasted with glass beads
140 Blasted with glass beads
250 Blasted with steel grit
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each spacing the data were taken at two tem-
perature levels of the hot surface 2. The higher
temperature level was limited by experimental
requirements. The cold surface was maintained
at about room temperature. This was necessary
for good performance of the thermopiles which
passed through the cold block. Surface 3 was
kept at the LN, temperature (77°K) for two
reasons. Firstly, at this temperature the emission
from this surface can be neglected thus simpli-
fying the predictions. Secondly, because the
absorptance of gold at this temperature is very
small the surface is practically adiabatic. Pre-
vious studies [4] have shown that it is in the
presence of an adiabatic surface in an enclo-
sure that a large discrepancy occurs between
experiment and analysis.

For a meaningful comparison of the experi-
mental and analytical results the radiation
characteristics of surfaces must be known to an
acceptable accuracy. After carefully examining
the available data, including that compiled by
the Thermophysical Property Research Center
of Purdue University [20], values of the total
hemispherical emittance were selected which
corresponded to samples prepared in a manner
similar to those used in this study. Complete
bidirectional data could not be found in the
literature. In view of the lack of needed radiation
property data, the values used in the analysis
are based on those predicted by Fresnel’s
equations. The optical constants were calculated
by the simple Drude theory. The values pre-
dicted by Fresnel’s equations were proportioned
to yield the selected experimental total hemi-
spherical emittance.

The accuracy of the Monte Carlo program
was checked in some cases by comparing these
results with those predicted from the integral
equation solutions. The comparison was found
to be very good. Since the Monte Carlo method
is a statistical one, the results did have some
scatter, but it was small. The curves shown in
the figures were faired through the plotted
points corresponding to the values calculated by
means of the Monte Carlo method.
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Before discussing the results it is appropriate
to examine the local irradiation at surface 1 due
to emission from other surfaces. Rewriting
equation (10) in dimensionless form yields,

G¥ = [Byy-1 + By o T,/T)*
+ By, _s(T3/T)*1/es. (13)

It is clear from equation (13) that the irradiation
depends on the absorption factors and the
temperatures. When By, _; are of the same order
of magnitude the main contribution to G% is
from B, _, when (T,/T)* is large. In the present
study (T,/T,)* ~ 0005 and (T,/T,)* varies
approximately from 20 to 50. In such a case
(for all B,;_; equal), ignoring By, 5 results in a
difference of less than 0025 per cent. For large
values of (T,/T,)* even By, _, may be ignored.
For example, a difference of less than 2 per cent
(when B,, _, and B,, _, are equal) results in the
value of G* for (T,/T,)* = 50. Hence, in the
calculations the emission from surface 3 was jus-
tifiably neglected. Some sample results are pre-
sented in Fig. 2 to illustrate the order of magni-
tude of the absorption factors. The key to the

\

- T T T
I iy 4
_2 A’j s / //
10 Yy =1/6 >'/ 3
T, - 283.8 °K / 3
T, =594.4 °K / o ]
/ -
. K
1077k e D 7\ 8(D+5S) %
——5s 4
DP(S) /," ]
By — — B(D+S) 1
Bai-2
1072 c— g
3 I L— E
E R e =3
L /‘,/” — ~ = B
Lz 'y ]
o 7
= . -
1O E// / / g
j//' Y-ir2 ]
I T, =283.8 °K 1
il B 1
-t T, 5896 °K Bai-2 -‘
1074 / | L S 1 1 1 1
0 025 050 075 0 025 050 075 1.0

FiG. 2. Comparison of local absorption factors for different
models; surface arrangement S-S-B.§ = 1, 5 = BL
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various lines on all the figures is the same as
that given in Fig. 2. It is clear that the order of
magnitude of B;, _, and B, _, at corresponding
points is the same. Since (T,/T)* > 1 it was
expected that the trend of the irradiation
curves should be similar to those of B, _,,
which was confirmed later.

All the data presented are in terms of total
irradiation at the cold surface. They have been
nondimensionalized with respect to the total
emissive power of the cold surface. In the pre-
sentation of the data the subscript 1 has been
dropped for convenience since all the data are
for surface 1. The overall (average) irradiation
results presented in Table 3 were obtained from
the local values.

Comparison of measured and predicted local
irradiation

In Fig. 3 the analytical predictions for the

constant property diffuse, specular, and direc-

tional property specular DP(S) (nongray) models

A

Lol b1l 1 Llunnl L1

FiG. 3. Comparison between measured and predicted local
irradiation for different models; surface arrangement S-S-S,
d=1ly=%

of irradiation are compared with the experi-
mental data (circles) when all the surfaces are
“specular” (o, < 003p). Examination of the
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figures reveals that the experimental data are
in best agreement with the predictions of
DP(S) analysis; however, at some points these
predictions are about 20 per cent lower than the
data. The results based on diffuse analysis are
about 70 per cent lower than the experimental
data. At both temperature levels, for Figs. 3 and
4, the predictions of the diffuse analysis are
always lower than those of the constant property
specular analysis. Since the local heat flux at the
cold surface is given by

g1 = 1 — &,G1 (14)

this means that the diffuse analysis would pre-
dict too high a heat flux. The lower irradiation
shows that more of the energy leaves the enclo-
sure for the diffuse than for the specular reflec-
tion model. This is typical of enclosures which
exchange a large portion of their energy in
near normal directions. As an example, for two
parallel plates with a large separation distance,
the irradiation based on the specular model is

2
{s) ™ T T T T T T

T, = 2846 °K
T, 746.8 °K

T = 2835 °K
T, = 577.8 °K
{

L 1 L
0.75 [o} 0.25 075 1.0

4

. L L
o 025 050 0.50

FIG. 4. Comparison between measured and predicted local
irradiation for different models; surface arrangement S-S-S.,
S = 1. Y= %

always higher [1, 6] than that based on the
diffuse model. This seems plausible because at
each reflection from a diffuse surface the energy
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is uniformly distributed with a constant inten-
sity. On the other hand. when more of the energy
exchange occurs in directions other than the
normal, the diffuse analysis would predict higher
irradiation. This conclusion is supported by
calculations of the adjoint plate system [6, 21].

For the “specular” enclosure with a spacing
of y = 4 (Fig. 4) strangely enough the data show
equally good or better agreement with the S
analysis than with the nongray DP(S) analysis.
Some measured local irradiation results are
more than three times the values obtained from
the diffuse analysis. The predictions based on the
nongray DP(S) model are lower than those
based on the S model because the emission in the
normal direction for metals is higher for the CP
model than for the DP model. For the enclosure
considered most of the energy emitted at oblique
angles leaves the system without being absorbed.
and mainly the energy emitted in the near normal
directions contributes to irradiation. At the
open end of the system, measured data depart
significantly even from the DP analysis; the

measurements are about 80 per cent higher.
102 T T T -]

Y=1/2

C T, =283.6 °K

L T, =5806 °K _

TTTT

0%

Y=1/6 b
T, =2837 °K
T,=595.7 °K 7

o™ | 1 1
o] 0.25 0.50 075 1.0

FIG. 5. Comparison between measured and predicted local
irradiation for different models; surface arrangement S-S-D,
5 = l, n= %
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For a system with “diffuse” surface 3(o,, =
7-1p) and specular surfaces 1 and 2, the results
are shown in Fig. 5. The predictions of all the
analyses are very close. Even though surface 3
is not diffuse for the entire spectrum of incident
radiation, there appear to be some compensating
effects due to which the agreement of the CP
analyses with the measured results is also good.

Some selected results for ‘bidirectional’ sur-
face 3 (o,, = 075 p) and specular surfaces I and
2 are presented in Fig. 6 only for y = . For

= 3 they are similar. The data follow the
trend of the B(D + S) analysis. For a spacing
of y = ¢ the greatest discrepancy again occurs
at the open end of the closed configuration
where G* based on the B(D + S) analysis is
about 40 per cent lower than the measurements.
The results of the D + § analysis are not shown
in Fig. 6 for the sake of clarity, but are given in
[8]. It is surprising that this simplified analysis
agrees with the measurements even better than

the detailed directional property analysis for
1
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F1G. 6. Comparison between measured and predicted local
irradiation for different models; surface arrangement S-5-B.
d=1ly=4n=4%
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For “bidirectional” surface 2(¢,, = 15 p), and
with the other surfaces ‘“‘specular”™, the results
(Fig. 7) again show better agreement with the

2
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FiG. 7. Comparison between measured and predicted local
irradiation for different models; surface arrangement S-B-S,
d=1Ln=1%

B(D + S) analysis. The predictions are about
10-30 per cent lower than the data. The results
based on diffuse analysis are as much as 70
per cent lower than the measurements. The
D + S analysis results are not shown in the
figures but this simple analysis shows as good
an agreement with the measurements as the
more detailed B(D + 5) analysis, especially for
7 =4

For an enclosure consisting of two “bidirec-
tional” surfaces, and with y = 1, the data tend
to fall more in line with the diffuse analysis. The
results are in equally good agreement with the
B(D + S) as well as the D analysis, except at
the open end of the system where they agree
better with the former model. For y =1 also
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the data (Fig. 8) agree equally well with the D
as well as B(D + S) analysis, but the S analysis
always predicts higher irradiation. An enclosure
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FiG. 8. Comparison between measured and predicted local
irradiation for different models; surface arrangement S-B-B,
d=ly=4n=4

with two bidirectional surfaces and a large y
spacing is expected to be more diffuse because
the energy is incident at less oblique angles.
The D + § analysis is in equally good agreement
with the measurements as the B(D + S) analysis.

Total local irradiation has also been predicted
on gray and semigray basis for models DP(S)
and DP(D + §) but have not been included in
the figures for the sake of clarity. The detailed
tabulation of the results is given elsewhere [8].
Some sample results are presented in Fig. 9
which correspond to the same enclosure as in
Fig. 6. In general it has been found that the gray
and semigray DP(S) and DP(D + S) analyses
are in reasonably good agreement with the data
as well as the predictions based on correspond-
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FiG. 9. Comparison between measured and predicted local
irradiation for different models; surface arrangement S-S-B.
T, =2839K,. T, =756 1°K. 6 = 1.y = 1. n = 4.

ing nongray calculations. This appears to be
due to the fact that for highly reflecting materials
the reflectance is not a strong function of wave-
length in the infrared part of the spectrum for the
temperature conditions in the experiments.
These results emphasize that it is the directional
effects which are more important.

Comparison of measurements and predictions on
overall (average) basis

The results presented in Table 3 show that the
constant property models (D, S. D + S. UR) are
in better agreement with the measurements on
an overall basis than on a local basis. The S
analysis always overpredicts the irradiation.
For a specular enclosure or when surface 3 is
diffuse and others specular, the S analysis is
within 10 per cent of the data. However, with
bidirectional surfaces in the enclosure, the S
analysis for some cases predicts G* too high by
as much as 120 per cent. In general, agreement of
the D analysis with the measurements is better
than that for the S analysis. Predictions with

J.S. TOOR and R. VISKANTA

the D + S model are closer to the experiments
than the S analysis. Like the S analysis. the
D + S analysis also usually overpredicts the
irradiation. Note that predictions of the D + §
analysis do not always lie between those of the
D and S analyses, but the departure is small. The
UR analysis yields equally good agreement with
the experiments as the D analysis. The results
reported by other investigators [22-25] for
different systems are in substantial agreement
with the findings of this study.

In contrast to the constant property S and
D + S analysis. the directional property analysis
usually underpredicts the irradiation. Although
the overall agreement of the DP analysis is
better (within 20 per cent) than that of the CP
analysis, it does not offer any significant advan-
tage over the appropriate CP analysis. Also
calculations with the nongray B(D + S) or
DP(S) models do not yield better results than the
corresponding semigray or gray analysis.

CONCLUSIONS
As a result of the present work the following
conclusions may be drawn regarding local
radiant heat transfer :

1. Analytical results indicate that the constant
property diffuse and specular models do
not yield the upper and lower bounds on
local radiant heat flux.

2. Both constant property diffuse and specu-
lar models can fail badly. In general. the
constant property specular analysis yields
higher values of irradiation than the con-
stant property diffuse analysis. The specu-
larity of the surfaces must be considered
for more accurate predictions.

3. A diffuse surface in the enclosure appears
to destroy the effect of specularity of the
other surfaces. Constant property and
directional property analyses yield results
which are in good agreement.

4. Semigray and gray analyses predict the
irradiation reasonably well provided that
the directional properties and the specu-



RADIANT HEAT TRANSFER ANALYSIS

larity of the surfaces are taken into account.

5. The greatest discrepancy between the data
and the analyses occurs at locations which
are irradiated at oblique angles. It remains
to be determined whether this discrepancy
is due to the limitations of the analyses or
the experiments.

The following conclusions can be drawn for
evaluation of the overall (average) irradiation
on total basis;

1. Calculation of the irradiation on a nongray
basis does not yield improved results over
the semigray or gray analyses.

2. The appropriate constant property models
predict the irradiation reasonably well. The
D + § analysis provides better overall
agreement with the data than the constant
property diffuse or specular analyses.

3. The uniform (UR) and nonuniform (D)
radiosity diffuse models are in satisfactory
agreement with each other (within 20 per
cent) and with the experimental data
(within 45 per cent).

The conclusions drawn above were based on
limited results for a particular combination of
geometry, material and temperature levels.
Therefore, care should be exercised in extending
the results and conclusions to situations very
much different from those studied here.
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ETUDE CRITIQUE DE LA VALIDITE DE MODELES SIMPLIFIES POUR L’ANALYSE DE
TRANSFERT THERMIQUE PAR RAYONNEMENT

Résumé—-On fait une critique de la validité des modéles simplifiés fréquemment utilisés pour estimer
I'échange par rayonnement local aussi bien que global pour des surfaces réelles. Les effets directionnels
€t spectraux ont été étudiés par comparaison des résultats expérimentaux et des estimations basées sur

-six modéles simples pour les caractéristiques de rayonnement des surfaces. Les variations de propriété en

direction ont ét¢ évaluées a partir des équations de Fresnel avec les constantes optiques prédites a Paide de
la théorie simple de Drude.

La configuration étudiée consiste en trois surfaces planes paralléles d'étendue finie. Ceci permet 'examen
critique de I'influence de plusieurs paramétres sur I'’échange par rayonnement. Les surfaces testées sont en
or avec des rugosités dont la hauteur quadratique moyenne varie de 0.02 ¢ & 7.1 p. Les températures de
ia surface varient de 77°K a 760°K. L’estimation de I'irradiation globale utilisant les modéles & propriété
constante est en bon accord avec les résultats expérimentaux compte tenu des incertitudes expérimentales
et théoriques. En général I'analyse et I'expérience s’accordent mieux pour la prédiction de ['irradiation
locale quand on tient compte de la variation directionnelle et de la spécularité des surfaces. Les résultats
expérimentaux sont également en bon accord avec les modéles a surfaces grises et non grises dans lesquelles
les effets directionnels sont considérés et la composante spéculaire de réflectance indépendante de la

direction est calculée en tenant compte des effets spectraux et directionnels.

EINE KRITISCHE UBERPRUFUNG DER GULTIGKEIT YON VEREINFACHTEN
MODELLEN ZUR BESTIMMUNG DES WARMEUBERGANGES DURCH STRAHLUNG

Zusammenfassung—Die Giiltigkeit der allgemein benutzten. vereinfachten Modelle zur Voraussage des
lokalen und des gesamten Strahlungsaustausches zwischen realen Oberflichen wurde kritisch {iberpriift.
Die richtungsabhingigen und die spektralen Effekte wurden untersucht, indem die experimentellen
Ergebnisse mit den Voraussagen von sechs einfachen Modellen fiir die Strahlungscharakteristik von
Oberflichen verglichen wurden. Die Anderungen der richtungsabhiingigen Eigenschaften wurden mit
den Fresnelschen Gleichungen berechnet. wobei die optischen Konstanten durch die einfache Drudesche
Theorie gegeben waren. Die betrachtete Anordnung bestand aus drei planparalielen Oberflachen endlicher
Ausdehung. Dadurch konnten die Einfliisse mehrerer Parameter auf den Strahlungsaustausch kritisch
untersucht werden. Die Versuchsoberflichen waren aus Gold: der quadratische Mittelwert der Rauhigkeit
reichte von 0.02 ym bis 7.1 um. Die Temperatur der Umhillung Jag zwischen 77 K und 760 K. Der lokale
einfallende Fluss wurde absolut gemessen. Innerhalb der kombinierten experimentellen und theoretischen
Unsicherheiten stimmen dic Voraussagen des gesamten Strahlungsflusses, die aus passenden Modellen
mit konstanten Stoffwerten gewonnen wurden, gut mit den Experimenten iiberein. Im aligemeinen passen
die Rechnung fiir den lokalen Strahlungsfluss und das Experiment besser zusammen, wenn die Anderungen
der richtungsabhingigen Eigenschaften und die Spiegelung an den Oberflachen beriicksichtigt werden.
Die experimentelien Daten stimmen gleich gut mit Rechnungen fiir den grauen und halbgrauen Kdrper
iiberein. bei denen die Richtungseffekte betrachtet werden und die richtungsunabhéngige Spiegelkompo-
nente der Retlexion durch Beriicksichtigung der spektralen, richtungsabhéingigen Effekte und der Kon-
figurationseinfliisse berechnet werden.

KPUTUYECKUI AHAJIN3 HPUTOJHOCTIA VIIPOUIEHHBIX MOAEJEDN
JAJIA UBYUYEHVA JYYUCTOrO TEIVICOBMEHA

Amnoranua—HKpuTniecky aHANU3NAPYETCS 1IPUTOAHOCTh OOMIENPWHATHX  YIPOINEHHBIX
Mojenedl [AA pacyera MeCTHOro ¥ OBIEro JIYYHCTOro TensjoobMeHa MemIy peasbHBIMH
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noBepxXHoCTAMU, OJPPEeKTH HANPBIEHHOCTH M CHEKTpasbHeie dPderTs HccaemoBaInCh
NyTeM CPABHEHHA DKCIEPUMEHTANBHBIX JAHHHIX M PacyeToB [JA IIECTH MPOCTHIX MoJelnell ¢
UBIYYAIOMNMHE NOBEPXHOCTAMM. lI3MeHeHMe CBONCTB B 33BMCHMOCTH OT HANpPaBJIeHUA
OLEHMBAJOCH N0 ypaBHeHuaM PpecHead, Ije ONTHYECKHME KOHCTAHTH PACCYMTAHHL B
COOTBETCTBHM C NpOCTOil MeToguKo# Jipyaa.

PaccmaTpuBamich TpexXMepHLIe IApajlielbHBE [OBEPXHOCTH KOHEYHOrO pasMepa. OTO
[O3BOJIAJIO NPOBECT KPUTMYECKUH AHAIN3 BIMAHUA PA3JINYHBIX [IAPAMETPOB HA JIy4HCTBHIHR
ofmeH. VCnBITHBAINCE 30JI0THIE TIOBEPXHOCTH CO CPEHEKBAJAPATHYHOM [I€POXOBATOCTHIO B
npenenax o 0,02 w mo 7,1 p. TemmepaTypsl orpamjgaioieil MOBePXHOCTH N3MEHANNCh OT
T7°K po 7T60°K. MecrHniit nagaomyii NOTOK U3MEPAJICA 1O OOIENPHHATON MeTOxuKe.
Pacvernl 06wiero u3ny4eHUs ¢ HOMOIIBIO COOTBETCTBYIOIMX MOJeJed € MOCTOAHHBIMU
CBOMCTBAMM HAXOXATCA B XOpOLIEM COOTBETCTBUMM C 3HKCHEPHMEHTAIBHBIMM JAHHEIMU B
npefesiax SKCIePUMEHTAIbHOII U TeopeTUYecKoit mnorpeirHocrei. B ofmem, aHanuz u
OKCIEPUMEHT HAXORATCA B (OJNbIIEM COOTBETCTBMM IIPU PAcueTe MECTHOTO U3JIYyYeHHMsA, KOTAA
TMPUHAMAIOTCA BO BHUMaHMWe WBMEHEHUA CBOWCTB B 3aBUCMMOCTH OT HANPABJIEHMA U 3epKa-
JIBHOCTM IIOBEPXHOCTefi. OKCIEpMMEHTANbHBE JTAHHHE TAKMKe XOpOIIO COrJIACYIOTCHA C
JAHHBIMHM AHAJIM3A CEPHIX U IIOJNYCEPHIX IIOBEPXHOCTEH, KOIJia paccMaTpUBaTCA 3PQPeKTH
HANpaBIEHHOCTH, 4 KO3@UIMEHT HANPABJIEHHOI'O OTPAMKEHMA, He BaBUCHMHI OT Hampa-
BIIEHWS, PACCUMTHIBAETCA C YYeTOM CHEeKTPANbHHX 3ddexToB, a Tamke sderra nampa-

BJIEHHOCTH 1 KOHPUTYpaLIH.
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