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ABSTRACT 

This study was undertaken with the purpose of critically 
examining the validity of the commonly used simplified models 
for predicting local as well as overall radiation interchange 
among real surfaces. The directional and spectral effects 
have been examined separately by comparing the experimental 
data with the predictions based on simple and more detailed 
models for the radiation properties of surfaces. These com- 
parisons have been made spectrally and on a total basis. 

the numerical solution of a system of integral equations for 
the intensity of radiation leaving a surface, the problem 
has been solved by the Monte Carlo method. Solutions for the 
local incident flux were obtained for several models approxi- 
mating the radiation characteristics of the surfaces. The 
models ranged from simple diffuse and specular to more 
detailed nongray diffuse plus specular directional property 
mod,els with the specular component of reflectance calculated 
from the bidirectional Beckmann model. The directional 
property variations were evaluated from Fresnel's equations 
with the optical constants predicted from simple Drude theory. 

The configuration studied consisted of three plane paral- 
lel surfaces o f  finite extent. This permitted critical 
examination of the influence of various parameters on radia- 
tion interchange. The test surfaces were gold with rms 
roughnesses varying from 0 . 0 2 ~  to 7.111. Enclosure surface 
temperatures varied from 77'K t o  760°K. The local incident 
flux was measured at wavelengths of 3 . 0 8 ~  and 4.511.1 and on 
the total basis. 

Because of the mathematical difficulties associated with 



xiv 

Comparisons between the experimental data and predic- 
tions are presented in an attempt to ascertain the adequacy 
of the models for providing the local and overall irradiation 
on spectral and total bases. For the most part, the predic- 
tion of the overall irradiation using appropriate constant 
property niodels agrees well with the experimental results to 
within the combined experimental and theoretical uncertain- 
ties. In general, it is concluded that for accurate predic- 
tion of local irradiation the directional property variation 
and specularity of surfaces should be taken into account. 
The results based on gray and semigray analyses agree equally 
well with experimental data provided that the directional 
effects are considered and the direction independent specular 
component of reflectance is evaluated properly. Additional 
conclusions, recommendations and procedures are also given. 
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1. INTRODUCTION 

Radiant heat transfer has become increasingly important 
in modern day technology. Thermal problems encountered in 
the design of space vehicles capable o f  penetrating into 
unfamiliar environments 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 quarters and instru- 
ment compartments. Other areas where knowledge of radiant 
transfer is essential involve the design o f  furnaces, high 
temperature chemical equipment, high temperature energy con- 
version devices, reactor shielding and infrared surveillance. 
In these applications radiation heat transfer is quite 
important, and in some cases it is the only means o f  energy 
transfer. The inability to accurately predict radiant heat 
transfer has been illustrated by overheating o f  the Mariner 
I1 spacecraft. Temperatures not only exceeded the upper 
design tolerances but finally even the upper measuring range. 
Future generation spaceships with tighter thermal tolerances 
and much longer active life will demand improved thermal 
design and control. This calls for more reliability, 
greater precision and greater detail in radiant heat trans- 
fer predictions than were considered necessary in the past. 

This demand has provided the impetus for the research 
effort in the various aspects of radiant heat transfer and 
has resulted in a number of new approaches for computation 
of radiation interchange between surfaces. A number o f  
simplified models for approximating the radiation surface 
properties have been employed; however, the validity of 
these models and the accuracy of the methods of solution have 
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not been substantiated by more realistic and refined analy- 
sis or experiments. 

only a modest amount of analytical and experimental work has 
been reported. Analysis has been limited only to simple 
surface characteristic models and enclosures because of the 
complexity of the problem and due to the lack of accurate 
knowledge of radiation properties of surfaces. Experimental 
work has been limited by the difficulties associated with 
eliminating convection heat transfer and providing experi- 
mental environments which eliminate extraneous radiation. 
The small number of experiments carried out have reported 
the measurements on a total (integrated over the whole 
spectrum) basis only. 

in some cases are contradictory. "Diffuse gray analysis is 
relatively good for all cases", "analysis which does not 
include bidirectional effects can lead to large error", 
"no general conclusions can be drawn" are the statements of 
some of the previous investigators who have measured the 
heat transfer on total basis and performed analyses on a 
gray or a semigray basis. This illustrates how incomplete 
our understanding is at the present time and demonstrates 
the inability to predict radiation exchange in real enclo- 
sures. Thus, additional research effort is needed, and this 
study was undertaken to meet this need. 

It was conceived as an analytical and experimental 
study. Analysis was necessary to predict the radiation 
exchange between real surfaces using more realistic surface 
characteristic models so that the validity of simplified 
methods could be examined. And, experiment was needed to 
verify the predictions. Specifically, the following tasks 
were undertaken: 

1. Measure the spectral and total local radiant heat 
transfer in an enclosure consisting of simply 
arranged surfaces. 

In spite of the importance of radiation interchange, 

The existing experimental data are not conclusive and 
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3 .  

4 .  

In 

Predict the spectral and total local radiant heat 
transfer in the enclosure using simple as well as 
detailed models. 
Compare analytical predictions with experimental 
data and examine the validity of the commonly used 
methods of analysis. 
Estimate the range of validity of the commonly used 
approximations for radiation exchange and suggest 
simplified models and procedures which should be 
employed for more realistic radiant heat transfer 
calculations. 
the next chapter literature pertaining to radiation 

interchange between surfaces is reviewed. In Chapter 3 the 
radiation interchange problem is formulated using both 
"action at a distance" and "Monte Carlo" methods. Solutions 
based on the integral equations and the Monte Carlo methods 
are discussed. Experimental apparatus and procedure are 
given in Chapter 4. The results are presented and discussed 
in Chapter 5, while Chapter 6 contains conclusions based on 
this study as well as the recommendations for future work. 
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2. LITERATURE SURVEY 

In this chapter a review of the literature relevant to 
this study is presented. Emphasis is placed on papers 
describing the most recent achievements. Most of the earlier 
work is referred by way of textbooks or previous review 
articles. This survey covers three general areas: 1) radia- 
tion characteristics of surfaces, 2 )  analysis of radiation 
interchange, and 3 )  experiments on radiation exchange. 

2 . 1  Radiation Characteristics - of Surfaces 

In the analysis o f  radiant energy interchange among 
surfaces knowledge of emission, absorption and reflection 
characteristics is needed. Depending on the nature of the 
application, various degrees of detail are required in 
specifying the radiation characteristics of a surface. 
These details depend upon the surface arrangement, tempera- 
tures, emissivities and the energy quantities to be calcu- 
lated. 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 o f  surfaces. The determination 
of these characteristics from theoretical models and their 
evaluation by comparison with the experimental data is 
discussed below. 

2.1.1 Rad.iation Characteristics of Ideal Surfaces 

For an ideal (clean and optically smooth) surface, the 
monochromatic reflectivity for each component of polariza- 
tion can be calculated by Fresnel's equations. With the aid 
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of K i rchhof f ' s  law, t h e  magnitude and d i r e c t i o n a l  d i s t r i b u -  
t i o n  of t h e  e m i s s i v i t y  can be  i n f e r r e d .  However, f o r  accu-  
r a t e  p r e d i c t i o n s  of  t h e s e  c h a r a c t e r i s t i c s ,  p r e c i s e  knowledge 
of  o p t i c a l  c o n s t a n t s  o f  t h e  s u r f a c e  m a t e r i a l  i s  r e q u i r e d .  
Models f o r  p r e d i c t i n g  t h e s e  c o n s t a n t s  a r e  d i scussed  b r i e f l y  
below. 

2 . 1 . 2  T h e o r e t i c a l  Models f o r  Op t i ca l  Constants  

From t h e  many a v a i l a b l e  models f o r  p r e d i c t i n g  t h e  
o p t i c a l  c o n s t a n t s  of  m a t e r i a l s  we s h a l l  d i s c u s s  only  those  
which a r e  r e l e v a n t  t o  t h i s  s tudy ,  i . e . ,  f o r  i n f r a r e d  r a d i a -  
t i o n  and m a t e r i a l s  of  h igh  e l e c t r i c a l  c o n d u c t i v i t y .  The 
most widely used t h e o r i e s  of t h i s  type a r e  due t o  Drude [ l ] " ,  
Hagen-Rubens [2]  and Roberts [3-51 i n  a d d i t i o n  t o  t h o s e  
based on t h e  anomalous s k i n  e f f e c t  models [ 6 ,  7 1 .  

which o s c i l l a t e  under t h e  i n f l u e n c e  of i n c i d e n t  waves w i t h  
t h e  same frequency.  The v i scous  damping forces ,  due t o  
c o l l i s i o n s  between a c c e l e r a t e d  e l e c t r o n s  and t h e  atomic 
l a t t i c e ,  cause  a phase d i f f e r e n c e  between t h e  o s c i l l a t i o n  
of  t h e  e l e c t r o n s  and t h e  f i e l d .  If t h e  average time between 
t h e s e  c o l l i s i o n s  ( r e l a x a t i o n  t ime) and t h e  number d e n s i t y  of 
f r e e  e l e c t r o n s  i s  known, t h e  o p t i c a l  p r o p e r t i e s  of t h e  metal  
can be p r e d i c t e d .  These two parameters  can be e s t ima ted  
from t h e  e l e c t r i c a l  c o n d u c t i v i t y ,  t h e  number of va lence  
e l e c t r o n s  p e r  u n i t  volume and t h e  assumption of a s p h e r i c a l  
F e r m i  s u r f a c e .  This  i s  c a l l e d  t h e  "Drude Free Elec t ron"  
model. I n  a r e c e n t  s tudy  Bennett  and Bennett  [ S I  have shown 
(Figure 1 )  t h a t  t h e  measured i n f r a r e d  r e f l ec t ance '  f rom 
c a r e f u l l y  prepared  s i l v e r ,  gold and aluminum s u r f a c e s  i s  i n  
e x c e l l e n t  agreement wi th  t h e  p r e d i c t i o n s  of Drude's t heo ry .  

Drude has assumed t h a t  meta ls  c o n t a i n  f r e e  e l e c t r o n s  

* Numbers i n  b r a c k e t s  denote  r e f e r e n c e s .  
-t Radia t ion  terms end w i t h  -ance f o r  r ea l  s u r f a c e s  and w i t h  

- i v i t y  f o r  i d e a l  s u r f a c e s .  
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A Aluminum 

5 IO IS 20 25 30 
WAVELENGTH A (microns) 

Figure 1. Comparison of Experimental Data and Simple Drude 
Theory of Normal Reflectance of Ultra High 
Vacuum Silver, Gold and Aluminum from 3 - 3 0 ~ ,  
from Reference [8]. 
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Also, in the near and far infrared the change of emittance 
with wavelength for metals is in good agreement [ 9 ]  with the 
Drude model. 

The simplest of all the atomic models is the one given 
by Hagen-Rubens [Z]. This model assumes that the metal is 
a continuum and that the classical laws of electricity and 
magnetism can be applied. Again the optical properties of 
a metal for radiation of different wavelengths can be pre- 
dicted from the DC electrical conductivity. This model is 
in fair agreement with experiments in the far infrared. 
For shorter wavelengths the electrons see a varying field 
during the time they traverse their mean free path; thus, 
the current density is no longer equal to the electrical 
conductivity times the electric field, a basic assumption 
in the derivation of the electromagnetic wave equations. 
Similarly, this relation is not appropriate when quantum 
skin effect is present. 

more than one type of conduction electron. Mott [lo] has 
recognized that both the s and d electrons contribute to 
the conduction of electricity and hence to the optical 
properties. Although Roberts' model is better than Drude's 
or Hagen-Rubens' [ll-131 in the visible and near infrared, 
it has the objectionable feature in that, in addition to 
being more complicated, it is semiempirical and certain 
coefficients have to be determined experimentally. 

as compared to the wavelength and the penetration depth of 
the EM wave, the scattering of the electrons is mostly due 
to the surface of the metal rather than the interior of the 
metal. Thus, the absorptance is no longer controlled 
entirely by the bulk conductivity but is also affected by 
the condition of the metal surface. This phenomenon is 
known as the anomalous skin effect. Depending upon the 
condition of the surface, the electrons are reflected from 

Roberts [4] has extended Drude's model to account for 

When the mean free path of the electrons becomes large 
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the surface specularly, diffusely or semi-specularly. This 
theory is not discussed further as it is of little importance 
in the infrared [14, 151 even at cryogenic temperatures. 

2.1.3 Radiation Characteristics of Real Surfaces 

2.1.3.1 Reflectance, Emittance and Absorptance 

Real surfaces differ from the ideal ones in that the 
surfaces are not ideally smooth and optical properties of 
the material are not the same as those of the bulk material. 
The latter is due to work hardening, oxidation, etc. 

tion characteristics of materials, and the predictions based 
on ideal surface of the same material may not be valid. The 
influence of roughness on these characteristics i s  discussed 
below. As a detailed survey is already available in the 
literature [16-201, these effects will be discussed only 
very briefly here. 

It is well known that appreciable roughening of a 
smooth surface decreases its reflectance, but many investi- 
gators do not agree whether or not small roughness decreases 
the reflectance appreciably. The conclusions drawn on the 
basis of experiments reported [21-251 are contradictory. 
The decrease in reflectance is attributed to multiple reflec- 
tions within the surface asperities and/or because of surface 
damage. Quantitative effects of surface roughness on 
reflectance have been reported [21-291. 

by Rolling [21] and others [ 2 2 ,  23, 30, 311. Rolling has 
reported that for sample temperatures from 865°K to 1640°K 
the hemispherical emittance of roughened (0.0 and 2.4~) 
annealed platinum did not show an appreciable increase. It 
did show, however, significant changes in the spatial dis- 
tribution of emitted energy. Although normal emittance 

The roughness of the surfaces also influences the radia- 

The effect o f  roughness on emittance has been examined 
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increased only slightly with increasing surface roughness 
(which agrees with the conclusions of others [ 2 2 ,  2 3 ] ) ,  the 
directional emittance increased more rapidly with increasing 
polar angle up to 70" and decreased for large angles of 
emission. Also, the spectral dependence of emittance on 
roughness was reduced as roughness increased and the tempera- 
ture dependence was essentially eliminated. The conclusions 
of these experiments can be summarized by noting that, for 
small surface roughness without surface damage, the hemi- 
spherical emittance does not differ appreciably from that 
for an ideal surface, but the emittance increases with 
surface damage. Increasing surface roughness makes the 
surface behave more like a diffuse emitter. Large roughness 
increases the hemispherical emittance significantly due to 
multiple reflections. Since the spectral directional 
absorptance is equal to the spectral directional emittance, 
the above conclusions apply to absorptance also. 

2.1.3.2 Bidirectional Reflectance 

Although the effect of small roughness on the emittance 
and reflectance is relatively minor, it significantly affects 
the spatial distribution of reflected energy, Also, reflec- 
tion from a surface may be considered perfectly specular in 
one limit, but the other limit, perfectly diffuse, does not 
exist [ 3 2 ] .  The magnitude of  the directional distribution 
of reflected radiation from a surface is governed not only 
by the surface conditions but also by the wavelength and 
direction of the incident energy, 

spatial distribution of reflected energy depends on the root 
mean square roughness to wavelength ratio a/A and on 
the correlation distance to wavelength ratio a/X. The 
former is a measure of the peak to valley distance while 
the latter is a measure of the density o f  the peaks. The 

In addition to the direction o f  incident radiation the 



1 0  

l a r g e r  t h e  d i s t a n c e  between t h e  peaks and t h e  v a l l e y s ,  t h e  
l a r g e r  i s  0 .  Likewise,  t h e  l a r g e r  t h e  d e n s i t y  of  t h e  peaks,  
t h e  sma l l e r  i s  t h e  va lue  of a .  

B i d i r e c t i o n a l  r e f l e c t a n c e  has been measured and p r e -  
d i c t e d  by numerous i n v e s t i g a t o r s  [Zl-381. For t h e  purpose 
of d i s c u s s i o n  t h e  v a r i a t i o n  of a/A, c a l l e d  t h e  o p t i c a l  
roughness,  i s  u s u a l l y  d iv ided  i n t o  t h r e e  ranges :  a/A <<  1, 
a/A = 1 and a/A >> 1. 

The s l i g h t l y  rough s u r f a c e ,  c r / A  << 1, has been s t u d i e d  
i n  d e t a i l  by Houchens and Hering [33] .  They have examined 
t h e  Davies [34] and t h e  Beckmann [35] models f o r  p r e d i c t i n g  
t h e  s p a t i a l  d i s t r i b u t i o n  o f  r e f l e c t e d  energy.  Both of t h e  
models assume t h a t  t h e  s u r f a c e s  a r e  randomly rough and can 
be desc r ibed  s t a t i s t i c a l l y  by t h e  Gaussian d i s t r i b u t i o n  of 
t h e  s u r f a c e  h e i g h t s  and t h e  a u t o c o r r e l a t i o n  c o e f f i c i e n t .  
E l e c t r i c a l  c o n d u c t i v i t y  of t h e  m a t e r i a l  i s  assumed t o  be 
i n f i n i t e ,  i . e . ,  i t  i s  p e r f e c t l y  r e f l e c t i n g .  Both models 
have i d e n t i c a l  expres s ions  f o r  t h e  cohe ren t  component b u t  
d i f f e r  i n  t h e  incohe ren t  p a r t  of t h e  r e f l e c t i o n  d i s t r i b u -  
t i o n  f u n c t i o n .  They [33] have shown t h a t  t h e  Davies p r e d i c -  
t i o n  does n o t  conserve energy o u t s i d e  of a narrow range  of 
parameters .  The Beckmann model has  been found t o  be s u p e r i o r  
because t h e  s p e c u l a r  and d i f f u s e  components of r e f l e c t a n c e  
sum up t o  u n i t y  over  a wide range of t h e  c r / X  and a/A param- 
e t e r s .  The p r e d i c t i o n s  of t h i s  model compare f avorab ly  wi th  
t h e  experimental  d a t a  of Birkebak and Ecker t  [36] and t h a t  
of  Smith and Hering [37] .  For smal l  roughness ,  t h i s  model 
p r e d i c t s  t h a t  t h e  s p e c u l a r  component of r e f l e c t a n c e  i n c r e a s e s  
wi th  dec reas ing  o p t i c a l  roughness a/A, and i n c r e a s e s  wi th  t h e  
angle  of  i nc idence .  Also,  i n  g e n e r a l ,  t h e  r e f l e c t e d  i n t e n s i t y  
peaks i n  t h e  s p e c u l a r  d i r e c t i o n .  The s p e c u l a r  component of 
r e f l e c t e d  energy depends only  on t h e  ang le  of i nc idence  and 
on t h e  o p t i c a l  roughness.  The c o r r e l a t i o n  d i s t a n c e  a a f f e c t s  
only t h e  s p a t i a l  d i s t r i b u t i o n  of i ncohe ren t ly  r e f l e c t e d  
energy.  The l a r g e r  t h e  va lue  of a ,  t h e  more t h e  incohe ren t ly  
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r e f l e c t e d  energy i s  concen t r a t ed  around t h e  s p e c u l a r  d i r e c -  
t i o n .  One l i m i t a t i o n  of t h i s  model i s  t h a t  it assumes t h e  
m a t e r i a l  t o  be o f  i n f i n i t e  c o n d u c t i v i t y ,  i . e . ,  p e r f e c t l y  
r e f l e c t i n g .  To account f o r  t h e  f i n i t e  c o n d u c t i v i t y  of 
m a t e r i a l s  t h e  r e f l e c t a n c e  d i s t r i b u t i o n  f u n c t i o n  i s  m u l t i -  
p l i e d  by t h e  r e f l e c t a n c e  of t h e  o p t i c a l l y  smooth m a t e r i a l .  
This i s  an  approximation,  b u t  i t  p r e d i c t s  t h e  b i d i r e c t i o n a l  
r e f l e c t a n c e  reasonably  w e l l  d e s p i t e  t h e  f a c t  t h a t  i t  v i o l a t e s  
r e c i p r o c i t y .  These p r e d i c t i o n s  have been confirmed by t h e  
experiments r e p o r t e d  i n  [ 3 3 ,  3 6 - 3 8 ] ,  t o  mention on ly  a f e w  
r e f e r e n c e s .  I t  may be noted t h a t  v i o l a t i o n  o f  r e c i p r o c i t y  
r e l a t i o n  occurs  on ly  f o r  i ncohe ren t  component [ 3 9 ] .  

t i o n s  occur  between s u r f a c e  a s p e r i t i e s  r e s u l t i n g  i n  decreased  
r e f l e c t a n c e  a s  compared t o  t h a t  of o p t i c a l l y  smooth s u r f a c e  
of t h e  same m a t e r i a l .  S ince  s u r f a c e  roughness i s  much 
l a r g e r  than  t h e  wavelength of  t h e  energy,  t h e  methods of  
geometr ica l  o p t i c s  may be a p p l i e d  t o  p r e d i c t  b i d i r e c t i o n a l  
r e f l e c t a n c e .  D i f f e r e n t  models f o r  p r e d i c t i n g  t h e  d i s t r i b u -  
t i o n  of  r e f l e c t e d  energy by t h e s e  methods have been proposed 
[ 3 2 ,  4 0 - 4 2 1 .  T r e a t  and Wildin [ 4 3 ]  have r e c a s t  t h e  model 
proposed by Torrance and Sparrow [ 3 2 ]  t o  s a t i s f y  t h e  r e c i p r o c -  
i t y  c o n d i t i o n .  I n  t h i s  model i t  i s  assumed t h a t  t h e  r e f l e c t -  
i ng  s u r f a c e  i s  made up of  p a i r s  of  opposing f a c e t s  which 
form V-shaped grooves whose azimuthal  o r i e n t a t i o n  i s  random 

For l a r g e  o p t i c a l  roughness ,  c r / A  >> 1, m u l t i p l e  r e f l e c -  

and whose opening h a l f - a n g l e s  fo l low a Gaussian d i s t r i b u t i o n .  
The model s a t i s f a c t o r i l y  p r e d i c t s  t h e  o f f  specu la r  peaks 
observed [ 3 2 ]  f o r  a/A >> 1; however, i t s  drawback i s  t h a t  
c e r t a i n  parameters  must be determined from experimental  d a t a .  

t h e  p r e v i o u s l y  d i scussed  models can be extended t o  cover  t h i s  
range a l s o .  There i s  n o t  a s i n g l e  d e r i v a t i o n  of t h e  r e f l e c -  
t i o n  d i s t r i b u t i o n  f u n c t i o n  based on s o l i d  t h e o r e t i c a l  grounds. 
T r e a t  and Wildin [ 4 3 ]  c la im t h a t  t h e i r  re formula ted  model of 

When a i s  of t h e  same o r d e r  a s  t h e  wavelength A ,  a/A = 1, 
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Torrance and Sparrow [32] can be extended to a/A values 
significantly less than unity. Recently, Look and Love 
[44] have proposed a model which consists of one-dimensional, 
statistically constructed, asymmetric, smooth, rounded 
V-grooves. Incident energy bundles are traced by the Monte 
Carlo method. The quantum mechanical wavepackets are 
assumed to be spheres, and due to uncertainty principle, 
the incident energy in the groove is nonuniform. The pre- 
dictions of this one-dimensional model agree well with the 
experimental data [28, 36, 38, 451 in the plane of incidence. 

Radiation characteristics of one-dimensional periodic 
surfaces (a/A >> 1) have been reported in references [46-591. 
The behavior of a periodic surface and the effect of inter- 
reflections and shadowing for the case of a/A >> 1 are of 
interest. Sparrow and Lin [46] have calculated the direc- 
tional absorptance of a symmetric V-groove cavity with 
either diffusely or specularly reflecting walls when the 
cavity is illuminated by diffuse or collimated energy. 
Hemispherical [46-501 and directional emittances [47] have 
also been reported for this system without diffuse walls. 
Experimental data [48] for the hemispherical emittance and 
directional absorptance [51] show excellent agreement with 
the predictions. The experimental results reported by 
Zipin [52, 531 also show good agreement with the predictions. 
Trapezoidal cavities [54, 551 and asymmetrically grooved 
surfaces [ 56 ,  571 have also been studied. Hering and Smith 
[58] have extended the above analyses for V-shaped symmetric 
grooves to walls having any arbitrary specular component of 
reflectance. All of these analyses assume that local 
surface properties are constant. The only analysis of 
periodic dielectric surface appears to be that of Nelson 
and Goulard [59] who have studied a sinusoidal periodic 
surface and predicted the off specular peaks. 
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2 . 2  Analysis  - o f  Radia t ion  In te rchange  

I n  r a d i a n t  h e a t  exchange c a l c u l a t i o n s  t h e  p o s t u l a t e  
t h a t  t h e  s u r f a c e s  a r e  non-po la r i z ing ,  gray  and d i f f u s e  has  
remained s t anda rd  u n t i l  r e c e n t l y ,  i n  s p i t e  of t he  e x p e r i -  
mental evidence t o  t h e  c o n t r a r y  [30, 6 0 ,  611.  The j u s t i f i -  
c a t i o n  f o r  r e t a i n i n g  t h e  d i f f u s e  assumption i s  computat ional  
s i m p l i c i t y .  A number of procedures  have been devised  f o r  
c a l c u l a t i n g  r a d i a t i o n  in te rchange  between non-black d i f f u s e  
s u r f a c e s .  A review and comparison of  t h e s e  methods has  
been g iven  by Sparrow and Cess [62] .  If an  approximation 
i s  made t h a t  t h e  tempera ture ,  r a d i a t i o n  s u r f a c e  c h a r a c t e r i s -  
t i cs  a n d r a d i o s i t y  a r e  uniform on each s u r f a c e  (or  zone) ,  t h e  
s t anda rd  methods permi t  t h e  c a l c u l a t i o n  o f  r a d i a n t  h e a t  
exchange between n s u r f a c e s  w i t h  no g r e a t e r  d i f f i c u l t y  than  
s o l v i n g  a system o f  n a l g e b r a i c  equa t ions .  However, t h e  
accuracy of t h e  r e s u l t s  ob ta ined  i s  u n c e r t a i n  due t o  
d e p a r t u r e  of t h e  b a s i c  assumptions f rom r e a l i t y  [60, 631. 
Another d e f i c i e n c y  of the method i s  t h a t  only t h e  o v e r a l l  
h e a t  t r a n s f e r  f o r  each s u r f a c e  (or a zone) can be c a l c u l a t e d ;  
l o c a l  h e a t  f l u x  cannot be ob ta ined .  

Newer a p p l i c a t i o n s  of  r a d i a t i o n  h e a t  t r a n s f e r  knowledge 
t o  modern technology have p l aced  emphasis on p r e c i s i o n  and 
g r e a t e r  d e t a i l  which has  brought f o r t h  new approaches and 
more r e a l i s t i c  methods f o r  computing r a d i a n t  h e a t  t r a n s f e r .  
The f i r s t  s t e p  i n  t h i s  d i r e c t i o n  r e l a x e d  t h e  assumption 
t h a t  t h e  r a d i o s i t y  over  a g iven  s u r f a c e  i s  uniform by formu- 
l a t i n g  t h e  r a d i a t i o n  exchange problems i n  terms o f  i n t e g r a l  
equat ions  and then  s o l v i n g  t h e s e  equa t ions .  A number of 
s o l u t i o n s  f o r  d i f f e r e n t  geometr ica l  arrangements have been 
r e p o r t e d  i n  t h e  l i t e r a t u r e .  A summary of  some of t h e s e  
s t u d i e s  i s  r e p o r t e d  i n  t h e  review a r t i c l e  by Sparrow [63] 
and i n  t h e  textbook by Sparrow and Cess [62] .  
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An alternate to the diffuse model, which also lends 
itself t o  analytical treatment for some enclosures, has been 
proposed. An image method for calculating radiation inter- 
change between plane surfaces, which emit diffusely and 
reflect specularly, has been developed by Eckert and Sparrow 
[64] and extended by Sparrow, et al. [65]. This method has 
been employed in a number of studies to facilitate computa- 
tion of radiation interchange in axisymmetric configurations 
formed by specularly reflecting surfaces [66]. A more 
complete review of this model can be found elsewhere [62]. 

specular reflectors. A model which probably approaches 
more closely to physical reality was suggested first by 
Munch [67], but is generally attributed to Seban [68]. It 
involves a subdivision of the hemispherical reflectance 
into diffuse, pd, and specular, ps, components, such that 

Real surfaces are neither purely diffuse nor purely 

p = pd + ps  

This approximation, coupled with the assumption of diffuse 
emission, also lends itself readily to analytical treatment 
for some enclosures. This model has been adopted by many 
investigators [46, 69-72] for calculating radiation inter- 
change between surfaces. This approach is more realistic 
than the methods discussed previously. 

suggested by Kholopov [ 7 3 ]  of approximating the bidirectional 
reflectance seems more realistic. It is based on the 
observation that, "in directional scattering, the axis of 
the reflected beam is directed in conformance to the law of 
mirror reflection, while the shape of the scattered energy 
resembles an ellipsoid of revolution for angles of  incidence 
less than 60"". Some results corresponding to emittances 
of non-diffuse cavity-type sources have been presented 
[ 7 3 ,  741. The bidirectional reflectance was approximated 

For angles of incidence between 0" and 60" the approach 
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by a portion of an ellipsoid of revolution, sliced by the 
reflecting surface, the major axis of which coincides with 
the direction of specular reflection. Although for some 
problems this kind of reflectance function seems more 
realistic, it has the serious drawback that it cannot be 
used for large angles of incidence. In addition, no corre- 
lation between surface roughness and the ratio of major t o  

minor axis of ellipsoid of revolution has been proposed. 
Also, the actual shape of the reflected energy resembles 
more an ellipsoid rather than ellipsoid of revolution, the 
axis in the plane of incidence being larger than perpendicu- 
lar to it. 

It is well known that emission from surfaces is not 
diffuse and is often assumed only for computational simplicity. 
Investigations [70, 711 have shown that, for specularly 
reflecting surfaces, ignoring directional effects yielded 
local irradiation in some instances three times larger than 
that predicted by more realistic property models [70] and 
four times larger than experimentally measured values [71]. 
Hence, the correct accounting for the variation o f  properties 
with direction for specularly reflecting surfaces is very 
important [70, 7 1 1 .  

model has also been used [17, 39, 70, 751 for nonspecularly 
reflecting surfaces for which the reflectance distribution 
function has been approximated as the sum of diffuse and 
specular reflectances which are both dependent on direction: 

The directional emission and directional absorption 

Calculations based on this model show better agreement [39] 
with experiments. Results have also been reported [17, 701 
for this model by assuming p s ( 0 ' > / p ( e t )  = constant. 
a method for calculating the value of this constant is not 
available in the literature. 

However, 
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As was discussed in Section 2.1, the incoherent com- 
ponent of energy is not reflected diffusely but has been 
assumed so  only for computational convenience. The inco- 
herent part of the reflection distribution function, as 
predicted by Beckmann [35], has also been taken into account 
for the calculation of radiant heat transfer [17, 70, 721. 
However, this function is too complicated to be of general 
use in engineering calculations. Results based on the 
Beckmann rough surface model have also appeared in the 
literature [17, 761. For surfaces having large roughness, 
multiplication of the reflection distribution function by 
the reflectance of a smooth surface of the same material to 
correct for finite conductivity of the material may cause 
an appreciable error. This model is also too lengthy for 
the purpose of engineering calculations. The results 
reported in Reference [77] support the above conclusions. 
In addition, it is mentioned that the choice of the model 
is more critical when surfaces are of finite rather than 
infinite extent. Comparison of radiation exchange analyses 
with the above-mentioned models shows [ 3 9 ,  771 that the 
choice of the model and the level of  detail needed to 
describe the radiation characteristics of participating 
surfaces are more important in predicting local radiant 
energy quantities, as opposed to the overall quantities. 

The calculations carried out by all of the above-men- 
tioned investigators are either on gray or semigray basis. 
There is no difficulty in formulating the exact problem for 
enclosures consisting of real surfaces. However, it is a 
formidable task to solve the problem so formulated. Bevans 
and Edwards [78] have reduced the exactly formulated problem, 
with some assumptions, and have developed three approxima- 
tions which permit the use of angular-dependent properties 
in an approximate manner. The calculations can be done 
either on a gray  basis or on a band basis. 
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There are only a few studies [79-811 which have con- 
sidered spectral effects in the calculations of radiant heat 
transfer, and all are limited to infinite parallel plates. 
Goodman [79] has computed the net radiant heat exchange 
utilizing a diffuse emission model. The nongray predictions 
were about 30 percent higher for inconel and 17 percent 
higher for aluminum as compared with the gray surface 
analysis. Branstetter [80] has performed a similar analysis 
for molybdenum, tantalum and tungsten. The gray predictions 
of heat exchange with different combinations of materials 
varied from 60 to 106 percent of nongray analysis. Holt, 
et al. [81] has also calculated the radiation exchange 
between infinite parallel plates. They have included 
directional as well as the spectral effects. For all com- 
bination of materials (gold, iron and stainless steel) the 
predictions of the net radiation exchange with spectral and 
directional properties were higher than those obtained with 
the constant property gray analysis. The maximum difference 
(about 300 percent) occurred at very low temperatures and 
for large temperature differences between the plates of 
gold. For most of the situations considered, differences 
between the two analyses were 50  to 100 percent, the constant 
property gray analysis always predicting lower value. 
Although the above studies show that spectral and directional 
effects are important, extension of these conclusions to 
enclosures with finite surfaces is not justified. As an 
example, for the two infinite parallel plate configuration 
the constant property models predict essentially the same 
heat exchange irrespective o f  the bidirectional model, while 
sizable differences are calculated with various models for 
enclosures composed of finite surfaces. 

ously formulated radiation heat exchange problems is often 
impractical even on very fast digital computers. As an 
alternate to the analytical formulation statistical methods 

As already mentioned, the numerical solution of rigor- 
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are being used more often for evaluation of radiation inter- 
change in complex systems having direction-dependent surface 
characteristics. The Monte Carlo method and its application 
to radiation interchange problems has been reviewed by 
Howell [ 8 2 ] .  A more complete survey of the literature 
dealing with the application of the Monte Carlo method is 
given in [77]. 

The survey of literature has shown that radiant heat 
transfer calculations with spectral and directional effects 
[81] have been carried out only for the infinite parallel 
plate geometry, and that these effects are important: 
Inclusion of bidirectional effects makes the problem too 
complicated, and furthermore the magnitude of  these effects 
is not well known. The choice of the model and the level 
of detail needed to describe the radiation characteristics 
of participating surfaces is more important in predicting 
local radiant energy quantities. This is most critical for 
highly reflecting surfaces of finite extent and with large 
temperature differences. For complex systems having direc- 
tion-dependent surface characteristics the Monte Carlo 
method is superior to the solution based on the integral 
equation approach. 

2.3 Experiments - on Radiation Interchange 

The experimental measurement of radiant energy quanti- 
ties of interest, i.e., irradiation, radiosity, heat flux 
and others has received very little attention. The experi- 
mental effort in the past has been mostly devoted to the 
determination of  radiation surface characteristics such as 
the hemispherical emittance for which the overall radiant 
heat interchange was measured between simply arranged 
surfaces and the emittance determined. In other experiments 
[83] the equilibrium temperatures of surfaces which are 
exchanging heat by radiation only have been measured. A 
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summary o f  t h e  p e r t i n e n t  experimental  s t u d i e s  i s  g iven  i n  
Table  1. 

Measurements of r a d i a n t  h e a t  exchange have been made by 
only a few i n v e s t i g a t o r s  [ 6 7 ,  7 1 ,  75, 83-86, 88, 891. The 
o v e r a l l  hea t  t r a n s f e r  between two e c c e n t r i c  spheres  having 
d i f f e r e n t  s u r f a c e  p r o p e r t i e s  was measured by E l s e r  [84] .  
He found t h a t  h e a t  t r a n s f e r  i nc reased  w i t h  e c c e n t r i c i t y  and 
a t t r i b u t e d  t h i s  f i n d i n g  t o  t h e  inc reased  importance i n  
s p e c u l a r  r e f l e c t i o n .  A s i m i l a r  t e s t  arrangement was employed 
by Munch [ 6 7 ] .  With t h e  inner sphere  made of ox id i zed  copper 
and t h e  o t h e r  of ox id i zed  b r a s s ,  Munch has  found t h a t  t h e  
o v e r a l l  r a d i a n t  h e a t  t r a n s f e r  i nc reased  s l i g h t l y  w i t h  eccen- 
t r i c i t y  and t h a t  t h e  r a d i a t i o n  in t e rchange  f a c t o r  based on 
t h e  d i f f u s e - s p e c u l a r  model f o r  r e f l e c t i o n  agreed w e l l  w i t h  
t h e  experimental  d a t a .  Radiant  h e a t  i n t e rchange  between two 
square  p l a t e s  o f  s t a i n l e s s  s t e e l  a t  d i f f e r e n t  temperatures  
was measured by Love and G i l b e r t  [85] .  F o r  c l o s e d  spac ings  
t h e  measured o v e r a l l  h e a t  t r a n s f e r  agreed  we l l  wi th  d i f f u s e  
type of a n a l y s i s .  

temperatures  of v a r i o u s  s u r f a c e s  comprising an enc losu re  
when a c o n s t a n t  h e a t  f l u x  was imposed a t  one of t h e  s u r f a c e s .  
The enc losu re  c o n s i s t e d  of  square  p l a t e s  a r ranged  i n  e i t h e r  
an a d j o i n t  c o n f i g u r a t i o n  o r  a p a r a l l e l  c o n f i g u r a t i o n  
s e p a r a t e d  w i t h  o r  wi thout  a t h i r d  s u r f a c e  c a l l e d  a r e f l e c t o r .  
The hea ted  s u r f a c e  was p a i n t e d  w i t h  a b l a c k  p a i n t  whi le  t h e  
cooled s u r f a c e  was e i t h e r  b l ack  o r  p a i n t e d  wi th  aluminum 
p a i n t .  The measured equ i l ib r ium tempera ture  of t h e  s i n k  was 
found t o  be always l a r g e r  t han  p r e d i c t e d .  The g r e a t e s t  
d i s c r e p a n c i e s  between t h e  p r e d i c t i o n s  and t h e  experiments 
occurred  f o r  s i t u a t i o n s  i n  which both  t h e  sink and t h e  
r e f l e c t o r  were h i g h l y  r e f l e c t i n g .  P r e d i c t i o n s  based on t h e  
s imple d i f f u s e  a n a l y s i s ,  t h e  s p e c u l a r  a n a l y s i s  and t h e  
d i f f u s e - s p e c u l a r  gray  d i r e c t i o n a l  p r o p e r t y  a n a l y s i s  us ing  
second approximation o f  Bevans and Edwards [78] were e q u a l l y  

Bevans, e t  a l .  [83] have measured t h e  equ i l ib r ium 
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in error as compared with the experimental data. The authors 
attributed this discrepancy to the lack of accurate knowledge 
of radiation properties, the gray radiation assumption, and 
approximations inherent in the analysis. 

irradiation on two long narrow plates maintained at differ- 
ent temperatures in parallel and perpendicular configura- 
tions. After using several plate materials and surface 
roughnesses the authors have concluded that even for highly 
polished surfaces the gray diffuse analysis predicts the 
local irradiation within 2 0  percent of the measured values; 
however, the predictions of the appropriate constant property 
specular model for polished surfaces were higher in some 
cases from experimental data by a factor of two. They have 
concluded that the direction-dependent property model with 
reflectance represented by p ( 0 ' )  + ~ ~ ( 0 ' )  provides an 
excellent compromise between a realistic level of description 
of properties and a practical level of computational detail. 
Also, the choice of the property model was found to be more 
critical for evaluating the local irradiation than the local 
heat flux for highly reflecting surfaces. 

tion in a rectangular cavity formed by two long plates 
separated by an adiabatic surface. They have concluded that 
the diffuse analysis (where appropriate) yields relatively 
good approximations for radiant heat transfer. However, 
for highly reflecting surfaces approaching the optically 
smooth limit the predictions of the constant property 
specular model were in some cases higher than the experi- 
mental data by about a factor of four. The diffuse plus 
specular direction-dependent model recommended in [75, 771 
was examined in detail by Toor, et al. [39]. It was found 
that the predictions based on this model were in better 
agreement with experimental results than those of the diffuse 
model; however, no general conclusions could be drawn. 

Schornhorst and Viskanta [75] have measured the local 

d 

Engstrom, et al. [71] have measured the local irradia- 



2 2  

Zapf [ 8 6 ]  has simulated the "sunlit Apollo Lunar module" 
and measured the luminance in various directions. The analy- 
sis of Neu and Dummer [ 8 7 ]  based on the bidirectional property 
model compares favorably with the experimental data, but in 
this case no interreflections were involved. Howell and 
Durkee [ 8 8 ]  have measured the distribution of energy within 
a cavity exposed to a source of collimated incident radia- 
tion. They have concluded that the distribution of energy 
can be strongly dependent upon the bidirectional reflectances 
of the cavity surfaces, and analyses that do not include 
directional effects in their formulation can lead to large 
errors in predicting the distribution of energy. They have 
attributed the discrepancy between analysis and experiment 
of reference [ 7 5 ]  either to certain assumptions or to experi- 
mental difficulties on which they did not elaborate. How- 
ever, all the evidence so far suggests another possibility 
that radiation interchange among surfaces demands a different 
level of detail of surface properties when the system is 
irradiated by a collimated external flux compared to when 
the system walls themselves emit radiation. It has already 
been shown by Toor, et al. [ g o ]  and by Houchens and Hering 
[ 1 7 ]  that the two cases lead to different conclusions. 

The review of literature has revealed that larger 
discrepancies between experiment and analysis occur when 
the surfaces are highly reflecting. The few attempts made 
to analyze radiant heat transfer between surfaces with 
direction and wavelength dependent properties are limited 
by the gray assumption. The validity of the simplified 
methods of analysis have not been verified either by more 
realistic nongray calculations or by experimental measure- 
ments on a spectral basis. It is clear that there is a 
definite need for analysis on a nongray basis and for experi- 
mental measurements, on both a spectral as well as a total 
basis, to check the validity of the models for predicting 
radiation heat interchange. 



2 3  

3. FORMULATION OF THE PROBLEM AND METHOD OF SOLUTION 

3 .1  I n t r o d u c t i o n  

I t  i s  t h e  purpose of  t h i s  chap te r  t o  formula te  t h e  
r a d i a t i o n  in t e rchange  problem i n  an  enc losu re  (account ing 
f o r  t h e  s p e c t r a l ,  d i r e c t i o n a l  and roughness e f f e c t s )  w i th  
a s  few i d e a l i z i n g  assumptions a s  p o s s i b l e .  Before proceed-  
ing  w i t h  t h e  d e t a i l s  of t h e  a n a l y s i s  i t  i s  d e s i r a b l e  t o  
p r e s e n t  and d i s c u s s  t h e  b a s i c  p o s t u l a t e s .  The fo l lowing  
assumptions a r e  made i n  t h e  a n a l y s i s :  

1. P lanck ' s  and Kirchhoff ' s  laws a r e  v a l i d .  
2 .  The geometr ic  o p t i c s  t heo ry  i s  v a l i d  f o r  t h e  

a n a l y s i s  of  r a d i a n t  h e a t  i n t e rchange .  The two 
fundamental p o s t u l a t e s  o f  t h e  theory  a r e :  
a )  t h e  v a r i o u s  e f fec ts  and q u a n t i t i e s  a r e  

b) t h e  d i r e c t i o n a l  change of r a d i a t i o n  i s  

P o s t u l a t e  (a)  imp l i e s  t h a t  t h e  phenomenon of  
d i f f r a c t i o n ,  i n t e r f e r e n c e  and coherence a r e  
excluded [ 911 . 

independent o f  t h e  p o l a r i z a t i o n  s t a t e  of t h e  
i n c i d e n t  i n t e n s i t y .  

index of  r e f r a c t i o n  and does n o t  p a r t i c i p a t e  i n  
t h e  exchange of  r a d i a t i o n .  

a d d i t i v e  and 

n e g l i g i b l e .  

3.  The r a d i a t i o n  c h a r a c t e r i s t i c s  of s u r f a c e s  a r e  

4 .  The medium s e p a r a t i n g  t h e  s u r f a c e s  i s  of un'it 

Assumption 1 impl ies  t h a t  on ly  thermal r a d i a t i o n  i s  con- 
s i d e r e d .  The body which i s  exchanging h e a t  i s  c lose  t o  a 
s t a t e  o f  thermodynamic equ i l ib r ium de f ined  by temperature  '1'. 

This  means t h a t  emission,  abso rp t ion  and r e f l e c t i o n  
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characteristics are those which may be measured or calcu- 
lated at the equilibrium state and that the relation 
a , ( e )  = E,(€) ) *  is assumed to be valid. 
that the radiation from each element is propagating as a 
plane wave when it reaches the irradiated element and that 
the radiation is incoherent relative to that from any other 
element. This requires that the dimensions of the surface 
elements, as well as the distances between the surfaces, 
be much larger than the wavelength of radiation. The fact 
that assumption 3 is not generally valid is well recognized 
[91] and has been examined in detail by Edwards and Bevans 
[92] and others [61, 901. No conceptual difficulties would 
be introduced by omitting assumptions 3 and 4; however, they 
have been retained in the present treatment for the sake of  
reducing the nonessential mathematical complications. 
Assumptions 1 and 2 are not expected to seriously impair 
the relevancy of the analysis for engineering applications, 
while the use of  assumption 3 can be expected to cause some 
deviation of the resulting predictions from reality. 

In radiant heat transfer the quantities of interest 
such as local or overall heat flux, irradiation and radi- 
osity can be calculated by considering a radiation balance 
at an elementary surface dA on an opaque surface specified 
by a position vector r as shown in Figure 2. The local 
spectral heat flux, q,(T), can be expressed from the view- 
point of an observer just inside the body as 

Assumption 2 implies 

-h 

where E, and ax are given by 

* Under non-thermodynamic equilibrium a,(€)) # E,(€)) 
strictly because of  induced emission. 
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and 

ah( ; )  = 

(3.2) 

(3.3) 

The s p e c t r a l  d i r e c t i o n a l  e m i s s i v i t y  (3,;) i s  simply 
t h e  r a t i o  of  t h e  s p e c t r a l  energy a c t u a l l y  emi t ted  by t h e  
elementary s u r f a c e  a r e a  i n  t h e  d i r e c t i o n  3 t o  t h a t  emi t t ed  
i n  t h e  same d i r e c t i o n  i f  t h e  s u r f a c e  were b l ack .  Mathe- 
m a t i c a l l y  t h i s  i s  s t a t e d  a s  

Also,  by d e f i n i t i o n ,  t h e  s p e c t r a l  d i r e c t i o n a l  a b s o r p t i v i t y  
i s  t h e  f r a c t i o n  of  t h e  s p e c t r a l  energy i n c i d e n t  from a 
c e r t a i n  d i r e c t i o n  on an  elementary s u r f a c e  a r e a  which i s  
absorbed by t h a t  e lementary s u r f a c e  a r e a .  

The l o c a l  s p e c t r a l  h e a t  f l u x  can a l s o  be expressed 
from t h e  viewpoint  of an  observer  j u s t  o u t s i d e  t h e  body a s  
t h e  d i f f e r e n c e  between t h e  s p e c t r a l  r a d i o s i t y  and t h e  
s p e c t r a l  i r r a d i a t i o n ,  

By d e f i n i t i o n  o f  t h e  s p e c t r a l  i r r a d i a t i o n ,  GA(;), i s  t h e  
s p e c t r a l  energy f l u x  i n c i d e n t  on an  a r e a  and can be w r i t t e n  
a s  

/ 

I 
I A  (3' ,;)cosO'dQ' 
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S i m i l a r l y  t h e  s p e c t r a l  r a d i o s i t y ,  JA ( f )  , i s  t h e  s p e c t r a l  
energy f l u x  l e a v i n g  an a r e a  and i s  expressed a s  

Jh (f) = jaIh (5,T)cosOdQ ( 3 . 7 )  

The t o t a l  ( i n t e g r a t e d  over  t h e  e n t i r e  spectrum) l o c a l  
q u a n t i t i e s  can be c a l c u l a t e d  from t h e  s p e c t r a l  v a l u e s .  For 
example, t h e  t o t a l  l o c a l  r a d i a n t  h e a t  f l u x  i s  w r i t t e n  a s  

q ( f )  = j--q,(:)dh 
0 

The o v e r a l l  va lues  can be ob ta ined  from t h e  l o c a l  va lues  by 
i n t e g r a t i n g  over t h e  a r e a .  The o v e r a l l  (average) t o t a l  
h e a t  t r a n s f e r  r a t e  p e r  u n i t  a r e a  can be  w r i t t e n  a s  

I t  can be observed from Eqs. (3.1) through ( 3 . 5 )  t h a t  t h e  
e v a l u a t i o n  of  t h e  r a d i a n t  energy q u a n t i t i e s  of  i n t e r e s t  
demands t h e  knowledge of t h e  s p e c t r a l  and d i r e c t i o n a l  d i s -  
t r i b u t i o n s  o f  i n t e n s i t y  o f  r a d i a t i o n  l eav ing  and i n c i d e n t  
on s u r f a c e s .  

3 . 2  Radia t ion  In te rchange  b 2  

'Act ion a t  a D i s t ance '  Method - -  
Under t h e  assumptions mentioned i n  Sec t ion  3.1 problems 

of  r a d i a t i o n  in te rchange  i n  an enc losu re  c o n s i s t i n g  o f  n 
s u r f a c e s  can be e a s i l y  formulated.  Consider ,  f o r  example, 
a r a d i a t i o n  ba lance  a t  an elementary s u r f a c e  dAi l o c a t e d  a t  
some p o i n t  r (Figure 2 )  o f  an enc losu re  formed by n s u r -  
f a c e s .  The s p e c t r a l  i n t e n s i t y  of r a d i a t i o n  l eav ing  t h e  
s u r f a c e  element i n  the  d i r e c t i o n  Qi i s  denoted by Iih (Z i , r i ) .  
I t  i s  t h e  sum of  t h e  c o n t r i b u t i o n s  due t o  emission and 
r e f l e c t i o n  o f  energy i n c i d e n t  from a l l  d i r e c t i o n s .  

-+ 

i 

-+ -b 
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Introducing the reflection distribution function of 
McNicholas [93] and Polyak [94], the spectral intensity 
of radiation leaving the element of area dAi in the direc- 
tion 3ti is expressed as 

-b -+ fi (bi,di ,ri ,A) Ifx (di,ri)cosefddj (3.10) 

The first term on the right hand side of E q .  (3.10) accounts 
for emission and the second for reflection of incident radi- 
ation. The reflection distribution function relates the 
distribution of reflected intensity to the incident inten- 
sity from a certain direction according to 

Ix(3,?) = f ( ~ 1 , b , ~ , X ) I ~ ( d ' y ~ ) c o s 9 ' d ~ '  (3.11) 

Hence, if the incident intensity distribution is known, the 
reflected intensity distribution can be determined. The 
reflection distribution function is a basic property of the 
surface, and all other radiation characteristics of surfaces 
such as the emittance or reflectance can be calculated from 
it [95]. A correct reflection distribution function should 
1) be symmetrical about the plane of incidence for an iso- 
tropic surface, 2 )  satisfy reciprocity conditions, 3) con- 
serve energy and 4) agree with the experimental results. 

When referred to the source surfaces E q .  (3-10) can be 
written as 

-+ -+ 
+ 1 fi(6;,6iyriyA)IjA(3tj ,rj)KijdA. J (3.12) 

j 
j=i A 

i = 1,2,*-. n 
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where t h e  c o n f i g u r a t i o n  ke rne l  K i s  de f ined  a s  i j  

Note t h a t  t h e  angles  involved i n  t h e  sources  of r a d i a t i o n  
have now been r e f e r r e d  t o  t h e  source  s u r f a c e s .  The i n t e -  
g r a t i o n  i n d i c a t e d  i n  Eq. (3.12) extends only  over  t hose  
p a r t s  of s u r f a c e  j which are d i r e c t l y  ' v i s i b l e '  from dAi. 
The summation over  a l l  s u r f a c e s  inc ludes  even t h e  c o n t r i b u -  
t i o n s  from s u r f a c e  i i t s e l f  i f  o t h e r  p o r t i o n s  of s u r f a c e  i 
a r e  ' v i s i b l e '  from dAi. Incidence o r  emergence o f  r a d i a n t  
energy through imaginary s u r f a c e s  can be t r e a t e d  s i m i l a r l y ;  
however, t h e  s p e c t r a l  i n t e n s i t y  of r a d i a t i o n  i n c i d e n t  on a 
s u r f a c e  must be completely s p e c i f i e d .  S ince  an  imaginary 
s u r f a c e  i s  p e r f e c t l y  t r a n s p a r e n t  t o  r a d i a t i o n ,  t h e  r a d i a t i o n  
i n c i d e n t  from some e x t e r n a l  source  on t h e  o u t s i d e  of imagi- 
nary s u r f a c e  k i s  equal  t o  t h e  s p e c t r a l  i n t e n s i t y  of r a d i a -  
t i o n  l eav ing  t h e  s u r f a c e  from i n s i d e ,  cont inued i n  t h e  same 
d i r e c t i o n .  

For an enc losu re  c o n s i s t i n g  o f  n r e a l  s u r f a c e s ,  Eq. 
(3-12)  c o n t a i n s  n unknown f u n c t i o n s  I , ,  I , ,  s . 0  In. Since 
t h e  unknowns appear  under t h e  i n t e g r a l  s i g n ,  t h e  r e s u l t i n g  
equat ions  a r e  i n t e g r a l  equa t ions .  Once t h e  s o l u t i o n  f o r  
t h e  I i ' s  has  been determined from Eq. (3-12)  f o r  s p e c i f i e d  
s u r f a c e  tempera tures ,  o t h e r  q u a n t i t i e s  of  i n t e r e s t  can be 
r e a d i l y  c a l c u l a t e d .  I f ,  however, t h e  l o c a l  h e a t  f l u x  d i s -  
t r i b u t i o n  i s  p r e s c r i b e d  and it i s  necessary  t o  c a l c u l a t e  
t h e  temperature  d i s t r i b u t i o n ,  t h e  problem i s  much more 
d i f f i c u l t  s i n c e  an i t e r a t i v e  procedure must be employed t o  
s o l v e  Eqs. (3.8) and (3.12) s imul taneous ly .  

Despi te  t h e  e a s e  of fo rmula t ion  of t h e  r a d i a t i o n  i n t z r -  
change problem, ob ta in ing  a c losed  form exac t  s o l u t i o n  of  
t h e  governing equat ions  i s  no t  f e a s i b l e .  Hence, be fo re  t h e  
g e n e r a l l y  formulated r a d i a t i o n  exchange problem, Eq. ( 3 * 1 2 ) ,  
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can be solved, it must be specialized to a definite con- 
figuration of surfaces. 

3 . 3  Choice - of Configuration 

A s  mentioned in the INTRODUCTION, the objective of this 
study is to critically examine the validity of various 
commonly used models for radiation surface properties by 
comparing analytical predictions with experimental data. 
The configuration chosen must permit accurate predictions 
of heat transfer by retaining the essential features of the 
analysis while avoiding the distractions of complex geo- 
metrical relationships. Also, the predictions for the 
enclosure should be very sensitive to the choice of the 
model so that critical examination of various models can 
be made. The system should also be simple to construct 
and permit easy change of surface materials and geometrical 
parameters. For this study a system consisting of three 
rectangular parallel plates of finite extent, Figure 3, was 
selected. The following considerations have led to the 
choice of this configuration: 

1. It has been studied previously [ 2 8 ,  7 2 ,  7 6 ,  921 
and the analytical results have shown that it 
yields a very critical comparison between the 
predictions of the various models. This con- 
figuration was recommended by Bobco also for 
experimental investigation [ 9 6 ] .  

2. One surface can be adiabatic and the configura- 
tion can be made to represent both open and 
closed systems* by easy change of parameters. 

3. By a proper arrangement of hot and cold surfaces 
the energy emitted from the hot surface is not 
directly incident on the radiation detectors 
located in the cold surface. 

* The word "open" refers to such a system for which the 
ratio of heat l o s s  to emission is large [near unity). 
On the other hand the word "closed" refers to a system 
for which this ratio is small. 
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4. The system has a simple geometrical character and 

5. The system arises in practical thermal control 
is suitable for experiment and analysis. 

problems. 

3.4 Reduction - of Integral Equations 

Assuming the temperatures and radiation properties to 
be uniform over each isotropic surface, Eqs. ( 3 ~ 1 2 ) ~  which 
give the spectral leaving intensity for the configuration 
shown in Figure 3, reduce to the following system of 
integral equations: 

Note that in Eq. (3.13) the function K,, is absent because 
surfaces 1 and 2 are coplanar. In terms of  coordinates 
illustrated in Figure 3, the functions Kij and angles can 
be expressed as 

= H2/[ ( X ~ - X . ) ~ + ( Y ~ - Y ~ ) ~ + H ~ ] ~  (3.14) 

= COS - 1  {HI [ (xi-xj '+ (yi-yj 2+H21 1 /  2) (3-15) 

Ki j J 

'i j 

(3.16) 
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In  terms of  dimensionless  d i s t a n c e s ,  

5 = x/L, r) = y/L and y = H / L  

Equations (3.13) can .be expressed as 

where now t h e  k e r n e l  f u n c t i o n  and t h e  ang le s  a r e  g iven  by 

This  i s  a system of  l i n e a r  Fredholm i n t e g r a l  equat ions  of  
t h e  second k ind .  Once i t  has  been so lved  f o r  i t  i s  
easy t o  c a l c u l a t e  both  I l l  and from E q .  ( 3 -17a ) .  
However, b e f o r e  one can proceed t o  s o l v e  t h e s e  equa t ions ,  
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var ious  parameters  and func t ions  appearing i n  t h e  e q u a t i o n s ,  
f o r  example, t h e  r a d i a t i o n  c h a r a c t e r i s t i c s  of  s u r f a c e s ,  
must be s p e c i f i e d .  This i s  done i n  t h e  next  s e c t i o n .  

3.5 Radia t ion  C h a r a c t e r i s t i c s  _. of  Surfaces  

An a n a l y s i s  o f  r a d i a t i o n  exchange among s u r f a c e s  
r e q u i r e s  an accep tab le  d e s c r i p t i o n  of t h e  emi t t ance ,  
absorp tance ,  and b i d i r e c t i o n a l  r e f l e c t a n c e  of  t h e  p a r t i c i -  
p a t i n g  s u r f a c e s .  I n  t h e  p r e s e n t  a p p l i c a t i o n ,  where an 
a t tempt  i s  made t o  e v a l u a t e  t h e  importance of  r e a l  s u r f a c e  
e f f e c t s ,  c o n s i d e r a b l e  d e t a i l  i s  r e q u i r e d  i n  s p e c i f y i n g  t h e  
r a d i a t i o n  p r o p e r t i e s .  However, t h e  i n t e n t  he re  i s  t o  
adopt s imple models t h a t  p r e d i c t  t h e  r a d i a n t  h e a t  exchange 
r e a l i s t i c a l l y  r a t h e r  than  t o  c a l c u l a t e  t h e  r a d i a n t  exchange 
from more complicated models. S ince  t h e  r a d i a t i o n  cha rac -  
t e r i s t i c s  of  s u r f a c e s  e n t e r  i n t o  t h e  i n t e g r a l  equa t ion  i n  
a complicated manner, it i s  no t  p o s s i b l e  t o  s a y ,  - a p r i o r i ,  
t h a t  a smal l  ( l a r g e )  d e p a r t u r e  of  t h e s e  c h a r a c t e r i s t i c s  
from r e a l i t y  w i l l  i n t roduce  only a smal l  ( l a r g e )  e r r o r  i n  
t h e  p r e d i c t i o n s  of r a d i a t i o n  h e a t  t r a n s f e r .  

Previous s t u d i e s  have shown t h a t ,  f o r  b e t t e r  accuracy 
i n  t h e  p r e d i c t i o n  of  r a d i a n t  i n t e rchange ,  d i r e c t i o n a l  
e f f e c t s  [ 3 3 ,  7 0 - 7 2 ,  7.51 must b e  taken  i n t o  account .  How- 
eve r ,  t h e s e  c a l c u l a t i o n s  were based on gray o r  semigray 
ana lyses .  The p r e d i c t i o n s  based on s p e c t r a l  and d i r e c t i o n a l  
p rope r ty  models f o r  i n f i n i t e  p a r a l l e l  p l a t e s  i n  some cases  
were h ighe r  by a f a c t o r  of  f o u r  [81 ] ,  which i l l u s t r a t e s  t h e  
importance of s p e c t r a l  and d i r e c t i o n a l  e f f e c t s .  Hence, f o r  
a meaningful comparison o f  t h e  experimental  d a t a  and t h e  
p r e d i c t i o n s ,  t h e  a n a l y s i s  must i nc lude  d i r e c t i o n a l  and 
s p e c t r a l  e f f e c t s .  Thus i n  t h e  a n a l y s i s  dependence of 
r a d i a t i o n  c h a r a c t e r i s t i c s  on d i r e c t i o n ,  wavelength,  tempera- 
t u r e  and s u r f a c e  roughness should be accounted f o r  a c c u r a t e -  
l y .  However, use  of  t h e  incoherent  p a r t  of t h e  r e f l e c t i o n  
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distribution function is too complicated for engineering 
calculations [70, 721, and such a detailed analysis is not 
justified in view of the fact that radiation characteris- 
tics of surfaces in general are not known accurately. 

cated it is felt that for engineering calculations an 
alternative simple model should be explored. It should be 
based on the properties which can either be easily measured 
or can be calculated by incorporating the important spec- 
tral and directional effects. The predictions based on 
simplified models, then, must be compared with the predic- 
tions of nongray calculations and the experimental data to 
check the validity of the analysis. All the models used in 
the analysis are described below, and a summary is given in 
Table 2. 

Since nongray effects make the problem rather compli- 

3.5.1 Constant Property Models 

Diffuse Model, D. - This is the commonly used diffuse model. 
The emittance and reflectance are considered to be inde- 
pendent of direction and wavelength. The total hemispheri- 
cal and the spectral hemispherical properties are used for 
the total and spectral calculations, respectively. Thus, 
on a spectral basis 

and 
( 3 . 1 8 )  

(3.19) 

Extensive calculations based on this model are found in the 
literature because it lends itself readily to analysis. 
Specular Model, - S. This is the simple specular model. The 
energy is assumed to be emitted diffusely and reflected 
specularly. The emittance and reflectance are considered 
to be independent of direction and wavelength. The reflec- 
tion distribution function is expressed as 
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where 
U ( 6 )  = 6(8'-6)6[4+ ( + + T ) ] / c o s ~ ' ~ Q '  (3-21)  

I n  Eq. (3.21), S(x) i s  t h e  Dirac  d e l t a  f u n c t i o n  and i s  
de f ined  a s  fo l lows:  

S ( x )  = 0 f o r  x # 0 

and 
J:03~ (x)dx = 1 

D i f f u s e  p l u s  Specular  Model, D + S.  This  i s  t h e  d i f f u s e  
p l u s  s p e c u l a r  c o n s t a n t  p rope r ty  model and i s  a combination 
o f  models D and S. The s u r f a c e s  a r e  cons idered  t o  be 
d i f f u s e  e m i t t e r s  and t o  have both a d i f f u s e  and a s p e c u l a r  
r e f l e c t a n c e  component, such t h a t  

and 
(3.22) 

(3-23)  

This approach, sugges ted  i n  [ 6 6 ,  671, i s  more r e a l i s t i c  
than  t h e  prev ious  two models. 

3 . 5 . 2  Specular  D i r e c t i o n a l  Proper ty  Models 

Nongray, DP(S). For t h i s  nongray s p e c u l a r  d i r e c t i o n a l  
p rope r ty  model i t  i s  assumed t h a t  t h e  s u r f a c e s  a r e  s p e c u l a r  
r e f l e c t o r s .  The d i r e c t i o n a l  emi t tance  and r e f l e c t a n c e  a r e  
p r e d i c t e d  from F r e s n e l ' s  equa t ions ,  and f rom Ki rchhof f ' s  
law 
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The reflection distribution function is given by 

Calculations based on this model have appeared in the 
literature only for infinite parallel plates [Sl]. 
Semigray, DP(S). For this semigray model the surface is 
assumed to be a specular reflector, but the total emittance 
and absorptance are directional. The total directional 
emittance values used are calculated from the spectral 
emittances, the latter being predicted from Fresnel's 
equations. Thus, 

03 

~ ( 0 ' )  = J EX(8')EbXdX/Eb ( 3 . 2 6 )  
0 

The total directional absorptance is calculated with the 
spectral distribution of incident intensity corresponding 
to the black body emission at the temperature of the 
emitting surface. 
absorptance of surface i is given by 

Thus for calculating B j i  the directional 

( 3 . 2 7 )  

The reflection distribution function becomes 

f(3t',6) = p ( 0 ' ) U ( 6 )  ( 3 . 2 8 )  

Gray, DP(S). This model is similar to the semigray model 
except that the total directional absorptance is assumed 
equal to the total directional emittance. 

3 . 5 . 3  Diffuse Plus Specular Directional Property Models 

Nongray Beckmann, ' B ( D + S ) .  This is the nongray diffuse plus 
specular directional property model. The emittance and 
reflectance are considered to be dependent on direction and 
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wavelength,  whi le  t h e  r e f l e c t i o n  d i s t r i b u t i o n  f u n c t i o n  i s  
taken  t o  be t h e  sum o f  t h e  s p e c u l a r  and t h e  d i f f u s e  com- 
ponents .  These two components a r e  dependent on t h e  d i r e c -  
t i o n  and t h e  wavelength of t h e  i n c i d e n t  r a d i a t i o n  a s  w e l l  
a s  on t h e  s u r f a c e  roughness.  According t o  t h i s  model t h e  
emi t tance  i s  g iven  by E q .  (3*24) ,  and 

Here ps  (e ,a/A) i s  t h e  coherent  component of  r e f l e c t a n c e  
p r e d i c t e d  from t h e  Beckmann o r  Davies model, wi th  

where g ( e  ,o/A) = exp{- [47~ (a/A)cose 1 ] 2 ,  (3.31) 

Gray and semigray c a l c u l a t i o n s  based on t h i s  model have 
been r e p o r t e d  [ 1 7 ,  7 0 ,  7 2 1 ,  b u t  t h e  p r e d i c t i o n s  wi th  
d e t a i l e d  c o n s i d e r a t i o n  of s p e c t r a l  e f f e c t s  have not  
appeared i n  t h e  l i t e r a t u r e .  
Semigray, DP(D+S). For t h i s  model t h e  t o t a l  d i r e c t i o n a l  
emi t tance  and t h e  t o t a l  d i r e c t i o n a l  absorp tance  a r e  
eva lua ted  from E q s .  (3 -26)  and (3.27) r e s p e c t i v e l y .  The 
s p e c u l a r  component o f  r e f l e c t a n c e  i s  assumed c o n s t a n t  and 
independent of  d i r e c t i o n .  According t o  t h i s  model 

where p s ( e f ) / p ( e f )  = c o n s t a n t  

The method o f  t ak ing  i n t o  account t h e  s p e c t r a l ,  d i r e c t i o n a l  
and roughness e f f e c t s  f o r  t h e  e v a l u a t i o n  of t h i s  c o n s t a n t  
i s  d i scussed  i n  APPENDIX A .  
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Gray, E ( D + S ) .  This model is similar to the previous model 
except that the total directional absorptance is assumed 
equal to the total directional emittance. Calculations 
with this model have been reported in the literature [17, 
70, 71, 7 5 1  either for limiting values (0  or 1) o f  ps(B7)/p(B') 

or for arbitrarily chosen values. There is no systematic 
method reported in the literature for calculating the 
specular component which takes into account the spectral, 
directional, and surface roughness effects as well as the 
system geometry. The method o f  calculating the specular 
component of reflectance is discussed in APPENDIX A. 

3.6 Solution - of Integral Equations 

An exact analytical solution of Eq. (3.17) is not possi- 
ble because the kernel is a complicated function and a 

numerical solution is the best that can be obtained. The 
methods for solving linear Fredholm integral equations of 
the second kind are well documented in the literature [ 9 8 ] .  

Sparrow [62] has given a review of some of the methods 
pertinent to the solution o f  integral equations arising in 
problems of radiant interchange. With a few exceptions, 
closed form solutions to these equations are not possible. 
Therefore, variational, finite difference and successive 
substitution or successive approximation methods are used. 
Variational methods are limited in that the form o f  the 
solution must be chosen, and also higher-order approxima- 
tions are very tedious. Finite differencing of the integral 
equation results in a system of linear algebraic equations. 
This technique requires simultaneous solution of  a large 
number of equations, which may be ill conditioned [ S S ,  991. 

The method of successive substitution lends itself readily 
to numerical computation, but the amount of effort involved 
in the method of successive approximations [ l o o ]  is consider- 
able. This is justified only when the convergence o f  the 
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method of s u c c e s s i v e  s u b s t i t u t i o n  i s  ve ry  slow. 
p r e s e n t  s t u d y ,  t h e  s o l u t i o n  was obta ined  by t h e  method of 
success ive  s u b s t i t u t i o n ,  b u t  w i t h  one d i f f e r e n c e .  In s t ead  
of u s ing  t h e  va lues  of t h e  n t h  i t e r a t i o n  a s  a group f o r  
(n + 1)s t  i t e r a t i o n ,  t h e  va lues  o f  I were used immediately 
a f t e r  computation. 

C a l c u l a t i o n s  were performed on a CDC 6500 d i g i t a l  com- 
p u t e r .  The k e r n e l s  which were needed r e p e a t e d l y  were 
s t o r e d  i n  t h e  c o r e  of t h e  computer. Simpson's r u l e  was 
used f o r  t h e  i n t e g r a t i o n .  Wherever p o s s i b l e  t h e  symmetry 
of t h e  c o n f i g u r a t i o n  was invoked t o  c a l c u l a t e  t h e  param- 
e t e r s .  The a r e a  o f  each s u r f a c e  was d iv ided  i n t o  nodes.  
I t e r a t i o n s  were te rmina ted  when t h e  r e f l e c t e d  i n t e n s i t y ,  
t h e  q u a n t i t y  under t h e  i n t e g r a l  s i g n ,  s a t i s f i e d  t h e  con- 
vergence c r i t e r i a :  

I n  t h e  

The convergence c r i t e r i a  f o r  t he  r e f l e c t e d  i n t e n s i t y  i s  
more s e v e r e  than  on t h e  l eav ing  i n t e n s i t y ,  e s p e c i a l l y  f o r  
l o w  va lues  of  r e f l e c t a n c e  a n d l a r g e  spacing of s u r f a c e s .  

For a s p e c u l a r l y  r e f l e c t i n g  enc losu re  t h e  l eav ing  
i n t e n s i t y  was used i n  t h e  convergence c r i t e r i a  because t h e  
r e f l e c t e d  i n t e n s i t y  i n  some d i r e c t i o n s  was zero .  F o r  
enc losu res  c o n s i s t i n g  o f  specu la r  o r  nea r - specu la r  s u r f a c e s  
i t  was found t h a t  t h e  7 x 7 g r i d  was u n s a t i s f a c t o r y .  For 
t h e  arrangement o f  p l a t e s  cons idered  i t  was found t h a t  a 
9 x 9 g r i d  was s a t i s f a c t o r y .  With t h i s  g r i d  s i z e  and w i t h  
b i d i r e c t i o n a l l y  r e f l e c t i n g  s u r f a c e s ,  even though symmetry 
was invoked and t h e  a b s o l u t e  minimum number of va lues  were 
s t o r e d ,  t h e  problem s o l u t i o n  s t i l l  exceeded t h e  150K memory 
o f  a CDC 6500 d i g i t a l  computer. To overcome t h i s  d i f f i c u l t y  
some o f  t h e  va lues  were s t o r e d  on t a p e s ,  bu t  reading  from 
t h e  t apes  was very  time consuming, and t h e  approach was 
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abandoned s i n c e  t h e  Monte Car lo  method was found t o  be 
more e f f i c i e n t .  

3 . 7  Rad ia t ion  Interchange - t h e  Monte Car lo  Method 

I n  t h e  Monte Carlo method t h e  energy emi t ted  by a 
s u r f a c e  i s  d iv ided  i n t o  a number of energy p a r t s  c a l l e d  
'energy bund les ' .  App l i ca t ion  o f  t h e  Monte Car lo  method 
c o n s i s t s  of e m i t t i n g  t h e s e  energy bundles  i n  v a r i o u s  d i r e c -  
t i o n s  from a s u r f a c e  (or  an elementary a r e a )  p r o p o r t i o n a l  
t o  t h e  a c t u a l  energy emi t t ed  from t h e  s u r f a c e  i n  t h o s e  
d i r e c t i o n s .  The energy bundles then  p l a y  t h e  game of 
chance according t o  t h e  a c t u a l  d e t e r m i n i s t i c  and random 
f e a t u r e s  of t h e  p h y s i c a l  p rocesses  s t e p  by s t e p  [ l o l l .  I n  
o t h e r  words, t h e  energy bundles a r e  fol lowed and t h e  even t s  
i n  t h e i r  l i f e  h i s t o r y  a r e  noted u n t i l  t h e  bundles a r e  
almost completely absorbed o r  escape from t h e  system. The 
d i r e c t i o n s  of  t h e  bundles a r e  modif ied by t h e  s u r f a c e s  of  
t h e  system according t o  t h e  a c t u a l  r e f l e c t i o n  and t r a n s -  
miss ion  c h a r a c t e r i s t i c s .  A f t e r  t r a c i n g  t h e  h i s t o r i e s  of a 
s u f f i c i e n t l y  l a r g e  number o f  bundles and summing ( o r  
averaging)  t h e  e v e n t s ,  one can determine what f r a c t i o n  
of t h e  emi t t ed  energy has  been absorbed and r e f l e c t e d  a t  
each s u r f a c e  o r  has  escaped from t h e  system through an 
opening. I n  terms of t h e s e  f r a c t i o n s  t h e  o t h e r  r a d i a t i o n  
q u a n t i t i e s  o f  i n t e r e s t  can be  r e a d i l y  w r i t t e n  a s  shown 
below. 

Consider r a d i a t i o n  in t e rchange  i n  an enc losu re  c o n s i s t -  
ing  o f  n s u r f a c e s  and d i r e c t  a t t e n t i o n  t o  t h e  emission of 
r a d i a t i o n  from an  elementary a r e a  dAi l o c a t e d  on s u r f a c e  i 
a t  a p o i n t  denoted by t h e  p o s i t i o n  v e c t o r  ?i. 
t o  t h e  d e f i n i t i o n  o f  t h e  s p e c t r a l  emi t t ed  f l u x ,  t h e  amount 
of s p e c t r a l  r a d i a n t  energy emi t ted  from dAi i n  t h e  s p e c t r a l  
i n t e r v a l  A and A + dX i s  

According 
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-P 
EiX (;i)dAidh = (di , r i )  Ibih ( Zi ) co  s 8 dQ dAi d X (3.33) 

This emi t t ed  s p e c t r a l  energy is  subdiv ided  i n t o  Ndi i n d i v i d -  
u a l  "energy bundles" and o f  t h e s e ,  according t o  t h e  Monte 
Car lo  method, Ndi+j a r e  e v e n t u a l l y  absorbed a t  s u r f a c e  A 
d i r e c t l y  o r  a f t e r  i n t e r r e f l e c t i o n s .  
f a c t o r  BXdi- 

j 
The s p e c t r a l  abso rp t ion  

can be de f ined  as 

BXdi-j  = l i m  (Ndi+j 
Ndi?" 

( 3 . 3 4 )  

The f a c t o r  BXdi 
f a c t o r  in t roduced  by Gebhart [ 1 0 2 ] .  The s p e c t r a l  a b s o r p t i o n  
f a c t o r  between two f i n i t e  s u r f a c e s  i s  de f ined  i n  an  ana lo -  
gous manner 

i s  a g e n e r a l i z a t i o n  of t h e  a b s o r p t i o n  

= l i m  (Ni+j / N i )  
B h i j  Ni+m 

( 3 . 3 5 )  

Once t h e  s p e c t r a l  a b s o r p t i o n  f a c t o r s  BXdi-  
been determined,  t h e  s p e c t r a l  l o c a l  o r  o v e r a l l  va lues  o f  
h e a t  t r a n s f e r  r a t e  a t  a s u r f a c e ,  t h e  r a d i a n t  i n t e rchange  
between two s u r f a c e s  and t h e  l o c a l  r a d i a n t  h e a t  f l u x  can 
be computed. 

r a t e  can  i n  gene ra l  be expressed a s  t h e  d i f f e r e n c e  between 

and BXij  have 

Reca l l i ng  t h a t  t he  s p e c t r a l  l o c a l  r a d i a n t  h e a t  t r a n s f e r  

e n e r g i e s  emi t ted  and absorbed,  f o r  an  elementary s u r f a c e  
dAi one can w r i t e  

The n e t  s p e c t r a l  r a d i a n t  in te rchange  between a n  elementary 
s u r f a c e  dAi and a f i n i t e  s u r f a c e  A i s  given a s  

j 

( 3 . 3 7 )  
QAdiZj = dAiEiXEbiXBXdi- j - Aj  E j X Eb j X BX j -di 
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The i r r a d i a t i o n  i s  obta ined  by d i v i d i n g  t h e  energy absorbed 
by t h e  absorp tance  of t h e  s u r f a c e ,  and t h e  l o c a l  s p e c t r a l  
i r r a d i a t i o n  can be  w r i t t e n  a s  

( 3 . 3 8 )  

where ah has a l r e a d y  been de f ined  i n  Eq. 
and o v e r a l l  r a d i a t i o n  q u a n t i t i e s  can be c a l c u l a t e d  i n  an 
analogous manner by us ing  t h e  corresponding a b s o r p t i o n  
f a c t o r s .  For example, t h e  t o t a l  o v e r a l l  r a d i a n t  h e a t  t r a n s -  
f e r  r a t e  from s u r f a c e  i can be expressed a s  

( 3 . 3 ) .  The t o t a l  

rl 1 A.E.E .B 
j = 1  

Qi = A i ~ i E b i  - J J b~ j i  
( 3 . 3 9 )  

The c a l c u l a t i o n  of  r a d i a n t  energy q u a n t i t i e s  from t h e  
above r e l a t i o n s ,  Eqs. ( 3 . 3 6 )  through ( 3 . 3 9 ) ,  i s  s t r a i g h t -  
forward;  however, t h e s e  equat ions  can be  c a s t  i n t o  a more 
convenient  form by us ing  t h e  r e c i p r o c i t y  r e l a t i o n  

The r e s u l t i n g  equat ions  then  become 

( 3 . 4 0 )  

( 3 . 4 1 )  

n 
( 3 . 4 3 )  

Note t h a t  Eq. ( 3 . 4 3 )  i s  n o t  i n  a convenient  form because 
i n  gene ra l  ah i s  no t  equal t o  
t h e  knowledge of t h e  i n c i d e n t  r a d i a t i o n  f i e l d .  However, 
t h i s  d i f f i c u l t y  can be by-passed i f  t h e  abso rp t ion  f a c t o r s  

and i t s  e v a l u a t i o n  demands 
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are calculated by considering emission from dAi as Bhdi - j 
diffuse. This amounts to introducing, at the desired 
location, a fictitious surface dAi having constant proper- 
ties. With this Eq. (3.43) reduces to 

(3-44) 

It is evident that the introduction of this fictitious 
surface dAi does not alter the character of the enclosure 
because in all the interreflections it is the real surface 
which participates in the radiation interchange. 

not valid on a total basis. The reason for this is that 
the reciprocity relation, Eq. 13-40), in general is not 
valid on a total basis. This is discussed in detail in 
APPENDIX D. There it is proven that Eqs. (3.40) through 
(3-43) are also valid on total basis, provided that in 
calculating the absorption factors Bdiej the energy emitted 
from dAi corresponds to radiation characteristics of dAi at 
temperature Ti and the black body emission corresponds to 
temperature T 
also valid on total basis. 

Note that Eqs. (3.41) through (3-43), in general, are 

It can be easily shown that Eq. (3-44) is j *  

Equations (3.41) through (3.44) 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 advantageous to predict Bdi-j rather than 

because the local radiant quantities can be calculated Bj -di 
directly at a few points of  interest. For constant surface 
property models all the Bdi-j ' s  can be calculated simul- 
taneously resulting in considerable saving in computer time. 
In general, Bdi-j is much larger than Bj-di and it is on 
this factor that the accuracy of the Monte Carlo method 
depends. The larger the Bdi-j, the more accurate is the 
result for the same number of energy bundles traced. A l s o ,  
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"directed emission" [ 7 7 ]  can be used more fruitfully for a 
single point than for an entire area. 

(3*44), can be written as 
For the enclosure studied here the irradiation, Eq. 

3 
- 

GiX - j=i 1 EbjhBXdi-j (3.45) 

The local spectral heat flux at surface i can be calculated 
from Eq. (3.41) o r  from 

(3 - 4 6 )  
4 

= E  a T i - a  G qih ih ih ih 

where a is the spectral hemispherical absorptance calcu- 
lated from Eq. (3.3). 

ih 

The results on the total basis can be obtained either 
by integrating the local values over the entire spectrum 
or by obtaining them directly from the absorption factors 
which are calculated on the total basis. The latter 
method, however, is much easier. This can be done by 
labeling the emitted energy bundles in such a manner 
s o  that the simulated emission represents the actual 
emission directionally as well as spectrally. This is 
discussed in [ 7 7 ] .  

by the Monte Carlo method are omitted for the sake of 
brevity. A complete discussion on the simulation of  the 
problem, the importance o f  randomness of the random numbers 
used and a number o f  shortcut methods to increase the 
accuracy of this method without increasing the computer 
time are given elsewhere [ 7 7 ] .  

to trace an infinite number o f  energy bundles as required in 
Eq. (3.34). The number of energy bundles to be traced was a 
compromise between the availability of computer time and the 
accuracy needed. The probability of accuracy P that the 

The details of the simulation of radiant heat transfer 

For calculation of absorption factors it is not possible 
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calculated result with large sample size N lies within r 
percent of the exact value p is 1771 

where 5 = (r/100) [Np/2 (1-p)] 

This shows that, for the same accuracy, N should be large 
when p is small and vice versa; or with the same value of N, 
larger values of the result p carry greater weight of con- 
fidence. Note that the accuracy 5 of the Monte Carlo 
results is proportional to N ' 1 2 .  Since the computer time 
is directly proportional to the number of energy bundles 
traced, this method becomes very time consuming for small 
values of p. This is the reason why Eq. ( 3 . 3 8 )  was trans- 
formed to Eq. ( 3 . 4 3 ) ,  in accordance with the fact that 
Bdi-j is much larger than Bj-di. 

using pseudo-random numbers produced by a multiplicative 
congruential generator. The local absorption factor was 
calculated by tracing a history of 1000 energy bundles. 
The efficiency of calculations was increased by shortcuts like 
'directed emission' [ 7 7 ] .  As an example, directed emission 
from the location 5 = 0, r) = 1/8 was equivalent to emission 
of 5 3  times the number of energy bundles actually emitted. 
This number varied from point to point. For an enclosure 
consisting of surfaces having bidirectional reflection 
characteristics the Monte Carlo method was found to be more 
flexible and demanded less time and computer storage than 
the method of  successive substitution for solving the system 
of integral equations. 

The problem was simulated on CDC 6500  digital computer 
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4. EXPERIMENTAL APPARATUS AND PROCEDURE 

4.1 Introduction 

As mentioned in the INTRODUCTION, the objective of this 
study was to critically examine the validity of the various 
commonly used radiation surface property models. This 
necessitates the comparison of  predictions of radiant quan- 
tities from various models and further comparison with 
experimental data. The type of configuration chosen for 
experimentation and the reasons for this choice have already 
been discussed in Section 3 . 3 .  The experimental system must 
be capable of providing a proper environment for the con- 
figuration of surfaces in which the effects of conduction, 
convection, extraneous radiation sources and other losses 
can be carefully controlled or possibly eliminated. Hence 
the surfaces should be of reasonable size so that it can be 
accommodated in an enclosure of convenient dimensions. The 
overall system design, test chamber, test assembly, instru- 
mentation, calibration and general procedure are discussed 
in the remainder of this chapter. 

there are extreme experimental difficulties associated with 
a measurement o f  net local heat flux. Also, presently 
there is no way of measuring the local heat flux on a spec- 

Although it is desirable to measure the local heat flux, 

tral basis. Hence, the local irradiation (incident radiant 
flux) was measured in an attempt to experimentally evaluate 
the methods of radiant heat transfer analysis and accomplish 
the goals of the study. Various radiation detectors such as 
a spectrometer, heat gauges, bolometers and thermopiles are 
available which can be used to measure the local irradiation. 
The other radiant energy quantities of interest can be 
readily determined once the irradiation is known. 
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4.2 General System Design 

Since it was desired that the local irradiation be 
measured due to interaction of the surfaces only, it was 
necessary that extraneous radiation influences from outside 
of the test surfaces be eliminated. Also, to decrease the 
convective heat transfer to the environment and to prevent 
cryodeposit formation on the LN, cooled test surface 3 ,  it 
was necessary to evacuate the system. The external radia- 
tion sources were reduced by mounting the test assembly 
inside a black, LN, cooled spherical chamber which is 
described in the next section. The convective heat trans- 
fer was reduced to an insignificant fraction of the total 
heat transfer by evacuating the chamber to a pressure of 
1.333 x lo-, N/m2 or lower during the testing. A view of 
complete experimental system is shown in Figure 4. 

thermopiles. For the local spectral irradiation measure- 
ments, narrow band pass interference filters were mounted 
in front of the thermopiles. Measurement of irradiation by 

The local total irradiation measurements were made with 

thermopiles was the most convenient and efficient method 
since the thermopiles are small in size, flat in response 
and can be easily placed at the desired locations without 
decreasing the test surface area appreciably. The alterna- 
tive of measuring directional radiosity from positions out- 
side the chamber by means of a spectrometer was not practi- 
cal because of the inaccessibility of the locations at 
which the measurements were desired. Heat gauges also could 
not be used as they do not permit convenient measurement of 
incident spectral flux. Temperatures were measured with 
Chromel-Alumel thermocouples attached to the back sides of 
the test surfaces. 
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4 .3  Test Chamber 

The vacuum chamber i n  which t h e  experiment was performed 
i s  shown i n  F igu re  5. I t  c o n s i s t e d  o f  two c o n c e n t r i c  
spheres  of aluminum w i t h  f o u r  1 2 . 7  c m  diameter  p o r t s  on t h e  
s i d e s ,  a 2 5 . 4  c m  diameter  p o r t  on t h e  top  and an a i r  i n l e t  
va lve  a t  t h e  bottom. The i n n e r  and o u t e r  spheres  were 
r e s p e c t i v e l y  6 0 . 9 6  and 63.5 c m  i n  d iameter  w i th  a 1 . 2 7  cm 
gap provided f o r  h e a t i n g  o r  coo l ing  by a c i r c u l a t i n g  f l u i d .  

This  enc losu re  e f f e c t i v e l y  e l imina ted  e x t e r n a l  r a d i a -  
t i o n  from t h e  o u t s i d e  environment. The low temperature  of 
t h e  chamber (77'K) ensured very  low emission.  The i n s i d e  
w a l l  of t h e  chamber was p a i n t e d  w i t h  a b l ack  p a i n t  t o  
minimize r e f l e c t i o n .  A s t a n d  wi th  f o u r  a d j u s t a b l e  l e g s  was 
used t o  suppor t  t h e  chamber. The chamber and t h e  s t a n d  
were manufactured by Research Se rv ice ,  Inc .  o f  St. Pau l ,  
Minn., and were used i n  a prev ious  s tudy  [ 1 0 3 ] .  The e n t i r e  
chamber was i n s u l a t e d  on t h e  o u t s i d e  w i t h  aluminum backed 
t h i c k  b l a n k e t  o f  g l a s s  wool t o  reduce t h e  h e a t  g a i n  f rom 
t h e  environment. 

Two of t h e  f o u r  1 2 . 7  cm p o r t s  had m e t a l l i c  f l a n g e s  
blackened on t h e  i n s i d e  through which v a r i o u s  e l e c t r i c a l  
and coo lan t  feedthroughs were in t roduced .  A 2 . 5 4  c m  t h i c k  
p l a t e  g l a s s  window was i n s t a l l e d  i n  t h e  t h i r d  p o r t  f o r  
v i s u a l  i n s p e c t i o n ,  and t h e  f o u r t h  p o r t  was used t o  connect 
t h e  chamber t o  t h e  h igh  vacuum pump by a 5 .08  cm diameter  
p i p e  and a f l e x i b l e  coupl ing .  Liquid n i t r o g e n  feedthroughs 
and t h e  s h a f t  suppor t ing  t h e  r e f l e c t o r  p l a t e  passed through 
t h e  top  2 5 . 4  c m  f l a n g e  which was a l s o  blackened on t h e  
i n s i d e .  This s h a f t  could be opera ted  from o u t s i d e  t h e  
chamber t o  l o w e r  o r  r a i s e  s u r f a c e  3 without  breaking t h e  
vacuum. The moving mechanism and t h e  s h a f t  a r e  shown i n  
F igures  5 and 6 .  With t h e  he lp  of t h e  graduated s c a l e s  on 
t h i s  mechanism t h e  d i s t a n c e s  could be measured very 
a c c u r a t e l y .  
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SQUARE THREADS 

LN2 FEED -THROUGH 
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~ 

Figure 5. Schematic Diagram of Test  Assembly. 
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F i  gu re  6 .  V i e w  o f  t h e  R e f l e c t o r  P l a t e  
and the  Moving Mechanism. 
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The chamber was evacuated by a Consol idated Vacuum 
Corpora t ion ,  Type PSE-43, High Vahum Pumping System. This 
u n i t  i nc ludes  a mechanical roughing pump, a h igh  vacuum 
d i f f u s i o n  pump, a LN, cooled  b a f f l e  and a Type G I C - 1 1 O A  
i o n i z a t i o n  vacuum gauge. The system was capable  of  produc- 
ing  a vacuum of less  than  1.333 x l o w 5  N / m 2  a s  d e t e c t e d  by 
t h e  i o n i z a t i o n  gauge tube  i n s t a l l e d  above t h e  v a l v e  t o  t h e  
d i f f u s i o n  pump. 

4 . 4  Test Assembly 

The t e s t  assembly was t o  provide  a means of  mounting 
t h e  t e s t  s u r f a c e  specimens i n  s e v e r a l  c o n f i g u r a t i o n s  and 
a l low f o r  r a p i d  in t e rchange  of geometr ies  and t e s t  s u r f a c e s .  
Both t h e  h o t  and c o l d  s u r f a c e s  were suppor ted  on a r a i l i n g ,  
s e e  F igure  5 ,  each end of  which w a s  suppor ted  i n  t h e  chamber 
openings.  Sur face  3 w a s  suspended by means of  a s h a f t  
through t h e  p o r t  a t  t h e  top of t h e  chamber. A view of 
arrangement of t e s t  s u r f a c e s  i n s i d e  t h e  t e s t  chamber i s  
shown i n  F igu re  7 ( f o r  t h e  sake  o f  c l a r i t y  t h e  p i c t u r e  was 
touched) .  D e t a i l s  of  each of  t he  s u r f a c e  suppor t s  and 
method o f  a t tachment  a r e  g iven  below. 

Cold Block 
The o b j e c t i v e  of  t h e  c o l d  block des ign  was t o  p rov ide  

t h e  system wi th  a h e a t  s i n k ,  f i t t e d  wi th  in t e rchangeab le  
f r o n t  s u r f a c e s ,  t o  ensure  uniform t e s t  s u r f a c e  tempera ture .  
A composite view i s  shown i n  F igure  5 ,  and t h e  l a b y r i n t h  
c o o l a n t  channel i s  i l l u s t r a t e d  i n  F igure  8 .  The coo lan t  
channels  were grooved i n  a 15.24 x 15.24 c m  block of copper 
and then  covered w i t h  copper ba r s  and s o l d e r e d ,  making t h e  
channels  vacuum t i g h t .  The l a b y r i n t h  coo lan t  channel was 
s e l e c t e d  because it reduces t h e  tempera ture  g r a d i e n t s  
a c r o s s  t h e  p l a t e  and minimizes t h e  danger o f  t h e  c o o l a n t  
by-passing p a r t  of t he  p l a t e  a s  i n  a manifold type of 
c o o l e r .  Holes were d r i l l e d  through t h e  block t o  accommodate 
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Figure 8. Design Sketch of Cold Block, Reflector Block, 
Hot Test Plate and Cold Test Plate. 
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the thermopiles, for fixing the test surface, and for thermo- 
couples attached to the back of the cold test plate. The 
cold test plate is also shown in Figure 8. 

Hot Plate 
The thermal inertia of a good heater should be small 

enough so  that a desired uniform temperature over the test 
surface can be reached in a reasonable period of time, and 
the system should be thermally stable enough to maintain 
this temperature. Materials of low thermal conductivity 
do not dissipate energy easily and thermal equilibrium is 
readily obtained, but this also has the disadvantage of 
creating hot spots, which in turn limit the uniformity of 
the surface temperature of the heater face. 

and tried. Electrical heating of the 15.24 cm square plate 
would have required very large currents, even for thin 
sheets, thus limiting the temperature level. Resistance 
coil heating by radiation from below was tried but resulted 
in a very nonuniform temperature distribution over the 
surface, especially at higher temperatures. Closely spaced 
chrome1 ribbon embedded in Sauereisen Cement 7 8  (which is 
an electrical insulator) was tried but this block cracked 
after a few cycles of heating and cooling. Finally, bonding 
of graphite cloth (HITCO-G-1550, Materials Division of HITCO) 
to the back of the test plate with Sauereisen Cement gave 
very satisfactory results. Typical variation of the surface 
temperature across the hot surface is illustrated in Table 3. 
The graphite cloth was of very uniform 0.41mm thickness 
with a resistance of 0.4 ohms per square and could withstand 
temperatures up to 3600°K in an inert atmosphere. One dif- 
ficulty of working with graphite cloth was that the strands 
flared out when it was cut to the required size. This dif- 
ficulty was overcome by spraying it with Pyromark paint, 
after which it became stiff and workable on drying. To 

For the design of the heater many ideas were conceived 
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TABLE 3 

Typical Variation of the Temperature Across the Hot Surface 

y =  1 / 6  y = 1 / 2  

Temperature, O K  I Locat ion I 

1 a) High Temperature Level 

1 1 / 1 2  
1 / 1 2  
1 / 2  

11/12 
1 / 1 2  

753 .4  

7 6 1 . 3  

756.5  

754.4  

759.2  

7 5 6 . 1  

762 .0  

760 .2  

7 5 9 . 2  

7 6 0 . 1  
-~ 

b) Low Temperature Level 

1 / 1 2  1 1 / 1 2  593.9  584.2  

1 / 2  1 / 1 2  598 .5  5 8 8 . 5  

I/ 2 1 / 2  596 .3  587 .7  

1/ 2 1 1 / 1 2  594 .5  585 .3  

1 1 / 1 2  1 / 1 2  5 9 7 . 0  587 .0  
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s t i f f e n  t h i s  t h i n  assembly a t r a n s i t e  p l a t e ,  a s  shown i n  
F igure  8 ,  was b o l t e d  s o  t h a t  t h e  g r a p h i t e  c l o t h  became 
sandwiched i n  between t h e  t e s t  p l a t e  and t h e  t r a n s i t e  p l a t e .  
Four n u t s  were f i x e d  on t h e  back s i d e  o f  t h e  t r a n s i t e  p l a t e  
t o  suppor t  i t  on t h e  r a i l i n g  by means of screws and t o  
a d j u s t  i t s  l e v e l .  The ends of t h e  carbon c l o t h  were 
sandwiched between two copper s t r i p s  t o  ensure  good c o n t a c t  
between t h e  copper and t h e  g r a p h i t e .  

R e f l e c t o r  Block 
The r e f l e c t o r  block was designed t o  main ta in  one t e s t  

s u r f a c e  a t  a very  low temperature  s o  t h a t  t h e  emission from 
t h i s  s u r f a c e  could be e s s e n t i a l l y  e l imina ted .  This a l s o  
was a 1 2 . 7 c m  square  and 1 . 2 7  cm t h i c k  copper block wi th  
ho le s  d r i l l e d  p a r a l l e l  t o  t h e  s u r f a c e  f o r  c i r c u l a t i n g  L N ,  
(Figure 8 ) .  Through ho le s  a c r o s s  t h e  b lock  were used i n  
b o l t i n g  t h e  t e s t  s u r f a c e  t i g h t l y  a g a i n s t  t h e  copper block 
and f o r  a t t a c h i n g  t h e  thermocouples. In t h e  middle of t h i s  
p l a t e  a hollow s h a f t  was a t t a c h e d  which was coupled t o  t h e  
s h a f t  i n s e r t e d  through t h e  top  p o r t .  By means of t h i s  
s h a f t  t h e  r e f l e c t o r  p l a t e  could be r a i s e d  o r  lowered wi thout  
breaking  t h e  vacuum. 

4 . 5  Test Surfaces  - 

4 . 5 . 1  Choice of Test  Surface  M a t e r i a l  and S i z e  

As d i scussed  i n  Sec t ion  2 . 3  t h e  t e s t  s u r f a c e  m a t e r i a l  
used i n  t h e  experiments had t o  be of low emi t t ance ,  e a s i l y  
a v a i l a b l e ,  s o l i d  and s t a b l e  a t  h igh  temperature  over  
extended p e r i o d s  of time. Also i t  had t o  have very low 
vapor p r e s s u r e  a t  ope ra t ing  t empera tu res ,  a s  t h e  e x p e r i -  
ments were conducted i n  vacuum. In a d d i t i o n ,  t h e  e x p e r i -  
mental  d a t a  of r a d i a t i o n  p r o p e r t i e s  of m a t e r i a l  used had t o  
be a v a i l a b l e  o r  p r e d i c t a b l e .  Most of t h e s e  c o n d i t i o n s  a r e  
met by t h e  noble  meta ls  gold and s i l v e r ,  b u t  t h e  l a t t e r  has  
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t h e  d isadvantage  t h a t  i t  i s  chemical ly  t h e  most a c t i v e  of 
a l l  t h e  noble  meta ls  and r e a c t s  w i t h  su lphur  o r  hydrogen 
su lph ide  (which i s  always p r e s e n t  i n  a i r )  t o  form s i l v e r  
t a r n i s h  [ 1 0 4 ] .  On t h e  o t h e r  hand, gold i s  one of t h e  
l e a s t  a c t i v e  meta ls  chemical ly  and does n o t  t a r n i s h  i n  a i r .  
A l s o  experiments [S, 91 have shown t h a t  t h e  r a d i a t i o n  
p r o p e r t i e s  of go ld  p r e d i c t e d  from Drude's theory  a r e  i n  
e x c e l l e n t  agreement w i t h  experimental  d a t a  f o r  t h e  wave- 
l e n g t h  range of i n t e r e s t  ( s ee  F igure  1 ) .  Furthermore,  use 
o f  go ld  f o r  t h e  t e s t  s u r f a c e s  was of  i n t e r e s t  because of  
i t s  p r a c t i c a l  a p p l i c a t i o n s .  To mention a few, i t  i s  used 
a s  t h i n  c o a t i n g  on h igh  frequency conductors  a s  a r e  used 
i n  r a d a r  equipment and on m e t a l l i c  and g l a s s  s u r f a c e s  f o r  
r e f l e c t o r s ,  p a r t i c u l a r l y  i n  t h e  i n f r a r e d .  I t s  a p p l i c a t i o n  
on g r i d s  o f  vacuum t u b e s ,  i n  p r i n t e d  e l e c t r i c a l  c i r c u i t s  
and i n  t h e  chemical i n d u s t r y  i n  a u t o c l a v e s ,  p ip ing  e t c .  
i s  a l s o  we l l  known. 

The choice  of t h e  model i s  more c r i t i c a l  when s u r f a c e s  
a r e  o f  f i n i t e  r a t h e r  than  i n f i n i t e  e x t e n t  [ 7 7 ] ,  hence 
f i n i t e  s i z e  s u r f a c e s  were chosen. From t h e  p o i n t  of  view 
o f  c o n s t r u c t i o n  i t  was convenient  t o  have a l l  s u r f a c e s  of 
equal  s i z e .  The s i z e  requirement  depended on t h e  number 
o f  h o l e s  t o  be made f o r  t h e  thermopi les  s o  t h a t  r e d u c t i o n  
i n  t e s t  s u r f a c e  a r e a  be n e g l i g i b l e .  Also,  t h e  a r e a  had t o  
be l a r g e  enough s o  t h a t  t h e  i r r a d i a t i o n  could be d e t e c t e d ,  
w i th  e r r o r s  in t roduced  by t h e  ex t raneous  r a d i a t i o n  and t h e  
l o c a l  nonun i fo rmi t i e s  of temperature  and r a d i a t i o n  charac-  
t e r i s t i c s  being n e g l i g i b l e .  Considering t h e  above men- 
t i oned  f a c t o r s  and t h e  s i z e  of t h e  chamber, t h e  s u r f a c e s  
were made 15.24 x 15.24 c m  i n  s i z e .  The s u r f a c e  roughness 
chosen was guided by t h e  d e s i r e  t o  cover  t h e  e n t i r e  range 
of t h e  specu la r  component of r e f l e c t i v i t y  (from zero t o  one) 
f o r  t h e  s e l e c t e d  c o n f i g u r a t i o n  and t h e  temperature  l e v e l s  
cons idered .  
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4.5.2 P r e p a r a t i o n  of Surfaces  

The t e s t  s u r f a c e s  were prepared  from s t a i n l e s s  s t e e l  
s h e e t s  0.8mm o r  1 . 6 m m  t h i c k .  S ince  t h e  t h i c k e r  m a t e r i a l  
warps l e s s  upon s a n d b l a s t i n g  t h e  1 . 6 m m  t h i c k  s t e e l  s h e e t  
was used f o r  s u r f a c e s  which had t o  be sandb las t ed .  The 
' d i f f u s e '  s u r f a c e  was prepared  by s a n d b l a s t i n g  wi th  t h e  
s t anda rd  "Matt'' s a n d b l a s t  machine under 5 . 5  x l o 5  N / m 2  
a i r , p r e s s u r e .  The nozz le  was he ld  a t  a d i s t a n c e  of about 
5 t o  8 cm pe rpend icu la r  t o  t h e  s u r f a c e .  The b l a s t i n g  g r i t  
used was approximately 80  mesh angular  shaped hard s t e e l .  
The ' b i d i r e c t i o n a l '  s u r f a c e s  were prepared  on a s t anda rd  
g l a s s  bead b l a s t  machine. The a i r  p r e s s u r e  was maintained 
a t  2.8 x l o 5  N / m 2  and round shaped 1 2 0  mesh s i z e  g l a s s  
beads were used.  The nozz le  was he ld  pe rpend icu la r  t o  t h e  
s u r f a c e  a t  a d i s t a n c e  of  7 t o  1 2  cm. The s u r f a c e s  t o  be 
prepared  a s  ' s p e c u l a r '  were p o l i s h e d  t o  a smooth f i n i s h .  
A l l  t h e  s u r f a c e s  were e l e c t r o p l a t e d  wi th  gold up t o  a 
th i ckness  of  approximately 51.1 t o  ensure  complete masking 
of t h e  s u b s t r a t e .  

Before gold  p l a t i n g  t h e  s u r f a c e s  were c leaned  by 
s t a n d a r d  methods. Af te r  n i c k e l  and copper f l a s h i n g  t h e s e  
were gold  p l a t e d i n  a h o r i z o n t a l  p o s i t i o n .  The s o l u t i o n  
used f o r  e l e c t r o p l a t i n g  was Lea-Ronal P . C .  24K Hard Gold 
a t  a c o n c e n t r a t i o n  of one ounce p e r  g a l l o n .  Depending on 
t h e  type  of a s u r f a c e ,  a cont inuous c u r r e n t  a t  a d e n s i t y  
of 1 0  t o  4 0  amperes p e r  squa re  meter was used.  The s o l u -  
t i o n  was maintained a t  43OC. The d u r a t i o n  o f  go ld  depos i -  
t i o n  was from 2 0  t o  30 minutes depending on t h e  c u r r e n t  
and a g i t a t i o n .  

4.5.3 Measurement of Sur face  Roughness 

measured wi th  a Type QB Amplimeter Model 1 3  ( S e r i a l  3623, 
manufactured by Bendix I n d u s t r i a l  Metrology Divis ion)  

The r o o t  mean square  roughness o f  t h e  t e s t  s u r f a c e s  was 
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p r o f i l o m e t e r  having a 2 . 5 ~  r a d i u s  s t y l u s  mounted i n  an 
LK-2-2210 t r a c e r .  The c a l i b r a t i o n  of t h e  ins t rument  was 
checked be fo re  use  and i t  was s e t  f o r  1 2 . 7 m m  s t r o k e ,  STD 
damping, 0.762mm roughness-width c u t  o f f  and 7.62mm/sec 
t r a c i n g  speed. The 2.51.1 r a d i u s  s t y l u s  i s  t h e  s m a l l e s t  
s i z e  made by t h e  manufacturer .  

The s u r f a c e  roughness p r o f i l e s  (Figure 9 )  were t r a c e d  
by a Dektak having s t y l u s  o f  251.1 i n  d iameter .  This  i n s t r u -  
ment w a s  manufactured by Sloan Instruments  Corpora t ion .  
The manufacturer  c la ims  t h a t  i t  has a " c a p a b i l i t y  t o  
a c c u r a t e l y  measure v e r t i c a l  dimensions o f  a s u r f a c e  p ro -  
f i l e  over  a wide range from 2 5  Angstroms t o  l o 6  Angstroms". 
The p r o f i l e  scanning speed was s e t  a t  0 . 1  cm/min, b u t  t h e  
c h a r t  speed v a r i e d  from 1 0  cm/min t o  5 0  cm/min. The c o r r e -  
l a t i o n  d i s t a n c e s  [35] were c a l c u l a t e d  from t h e  s u r f a c e  
p r o f i l e  by measuring 4 0 0  o r d i n a t e s  a t  41.1 i n t e r v a l s .  The 
s u r f a c e  was assumed t o  be s t a t i s t i c a l l y  r e p e a t a b l e .  The 
r o o t  mean square  roughness am was c a l c u l a t e d  from t h e s e  
o r d i n a t e s ,  and i t  compared f avorab ly  w i t h  t h e  p r o f i l o m e t e r  
r ead ing ,  i n  s p i t e  o f  t h e  l a r g e  d i f f e r e n c e  i n  diameter  of 
s t y l l i .  I n t u i t i v e l y ,  i t  i s  f e l t  t h a t  t h e  l a r g e  diameter  
s t y l u s  should g i v e  lower rms roughness a s  i t  can n o t  reach  
t h e  bottom of t h e  v a l l e y s ;  however, t h e  small  diameter  
s t y l u s  tends  t o  break  t h e  r i d g e s  of t h e  a s p e r i t i e s .  A good 
comparison o f  t h e  e f f e c t  of  s t y l u s  s i z e  on the  measured 
va lue  i s  given i n  [ 1 0 5 ] .  

d i s t a n c e  c a l c u l a t e d  from t h e  s u r f a c e  roughness p r o f i l e  
along wi th  t h e  i d e n t i f i c a t i o n  of t h e  s u r f a c e s  a r e  summar- 
i zed  i n  Table 4 .  I n  each c a s e  t h e  roughness r e p o r t e d  i s  
t h e  average of f i v e  measurements made over  each t e s t  
s u r f a c e  of 12.7 cm squa re ,  s i n c e  t h e  roughness was n o t  
uniform; however, t h e  maximum v a r i a t i o n  from t h e  mean was 
l e s s  t han  6 p e r c e n t .  The s u r f a c e s  were found t o  be i s o -  
t r o p i c .  Measurements a t  t h e  same l o c a t i o n  from d i f f e r e n t  

The va lues  of measured roughness and t h e  c o r r e l a t i o n  
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F igure  9 .  Roughness P r o f i l e  of  Test  Su r faces ,  a , b )  B i -  
d i r e c t i o n a l  Su r face ,  B - 3 ;  c )  B i d i r e c t i o n a l  
Su r face ,  B - 2 ;  d )  D i f fuse  Sur face ,  D-3. 
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TABLE 4 

Desc r ip t ion  o f  Sur faces  Used i n  t h e  Experiment 

Designa- Roughness Corre la -  

of  'm Dis tance  
Surfaces  (microns) am 

( m i  c r ons ) 

t i o n  t i o n  Method of  p r e p a r a t i o n .  
Goldplated a f t e r  being:  

s-1 0 . 0 2  - Pol i shed  

s-2 0 . 0 3  - Pol i shed  

s-3 0 . 0 2  Pol i shed  

€3-2 1.50  4 0 . 0  B las t ed  w i t h  g l a s s  beads 

B- 3 0.75 1 4 . 0  B las t ed  wi th  g l a s s  beads 

D - 3  7 . 1 0  25 .0  B las t ed  w i t h  s t e e l  g r i t  

Symbols D ,  S ,  B denote  d i f f u s e ,  s p e c u l a r  and b i d i r e c t i o n a l ,  
r e s p e c t i v e l y .  

Numbers 1, 2 ,  3 denote  t h e  p o s i t i o n  of  t h e  s u r f a c e  i n  t h e  
c o n f i g u r a t i o n .  
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directions resulted in essentially the same roughness 
values. 

The correlation distance for surface B-3 was calculated 
from the autocorrelation coefficient shown in Figure loa. 
The mathematical definitions are omitted for the sake o f  
brevity and can be found in a number of books, for example 
in [35]. For comparison purposes the assumed normal dis- 
tribution in the derivation of Beckmann reflection function 
is also shown. The autocorrelation coefficient for surfaces 
B-2 and D-3 is not shown because it is similar. It is clear 
from the figure that the calculated autocorrelation coeffi- 
cient is close to the assumed one. However, for very large 
distances it oscillates in a random fashion with a decreas- 
ing amplitude about zero while the assumed coefficient 
approaches zero monotonically. 

The measured roughness height density for surfaces B-2 
and B-3 and also the Gaussian distribution, assumed in the 
derivation of Beckmann reflection function, are plotted in 
Figures 1 0 b  and 1Oc. In both cases the ordinate and 
abscissa scales have been normalized with Om which was 
calculated from the ordinates measured at a 4~ interval 
from the surface roughness profile. For calculating the 
surface roughness height density D, the maximum peak to 
valley distance was divided into 20 equal parts. It can be 
seen from the figure that the calculated surface height 
density is not Gaussian and is skew to the left. The 
Gaussian distribution is symmetric about the mean and the 
maxima of surface height density lies at the mean value of 
surface height, at zero if all heights are measured from 
the mean value, as was done in this case. "Skew to the 
left" means that this maxima lies at some level below the 
mean. This can happen, for example, if the 'Gaussian' 
distribution profile is rounded off at the bottom of the 
valleys. 
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The s u r f a c e  roughness p r o f i l e s  i n  F igures  9a and 9b a r e  
t h e  same except  f o r  t h e  s c a l e ,  and t h e  corresponding p o i n t s  
a r e  marked by arrows. The p r o f i l e s ,  from which t h e  
o r d i n a t e s  were measured f o r  c a l c u l a t i o n  o f  t h e  a u t o c o r r e l a -  
t i o n  c o e f f i c i e n t s  f o r  b i d i r e c t i o n a l  s u r f a c e s  were t o  t h e  
same s c a l e  a s  shown i n  F igures  9b and 9c; however, f o r  t h e  

' d i f f u s e ' s u r f a c e  t h e  p r o f i l e  was two times l a r g e r  i n  t h e  
v e r t i c a l  and f i v e  t imes l a r g e r  i n  t h e  h o r i z o n t a l  d i r e c t i o n .  
I t  was expec ted ,  as i s  g e n e r a l l y  b e l i e v e d ,  t h a t  t h e  f i n i t e  
s i z e  diameter  s t y l u s  would d i s t o r t  t h e  p r o f i l e  a t  t h e  
bottom of t h e  v a l l e y s ;  however, t h e  p r o f i l e  a t  t h e  bottom 
o f  t h e  v a l l e y s  seems t o  be no d i f f e r e n t  from what i t  i s  a t  
t h e  top  of t h e  h i l l s .  E i t h e r  i t  i s  n o t  pe rcep tab le  t o  t h e  
eyes o r  t he  top  of t h e  h i l l s  a r e  broken by t h e  s t y l u s  and 
hence rounded o f f  and appear similar t o  t h e  bottom of t h e  
v a l l e y s .  

A f t e r  t h e  t e s t  s u r f a c e s  were used i n  t h e  experiment 
they were checked f o r  any i m p u r i t i e s  o r  v i s u a l  d e f e c t s  on 
t h e  s u r f a c e .  X-ray microprobe a n a l y s i s  w i t h  a scanning 
e l e c t r o n  microscope* showed t h a t  va r ious  p i e c e s  c u t  from 
t h e  t e s t  s u r f a c e s  conta ined  only  t h e  go ld .  To v i s u a l i z e  
t h e  s t r u c t u r e  of t h e  s u r f a c e  topography, micrographs of 
s u r f a c e s  wi th  d i f f e r e n t  magn i f i ca t ions  were taken wi th  a 
scanning e l e c t r o n  microscope. The s u r f a c e  p r o f i l e  was 
a l s o  t r a c e d  on t h e s e  very  micrographs which a r e  shown i n  
F igures  11 and 1 2 .  For comparison purposes a 11.1 diameter  
p a r t i c l e  (approximately) i s  i l l u s t r a t e d  i n  F igure  1 1 A .  

Figure  1 1 A  shows t h e  smoothness o f  t h e  specu la r  s u r f a c e  
S - 2 .  The g r a i n  s t r u c t u r e  i s  absen t .  This i s  due t o  s l i g h t  
bu f f ing  of t h e  s u r f a c e  a f t e r  e l e c t r o p l a t i n g .  Some s c r a t c h e s  
and a few ho le s  a r e  p r e s e n t  b u t  t h e s e  a r e  of n e g l i g i b l e  s i z e  
t o  a f f e c t  t h e  s p e c u l a r i t y  of t h e  s u r f a c e .  X-ray microprobe 
a n a l y s i s  of t h e  h o l e s  showed t h e  presence  of gold ensur ing  

* Model JSM-2, Micro-METRICAL Labora to r i e s  I n c . ,  L a f a y e t t e ,  
I N D .  
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t h a t  t h e  s u b s t r a t e  i s  completely masked. F ine  d e t a i l s  of 
t h e  s u r f a c e  topography a r e  shown on t h e  t r a c e d  p r o f i l e .  
The rms roughness om o f  t h i s  s u r f a c e  measured by t h e  
p ro f i lome te r  was 0 . 0 3 ~ .  Thus, f o r  a l l  p r a c t i c a l  purposes  
t h i s  s u r f a c e  could be cons idered  s p e c u l a r  i n  t h e  i n f r a r e d .  
Photographs of  t h e  o t h e r  s p e c u l a r  s u r f a c e s  were n o t  t aken ,  
bu t  they  appeared t o  be very  similar.  

of 1 . 5 ~ .  The a s p e r i t i e s  and v a l l e y s  are  c l e a r l y  seen ,  b u t  
t h e  g r a i n  s t r u c t u r e  i s  a b s e n t .  Also,  t h e  s u r f a c e  appears  
t o  have been touched a f t e r  e l e c t r o p l a t i n g  a s  i s  c l e a r l y  
v i s i b l e  from t h e  s c r a t c h e s .  This  p o s s i b l y  had occurred  
dur ing  t h e  shipment o r  i n  handl ing  because a f t e r  r e c e i p t  
i n  t h e  l a b o r a t o r y  a l l  p r e c a u t i o n s  were taken  t o  avoid any 
damage. The absence of g r a i n  s t r u c t u r e  even i n  t h e  v a l l e y s  
sugges t s  another  p o s s i b i l i t y .  This could happen due t o  t h e  
h igh  temperature  (760'K) t o  which t h i s  s u r f a c e  was hea ted  
many t imes dur ing  t h e  experiment.  S ince  no photographs were 
taken  b e f o r e  t h e  experiment it i s  impossible  t o  determine 
whether o r  n o t  t h i s  was caused by h e a t i n g .  The l a r g e  
c o r r e l a t i o n  d i s t a n c e  of 401-1 f o r  t h i s  s u r f a c e  may be due t o  
t h e  absence o f  g r a i n  s t r u c t u r e .  

Sur face  B - 3 ,  shown i n  photograph 1 2 C ,  was not  heated 
above t h e  room tempera ture .  Some g r a i n s  seem t o  have been 
touched and f l a t t e n e d ,  and some ho le s  can be seen  i n  t h e  
p i c t u r e .  X-ray microprobe a n a l y s i s  of t h e s e  ho le s  aga in  
showed t h e  presence  of go ld .  

The g r a i n  s t r u c t u r e  can be c l e a r l y  seen .  Again, t h e  v a l l e y s  
o f  t h e  ho le s  showed t h e  presence  o f  go ld .  Note t h a t  t h e  
g r a i n  s i z e  f o r  t h i s  s u r f a c e  i s  f i n e r  t han  f o r  s u r f a c e  B - 3 .  

I t  i s  i n t e r e s t i n g  t o  compare t h e  s u r f a c e  roughness 
p r o f i l e  t r a c e d  by t h e  scanning e l e c t r o n  microscope, F igures  
11 and 1 2 ,  w i th  t h a t  t r a c e d  by Dektak. There a r e  a l a r g e  
number of  small  roughness d e t a i l s  which a r e  apparent  i n  

Surface  B - 2  i s  shown i n  Figure  1 1 B .  I t  has  a roughness 

The roughest  s u r f a c e ,  D - 3 ,  i s  shown i n  F igure  1 2 D .  
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Figures 11 and 12, but are missing in Figure 9 .  Thus, the 
values of correlation distance and rms roughness calculated 
from the two profiles is not expected to be the same. 
A l s o ,  the grain structure in Figure 12 clearly shows that 
the surface is not smooth locally but is made up of a large 
number of small spherical grains. In other words, the 

1/8 1/8 3/ 8 3/ 8 5/ 8 5/ 8 7/ 8 7/8 

1/8 5/8 3/ 8 7/8 1/8 5/ 8 3/ 8 7 /  8 

surface has a secondary roughness unlike that assumed in 
the derivation of Beckmann reflection distribution function. 
The influence of this secondary roughness on the spatial 
distribution of reflected energy, of course, also depends 
on the wavelength of the incident radiation; however, no 
attempt was made to look into this effect. 

rl 

4.6 Instrumentation 

Only two types of measurements were required for the 
experiment: temperature and local incident flux. The 
local total incident flux was measured with eight thermo- 
piles located in the cold plate and mounted flush with the 
test surface. The location of the thermopiles is given in 
Table Sa. For spectral measurements the tubular filters 
(a tube at the end of which the filter was mounted) were 
slipped onto the thermopiles. 

1/12 1/2 1/ 2 1/2 11/12 

5; 

b. Location of the Thermocouples on the Hot Plate 

11/12 1/12 1/2 11/12 1/12 
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The thermopiles were 6 m  in diameter, uncompensated, 
of the end on pencil type with KBr windows manufactured by 
the Charles M. Reeder Company of Detroit, Michigan. The 
6mm diameter size was large enough for the required number 
of junctions and small enough not to reduce the area o f  
cold test surface appreciably. The KBr window was desira- 
ble for two reasons. Firstly, the KBr window sealed the 
evacuated thermopiles and increased its sensitivity. 
Secondly, any pressure changes inside the test chamber 
during the experiments were not communicated to the detector 
and hence did not effect the sensitivity of the instrument. 

The filters were narrow-band pass interference type 
manufactured by the Optical Coating Laboratory, Inc., o f  
Santa Rosa, California. They were the standard N03080-SA 
and N04510-4A filters. The number after the N denotes the 
center wavelength in angstroms o f  the transmission scan at 
normal incidence. The bandwidths of the 3.08~ and 4.51~ 
filters at normal incidence were 0.069~ and 0.194~, 
respectively. To insure that the filters corresponded to 
the mentioned specifications, the transmission scan at two 
angles of  incidence were also obtained from the manufacturer. 
The 3.08~ and 4.511.1 filters were selected because the maxima 
of the black body radiation curve at the expected operating 
temperatures was near these wavelengths. The thermopiles 
were calibrated, with and without filters as an integral 
part of the experiment, which is discussed in Section 4.7. 
The emf's produced by the thermopiles were measured with a 
Vidar Digital Voltmeter. 

The temperatures were measured with chromel-alumel 
thermocouples made of gauge 28 wire manufactured by Omega 
Engineering Inc., Stanford, Connecticut. Location of the 
thermocouples on the hot plate is shown in Table 5b. The 
thermocouple wire meets the NBS requirements of 2 2.22"C 
up to 55°K and 2 3/4 percent from 550°K to 1533'K. All the 
thermocouples were made from the same roll of wire and were 
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checked a t  t h e  b o i l i n g  p o i n t  of  water  and t h e  mel t ing  
p o i n t s  o f  cadmium a s  w e l l  a s  antimony. The emf 's  p ro -  
duced by t h e  thermocouples wi th  t h e  co ld  j u n c t i o n  main- 
t a i n e d  a t  i c e  temperature  were measured wi th  t h e  Vidar  
D i g i t a l  Voltmeter .  

4 . 7  Experimental Procedure 

The f i r s t  s t e p  i n  t h e  procedure was t o  c a l i b r a t e  t h e  
thermopi les .  E i t h e r  t h e  r e l a t i v e  o r  t h e  a b s o l u t e  method 
were p o s s i b l e .  For t h i s  s tudy  t h e  former was p r e f e r r e d ,  
and t h e  reasons  f o r  doing s o  a r e  g iven  l a t e r .  The thermo- 
p i l e s  were c a l i b r a t e d  i n  p o s i t i o n  by us ing  s u r f a c e s  of 
known p r o p e r t i e s  s o  t h a t  t h e  i r r a d i a t i o n  could be a c c u r a t e l y  
c a l c u l a t e d .  Then a c a l i b r a t i o n  curve of thermopile  emf 
ve r sus  l o c a l  i r r a d i a t i o n  was c o n s t r u c t e d  f o r  t h e  range of  
cond i t ions  of i n t e r e s t .  The s u r f a c e s  chosen were 3 M  Black 
Velvet  P a i n t  f o r  t h e  c o l d  s u r f a c e ,  behind which t h e  thermo- 
p i l e s  were mounted, and Pyromark Black P a i n t  f o r  t h e  o t h e r  
s u r f a c e ,  which was hea ted  t o  a h igher  temperature .  Sur face  
3 was a very  smooth go ldp la t ed  s u r f a c e  cooled by L N p  s o  
t h a t  i t  could be cons idered  a nonemit t ing specu la r  r e f l e c t o r .  
The Pyromark p a i n t  was chosen s i n c e  i t  i s  known t o  be a g ray ,  
d i f f u s e  e m i t t e r  [106] ,  a good absorber  and can wi ths tand  
high temperatures  whi le  3 M  Black Velvet  i s  d i f f u s e ,  gray and 
a very  good absorber  [107, 1 0 8 1 .  The l o c a l  i r r a d i a t i o n  f o r  
c a l i b r a t i o n  purposes was p r e d i c t e d  us ing  t h e  above r a d i a t i o n  
p r o p e r t i e s  o f  t h e  t e s t  s u r f a c e s .  Even i f  t h e  p a i n t e d  
s u r f a c e s  were not  p e r f e c t l y  d i f f u s e  r e f l e c t o r s ,  t h e  e r ror  
in t roduced  was smal l  s i n c e  l i t t l e  energy was r e f l e c t e d  
because of t h e  h igh  a b s o r p t i v i t i e s  of t h e  p a i n t s .  

f o l l o w s  : 
The s t e p  by s t e p  procedure f o r  c a l i b r a t i o n  was a s  

1. The s e t  of t e s t  s u r f a c e s  was instrumented and 
i n s t a l l e d  i n  t h e  t e s t  chamber t o  form t h e  d e s i r e d  
c o n f i g u r a t i o n .  
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All the electrical connections inside the chamber 
were made and checked. To avoid the influence of 
stray EM waves on measurements, all the connection 
wires inside and outside the test chamber were 
properly shielded. Then all the ports were closed 
and the vacuum-roughing pump started. 
After the pressure dropped below 6 . 6  N/m2, the L N ,  
baffle was charged and operation of diffusion pump 
was commenced. 
The circulation of coolant from the Kryomat to the 
cold plate was started. 
After the pressure dropped below 6 . 6  x lo-, N / m 2 ,  
the chamber was cooled by L N ,  and later the cooling 
of surface 3 by L N ,  was also initiated. This pre- 
caution was taken to condense any condensables on 
the inside o f  the chamber rather than on surface 3. 
Surface 2 was heated to the desired temperature 
level to obtain the range of incident fluxes on 
the thermopiles which would correspond approxi- 
mately to those anticipated under the test condi- 
tions. The thermopile emf's and temperatures were 
recorded at a sufficient number of temperature 
levels. 
The temperatures were corrected for the temperature 
gradient across the plate and were averaged over 
the entire surface. The local irradiation values 
corresponding to these temperatures were calculated 
and emf versus irradiation was plotted for each 
thermopile. A sample curve is shown in Figure 13. 
For calibration on a spectral basis the procedure 
was exactly the same except that filters were 
installed on the thermopiles. 
above-mentioned procedure for calibration is a rela- 

tive one. In this method the effects of thermopile mount- 
ings, XBr window, extraneous radiation, and other sources 
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Figure 13. Typical Thermopile Calibration Curve. 
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of error are reduced, but are not completely eliminated. 
Possible errors may have arisen due to uncertainties in 
the radiation surface characteristics o f  paints. Also, 
the calibration of the thermopiles on an absolute basis 
would not have been meaningful since it was impossible to 
simulate the conditions under which they were to be used. 

test surfaces was exactly the same as for calibration. 
Care was taken to use the same filters and thermopiles 
i n  the same locations and orientations as during calibra- 
tion. 

The procedure for taking the experimental data with 
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5. RESULTS AND DISCUSSION 

In this chapter experimental data are compared with the 
analytical predictions of radiant interchange, and the 
effects of various parameters on radiant heat transfer are 
discussed. Section 5 .1  contains the discussion of these 
parameters and the radiation characteristics of the real 
surfaces used in the experiment. Comparisons of spectral 
and total experimental data with analytical predictions, on 
a local basis and on an overall basis, are presented in 
Section 5.2. 

5.1 Independent Parameters 

Before presenting and discussing the results, it is 
desirable to review the parameters which govern radiation 
interchange between simply arranged surfaces. In the 
broadest sense, the radiation interchange depends on the 
following: 1) the geometry of the system, 2) the radiation 
characteristics o f  surfaces and their dependence on direc- 
tion and wavelength, and 3 )  the boundary conditions 
prescribed at the surfaces. There is, o f  course, an 
infinite number o f  combinations of the various independent 
parameters, and so it is necessary to be selective. 

The reasons for selecting particular configuration 
used have already been given in Section 3 . 3 .  The dimension- 
less separation distance 6 was maintained close to unity 
for lack of space in the chamber, while the dimensionless 
spacing y between the plates was kept at 1/6 t o  1 / 2 .  The 
smaller value (y = 1/6) was limited by not having suffici- 
ent irradiation on the thermopiles in the extreme location 
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( 6  = 1 / 8 ) ,  and the larger value (y = 1/2) was limited by 
the available space in the chamber as well as the irradia- 
tion consideration. 

For each spacing the data were taken at two tempera- 
ture levels of the hot surface 2 .  The lower temperature 
was dictated by the need to have sufficient energy incident 
on the thermopiles at the desired wavelength. The higher 
temperature level was limited by other considerations such 
as the cooling capacity of the chamber and evaporation o f  
materials at low pressure and high temperature. The cold 
surface was maintained at about room temperature by circu- 
lating coolant from the kryomat through the cold block. 
This was necessary for good performance of the thermopiles 
which passed through the cold block. Surface 3 was kept 
at the LN, temperature for two reasons. Firstly, at this 
temperature the emission from this surface is very small 
and can be neglected thus simplifying the predictions. 
Secondly, because the absorptance of gold at this tempera- 
ture is very small it is practically an adiabatic surface. 
Previous studies [ 7 1 ,  831 have shown that it is in the 
presence of an adiabatic surface in an enclosure that a 
large discrepancy occurs between experiment and analysis. 

For a meaningful comparison of the experimental and 
analytical results the radiation characteristics of surfaces 
must be known to an acceptable accuracy. The literature 
search has shown that for gold there is considerable dis- 
crepancy in these properties from one investigator to 
another. The methods of preparation o f  surfaces vary 
widely, and the available data do not cover the complete 
spectral and directional range of interest of this study. 
After carefully examining the available data, including 
that compiled by the Thermophysical Property Research 
Center of Purdue University [16], values of the total 
hemispherical emittance were selected which corresponded 
to samples prepared in a manner similar to that used in 
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t h i s  s tudy .  Complete b i d i r e c t i o n a l  d a t a  could no t  be found 
i n  t h e  l i t e r a t u r e .  The only d a t a  a v a i l a b l e  a r e  f o r  one o r  
two angles  of  nea r  normal inc idence .  The d a t a  r e p o r t e d  
on a s p e c t r a l  b a s i s  a r e  most ly  i n  t h e  v i s i b l e  spectrum, 
and those  a v a i l a b l e  a t  t h e  wavelengths of i n t e r e s t  c o r r e -  
spond t o  t h e  samples prepared  i n  a d i f f e r e n t  f a s h i o n  and 
hence a r e  n o t  a c c e p t a b l e .  

t i o n  p r o p e r t y  d a t a ,  t h e  va lues  used i n  t h e  a n a l y s i s  were 
based on those  p r e d i c t e d  by F r e s n e l ' s  equa t ions .  The 
o p t i c a l  c o n s t a n t s  were c a l c u l a t e d  by t h e  s imple Drude 
theo ry .  Previous i n v e s t i g a t o r s  have shown t h a t  Drude's 
model i s  e x c e l l e n t  f o r  p r e d i c t i n g  t h e  o p t i c a l  c o n s t a n t s  
i n  t h e  i n f r a r e d  spectrum f o r  u l t r a  h igh  vacuum depos i t ed  
gold .  S ince  t h e  emi t tance  of pu re  me ta l s  i s  sma l l e r  [ 2 0 ,  

1091 t h a n  t h a t  depos i t ed  commercially,  due t o  contamina- 
t i o n  and s u r f a c e  damage, t h e  va lues  p r e d i c t e d  by Drude's 
t heo ry  were p ropor t ioned  t o  y i e l d  t h e  s e l e c t e d  experimental  
t o t a l  hemispher ica l  emi t tance .  

I n  view of t h e  above-mentioned l a c k  of needed r a d i a -  

5 . 2  Comparison - of  Experiments and Analyses 

I n  t h i s  s e c t i o n  t h e  experimental  d a t a  a r e  compared wi th  
t h e  a n a l y t i c a l  p r e d i c t i o n s  o f  v a r i o u s  models. The purpose 
of t h e s e  comparisons i s  t o  examine t h e  v a l i d i t y  o f  t h e  
commonly used s i m p l i f i e d  methods of r a d i a n t  h e a t  t r a n s f e r  
a n a l y s i s  by comparing t h e s e  w i t h  more d e t a i l e d  ana lyses  as 
we l l  a s  t he  experimental  d a t a .  Comparisons a r e  performed 
on a s p e c t r a l  a s  w e l l  a s  a t o t a l  b a s i s  so  t h a t  d i r e c t i o n a l  
and s p e c t r a l  e f f e c t s  can be examined s e p a r a t e l y .  Only some 
r e p r e s e n t a t i v e  r e s u l t s  a r e  p re sen ted  g r a p h i c a l l y .  The 
remaining d a t a  a r e  t a b u l a t e d  i n  APPENDIX C .  

t o t a l  i r r a d i a t i o n  a t  t h e  c o l d  s u r f a c e .  They have been 
nondimensionalized wi th  r e s p e c t  t o  t h e  s p e c t r a l  o r  t o t a l  

A l l  t h e  d a t a  p re sen ted  a r e  i n  terms of  s p e c t r a l  o r  
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emissive power of the cold surface. That is, the local 
total irradiation in dimensionless form is given by 
G: = G,/E,~T,. 
procedure chosen is a logical extension of schemes previ- 
ously employed. In the presentation of the data the sub- 
script 1 has been dropped for convenience since all the 
data are for surface 1. The overall (average) irradiation 
results presented in Tables 6 through 8 were obtained from 
the local values. 

4 This is somewhat arbitrary; however, the 

It was mentioned in Section 3 . 7  that the numerical 
solution of integral equations with detailed properties 
was very time consuming and hence was abandoned in favor 
of the Monte Carlo method of solution. Although some 
results for the experimental situation were obtained by 
solving the integral equations, for the sake of consistency 
only the Monte Carlo results are presented. 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 t o  
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. 

Before discussing the results it is appropriate to 
reexamine Eq. ( 3 - 4 4 )  which was obtained from Eq. ( 3 . 3 8 )  
by the use of reciprocity relation, Eq. ( 3 . 4 0 ) .  If the 
reflection distribution function used in the calculations 
fails to satisfy the Helmholtz reciprocity relation, that 
is, if it is not symmetric with respect to the directions 
of incidence and reflection, [f (6l ,6,A) # f (6,6I ,A)], the 
reciprocity relation for absorption factors, Eq. ( 3 - 4 0 ) ,  is 
not valid. It is well known that when the Beckmann reflec- 
tion function is corrected for finite conductivity of 
materials it fails to satisfy reciprocity. It was pointed 
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o u t  [ 3 9 ]  t h a t  t h e  v i o l a t i o n  of  t h e  r e c i p r o c i t y  r e l a t i o n  
occurs  only f o r  t h e  incohe ren t  component and no t  f o r  t h e  
coherent  component. S ince  i n  t h i s  s tudy  only t h e  coherent  
component was p r e d i c t e d  by the Beckmann model, t h e  use o f  
Eq. ( 3 . 4 4 )  t o  p r e d i c t  i r r a d i a t i o n  i s  p e r f e c t l y  j u s t i f i e d .  

t i o n  a t  s u r f a c e  1 due t o  emission from o t h e r  s u r f a c e s .  
R e w r i t i n g  Eq. (3.45) i n  d imens ionless  form on t o t a l  a s  w e l l  
a s  s p e c t r a l  b a s i s  y i e l d s ,  r e s p e c t i v e l y ,  

Another q u a n t i t y  t o  be examined i s  t h e  l o c a l  i r r a d i a -  

and 

I t  i s  c l e a r  from Eq. ( 5 - 1 )  t h a t  t h e  i r r a d i a t i o n  depends on 
t h e  abso rp t ion  f a c t o r s  and t h e  tempera tures .  
a r e  o f  t h e  same o r d e r  of magnitude t h e  main c o n t r i b u t i o n  t o  
G: i s  f rom Bdl -2  when (T2/T1)4 i s  l a r g e .  
s tudy  (T3/T1)4 = 0 .005  and (T,/Tl)4varies approximately from 
2 0  t o  50. 

r e s u l t s  i n  a d i f f e r e n c e  of less t h a n  0 . 0 1  pe rcen t  f o r  

When Bdi - j  

In  t h e  p r e s e n t  

I n  such a c a s e  ( f o r  a l l  Bdi - j  e q u a l ) ,  ignor ing  

Bdl -3  
t h e  h igh  temperature  l e v e l  and l e s s  t h a n  0.025 p e r c e n t  f o r  
t h e  low temperature  l e v e l  of  t h e  h o t  p l a t e .  For l a r g e  
va lues  of  (T2 /T l )4  even B d l - l  may be  ignored .  

a r e  equa l )  r e s u l t s  i n  t h e  va lue  of GT f o r  (T,/T1)4 = 50 .  
S i m i l a r  conclus ions  can be  drawn f o r  t h e  c a l c u l a t i o n  of G:X , 
and t h e  n e g l e c t  of  t h e  emission from s u r f a c e  3 can be  
j u s t i f i e d .  Consequently,  i n  t h e  c a l c u l a t i o n s  s u r f a c e  3 
was assumed nonemi t t ing .  Some sample r e s u l t s  a r e  p re sen ted  
i n  F igure  1 4  t o  i l l u s t r a t e  t h e  o r d e r  o f  magnitude o f  t h e  
abso rp t ion  f a c t o r s .  The key t o  t h e  v a r i o u s  l i n e s  on a l l  t h e  
f i g u r e s  i s  t h e  same a s  t h a t  g iven  i n  F igure  1 5  u n l e s s  noted 

For example, 

a d i f f e r e n c e  of l e s s  t han  2 p e r c e n t  (when Bd 1 - 1  and B d l - 2  
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otherwise .  I t  is  c l e a r  t h a t  t h e  o r d e r  of  magnitude o f  
and Bdl -2  a t  corresponding p o i n t s  i s  t h e  same. B d i - i  

(T2/T1)4 >> 1 it was expected t h a t  t h e  t r e n d  of t h e  i r r a d i a -  
t i o n  curves  should be s i m i l a r  t o  t h o s e  of B d l - 2 ,  which was 
confirmed l a t e r .  

S ince  

5 .2 .1  Comparison of Measured and P red ic t ed  

S p e c t r a l  Local I r r a d i a t i o n  

I n  F igures  1 5  and 1 6  t h e  a n a l y t i c a l  p r e d i c t i o n s  f o r  t h e  
c o n s t a n t  p r o p e r t y  d i f f u s e ,  s p e c u l a r ,  and d i r e c t i o n a l  p r o p e r t y  
s p e c u l a r  DP(S) models o f  s p e c t r a l  i r r a d i a t i o n  a t  A = 3.0811 

a r e  compared w i t h  t h e  experimental  d a t a  ( c i r c l e s )  when a l l  
t h e  s u r f a c e s  a r e  s p e c u l a r  (cr,/A < 0.01) .  Examination of t h e  
f i g u r e s  r e v e a l s  t h a t  t h e  experimental  d a t a  a r e  i n  b e s t  
agreement w i t h  t h e  p r e d i c t i o n s  of DP(S) a n a l y s i s ;  however, 
a t  some p o i n t s  (Figure 15)  t h e s e  p r e d i c t i o n s  a r e  about  4 0  
pe rcen t  lower than  t h e  d a t a .  The r e s u l t s  based on d i f f u s e  
a n a l y s i s  (Figure 15)  a r e  about 8 0  p e r c e n t  l o w e r  t han  t h e  
experimental  d a t a .  A t  bo th  temperature  l e v e l s ,  f o r  F igures  
1 5  and 16 ,  t h e  p r e d i c t i o n s  of t h e  d i f f u s e  a n a l y s i s  a r e  always 
lower than  those  of t h e  c o n s t a n t  p r o p e r t y  s p e c u l a r  a n a l y s i s .  
S ince  t h e  l o c a l  h e a t  f l u x  a t  t h e  c o l d  s u r f a c e  i s  g iven  by 

q r x  = 1 - E G* 1 x  1 A  (5.3) 

t h i s  means t h a t  t h e  d i f f u s e  a n a l y s i s  would p r e d i c t  too h igh  
a h e a t  f l u x .  The lower i r r a d i a t i o n  shows t h a t  more of  t h e  
energy l e a v e s  t h e  enc losu re  f o r  t h e  d i f f u s e  than  f o r  t h e  
s p e c u l a r  r e f l e c t i o n  model. This i s  t y p i c a l  o f  enc losu res  
which exchange a l a r g e  p o r t i o n  of t h e i r  energy i n  n e a r  normal 
d i r e c t i o n s .  A s  an  example, f o r  two p a r a l l e l  p l a t e s  w i th  a 
l a r g e  s e p a r a t i o n  d i s t a n c e ,  t h e  i r r a d i a t i o n  based on t h e  
s p e c u l a r  model i s  always h ighe r  [70, 7 2 ,  751 t han  t h a t  based 
on t h e  d i f f u s e  model. This  seems p l a u s i b l e  due t o  t h e  f a c t  
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gure 1 5 .  Comparison Between Measured and P red ic t ed  I r r a d  
a t i o n  f o r  D i f f e r e n t  Models, Sur face  Arrangement 
S -S-S ,  A = 3.081-1, 6 = 1, y = 1 / 6 .  
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Figure 16. Comparison Between Measured and Predicted 
Irradiation for Different Models, Surface 
Arrangement S-S-S, X = 3 . 0 8 ~ ~  6 = 1, y = 1 / 2 .  
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t h a t  a t  each r e f l e c t i o n  from a d i f f u s e  s u r f a c e  t h e  energy 
i s  uniformly d i s t r i b u t e d  w i t h  a c o n s t a n t  i n t e n s i t y .  On t h e  
c o n t r a r y ,  when more of  t h e  energy exchange occurs  i n  d i r e c -  
t i o n s  o t h e r  than  t h e  normal, t h e  d i f f u s e  a n a l y s i s  would 
p r e d i c t  h igher  i r r a d i a t i o n .  This  obse rva t ion  i s  suppor ted  
by c a l c u l a t i o n s  of t h e  a d j o i n t  p l a t e  system [ 1 7 ,  75, 7 7 1  
f o r  opening angles  l a r g e r  t han  15'. Rectangular  c a v i t y  
type enc losu res  [ 7 1 ,  7 2 ,  831 f a l l  i n  t h e  former ca t egory .  

The l a r g e s t  d i screpancy  among t h e  v a r i o u s  ana lyses  and 
wi th  t h e  experiments i n  F igure  1 5  occurs  on t h e  open end of 
t h e  c losed  c o n f i g u r a t i o n  (y = 1 / 6 ) .  The temperature  l e v e l  
appears  t o  have l i t t l e  e f f ec t  on t h e  t r e n d s  of t h e  CP 
r e s u l t s .  This i s  due t o  t h e  f a c t  t h a t  f o r  bo th  cases  T , / T ,  
i s  s u f f i c i e n t l y  h igh  s o  t h a t  G; i s  c o n t r o l l e d  by B X d l - P .  
Hence, any f u r t h e r  i n c r e a s e  i n  tempera ture  T,  does n o t  a l t e r  
t h e  shape of t h e  cu rves .  
DP(S) a n a l y s i s  tends  t o  f a l l  i n  between t h e  S and D a n a l y s e s .  
The t r e n d s  i n  F igu re  1 6  (y = 1 / 2 )  a r e  t h e  same a s  i n  F igure  
15. The d i r e c t i o n a l  p r o p e r t y  a n a l y s i s  i s  i n  c l o s e s t  ag ree -  
ment w i t h  experimental  d a t a .  For a more open c o n f i g u r a t i o n  
t h e  i r r a d i a t i o n  i s  more uniform. The change i n  temperature  
l e v e l  does n o t  seem t o  have an a p p r e c i a b l e  e f f e c t  on t h e  
t r e n d s  o f  t h e  r e s u l t s  except  t o  i n c r e a s e  t h e  i r r a d i a t i o n  and 
reduce G i  based on t h e  DP(S) model below t h a t  of t h e  S model. 
This  i s  due t o  t h e  f a c t  t h a t  most of t h e  energy emi t t ed  a t  
ob l ique  angles  l e a v e s  t h e  system wi thout  be ing  absorbed. 
Mostly,  t h e  energy emi t t ed  i n  t h e  nea r  normal d i r e c t i o n s  
c o n t r i b u t e s  t o  i r r a d i a t i o n ,  and t h e  emission i n  t h e  normal 
d i r e c t i o n  f o r  me ta l s  i s  always h ighe r  f o r  t h e  CP model than  
f o r  t h e  DP model. 

With t h e  r i s e  i n  tempera ture ,  t h e  

When s u r f a c e  3 i s  r ep laced  by a d i f f u s e  s u r f a c e  
(Om = 7 . 1 ~ ) ,  t h e  d i f f e r e n c e  between t h e  p r e d i c t i o n s  [ i n  a l l  
p r e d i c t i o n s  s u r f a c e  3 i s  assumed d i f f u s e )  of t h e  t h r e e  models 
i n  gene ra l  decreases  and t h e  experimental  r e s u l t s  agree  b e s t  
(wi th in  4 0  p e r c e n t )  wi th  t h e  DP(S) a n a l y s i s .  These resu l t s  
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are presented only in tabular form in APPENDIX C. Over a 
large part of the surface the predictions of the S and D 
models are almost identical. However, at some locations the 
CP analyses yield values which are twice the measured values. 
The largest difference occurs at high temperatures and for 
the more open system (y = 1/2). It is recognized however, 
that the diffuse limit does not exist. A part of  the dis- 
agreement between analysis and experiments can be attributed 
to this reason. 

With surfaces 1, 2 specular and surface 3 bidirectional 
(am/X = 0.17) the results for X = 4.51~ are presented in 
Figures 17 and 18. While the trends for the S and D models 
are the same as already discussed, the B ( D + S )  model predicts 
a lower irradiation than is indicated by the experimental 
data. The trend of the S and D analyses is expected to 
remain the same throughout because the results are for iden- 
tical plate spacing. The differences are only in the 
temperatures and the radiation characteristics which are 
relatively small. Next to the B(D+S)  analysis, the experi- 
mental results are in closer agreement with predictions 
based on the diffuse rather than the specular models. This 
seems to be due to small specular component of reflectance. 
For y = 1/6 the overall specular components of reflectance 
are 0.045 and 0.17 for X = 3 . 0 8 ~  and 4.51p,respectively. 
A similar trend exists also for y = 1/2 where again the 
specular components are small; 0.01 for X = 3 . 0 8 ~  and 0.1 
for X = 4.511.1. 

In agreement with the conclusions of the previous 
studies [71, 751, the constant property specular model 
usually predicts higher irradiation, at some locations 
more than 3 times the values from the DP predictions. For 
y = 1/2, predictions of the S analysis more than 100 percent 
higher than in the experiments is quite common. Consistently, 
the experimental data are higher than the B ( D + S )  analysis on 
the open end of the system. This may be due to the 
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Figure  1 7 .  Comparison Between Measured and P red ic t ed  
I r r a d i a t i o n  f o r  D i f f e r e n t  Models, Sur face  
Arrangement S-S-By X = 4 . 5 1 ~ ,  6 = 1, y = 1/6. 



88 

io3 

1 o2 

IO2 

IO' 

I I 1 I I I 
0 0.25 0.50 0.75 0 0.25 0.50 0.75 I .o 

€ 

Figure 1 8 .  Comparison Between Measured and P red ic t ed  
I r r a d i a t i o n  f o r  D i f f e r e n t  Models, Sur face  
Arrangement S -S-B ,  X = 4.51~, 6 = 1, y = 1 / 2 .  
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l i m i t a t i o n  i n  t h e  model i t s e l f .  Ac tua l ly  t h e  i n c o h e r e n t l y  
r e f l e c t e d  energy i s  peaked i n  t h e  s p e c u l a r  d i r e c t i o n  bu t  
t h i s  energy has  been assumed t o  be r e f l e c t e d  d i f f u s e l y  i n  
t h e  B(D+S) model. The o v e r a l l  d i r e c t i o n  of energy f l o w  i s  
f rom s u r f a c e  2 t o  s u r f a c e  1 v i a  s u r f a c e  3. Thus, t h e  
B(D+S) model would p r e d i c t  t h a t  less  energy i s  r e f l e c t e d  
towards t h e  open end of s u r f a c e  1 than  i s  a c t u a l l y  r e f l e c t e d .  
Hence, t h e  i r r a d i a t i o n  p r e d i c t e d  from t h i s  model w i l l  be 
lower than t h e  experimental  d a t a .  This may be only  one of 
t h e  reasons .  
d i scussed  i n  APPENDIX B .  

P o s s i b l e  e r r o r s  i n  t h e  experiments a r e  

With a b i d i r e c t i o n a l  s u r f a c e  3 some c a l c u l a t i o n s  were 
performed f o r  X = 4 . 5 1 ~  w i t h  t h e  D+S and DP(D+S) models. 
The r e s u l t s  a r e  g iven  i n  APPENDIX C .  I n  bo th  c a s e s  t h e  
s p e c u l a r  component was c a l c u l a t e d  by t ak ing  i n t o  account 
t h e  wavelength,  s u r f a c e  roughness and enc losu re  conf igu ra -  
t i o n  ( f o r  d e t a i l s  s e e  APPENDIX A). Both of  t h e s e  ana lyses  
y i e l d e d  r e s u l t s  of comparable accuracy w i t h  t h a t  of t h e  
d e t a i l e d  B(D+S) a n a l y s i s .  Note t h a t  t h e  r e s u l t s  of t h e  D+S 
a n a l y s i s  do n o t  always l i e  between those  of t h e  D and S 
models. 

S ince  t h e  conclus ions  of t h e  experimental  d a t a  d i s -  
cussed s o  f a r  a t  h = 3 . 0 8 ~  and 4 . 5 1 ~  were t h e  same, a d d i -  
t i o n a l  experimental  d a t a  a t  h = 4 . 5 1 ~ w e r e  n o t  taken .  The 
r e s u l t s  p re sen ted  i n  F igures  1 9  and 20 a r e  when s u r f a c e s  1 
and 3 a r e  s p e c u l a r  b u t  s u r f a c e  2 i s  b i d i r e c t i o n a l  
(crm/h = 0 . 5 ) .  The agreement between t h e  p r e d i c t i o n s  based 
on t h e  B ( D + S )  model and t h e  experimental  d a t a  i s  much b e t t e r  
than  i n  t h e  prev ious  cases a l r e a d y  d i scussed .  In  t h e  wors t  
ca ses  t h e  DP a n a l y s i s  i s  about  30 p e r c e n t  lower and the  
S a n a l y s i s  i s  150 p e r c e n t  h ighe r  t han  t h e  d a t a .  Note t h a t  
f o r  y = 1 / 6  a t  t; = 1 / 8  t h e  experimental  d a t a  a r e  more than 
f o u r  times t h e  p r e d i c t i o n s  based on d i f f u s e  a n a l y s i s .  

The experimental  r e s u l t s  f o r  a system c o n s i s t i n g  of  a 
s p e c u l a r  s u r f a c e  1 and b i d i r e c t i o n a l  s u r f a c e s  2 and 3 a r e  
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Figure 19. Comparison Between Measured and Predicted 
Irradiation for Different Models, Surface 
Arrangement S-B-S, h = 3 . 0 8 ~ ~  6 = 1, y = 1/6. 
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Figure 20. Comparison Between Measured and Predicted 
Irradiation for Different Models, Surface 
Arrangement S-B-S, X = 3.0811, 6 = 1, y = 1 / 2 .  



9 2  

given only i n  t h e  t a b u l a r  form s i n c e  they do not  add any- 
t h i n g  new which has  no t  a l r e a d y  been d i scussed .  

5 . 2 . 2  Comparison of Measured and P red ic t ed  

To ta l  Local I r r a d i a t i o n  

The purpose o f  comparison of experimental  d a t a  and 
a n a l y s i s  on s p e c t r a l  b a s i s  was simply t o  confirm t h a t  t h e  
d i r e c t i o n a l  and b i d i r e c t i o n a l  e f f e c t s  a r e  accounted f o r  
c o r r e c t l y  i n  p r e d i c t i n g  t h e  i r r a d i a t i o n  a c c u r a t e l y .  Usual ly  
one i s  i n t e r e s t e d  i n  c a l c u l a t i n g  t h e  t o t a l  r a t h e r  than  t h e  
s p e c t r a l  r a d i a n t  energy q u a n t i t i e s .  Good agreement of  t h e  
experimental  d a t a  and t h e  a n a l y s i s  a t  t h e  two wavelengths 
shows t h a t  t h e  s p e c t r a l  i r r a d i a t i o n  can be p r e d i c t e d  with 
confidence s i n c e  t h e  r a d i a t i o n  p r o p e r t i e s  of meta ls  i n  the  
i n f r a r e d  show only a gradual  change wi th  t h e  wavelength.  

Resu l t s  p re sen ted  i n  F igure  2 1  a r e  f o r  an enc losure  
c o n s i s t i n g  of a l l  s u r f a c e s  s p e c u l a r .  The nongray DP(S) 
a n a l y s i s  shows ve ry  good agreement wi th  t h e  experimental  
d a t a .  I n  t h e  w o r s t  ca se  the  a n a l y s i s  i s  only 2 0  pe rcen t  
lower than  t h e  d a t a .  This  d i f f e r e n c e  i s  much sma l l e r  than  
t h a t  determined on a s p e c t r a l  b a s i s .  F o r  t h e  same enc losu re ,  
b u t  a spac ing  of y = 1 / 2 ,  t h e  r e s u l t s  a r e  shown i n  Figure 
22 .  
agreement wi th  t h e  S a n a l y s i s  t han  wi th  t h e  nongray DP(S) 
a n a l y s i s .  Some measured l o c a l  i r r a d i a t i o n  r e s u l t s  a r e  more 
than  t h r e e  t imes t h e  va lues  obta ined  from t h e  d i f f u s e  
a n a l y s i s .  The p r e d i c t i o n s  based on t h e  D and nongray DP(S) 
models a r e  lower than  those  based on t h e  S model. This can 
be explained i n  t h e  same way a s  i n  t h e  d i s c u s s i o n  on a 
s p e c t r a l  b a s i s .  A t  t h e  open end of t h e  system measured, 
d a t a  d e p a r t  s i g n i f i c a n t l y  even from t h e  DP a n a l y s i s ,  t h e  
measured r e s u l t s  a r e  about 8 0  pe rcen t  h i g h e r .  Some of  t h e  
discrepancy may be due t o  t h e  facf :  t h a t  thermopiles  were 
c a l i b r a t e d  a t  a spac ing  of  y = 1 1 6 .  For  a spacing y = 1 / 2  

S t r ange ly  enough t h e  d a t a  show equa l ly  good o r  b e t t e r  
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Figure  2 1 .  Comparison Between Measured and P red ic t ed  T o t a l  
I r r a d i a t i o n  f o r  D i f f e r e n t  Models, ‘ace 
Arrangement S - S - S ,  6 = 1, y = 1 ’  
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Figure 22. Comparison Between Measured and Predicted Total 
Irradiation for Different Models, Surface 
Arrangement S-S-S, 6 = 1, y = 112. 
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t h e  t r a n s m i t t a n i e  of thermopi le  window i s  expected t o  be 
h i g h e r ,  e s p e c i a l l y  a t  5 = 1 /8  because energy i s  i n c i d e n t  
a t  less  ob l ique  ang le s  f o r  t h a t  c o n d i t i o n .  

For t h e  sake  of  c l a r i t y  i n  t h e  f i g u r e s ,  t h e  r e s u l t s  
from t h e  DP(S) semigray and gray  a n a l y s e s  a r e  n o t  p l o t t e d ,  
b u t  a r e  g iven  i n  APPENDIX C .  I t  i s  s u r p r i s i n g  t o  n o t e  t h a t  
t h e s e  r e s u l t s  ag ree  wi th  t h e  experiments  equa l ly  w e l l  o r  
b e t t e r  than  t h e  nongray DP(S) a n a l y s i s .  This good agreement 
appears  t o  be due t o  t h e  f a c t  t h a t  f o r  h i g h l y  r e f l e c t i n g  
m a t e r i a l s  t h e  r e f l e c t a n c e  i s  n o t  a s t r o n g  f u n c t i o n  of  wave- 
l e n g t h  i n  t h e  i n f r a r e d  p a r t  of t h e  spectrum. Hence, i n  such 
c a s e s  i t  is  t h e  d i r e c t i o n a l  effects  which a r e  impor tan t .  

For a system w i t h  d i f f u s e  s u r f a c e  3 (om = 7 . 1 ~ )  and 
s p e c u l a r  s u r f a c e s  1 and 2 ,  t h e  r e s u l t s  (APPENDIX C )  show t h e  
same t r e n d  a s  those  on t h e  s p e c t r a l  b a s i s .  The p r e d i c t i o n s  
of a l l  t h e  a n a l y s e s  a r e  very  c l o s e  and t h e  experimental  d a t a  
i n  gene ra l  ag ree  b e t t e r  t h a n  i n  t h e  s p e c t r a l  ca se .  Sur face  
3 i s  n o t  d i f f u s e  f o r  t h e  e n t i r e  spectrum of  i n c i d e n t  r a d i a -  
t i o n ,  b u t  t h e r e  appear  t o  be some compensating e f f e c t s  due 
t o  which t h e  agreement of  t h e  CP a n a l y s i s  wi th  t h e  measured 
r e s u l t s  i s  a l s o  good. Again, t h e  p r e d i c t i o n s  o f  t h e  DP(S)  
semigray and gray  ana lyses  a g r e e  w e l l  w i t h  t h e  experiments .  

The r e s u l t s  f o r  b i d i r e c t i o n a l  s u r f a c e  3 (om = 0 . 7 5 ~ )  
and specu la r  s u r f a c e s  1 and 2 a r e  p re sen ted  i n  F igures  23 
and 2 4 .  The d a t a  fo l low t h e  t r e n d  o f  t h e  B(D+S) a n a l y s i s .  
For a spac ing  of y = 1 / 6  t h e  wors t  agreement aga in  occurs  
a t  t h e  open end of  t h e  c l o s e d  c o n f i g u r a t i o n  where G" based 
on t h e  B(D+S) a n a l y s i s  i s  about  4 0  p e r c e n t  lower than  t h e  
measurements. For y = 1 / 2  t h e  r e s u l t s  ag ree  e q u a l l y  w e l l  
w i t h  t h e  D a n a l y s i s .  A t  some l o c a t i o n s  t h e  S a n a l y s i s  
o v e r p r e d i c t s  t h e  experimental  d a t a  by about  1 4 0  p e r c e n t .  
I t  i s  i n t e r e s t i n g  t o  compare F igu re  2 4  w i t h  F igure  2 2  when 
s u r f a c e  3 i s  s p e c u l a r .  For t h i s  s i t u a t i o n  (Figure 22) t h e  
measurements ag ree  we l l  w i th  t h e  DP(S) a n a l y s i s  bu t  a r e  a l s o  
c l o s e  t o  t h e  S a n a l y s i s .  For a b i d i r e c t i o n a l  s u r f a c e  3 t h e  
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Figure 23. Comparison Between Measured and Predicted Total 
Irradiation for Different Models, Surface 
Arrangement S-S-B, 6 = 1, y = 1/6. 
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Figure  2 4 .  Comparison Between Measured and P red ic t ed  To ta l  
I r r a d i a t i o n  f o r  D i f f e r e n t  Models, Sur face  
Arrangement S-S-B,  6 = 1, y = 1 / 2 .  
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d a t a  ag ree  w e l l  w i t h  t h e  B(D+S) a n a l y s i s ,  b u t  a r e  very  c l o s e  
t o  t h e  D a n a l y s i s .  I t  appears  t h a t  d i r e c t i o n a l  and s p e c t r a l  
e f f e c t s  have compensated each o t h e r  and t h e  a p p r o p r i a t e  
c o n s t a n t  p r o p e r t y  a n a l y s i s  p r e d i c t s  t h e  i r r a d i a t i o n  q u i t e  
w e l l .  The r e s u l t s  of t h e  D+S a n a l y s i s  a r e  n o t  shown i n  t h e  
f i g u r e s  f o r  t h e  sake  of c l a r i t y ,  b u t  a r e  given i n  Table C - 3 .  

I t  i s  s u r p r i s i n g  t h a t  t h i s  s i m p l i f i e d  a n a l y s i s  ag rees  wi th  
t h e  measurements even b e t t e r  t han  t h e  d e t a i l e d  d i r e c t i o n a l  
p r o p e r t y  a n a l y s i s  f o r  y = 1 / 6 .  For y = 1 / 2  t h e  agreement 
i s  poor ,  and a t  some p o i n t s  t h e  a n a l y s i s  i s  70  pe rcen t  
h ighe r  than  t h e  experiments.  The r e s u l t s  of t h e  semigray 
and g ray  DP(D+S) a n a l y s i s ,  g iven  i n  Table C - 3 ,  show i n  
gene ra l  a b e t t e r  agreement w i t h  t h e  experiments than  the  
c o n s t a n t  p rope r ty  a n a l y s i s .  This aga in  emphasizes t h e  
importance of  d i r e c t i o n a l  e f f e c t s .  The semigray and gray 
ana lyses  r e s u l t s  a r e  a l s o  shown i n  F igure  25  a s  an example. 

o t h e r  s u r f a c e s  s p e c u l a r ,  t h e  r e s u l t s  (F igure  2 6 )  aga in  show 
b e t t e r  agreement w i t h  t h e  B(D+S) a n a l y s i s .  The p r e d i c t i o n s  
a r e  about  1 0  t o  30  p e r c e n t  lower than  t h e  d a t a .  The r e s u l t s  
based on d i f f u s e  a n a l y s i s  a r e  a s  much a s  7 0  pe rcen t  lower 
than  t h e  measurements. The D+S a n a l y s i s  r e s u l t s  a r e  no t  
shown i n  t h e  f i g u r e s  but  a r e  p re sen ted  i n  t h e  t a b l e s .  I t  
i s  s u r p r i s i n g  t h a t  t h i s  s imple a n a l y s i s  shows a s  good an  
agreement w i t h  t h e  measurements a s  t h e  more d e t a i l e d  B(D+S) 
a n a l y s i s .  A l s o ,  t h e  p r e d i c t i o n s  o f  t h e  semigray and gray 
a n a l y s i s  a r e  i n  e q u a l l y  good agreement w i t h  t h e  B(D+S) 
a n a l y s i s  o n  a nongray b a s i s .  

For an enc losu re  c o n s i s t i n g  o f  two b i d i r e c t i o n a l  
s u r f a c e s ,  and w i t h  y = 1 / 6 ,  t h e  d a t a  tend  t o  f a l l  more i n  
l i n e  w i t h  t h e  d i f f u s e  a n a l y s i s .  The r e s u l t s  a r e  i n  e q u a l l y  
good agreement w i t h  t h e  B(D+S) as w e l l  a s  t h e  D a n a l y s i s ,  
except  a t  t h e  open end of t h e  system where they ag ree  b e t t e r  
w i t h  t h e  former model. For y=1/2  also the data (Figure 2 7 )  agree  
equa l ly  w e l l  w i t h  t h e  D a s  w e l l  a s  B ( D + S )  a n a l y s i s ,  b u t  t h e  

For b i d i r e c t i o n a l  s u r f a c e  2 (am = 1 . 5 ~ ) ,  and w i t h  t h e  
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Figure 25. Comparison Between Measured and Predicted T o t a l  
Irradiation for Different Models, Surface 
Arrangement S-S-B, 6 = 1, y = 1/2, r\ = 1/8. 
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Arrangement S -B-S ,  6 = 1, y = 1 / 6 ,  1 / 2 .  
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S analysis always predicts higher irradiation. An enclosure 
with two bidirectional surfaces and a large y spacing is 
expected to be more diffuse because the energy is incident 
at less oblique angles, for which the specular component 
o f  reflectance is large. The D + S  analysis is in much better 
agreement with the measurements than the B ( D + S )  analysis. 
Semigray and gray B ( D + S )  calculations are as accurate as 
the spectral B ( D + S )  predictions. 

5 . 2 . 3  Comparison of Measurements and Predictions 

on Overall (Average) Basis 

The results presented in Tables 6 through 8 show that 
the agreement of measurements and analysis on spectral 
basis is qualitatively the same as on total basis. Hence 
the discussion which follows is only for the latter. All 
constant property models (UR, D, S, D + S )  show better agree- 
ment with the measurements on overall basis than on local 
basis. The S analysis always over predicts the irradiation. 
For a specular enclosure or when surface 3 is diffuse and 
others specular, the S analysis predicts within L O  percent. 
However, with bidirectional surfaces in the enclosure, the 
S analysis for some cases predicts@tm high by as much as 
120 percent. In general, agreement of the D analysis with 
the measurements is better than that for the S analysis. 
In the worst case the D analysis is only 44 percent lower 
than the experiments, and this happens when all the surfaces 
are specular. For other cases the predictions are within 
2 7  percent. The UR analysis yields equally good agreement 
with the experiments as the D analysis. Predictions with 
the D + S  model are closer to the experiments than the S 
analysis, but the agreement is not as good as that o f  the 
D analysis. Like the S analysis, the D + S  analysis also 
usually overpredicts the irradiation. Note that predictions 
of the D + S  analysis do not always lie between those of the 
D and S analyses, but the departure is small. 
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I n  c o n t r a s t  t o  t h e  S and D+S a n a l y s i s ,  t h e  DP a n a l y s i s  
u s u a l l y  unde rp red ic t s  t h e  i r r a d i a t i o n .  The reason f o r  t h i s  
has a l r eady  been given i n  S e c t i o n  5.2.1. Although t h e  
o v e r a l l  agreement o f  t h e  DP a n a l y s i s  i s  b e t t e r  (wi th in  20%)  
than  t h a t  o f  t h e  CP a n a l y s i s ,  i t  does n o t  o f f e r  any s i g n i f i -  
c a n t  advantage over  t h e  a p p r o p r i a t e  CP a n a l y s i s .  Also,  
c a l c u l a t i o n s  wi th  t h e  nongray B(D+S)  o r  DP(S) models do not  
y i e l d  b e t t e r  r e s u l t s  than t h e  corresponding semigray o r  gray  
a n a l y s i s .  

t h e  above conclus ions  q u a l i t a t i v e l y ,  b u t  q u a n t i t a t i v e l y  
t h e  agreement wi th  t h e  experiments i s  n o t  a s  good a s  on 
t o t a l  b a s i s .  

The s p e c t r a l  r e s u l t s  g iven  i n  Tables  6 and 7 suppor t  
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6 .  CONCLUSIONS AND RECOMMENDATIONS 

A s  a r e s u l t  of t he  p r e s e n t  a n a l y t i c a l  and experimental  
work on r a d i a n t  h e a t  exchange between simply arranged 
s u r f a c e s  t h e  fo l lowing  conclus ions  may be drawn. 

1. 

2 .  

3 .  

4 .  

5. 

6. 

7 .  

Q u a l i t a t i v e  agreement of measurements and ana lyses  
f o r  s p e c t r a l  and t o t a l  r e s u l t s  i s  t h e  same. Quanti-  
t a t i v e l y ,  t o t a l  r e s u l t s  show b e t t e r  agreement than  
t h e  s p e c t r a l  r e s u l t s .  
A n a l y t i c a l  r e s u l t s  i n d i c a t e  t h a t  t he  cons t an t  
p rope r ty  d i f f u s e  and specu la r  models do not  y i e l d  
t h e  upper and lower bounds on l o c a l  r a d i a n t  h e a t  
f l u x .  
Both cons t an t  p r o p e r t y  d i f f u s e  and s p e c u l a r  models 
can f a i l  badly.  The s p e c u l a r i t y  of t h e  s u r f a c e s  
must be cons idered  f o r  more a c c u r a t e  p r e d i c t i o n s .  
A d i f f u s e  s u r f a c e  i n  t h e  enc losure  appears t o  
des t roy  t h e  e f f e c t  o f  s p e c u l a r i t y  of t h e  o t h e r  
s u r f a c e s .  Constant p r o p e r t y  d i f f u s e  and specu la r  
(with s u r f a c e  3 d i f f u s e )  ana lyses  y i e l d  almost 
i d e n t i c a l  r e s u l t s .  
In  g e n e r a l ,  t h e  c o n s t a n t  p r o p e r t y  specu la r  a n a l y s i s  
y i e l d s  h ighe r  va lues  o f  i r r a d i a t i o n  than  t h e  
c o n s t a n t  p r o p e r t y  d i f f u s e  a n a l y s i s .  
When a l l  t h e  s u r f a c e s  i n  t h e  enc losure  a r e  s p e c u l a r  
the  d e t a i l e d  nongray a n a l y s i s  has  no advantage over 
t he  s impler  semigray o r  gray a n a l y s e s ,  provided 
t h a t  t h e  d i r e c t i o n a l  e f f e c t s  a r e  taken i n t o  account ,  
In  g e n e r a l ,  t h e  b e s t  agreement between a n a l y s i s  and 
the  d a t a  i s  f o r  t h e  B(D+S)  model. Assuming t h e  
incoherent  component of energy t o  be r e f l e c t e d  
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d i f f u s e l y  provides  apprec i ab le  s i m p l i c i t y .  However, 
t ak ing  i n t o  account t h e  s p e c t r a l  e f f e c t s  makes t h e  
computation r a t h e r  t e d i o u s .  

8 .  Semigray and gray  ana lyses  p r e d i c t  t h e  i r r a d i a t i o n  
reasonably we l l  provided t h a t  t h e  d i r e c t i o n a l  
p r o p e r t i e s  and t h e  s p e c u l a r i t y  of t h e  s u r f a c e s  a r e  
taken i n t o  account .  

9 .  The g r e a t e s t  discrepancy between t h e  d a t a  and t h e  
ana lyses  occurs  a t  l o c a t i o n s  which a r e  i r r a d i a t e d  
a t  ob l ique  ang le s .  A t  some l o c a t i o n s  t h e  e x p e r i -  
mental r e s u l t s  a r e  more than  t h r e e  t imes t h e  
magnitude of t h e  d i f f u s e  a n a l y s i s  r e s u l t s  and 
about two t imes the  r e s u l t s  from t h e  DP a n a l y s i s .  
I t  remains t o  be determined whether t h i s  d i screpancy  
i s  due t o  t h e  l i m i t a t i o n s  o f  t h e  ana lyses  o r  t h e  
experiments.  

The fo l lowing  conclus ions  can be drawn f o r  e v a l u a t i o n  

1. C a l c u l a t i o n  of t h e  i r r a d i a t i o n  on a nongray b a s i s  
does not  y i e l d  improved r e s u l t s  over t h e  semigray 
o r  gray ana lyses .  

2 .  The a p p r o p r i a t e  c o n s t a n t  p r o p e r t y  models p r e d i c t  
t h e  i r r a d i a t i o n  reasonably  w e l l .  The S a n a l y s i s  
f o r  a specu la r  enc losure  p r e d i c t s  t h e  i r r a d i a t i o n  
w i t h i n  f o u r  pe rcen t  of t h e  measurements. With one 
o r  more rough s u r f a c e s  i n  t h e  enc losu re  t h e  D 
a n a l y s i s  p r e d i c t s  t h e  i r r a d i a t i o n  w i t h i n  2 7  percen t  
and t h e  D+S and UR ana lyses  ag ree  wi th  t h e  d a t a  
t o  w i t h i n  40  p e r c e n t .  

3 .  The c o n s t a n t  p r o p e r t y  D+S a n a l y s i s  provides  b e t t e r  
o v e r a l l  agreement w i t h  t h e  d a t a  than  t h e  c o n s t a n t  
p r o p e r t y  d i f f u s e  o r  s p e c u l a r  a n a l y s e s .  

between those  o f  t h e  D and S a n a l y s e s ,  bu t  t h e  
d e p a r t u r e  i s  s m a l l .  

of t h e  o v e r a l l  (average)  i r r a d i a t i o n  on t o t a l  b a s i s .  

4 .  Resu l t s  o f  t h e  D+S a n a l y s i s  do not  always l i e  
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5. The uniform (UR) and nonuniform (D) r a d i o s i t y  
d i f f u s e  models a r e  i n  good agreement wi th  each 
o t h e r  (wi th in  20  p e r c e n t )  and wi th  t h e  e x p e r i -  
mental d a t a  (wi th in  4 5  p e r c e n t ) .  

6 .  Overa l l  agreement of measurements and ana lyses  i s  
b e t t e r  f o r  t o t a l  t h a n  f o r  s p e c t r a l  r e s u l t s .  

The above conclus ions  a r e  drawn f rom t h e  l i m i t e d  r e s u l t s  
based on a p a r t i c u l a r  combination o f  geometry, m a t e r i a l  and 
temperature  l e v e l s .  This c o n f i g u r a t i o n  may no t  be represen-  
t a t i v e  of o t h e r  types  o f  enc losu res .  Therefore ,  c a r e  should 
be exe rc i sed  i n  extending t h e  r e s u l t s  and conclus ions  t o  
s i t u a t i o n s  very  much d i f f e r e n t  from those  s t u d i e d  h e r e .  

a r e a s  have evolved. A few a r e a s  which need f u r t h e r  i n v e s t i -  
g a t i o n  a r e  b r i e f l y  d iscussed  below. 

During t h e  course  o f  t h i s  r e sea rch  a number of problem 

1. The gray DP(D+S) model w i th  a d i r ec t ion - independen t  
specu la r  component has proved promising f o r  specu- 
l a r l y  a s  we l l  a s  f o r  b i d i r e c t i o n a l l y  r e f l e c t i n g  
s u r f a c e s .  This model should be v e r i f i e d  f o r  o t h e r  
types o f  enc losu res .  

l a r  component of r e f l e c t a n c e .  Since t h e  incohe ren t ly  
r e f l e c t e d  energy i s  peaked i n  t h e  s p e c u l a r  d i r e c t i o n ,  
i t  appears  r e a l i s t i c  t o  assume t h a t  a p a r t  of t h i s  
energy i s  r e f l e c t e d  s p e c u l a r l y .  

t o  measure the  s p e c u l a r  and d i f f u s e  component of 
d i r e c t i o n a l  r e f l e c t a n c e  i f  f u r t h e r  s t u d i e s  prove 
the  v a l i d i t y  of t h e  d i f f u s e  p l u s  specu la r  model. 
R e a l i s t i c a l l y ,  t h e  s p e c u l a r  component should be 
l a r g e r  than  the  cohe ren t  component. The specu la r  
component of r e f l e c t a n c e  can be assumed t o  be t h e  
energy r e f l e c t e d  i n  t h e  s p e c u l a r  d i r e c t i o n  w i t h i n  
an a r b i t r a r y  s o l i d  ang le .  

2 .  More work should be done i n  determining t h e  specu- 

3 .  A need e x i s t s  f o r  a s imple experimental  t echnique  
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4. The experimental work has indicated a need for a 
small thermal (spectral or total) radiation detector 
with a response independent of the direction or 
wavelength of the incident energy and with a sensi- 
tivity independent of the enclosure pressure. 

changed in normal as well as oblique directions. 
Other geometrical arrangements where a surface is 

5. In the present configuration the energy was ex- 

primarily irradiated either from some external 
source, such as a solar simulator or another surface 
at large angles of incidence relative to the surface 
normal, should be investigated. 

roughness on the reflection distribution function 
should be explored. If this effect is significant, 
then the effects of surface preparation methods 
should be examined further. 

method be used not only to predict the bidirectional 
reflectance for random surface models, but also to 
check the validity of the presently available 
theories. Investigations reported [ 44 ,  1101 have 
proved promising, but further work needs to be done. 

6. The effect of secondary roughness and non-Gaussian 

7. It has been recommended [ 7 7 ]  that the Monte Carlo 

Direct calculation of heat transfer by the Monte 
Carlo method may be more efficient as compared to 
first calculating the bidirectional reflectance and 
then predicting the heat transfer. 

Carlo method and make it more efficient and 
8. There is a great incentive to streamline the Monte 

economical for engineering calculations. A pre- 
diction of the accuracy of the Monte Carlo method 
with various computational shortcuts is needed. 
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APPENDIX A 

SPECULAR COMPONENT OF REFLECTIVITY 

For p r e d i c t i o n s  of r a d i a t i o n  q u a n t i t i e s  of i n t e r e s t  i n  
an enc losure  wi th  some s i m p l i f i e d  models t h e  s p e c u l a r  com- 
ponent of r e f l e c t i v i t y  over  a s u r f a c e  i s  assumed t o  be 
c o n s t a n t .  However, i n  t h e  l i t e r a t u r e  t h e r e  i s  no method 
which inco rpora t e s  t h e  s p e c t r a l ,  d i r e c t i o n a l ,  roughness 
and c o n f i g u r a t i o n  e f f e c t s  f o r  c a l c u l a t i n g  t h i s  component. 
In t h i s  appendix t h e  i n f l u e n c e  o f  va r ious  parameters on t h e  
s p e c u l a r  component of r e f l e c t i v i t y  i s  d i scussed  and expres-  
s i o n s  a r e  de r ived  f o r  i t s  e v a l u a t i o n .  

specu la r  component iT i s  w r i t t e n  a s  
By d e f i n i t i o n  t h e  o v e r a l l  (averaged over a s u r f a c e )  

The s u r f a c e  i s  assumed t o  be i s o t r o p i c  and t o  have uniform 
p r o p e r t i e s  over  t h e  a r e a  A.  I t  i s  c l e a r  t h a t  i n  gene ra l  t h e  
l o c a l  specu la r  component R(;) (Eq. (A*  1 )  without  t h e  
i n t e g r a l  over a r e a  A) w i l l  vary  wi th  l o c a t i o n  because,  i n  
most of  t he  p r a c t i c a l  problems, t h e  s p e c t r a l  and d i r e c t i o n a l  
d i s t r i b u t i o n  of t h e  i n c i d e n t  energy v a r i e s  wi th  p o s i t i o n ;  
a l s o  because t h e  r e f l e c t a n c e  o f  a s u r f a c e  i s  dependent on 
d i r e c t i o n  and wavelength.  
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If the incident radiation field is known, then E can 
be evaluated without any difficulty. The purpose of the 
present discussion is to investigate how to best approxi- 
mate from the known variables such as the spectral direc- 
tional emittance, the surface roughness, the prescribed 
temperatures and the geometry of the enclosure. 

For the purpose of discussion the remainder of this 
appendix is divided into two parts. In the first part the 
influence of various parameters on the terms or group of 
terms appearing in Eq. (Ail) is examined. In the second 
part some approximations are made which reduce E q .  (A-1) to 
a workable form from which overall (area averaged) specular 
component of reflectivity can be calculated. An illustra- 
tive example is also given at the end. 

Influence - of Various Parameters 

on Specular Component of Reflectivity 

Before any approximations can be made t o  simplify Eq. 
( A - 1 ) ,  it is necessary to examine the influence of various 
parameters on the terms appearing in E q .  (A.1). Evaluation 
of g(e',u/X) and the product g(01,u/h)p,(61)/p, for several 
values of the parameter a / h ,  where p , ( e ' )  was predicted 
from Drude's model for gold, yielded almost the same results 
for values of the angle 8' from 0" up to 80". This is due 
t o  the fact that the reflectivity of gold is high and the 
percentage change of ~ ~ ( 0 ~ )  with 0 '  is small. Both o f  the 
evaluated quantities (mentioned above) showed a strong 
dependence on 0 '  and o/X. For some values of a / h ,  g(8',a/h) 
is plotted in Figure A-1. 

The effect of the directional variation of the spectral 
incident intensity on the local specular component was 
investigated for a perfectly reflecting material as well as 
gold. The expression evaluated was 
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Figure A - 1 .  Specular  Component of  R e f l e c t i v i t y  of Spec t r a l  
I n t e n s i t y  f o r  a P e r f e c t l y  Ref l ec t ing  M a t e r i a l .  
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where in one case 0 ;  = 0 and in the second case 0;  = 0. 
The other angle varies from 0 to ~ / 2 .  The results are 
presented in Figure A - 2  only f o r  perfectly reflecting 
material and €or  6; varying from 0 to ~ / 2 .  
o f  I' with 8' is noted on the figure. Comparison o f  all 
the results showed that the specular component of reflec- 
tivity is a very weak function of  the spectral as well as 
the directional reflectivity. Examination o f  Figure A - 2  
shows that the variation of the incident intensity with 
angle does not have large effect on the specular component 
of reflectivity. 

In view of the above discussion, if I' and p are 
assumed to be independent of direction then E q .  ( A . 2 )  
reduces to 

The variation 

This equation can readily be integrated and yields 

L[e-acos2e1 - e - acos e i] 
( A . 4 )  RA,(0i+f3;) = 2a 

i[cos2e; - cos2e;] 

where a = [4~(a/X)]~. 
0; = ~ r / 2  in E q .  ( A * 3 ) ,  

For limits of integration 0; = 0, 

R A m ( O + ~ / 2 )  = (l-ema)/a 
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Figure A - 2 .  Effect  o f  D i r e c t i o n a l  V a r i a t i o n  of S p e c t r a l  
I n t e n s i t y  on t h e  Specular  Component of  
R e f l e c t i v i t y  f o r  a P e r f e c t l y  Ref l ec t ing  
M a t e r i a l ,  E q .  ( A -  2 ) .  
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Equation ( A - 4 )  yields the specular component only for 
a particular value of optical roughness o/A. If the inci- 
dent intensity is uniformly distributed over the wavelength 
interval from A, to A , ,  the corresponding specular component 
can be calculated by integrating E q .  ( A - 4 )  over this wave- 
length interval. Integration of the first term yields 

where b = ( 4 1 ~ 0 ~ 0 ~ 8 ~ ) ~ .  The second term can be written 
similarly. 

The discussion s o  far has been limited only to the 
directional effects. The combined spectral and directional 
effects were investigated in a similar way. Incident 
intensity was assumed to have a spectral black body distri- 
bution at temperatures ranging from 280'K to 760'K (range 
of temperature in this study). The directional variation 
of this intensity was assumed the same as is noted in 
Figure A - 2 .  

s -  
p, - 

R,(O+8') = 

The following expressions were evaluated: 

r* 
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The results from Eq. (A.7) are plotted in Figure A - 3 .  Com- 
parison of all the above mentioned results showed that for 
the calculation o f  the specular component o f  reflectivity 
the spectral and directional effects appearing in the 
function g(8t,a/h) are most important. However, these con- 
clusions should be used with caution for other situations 
where surfaces may show quite a strong dependence of radia- 
tion characteristics on wavelength and direction. 

Approximations - for Calculating Overall 

Specular Component I o f  Reflectivity 

In practical situations neither is 4 '  independent of  0 '  

nor does the spectral distribution o f  intensity correspond 
to a definite temperature, as was assumed in the previous 
discussion. The former is dependent purely on the configura- 
tion studied while the latter depends not only on the system 
but also on the temperature, roughness and radiation charac- 
teristics. The surfaces are usually at different tempera- 
tures and, due to unequal spectral emission, absorption and 
roughnesses of the surfaces, the spectral distribution of 
energy does not correspond to any weighted mean o f  blackbody 
emission corresponding to the surface temperatures. However 
the intent here is to approximate the spectral distribution 
in some gross manner s o  that the specular component of 
reflectivity can be calculated in a simple way. 

the intensity leaving some other part o f  the enclosures, 
then Bi can be expressed as 

If in Eq. (A.1) the incident intensity I' is written as 

(8  , Q, ,;) pix (8 ) g (8 , a/ A )  K. . dA . dAidA 
1 3  J 

8; = J r j I l  JJAj ( A . 9 )  
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Figure A - 3 .  Specular Component of Reflectivity of Blackbody 
Intensity for a Perfectly Reflecting Material, 
E q .  ( A . 7 ) .  
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Approximating the intensity I as the sum o f  the emitted 
and some mean reflected intensity, the above equation 
becomes I 

j 

(A-10) 

where, following Bevans and Edwards [ 7 8 ] ,  D represents the 
mean intensity o f  the irradiation of the surface j by the 
surrounding surfaces. 

If one term in the bracket in Eq.  (A-10) is small com- 
pared to the other it can be neglected. 
second term can be neglected when the emission from surface 
j is high and the reflectivity is small. 

Introducing geometrical ttiermal radiation characteris- 
tics [ 7 8 ]  

j h  

For example, the 

(A*  11) 
and dropping D from Eq. ( A . 1 0 )  gives 

j 
roo  n J . l  lbjXIEjiXgijAPijX I F .  ij .dX 

8, = 0 1 = 1  
-I I 

rw n 

J j=i 1 'bjhEEjiAPijX IF. ij .dX 

(A.12) 

In practical problems it is convenient t o  evaluate these 
characteristics at some mean value o f  the angles. If  the 
surfaces are large and this assumption is poor, the surfaces 
may be further subdivided. 
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Assuming p t o  be independent of 8 and A ,  and e v a l u a t -  
ing  E and g a t  some mean angles  e j i  ( t h e  angle  made by 
normal t o  A .  wi th  a l i n e  j o i n i n g  A and A i ) ,  t h e  above 
equat ion  becomes 

J j 

For E independent of  8 E q .  (A.13) can be  expressed a s  

n 

j = i  
C & j E b j F i j  

I f  i t  i s  s a t i s f a c t o r y  t o  e v a l u a t e  g a t  some mean wavelength 
t h e n  E q .  (A.14) reduces t o  'm 3 

n 
g.  . F  j = ,  1 E j E b j  ij i j  - - 

Ri - 
n 

(A.15) 
~- 

C ' j E b j F i j  
j = i  

where g i j  s t a n d s  f o r  g eva lua ted  a t  some mean angle  between 
s u r f a c e s  Ai and A o r  c a l c u l a t e d  from t h e  equat ion  

j 

I n  a h igh ly  r e f l e c t i n g  enc losure  t h e  c o n t r i b u t i o n  due 
t o  emission i s  a small  f r a c t i o n  o f  t h e  l eav ing  energy and 
hence can be ignored .  Also,  due t o  l a r g e  number o f  
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interreflections the radiant energy can be assumed to be 
well mixed spectrally. The spectral distribution can be 
assumed the same as the spectral distribution of energy 
emitted into the enclosure. Under these assumptions and 
assuming constant p ,  E q .  (A.10) can be written as 

where the factors W are proportional to the intensity 
leaving each surface. 
assumed to be uniform. If this assumption is not valid 
the enclosure can be further subdivided. 
from Eq. (A.16) into Eq. (A-17) leads to 

j 
Note that IX over each surface is 

Introducing gij 

( A . 1 8 )  

Further, if it is assumed that gij can be evaluated at some 
mean wavelength A = A m ,  E q .  (A.18) reduces to 

'(A 1 9 ) 

Equations (A-17) through (A-19) are of little help 
unless we can make a good guess about the weighting factor 

. In a highly reflecting well-enclosed enclosure all of 
the W. can be assumed equal because of the large number of 
interreflections. For other cases only that W can be 
retained whose corresponding surface makes the most contri- 
bution to E,. 

'j 
3 

j 
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Example. 

specular component are illustrated by an example. The con- 
figuration, roughness and temperatures chosen for the 
example are the same as for the present study. Surface 1 
is assumed to be perfectly reflecting and to have the rough- 
ness indicated in Figure A.-4. The intensity of radiation 
leaving surface 3 is assumed diffuse and with the spectral 
distribution corresponding to blackbody emission at the 
temperature indicated in the figure. The local as well as 
the overall specular components were calculated with a 
variation of intensity as large as a factor of 20 across 
surface 3. The calculated local specular component is 
presented in Figure A - 4  for the intensity leaving surface 3 
uniformly distributed. For other distributions it was 
similar. The results are given only for n = 7/16 because 
for r~ = 1/16 the difference was small. The overall specular 
component of reflectivity is given in Table A-1 f o r  other 
distributions also. 

The quantitative effects of various parameters on the 

Comparison of the results (presented and those not 
presented) shows that the local as well as the overall 
specular component of reflectivity is not very sensitive 
to the variation in intensity leaving surface 3. The local 
specular component of reflectivity shows a large variation 
across the surface for a relatively close configuration 
(y = 1/6), especially for large roughness and temperature. 
In spite of the large variation of the local specular com- 
ponent, the overall specular component ff is very close to 
the local value at locations where most of the energy is 
incident in near normal directions. This seems to be due 
to the fact that the intensity of radiation incident at 
oblique angles has only a small contribution to the overall 
specular component. This is due to the presence of the Kij 
term in the equation for 8. 
proportional to cos4Cl, which decreases very rapidly with 
increasing 8 .  

For parallel plates Kij is 
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Figure A - 4 .  Specular Component of Reflectivity of Perfectly 
Reflecting Surface 1. Intensity of Radiation 
Leaving Surface 3 is Diffuse and Uniform with 
the Spectral Distribution Corresponding to 
Blackbody Emission at the Indicated Temperature. 
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TABLE A-1 

Overall' Specular Component of Reflectivity of Perfectly 
Reflecting Surface 1. The Intensity of Radiation Leaving 
Surface 3 is Diffuse with the Spectral Distribution Corre- 
sponding to Blackbody Emission at the Indicated Temperature 
Varies Linearly with 5 ,  I,,(<, TI) = a + bc. 

111 

280°K 590°K 760°K 280°K 590°K 760°K 
0.785 0.419 0.497 0.150 1,19 

0.769 0.383 0.465 0.122 20,-19 
1/6 0.774 0.500 0.394 0.474 0.202 0.131 L O  

0.764 0.361 0.446 0.101 1,19 

0.737 0.315 0.403 0.079 20,-19 
1/2 0.747 0.443 0.332 0.419 0.148 0.087 190 
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APPENDIX B 

DISCUSSION OF EXPERIMENTAL ERRORS 

There are many factors which contribute in a complicated 
manner to the evaluation of local irradiation, thus making 
a quantitative estimate of the error almost impossible; hence 
what follows is only a qualitative estimate. 

actual local temperature variations across the surfaces, 
inaccuracy ill calculating the temperature drop across the 
plate o r  paint, and error in the measurement o f  temperature 
with thermocouples cause temperature errors which are com- 
pounded by T4-terms in the equations defining irradiation. 
Maximum non-uniformity of temperature was on the hot plate 
and was less than 1.0%. The manufacturer claims the per- 
formance o f  Chromel-Alumel thermocouple wires used to be 
according to NBS standards which is ~t 2.22OC up to 550°K 
and rtr 3 / 4  percent from 550°K to 1533°K. The effect of this 
error is reduced by using the wire from the same roll for 
calibration as well as for actual installation. The tempera- 
ture difference across the paints under high heat loads is 
estimated to be less than 2 O C .  Some error is expected in 
the measured [lll] emittances of the 3M Black Velvet and 
Pyromark paints. The surface temperature errors in both 
the irradiation and emittance measurements are due to the 
difficulty in calculating accurately the temperature drop 
across the paint; therefore, they are compensating and the 
actual error in the calibration curves is expected to be 
much lower [lll]. 

should have had little effect on the measured irradiation 

Use of some mean temperature instead of considering the 

The residual gas pressure variation in the system 
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s i n c e  t h e  r a d i a t i o n  f l u x  d i s t r i b u t i o n  i s  only a f u n c t i o n  of 
s u r f a c e  temperatures  and r a d i a t i o n  p r o p e r t i e s .  The measure- 
ments were made under vacuum cond i t ions  t o  p r a c t i c a l l y  
e l i m i n a t e  convec t ion  and hence achieve  a more uniform 
temperature  over each a r e a  a s  we l l  a s  t o  e l i m i n a t e  any 
condensables from t h e  system. 

t o  be sma l l .  The es t imated  e r r o r s  i n  t h e  measurement of 
The e r r o r s  i n  t h e  phys ica l  geometry a r e  a l s o  expected 

s i z e  of t h e  p l a t e s  and s e p a r a t i o n  d i s t a n c e s  a r e  l e s s  than  
1 p e r c e n t .  The r educ t ion  i n  t e s t  s u r f a c e  a r e a  due t o  ho le s  
f o r  thermopiles  i s  l e s s  than  1 . 2  p e r c e n t .  Rad ia t ion  l eav ing  
t h e  chamber w a l l s  and recorded by t h e  thermopiles  i s  e s t i -  
mated t o  be l e s s  than  4 pe rcen t  o f  t h e  measured f l u x  i n  t h e  
w o r s t  p o s s i b l e  c a s e .  Some e r r o r  i s  in t roduced  by t r a n s -  
miss ion  c h a r a c t e r i s t i c s  o f  thermopile  window s i n c e  they a r e  
f u n c t i o n s  o f  no t  on ly  t h e  temperature  b u t  a l s o  of t h e  degree 
of p o l a r i z a t i o n  a s  wel l  a s  t h e  s p e c t r a l  and d i r e c t i o n a l  
d i s t r i b u t i o n  of  t h e  i n c i d e n t  r a d i a t i o n  f i e l d .  

I n t e r f e r e n c e  f i l t e r s  a l s o  c o n t r i b u t e  t o  t h e  e r r o r  
because the  t r ansmiss ion  i s  d i r e c t i o n  and p o l a r i z a t i o n  
dependent. With an  i n c r e a s e  i n  t h e  i n c i d e n t  ang le ,  no t  on ly  
does t h e  s p e c t r a l  t r a n s m i t t a n c e  decrease  and t h e  bandwidth 
i n c r e a s e ,  bu t  a l s o  t h e  peak of t h e  t r a n s m i t t a n c e  curve i s  
s h i f t e d  towards s h o r t e r  wavelengths.  However, t h e  e f f e c t  
i s  r e l a t i v e l y  sma l l .  F o r  example, f o r  t h e  4 . 5 1 ~  f i l t e r  
an i n c r e a s e  i n  t h e  angle  of inc idence  from normal t o  7 0 "  

r e s u l t s  i n  a 0 . 0 0 5 p  i n c r e a s e  i n  t h e  bandwidth and t h e  peak 
wavelength o f  t h e  t r ansmiss ion  scan dec reases  by 0.2711. 

The e f f e c t  o f  t h e s e  v a r i a t i o n s  can be examined more c l e a r l y  
by w r i t i n g  t h e  equat ion  f o r  t ransmit tance of t h e  f i l t e r .  
Rigorous ly ,  t h e  t r ansmiss ion  T of t h e  f i l t e r  i s  given by 
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The integration is performed over AX because outside this 
range T~ is zero. 
for all practical purposes at not too oblique angles [112] 

Although T is a function of h and e ' ,  

~ ~ ( 0 ' ) d h  = C = constant (B.  2 )  

Since Ah is small, over this interval Ih can be assumed to 
be independent of A .  This allows rewriting Eq. (Bel) in 
the form 

Hence, the error introduced by this simplification arises 
from the assumption that IX is constant over the interval A X ,  
which is very small. 

measurements by the above effects but these effects are 
expected to a large extent to be calibrated out since the 
calibration was performed with a similar arrangement o f  
surfaces. 

It is difficult to evaluate the error introduced in the 

* Note that the form of E q .  ( B - 3 )  shows that in a relative 
calibration procedure it is not necessary to know the 
transmission o r  the transmission scan of the filter. 
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APPENDIX C 
TABLE C - 1  

M e a s u r e d  a n d  P r e d i c t e d  L o c a l  I r r a d i a t i o n  G; o n  S p e c t r a l  B a s i s ,  X = 3 . 0 8 ~  

S u r f a c e s  GX” 
n = 1 / 8  3 / 8  

6 - 1 / 8  3 / 8  5 / 8  7 / 8  1 / 8  3/  8 5 / 8  7 / 8  

1 - 2 - 3 ,  TIST2 Model 
Y O K  

EXP 320 1 2 7 5  3137 4089 289 1 3 0 7  3 6 4 3  4502 
284.8  S 94 789 2826 4 4 2 3 ,  1 1 2  927 3476 5 2 0 3  
5 9 4 . 1  D 6 9  307 1 6 7 2  3805 1 0 1  501 2252 5624 

DP (SI 1 8 3  1 0 8 8  3220 4810 1 9 3  1 1 1 0  3900 5690 

EXP 1 1 0 7  5057 1 2 1 9 2  1 5 1 4 1  1 0 9 8  5744 1 2 3 6 1  20867 
2 8 4 . 3  S 564 4727 1 7 0 0 1  26082 675 5597 20591 31214 
7 5 2 . 9  D 412 1 8 3 6  10000 22726 604 2991 13494 33627 

DP (SI 680 4040 12160 1 8 3 0 0  718 4110 1 4 8 0 0  21400 

EXP 320 898 1197 1 2 6 6  459 1 0 4 1  1 5 0 3  1 5 0 3  
284.1  S 307 7 3 3  1 1 0 6  1 4 4 7  324 788 1 2 6 9  1 5 3 7  
5 8 6 . 5  D 1 3 1  293  565 901 1 6 6  38 5 7 5 8  1 0 7 7 0  

DP(S) 330 8 1 0  1 1 7 0  1 4 4 0  355 876 1 4 1 0  1 6 5 0  

1 / 6  

s -s -s  

I /  2 
EXP 2030 4008 4850 5463 2088 4 1 3 3  6 1 6 0  6322 

283.6  S 2147 5126 7710 10094 2271 5512 8844 1 0 7 0 7  
758.5  D 916 2047 3950 6301 1 1 6 0  2691 5300 7535 

DP (SI 1 4 3 0  3520 5130 6350 1 5 4 0  3820 6 1 9 0  7 2 5 0  

EX P 1 1 6  4 7 1  1 4 5 3  3 1 8 1  1 3 9  6 3 1  1 8 5 2  4617 
283.4 S 70 274 1600 3600 8 0  374 2062 4900 
588.0  D 6 9  305 1664 3787 1 0 0  4 9 9  2241 5598 

. DP(S) 8 6  360 1 7 0 5  3960 1 0 1  549 2580 5650 
1 / 6  

EXP 539  1 7 4 3  6529 1 2 6 4 2  602 2695 9412 21716 
283.8  S 4 2 3  1 6 5 2  9639 21661 487 2263 1 2 4 2 1  29565 
7 5 0 . 2  D 415 1 8 4 8  10054 22871 608 3010 1 3 5 8 1  3 3 8 4 3  

DP(S) 328 1 3 6 8  -5480 15040 385 2095 9860 21450 
S-S-D 

EXP 210 404 630 771 242 4 7 3  8 6 5  1 1 5 8  
2 8 3 . 5  S 1 4 9  327 588 995 1 8 0  4 0 3  703  1 2 3 5  
5 9 0 . 1  D 1 4 2  318 614 979 1 8 0  41 8 824 1 1 7 1  

DP (S) 1 5 3  352 , 606 947 1 8 0  407 8 4 0  1 3 7 5  

EXP 918 1 6 5 6  2356 3104 1 0 0 8  1894 2842 4409 
283.1 S 960 2104 3783 6396 1 1 6 0  2595 4522 7 9 4 3  
7 5 4 . 9  D 916 2046 3948 6298 1 1 5 9  2690 5297 7532 

UP ( S )  608 1 4 0 0  2410 3760 715 1 6 0 3  3330 5470 

1/ 2 

EXP 
283.7  S 
593.4  D 

B (D+S) 

EX P 
1 / 6  

2 8 3 . 7  S 
7 6 0 . 9  D 

B (D+S) 

EXP 
S-S-R 

2 8 3 . 7  S 
7 5 9 . 5  D 

H (I)+S) 

1 6 8  573 
1 0 2  864 

79 31  2 
1 2 5  368 

8 2 5  2841 
638 5414 
492 1 9 6 6  
492 1 4 4 3  

1 3 2 2  2502 
2170 5280 

948 1 7 4 5  
776 1 8 6 7  

1 9 3 0  
3027 
1 7 1 1  
1 8 4 8  

8970 
1 8 9 9 5  
10674 

7270 

3953 
7027 
4309 
3452 

3658 
4708 
4328 
3812 

18266 
29079 
26958 
1 5 0 1 2  

4970 
10720 

6057 
5520 

1 7 1  
1 1 6  

88 
138  

911 
726 
548 
54 2 

1 4 2 8  
2338 
1110 

940 

708 
9 1 3  
467 
4 7 2  

3214 
5723 
291 2 
1 8 5 5  

2706 
5601 
2557 
2280 

2398 
3571 
2675 
2573 

1 2 5 3 7  
22207 
1 6 6 7 0  
10157 

4479 
8669 
4601  
4 254 

~. 

4615 
5500 
6078 
5381 

21177 
34429 
37818 
21210 

601 6 
11037 

7763 
7221 
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TABLE C-1 (cont'd.) 

Surfaces G i  

Y 3/8 Q = 1/8 1-2-3, T1,Tz Model 
O K  

5 =  1/8 3/8 5/8 7/8 1/8 3/8 5/8 7/8 

1/6 

S-B-S 

11 2 

284.0 
596.6 

284.8 
758.6 

283.9 
594.1 

284.7 
755.5 

EXP 
S 
D 

B ( D + S )  

EX P 
S 
D 

B (D+S) 

EXP 
S 
D 

B (D+S) 

EXP 
S 
D 

B (D+S) 

335 
104 
81 

245 

1313 
589 
455 
868 

430 
348 
152 
409 

1818 
1981 
866 

1435 

1071 
884 
319 

1295 

3844 
5002 
1816 
4578 

823 
847 
280 
833 

3225 
4821 
1593 
2917 

2382 
3097 
1751 
2873 

8234 
17551 
9863 

10148 

1213 
1260 
692 

1147 

4377 
7145 
3933 
4016 

3362 
4818 
44 28 
3296 

10983 
26869 
24909 
11610 

1434 
1728 
97 2 

1156 

5386 
9786 
5529 
4046 

378 1166 
118 935 
90 478 

264 1500 

1390 4430 
671 5288 
506 2690 
935 5315 

525 818 
375 899 
178 420 
436 874 

1893 3683 
2135 si13 
1014 2334 
1532 3060 

2578 
3654 
2737 
3037 

9301 
20519 
15403 
107 07 

1184 
1393 
738 

1165 

4768 
7914 
4200 
4077 

3877 
5628 
6219 
4598 

14787 
31812 
34944 
16200 

1579 
1777 
1246 
1385 

6076 
10076 
7086 
4850 

1/6 

S-B-B 

1/2 

283.6 
596.0 

284.4 
768.5 

283.9 
592.8 

284.4 
758.5 

EXP 
S 
D 

B (D+S) 

EXP 
S 
D 

B ( D + S )  

EXP 
S 
D 

B ( D + S )  

EXP 
S 
D 

B ( D + S )  

128 
105 
82 

165 

577 
650 
502 
64 3 

192 
34 2 
150 
163 

712 
2070 
905 
611 

663 
897 
323 
515 

2897 
5519 
2004 
2012 

373 
8 33 
275 
346 

1403 
5036 
1665 
1294 

2092 
3142 
1776 
1841 

8971 
19363 
10881 
7175 

616 
1238 
680 
739 

2988 
7465 
4109 
2762 

3985 
4687 
4492 
4317 

21010 
29644 
27481 
16790 

905 
1698 
955 
995 

4920 
10225 
5777 
3721 

138 745 
120 948 
91 485 

174 665 

691 3520 
740 5834 
559 2968 
681 2594 

220 462 
368 883 
175 403 
194 427 

830 1929 
2230 5342 
1059 2439 
725 1600 

2407 
3707 
2776 
2769 

13091 
22638 
16993 
10770 

790 
1369 
726 
898 

3616 

4388 
3361 

8268 

5308 
5708 
6308 
6542 

29133 
35097 
38552 
25496 

1133 
1746 
1224 
1278 

6024 
10527 
1404 
4781 



1 4 0  

TABLE C-2 

Measured and P r e d i c t e d  Local Irradiation GI: on Spectral Basis, X - 4 . 5 1 ~  

5 5  1/8 3/8 5/8 7/8 1/8 5/ 8 7/8 
EXP 15.0 64.0 142.1 182.1 14.6 68.3 178.6 227.8 

286.6 S 5.7 47.9 174.0 272.0 6.8 56.8 213.0 319.0 
596.4 D 4.2 18.9 103.0 233.0 6.2 30.8 138.0 344.0 

D P ( S )  8.8 52.0 157.0 234.0 9.2 52.7 190.0 277.0 

EXP 49.4 195.5 495.2 684.8 57.9 222.6 602.1 737.2 
284.8 S 21.0 175.0 638.0 973.0 25.0 208.0 775.0 1160.0 
757.0 D 15.4 68.5 373.0 848.0 22.6 112.0 504.0 1254.0 

D P ( s )  31.7 189.0 567.0 875.0 33.4 192.0 690.0 1000.0 

1/6 

s-s-s _ _ _  
EX P 23.9 42.6 43.5 51.2 22.8 42.1 50.5 55.1 

285.9 S 18.5 44.2 67.0 87.5 19.5 47.6 76.9 93.0 
586.2 D 7.9 17.7 34.0 54.4 10.0 23.3 45.9 65.0 

DP (SI 15.5 38.0 55.1 68.5 16.6 41.1 66.8 78.5 

EXP 89.2 165.0 188.9 214.2 81.4 182.8 218.1 243.8 
284.2 S 73.9 177.0 267.0 349.0 78.2 190.0 306.0 371.0 
758.6 D 31.6 70.6 136.0 217.0 40.0 93.0 183.0 260.0 

D P ( S )  62.2 152.0 222.0 274.0 67.0 165.0 268.0 314.0 

EXP 

D P  [SI 

283.5 S 
592.1 D 

1/6 

EXP 

DP (SI 

1/2 283.4 S 
590.7 D 

7.9 
4.7 
4.6 
4.5 

26.7 
16.6 
16.3 
16.1 

11.9 
9.6 
9.1 
7.7 

22.6 80.9 186.3 8.5 31.4 
18.3 107.0 239.0 5.4 25.0 
20.4 111.3 252.1 6.7 33.3 
19.0 90.0 210.2 5.3 29.0 

85.1 297.7 609.1 29.1 115.9 
64.8 378.0 849.0 19.1 88.7 
72.5 395.0 897.2 23.9 118.3 
67.1 3i8.0 736.0 18.9 102.5 

17.3 22.8 35.9 13.0 22.9 
20.9 37.7 63.6 11.6 25.8 
20.4 39.3 62.6 11.6 26.8 
17.5 30.1 47.0 9.0 20.2 

119.5 
137.7 
149.8 
137.0 

450.2 
487.0 
533.2 
485.0 

31.6 
45.0 
52.8 
41.6 

260.0 
325.6 
372.5 
296.0 

841.2 
1157.0 
1326.9 
1052.0 

48.7 
19.0 
74.9 
68.5 

S-S-B 

1/2 

283.7 
598.7 

283 + 7 
154.3 

283 .'I 
588.6 

283.7 
751.8 

EXP 
S 
D 

B (D+S) 
D+S 

UP (D+S) 

IiXP 
S 
U 

B(U+S) 
D P  ID+S) 

liXP , 

S 
U 

B (!)+S) 
U+S 

DP ( 1 ) + S )  

EXP 
S 
D 

B ( D + S )  
DP (D+S) 

10.7 
6.6 
5.3 
7.8 
5.7 
6.1 

30.7 
22.1 
17.2 
25.5 
19.8 

13.0 
20.9 
9.2 
8.3 
9.9 
8.9 

43.1 
74.9 
32.7 
29.6 
31.9 

34.9 
56.i 
20.7 
24.8 
25.6 
30.1 

111.4 
187.8 
68.6 
80.7 
97.9 

23.3 
50.8 
16.9 
16.1 
22.5 
17.5 

79.1 
181.4 
60.3 
57.5 
62.5 

143.6 245.4 
202.1 312.1 
113.5 285.9 
108.6 205.0 
105.9 252.2 
101.3 222.9 

454.3 819.6 
664.2 1016.2 
372.4 940.0 
353.0 668.0 
329.0 726.3 

37.8 56.0 
76.1 104.1 
41.7 58.6 
29.1 52.3 
43.6 62.8 
34.9 45.5 

129.7 210.4 
271.0 371.0 
149.0 209.0 
105.7 186.3 
124.4 161.9 

12.0 
7.6 
5.8 
8.4 
6.5 
7.8 

35.6 
25.1 
19,l 
27.2 
25.2 

13.9 
22.4 
10.8 
9.0 

11.8 
10.1 

49.6 
80.3 
38.3 
32.1 
35.9 

39.8 
60.2 
31.0 
30.9 
32.8 
32.5 

142.2 
198.5 
101.7 
100.4 
105 ..6 

28.2 
54.2 
24.8 
21.1 
25.4 
21.4 

90.6 
194.0 
88.3 
75.2 
76.1 

163.2 
233.8 
177.4 
125.1 
154.9 
151.5 

521.8 
777.2 
582.0 
406.2 
491.9 

40.6 
83.7 
44.5 
38.5 
53.4 
42.2 

147.4 
299.0 
159.0 
137.0 
150.3 

347.2 
363.8 
401.6 
295.0 
342.3 
305.9 

997.2 
1195.0 
1318.0 
961,4 
996.4 

53.9 
108.3 
75.0 
64.4 
76.4 
60.3 

181.3 
386.0 
268.0 
230.0 
214.9 



1 4 1  

TABLE C - 3  

Measured and Predicted Local Irradiation G” on Total Basis 

Surf  aces G* 

Y 3 / 8  r~ = 1 / 8  1 - 2 - 3 ,  T,*T* Model 
O K  

5 = 1/8 3 / 8  5 /8  7 / 8  1 / 8  31 8 5/ 8 71  8 

2 8 4 . 2  
5 9 7 . 3  

285 .2  
7 6 1 . 9  

s - s - s  

283 .5  
5 7 7 . 8  

284 .  ti 
7 4 6 . 8  

0 . 6 1  
0 .39  
0 . 3 2  
0 .56  
0 . 6 1  

1 .89  
1 . 1 8  
0 . 9 1  
1 . 6 9  
1 . 8 2  
1 . 8 0  

1 . 6 4  
1.18 
0 .54  
0 . 8 9  
1 . 0 0  

5 . 2 6  
3 .76  
1 .64  
2.84 
3 . 2 1  
3 .36  

3 .96  
3 . 3 7  
1 . 4 9  
3 . 3 7  
3 . 6 6  

1 3 . 1 2  
9 .98  
4 .08  

1 0 . 0 5  
1 0 . 9 2  
1 0 . 1 3  

2 .87  
2 . 8 8  
1 . 2 1  
2 . 3 6  
2 . 4 1  

1 0 . 5 9  
9 . 0 6  
3 . 6 7  
7 . 4 9  
7 . 7 1  
7 . 8 1  

1 1 . 8 9  
1 3 . 2 4  

8 . 0 4  
1 1 . 4 1  
1 1 . 6 0  

38 .52  
37 .96  
22 .23  
32 .80  
33 .62  
34 .12  

4 . 7 0  
4 . 5 3  
2 .29  
3 .96  
3 .90  

1 3 . 2 9  
1 3 . 9 5  

7 .03  
1 2 . 3 5  
1 2 . 2 6  
1 2 . 3 3  

1 9 . 0 1  
1 9 . 7 7  
1 6 . 9 8  
1 7 . 1 1  
1 6 . 8 8  

5 2 . 9 7  
5 6 . 1 7  
4 9 . 0 0  
5 0 . 0 4  
4 9 . 5 3  
4 5 . 7 2  

6 . 6 0  
5 . 7 9  
3 . 6 0  
4 . 4 9  
4 . 8 5  

1 7 . 7 5  
1 7 . 9 7  
1 1 . 1 6  
14 .00 .  
15 .17  
1 5 . 1 2  

0 .67  
0 .48  
0 .47  
0 . 5 5  
0 . 6 4  

1 . 9 7  
1 . 4 3  
1 . 3 3  
1 . 6 4  
1 . 9 2  
1 . 9 7  

1 . 7 4  
1 . 2 5  
0 . 6 8  
1 . 0 6  
1 . 1 0  

5 . 5 4  
3 . 9 7  
2 . 0 8  
3 . 3 6  
3 . 5 1  
3 . 5 3  

3 .92  
4 . 0 1  
2 .41  
3 .56  
3 .74  

1 3 . 2 2  
1 1 . 8 2  

6 . 6 4  
1 0 . 5 9  
1 1 . 1 3  
1 1 . 6 6  

2 . 8 6  
3 . 1 0  
1 * 59 
2 .33  
2 . 5 5  

1 0 . 8 8  
9 . 7 4  
4 . 8 3  
7 . 4 2  
8 .14  
8 . 1 5  

14 .57  
1 5 . 9 1  
1 0 . 7 6  
1 2 . 6 4  
1 4 . 2 1  

4 5 . 9 6  
4 5 . 5 7  
29 .86  
3 6 . 0 6  
4 1 . 1 0  
3 9 . 0 3  

4 . 3 8  
5 . 1 9  
3 . 1 1  
3 . 8 9  
4 .12  

1 3 . 7 1  
1 5 . 9 7  

9 . 4 8  
1 2 . 1 3  
1 2 . 9 5  
1 3 . 6 7  

22 .32  
23 .00  
2 5 . 0 3  
1 8 . 9 3  
2 0 . 0 0  

6 2 . 7 5  
6 6 . 4 0  
7 2 . 3 7  
55 .07  
5 8 . 4 5  
39 .  77 

5 .52  
6 .24  
4 .34  
5 .32  
4 . 7 1  

1 7 . 4 2  
1 9 . 2 1  
1 3 . 3 9  
1 6 . 5 5  
1 4 . 8 5  
1 5 . 7 6  

283 .7  
595 .7  

283 .6  
7 5 6 . 8  

s-s-I) 

283 .6  
5 8 0 . 6  

284 .2  
752 .  9 

0 .28  
0 .32  
0 . 3 2  
0 . 2 6  
0 .31  
0 . 2 9  

0 . 7 9  
0 . 9 1  
0 . 9 0  
0 . 7 3  
0 . 8 9  
0 . 8 1  

0 .58  
0 .57  
0 .55  
0 . 4 3  
0 . 4 5  
0 . 4 7  

2 . 1 4  
1 . 7 9  
1 . 7 1  
1 . 3 4  
1 . 4 1  
1 . 4 7  

0 . 8 7  
1 . 3 3  
1 . 4 8  
1 . 3 5  
1 . 3 6  
1 . 6 4  

3 . 4 8  
3 .62  
4 . 0 5  
3 .78  
3 . 7 9  
4 . 6 1  

1 . 2 1  
1 . 2 6  
1 . 2 3  
1 . 0 2  
1 . 0 6  
I . 0 2  

3 . 9 3  
3 . 9 3  
3 . 8 2  
3 . 2 0  
3 .34  
3 . 2 1  

5 . 1 7  
7 .56  
8 .01  
6 .39  
6 . 4 5  
6 . 1 7  

1 8 . 2 5  
20 .94  
22 .07  
1 7 . 9 2  
1 8 . 0 5  
1 7 . 0 8  

2 . 1 5  
2 . 2 6  
2 . 3 3  
1 . 7 7  
2 . 1 3  
2 . 1 7  

6 . 1 5  
7 .05  
7 .34  
5 . 5 7  
6 . 8 1  
6 .88  

1 5 . 2 4  
1 5 . 9 2  
1 6 . 9 1  
1 3 . 5 0  
1 3 . 8 8  
1 4 . 6 5  

41 .54  
4 5 . 8 1  
4 8 . 6 5  
3 9 . 1 8  
4 0 . 4 3  
4 2 . 4 8  

3 . 3 1  
3 . 7 3  
3 . 6 7  
2 . 8 1  
3 . 5 1  
2 . 7 7  

9 . 9 4  
1 1 . 8 3  
1 1 . 6 5  

9 . 0 0  
8 . 0 8  
8 . 8 5  

0 .34  
0 . 3 8  
0 . 4 7  
0 . 3 8  
0 .37  
0 . 3 8  

0 . 9 5  
1 . 0 5  
1 . 3 2  
I . 07  
1 .os  
1 . 0 8  

0 . 8 0  
0 . 7 0  
0 . 7 0  
0 . 5 5  
0 .61  
0 . 5 8  

2 .81  
2 . 1 7  
2 .17  
1 . 7 4  
1 . 9 3  
1 . 8 2  

1 . 5 4  
1 . 8 2  
2 .40  
1 . 9 2  
2.06 
1 . 9 7  

5 . 6 4  
4 .97  
6 . 6 0  
5 .32  
5 . 1 1  
5 . 4 5  

I . 4 0  
I .  56 
1 . t l 3  
1 . 2 2  

1 . 1 4  

4 . 0 1  
4 . 8 4  
5 .04  
3 .84  
4 . 0 3  
3 . 5 7  

1 . 2 8  

8 . 8 1  
9 . 8 7  

1 0 . 7 2  
8 . 9 3  
9 . 7 0  
8 . 2 6  

2 8 . 2 8  
2 7 . 1 1  
2 9 . 6 6  
2 5 . 0 5  
2 7 . 1 5  
2 2 . 8 3  

2 . 7 1  
2 . 7 0  
3 . 1 7  
2 . 3 7  
2 .58  
2 . 6 4  

7 . 9 1  
8 . 4 3  
9 . 8 8  
7 . 4 9  
8 . 2 1  
8 . 3 7  

2 1 . 1 6  
21 .68  
24 .93  
1 9 . 3 0  
1 9 . 8 0  
2 0 . 3 3  

5 8 . 1 2  
6 2 . 4 6  
7 1 . 8 6  
56 .07  
5 7 . 8 0  
58 .  !)O 

4 . 1 5  
4 . 6 4  
4 . 4 3  
3 . 0 2  
3 . 9 0  
Z . t ) l  

1 3 . 8 1  
14.7U 
1 3 . 9 7  
1 1 . 6 0  
1 2 . 5 6  
1 1 . 5 5  



1 4 2  

TABLE C - 3  (cont'd.) 

Surfaces G" 

rl = 1 / 8  3/ 8 
5 = 1 / 8  3 / 8  5 /8  7 /8  1 / 8  3 /8  5 /8  7 / 8  

1 - 2 - 3 ,  Tip'rz Model 
Y O K  

2 8 3 . 8  
594 .4  

1 / 6  

283 .7  
7 6 3 . 3  

S-S-B 

283 .8  
589 .6  

283 .9  
7 5 6 . 1  

EX P 2 .10  
s 1 . 2 3  
D 1 . 0 1  

B ( D + S )  1 . 4 2  
D+S 1 .31  

DP(D+S)G 1 .33  
DP (D+S) SG 1 . 2 9  

EXP 0 .84  
S 1 . 3 2  
D 0 . 6 0  

B ( D + S )  0 . 6 7  
D+S 0 . 9 0  

EXP 2.45 
S 4 . 1 3  
1) 1.81 

B(D+S) 1 . 9 4  
D+S 2.31 

DP (D+S)G 2.09  
DP (D+S) SG 2.06  

2 .36  
3 .44  
1 . 4 2  
1 . 8 7  
2 . 5 8  

7 .40  
1 0 . 7 0  

4 . 0 5  
5 .92  
5.94 
6 .12  
5 .97  

1 . 5 1  
3 . 1 8  
1 . 1 3  
1 .34  
1 . 8 0  

4 . 0 5  
9 .84  
3 . 3 5  
3 . 7 3  
5 . 0 9  
4 . 3 7  
4 . 3 5  

8 . 1 0  
13 .38  

7 .60  
6 . 8 2  
7 . 9 3  

22 .30  
39 .60  
22 .05  
1 7 . 0 5  
22 .46  
19 .43  
1 8 . 7 0  

2 . 4 0  
5 .00  
2 .72  
2 .37  
3 . 0 6  

6 . 6 0  
1 5 . 1 7  

8 . 2 1  
7 .24  
8 . 8 2  
8 . 4 8  
8 . 6 9  

1 4 . 3 0  
1 9 . 6 0  
1 7 . 9 0  
1 2 . 0 9  
1 5 . 0 1  

4 5 . 8 0  
5 9 . 2 0  
5 4 . 2 1  
3 4 . 6 5  
49 .97  
4 3 . 0 8  
4 2 . 3 7  

2 .90  
6 . 7 3  
3 . 7 8  
3 . 1 8  
4 .52  

8 . 7 0  
20 .49  
1 1 . 4 9  

9 . 2 3  
1 4 . 4 1  
10 .87  
1 1 . 0 8  

0 . 9 1  
0 . 4 5  
0 . 3 9  
0 . 5 3  
0 .44  

2 .30  
1 . 4 1  
1 .13 
1 . 5 1  
1 . 2 9  
1 . 5 9  
1 . 5 8  

0 . 8 9  
1 . 3 7  
0 . 7 1  
0 . 7 0  
0 .95  

2 .60  
4 .29  
2 .13  
2 . 1 4  
2 .89  
2 . 4 3  
2 .37  

2 .80  
3 .68  
2 . 1 2  
2 .05  
3 . 0 0  

8 . 9 0  
1 1 . 3 2  

6 . 0 9  
6 . 5 9  
8 . 6 0  
7 .47  
7 . 2 3  

1 . 7 5  
3 . 5 0  
1 . 6 4  
1 . 6 3  
2 . 3 3  

5 . 2 3  
10 .80  

4 . 9 0  
4 . 7 5  
6 . 3 5  
5 . 5 0  
5 .52  

1 0 . 3 0  
1 5 . 4 1  
1 1 . 8 3  

9 . 1 5  
11 .8.9 

3 1 , 8 0  
4 6 . 1 2  
34 .47  
2 5 . 9 6  
3 4 . 1 7  
2 7 . 2 1  
26 .46  

2 . 3 0  
5 .50  
2 .94  
2 . 6 3  
3 .90  

6 . 9 2  
1 6 . 7 0  

8 . 8 1  
7 . 8 8  

1 0 . 4 9  
8 . 9 7  
9 . 0 8  

1 9 . 2 0  , 
2 2 . 9 1  
25 .21  
1 7 . 1 8  
20 .55  

6 3 . 1 6  
6 9 . 0 0  
7 6 . 3 0  
52 .00  
6 7 . 1 6  
5 6 . 7 0  
56 .17  

3 . 6 5  
6 . 9 4  
4 . 8 3  
4 . 3 3  
5 .17  

1 0 . 0 5  
21 .03  
1 4 . 7 2  
1 1 . 6 2  
1 5 . 1 7  
1 2 . 9 4  
13.11 

S-B-S 

1 / 2  

1 X P  0 . 8 3  
S 0 . 3 8  
D 0 . 3 3  283 .9  

5 8 9 * 4  B ( D + S )  0 . 6 3  
D+s 0 . 5 0  

EXP 3 . 0 1  
S 1 . 1 8  
D 0 .97  

7 5 9 . 2  B ( D + S )  2 - 0 0  
D+S 1 . 5 1  

DP(D+S)G 2 . 1 0  
DP(D+S)SG 2 . 1 1  

284 .8  

EXP 4 . 3 1  
S 4 . 0 6  
D 1 . 7 8  

2 8 4 ' 8  B ( D + S )  3 .60  
D+S 3 . 8 2  755.4 

DP (D+S)G 3 .66  
DP (D+S)SC 3 . 6 7  

3 . 7 2  
3.31 
1 . 3 7  
3 . 1 6  
4 . 1 0  

1 1 . 2 2  
1 0 . 2 7  

3 .90  
1 0 . 2 5  
1 2 . 2 0  
1 1 . 4 6  
1 1 . 3 6  

8 . 2 7  
9 .68  
3 .30  
7 .66  
9 .51  
7 . 7 8  
7 .76  

8 . 2 9  
1 2 . 7 4  

7.34 
1 . 8 5  

11 .01  

26 .34  
38 .03  
21 .20  
23 .07  
3 1 . 8 1  
26 .40  
25.94 

1 1 . 1 3  
1 4 . 9 3  

8 . 0 8  
9 .61  

1 0 . 2 2  
9 . 8 8  

1 0 . 0 7  

13.11 0 .92  
18 .84  0 . 4 3  
1 7 . 2 4  0 . 3 7  

9 .97  0 . 6 4  
13.13 0 . 5 8  

3 9 . 8 2  3 .24  
5 6 . 8 2  1 . 3 5  
52 .07  1 . 0 8  
3 1 . 2 2  1 . 9 0  
39 .52  1 . 8 3  
3 4 . 9 5  2 .49  
3 4 . 5 7  2 . 4 8  

1 1 . 9 5  4 .72  
20 .16  4 .22  
1 1 . 3 1  2 . 0 9  
1 0 . 4 4  3 . 6 3  
1 5 . 1 8  4 .36  
11 .00  4 .02  
1 0 . 7 8  4 . 0 0  

4 . 0 1  1 0 . 9 2  
3 . 5 4  1 4 . 7 5  
2 .05  1 1 . 4 1  
3 . 6 6  9 . 4 5  
4 . 4 5  1 2 . 6 1  

1 5 . 4 3  35 .28  
1 0 . 8 7  4 4 . 3 2  ~. 

5 . 8 3  3 3 ; 1 3  
11.31 28 .57  
1 3 . 8 9  3 6 . 0 8  
13 .14  31 .97  
1 3 . 1 1  3 1 . 5 2  

8 . 8 9  1 1 . 8 7  
1 0 . 6 3  1 6 . 4 4  

4 . 8 2  8 . 6 6  
7 :82  9 . 8 7  

1 0 . 1 8  1 4 . 2 5  
8 . 3 5  1 0 . 8 0  
8 .34  1 0 . 7 5  

1 8 . 3 2  
22 .12  
24 .27  
1 4 . 0 2  
1 7 . 1 3  

52 .54  
6 6 . 2 7  
73 .24  
3 9 . 6 1  
5 2 . 8 2  
43 .07  
4 3 . 0 6  

1 4 . 8 5  
20 .70  
1 4 . 4 9  
1 2 . 7 1  
1 6 . 0 6  
1 3 . 1 4  
1 3 . 2 6  
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TABLE C - 3  (cont'd.) 

Surf aces G* 
n = 1/8 3 /8  

1 - 2 - 3 ,  T 1 3 T 2  Model 
Y O K  

5 = 1 / 8  3 /8  5 /8  7 /8  1/8 3/8 5 / 8  7 /8  

116 

S - B - B  

283 .8  
5 9 4 . 9  

2 8 4 . 3  
758 .2  

2 8 4 . 1  
5 8 2 . 1  

284 .5  
750 .4  

E X P  
S 
D 

B ( D + S )  
D + S  

E X P  
S 
D 

B(D+S) 
D + S  

D P  ( D + S ) c  
D P ( D + S ) s c  

E X P  
S - 
D 

B ( D + S )  
D + S  

EX P 
S 
D 

B(D+S)  
D + S  

D F  ( D + S )  
D P ( D + S ) &  

0 .72  
0 .39  
0 . 3 5  
0 . 5 5  
0 .47  

2 .12  
1 . 1 8  
0 .97  
1 . 5 5  
1 . 3 4  
1 . 5 6  
1 . 5 3  

0.81 
1 . 2 4  
0 . 5 7  
0 .68  
0 .86  

2 .33  
3 . 9 5  
1 . 7 4  
1 . 8 0  
2 .32  
2 . 0 3  
2 . 0 3  

2 . 4 3  
3 . 4 5  
1 . 4 3  
2 .07  
2 .48  

7 .31  
1 0 . 2 8  

3 . 9 0  
5 .59  
7 . 3 0  
6 . 5 6  
6 . 3 3  

1 . 6 1  
2 . 9 9  
1 . 0 6  

1 . 7 6  

4 . 1 2  
9 . 4 3  
3 . 2 1  
3 . 5 0  
4 . 9 6  
4 . 4 3  
4 . 2 9  

1 ..34 

8 . 6 2  
13 .44  

7 . 6 3  
7.22 
8 . 6 2  

23 .22  
38 .07  
21 .22  
1 8 . 4 2  
22 .82  
1 9 . 7 0  
1 9 . 3 1  

2 . 5 3  
4 . 7 1  
2 . 5 6  
2 .07  
2 . 7 9  

7 .56  
1 4 . 5 4  

7 . 8 7  
6 .56  
8 .54  
7 .15  
7 . 4 2  

1 5 . 2 0  
1 9 . 6 5  
1 7 . 9 8  
11.89 
1 5 . 7 0  

4 4 . 2 0  
56 .89  
52 .12  
35 .30  
43 .34  
3 9 . 7 6  
40 .84  

3 . 5 1  
6 .34  
3 . 5 6  
3 . 0 0  
4 . 3 0  

1 0 . 6 0  
1 9 . 6 3  
1 1 . 0 1  

9 . 1 6  
1 2 . 3 2  

8 . 8 0  
8 . 6 0  

0 . 7 8  
0 . 4 5  
0 . 3 9  
0 .59  
0 .57  

2 . 2 1  
1 . 3 5  
1 . 0 9  
1 . 6 7  
1 . 7 4  
1 . 6 7  
1 . 6 5  

0 .87  
1 . 2 9  
0 . 6 7  
0 . 7 3  
0 . 9 8  

2 .52  
4 . 1 1  
2.04 
2 .10  
2 . 8 2  
2 . 3 9  
2 . 3 5  

3.31 
3 . 7 0  
2.13 
2 .65  
3 .38  

8 . 9 2  
1 0 . 8 8  

5 .84  
6 . 8 4  
8 . 2 2  
8 . 3 3  
8 . 1 6  

1 .69 
3 . 2 9  
1 . 5 5  
1 . 4 5  
2 .18  

5 . 1 3  
1 0 . 3 5  

4 . 6 9  
4 . 1 8  
5 . 5 7  
4 .58  
4 . 5 5  

1 2 . 1 1  
1 5 . 4 7  
11.88 

9 . 4 0  
1 1 . 4 3  

3 3 . 4 1  
44 .37  
33 .17  
2 6 . 7 1  
3 0 . 0 7  
28 .68  
28 .39  

2 . 6 9  
5 . 1 7  
2 .78  
2 .27  
3 . 5 7  

9 .20  
1 6 . 0 1  

8 . 4 4  
7 . 2 4  
9 . 7 3  
8 . 4 5  
8 . 4 6  

21 .22  
2 3 . 0 0  
2 5 . 3 1  
1 6 . 7 3  
2 1 . 1 1  

6 0 . 1 3  
6 6 . 3 4  
7 3 . 3 2  
47 .02  
5 9 . 1 0  
54 .07  
5 3 . 4 8  

4 . 2 3  
6 . 5 4  
4 . 5 5  
3 . 4 8  
4 . 7 0  

1 2 . 2 4  
20 .15  
1 4 . 1 0  
1 1 . 4 8  
1 6 . 2 6  
1 2 . 4 5  
1 2 . 6 4  
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APPENDIX D 

R E C I P R O C I T Y  RELATION FOR R A D I A T I O N  EXCHANGE 

I n  t h i s  appendix t h e  r e c i p r o c i t y  r e l a t i o n  f o r  a b s o r p t i o n  
f a c t o r s  i s  d i scussed .  The assumptions under which t h e  r e l a -  
t i o n  i s  v a l i d  a r e  desc r ibed .  The e f f e c t  o f  change i n  r a d i a -  
t i o n  c h a r a c t e r i s t i c s  o r  temperatures  o f  p a r t i c i p a t i n g  
s u r f a c e s  i s  mentioned. I n  t h e  end a r e c i p r o c i t y  r e l a t i o n  
i s  de r ived  which i s  v a l i d  f o r  a r b i t r a r y  r a d i a t i o n  c h a r a c t e r -  
i s t i c s  and tempera tures  of s u r f a c e s .  

e lementary a r e a  dAi and a s u r f a c e  A j  of an  enc losu re  i s  
w r i t t e n  a s  

The r e c i p r o c i t y  r e l a t i o n  on s p e c t r a l  b a s i s  between an  

This r e l a t i o n  i s  v a l i d  i f  two cond i t ions  a r e  s a t i s f i e d  whi le  
c a l c u l a t i n g  t h e  a b s o r p t i o n  f a c t o r s :  1) t h e  s p e c t r a l  d i r e c -  
t i o n a l  absorp tance  i s  assumed equal  t o  t h e  s p e c t r a l  d i r e c -  
t i o n a l  emi t t ance ,  a , ( 0 )  = E,(@), and 2 )  t h e  r e f l e c t i o n  d i s -  
t r i b u t i o n  f u n c t i o n  s a t i s f i e s  t h e  Helmholtz r e c i p r o c i t y  r e l a -  
t i o n ,  f ( 3 t t  , X $ , A )  = f(i!,3tt , A ) .  

i s t i c s  of  s u r f a c e s  o t h e r  than  i and j does n o t  e f f e c t  t h e  
r e c i p r o c i t y  r e l a t i o n  a l though i t  w i l l  change t h e  v a l u e  of 
a b s o r p t i o n  f a c t o r s .  
E ( 0 )  would a l t e r  t h e  v a l u e  of abso rp t ion  f a c t o r s  on ly .  

E q .  (Del) on ly  through t h e  r a d i a t i o n  c h a r a c t e r i s t i c s ,  i t  

I t  can be shown t h a t  a change i n  r a d i a t i o n  c h a r a c t e r -  

S i m i l a r l y ,  any change i n  ~ ~ ~ ( 0 )  o r  

jX 
Since  t h e  e f f e c t  of change i n  temperature  appears  i n  

does n o t  need any s e p a r a t e  d i s c u s s i o n .  
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The reciprocity relation on total basis can be obtained 
by dropping X from Eq. (Del). It is easy to see that 
validity of the reciprocity relation on spectral basis is a 
necessary but not a sufficient condition for the validity of 
this relation on a total basis. Hence, the two conditions 
mentioned previously must be satisfied by the analytical 
procedure for calculating the absorption factors. Other 
conditions are discussed below. 

Equation (Dol) on total basis is effected by the change 
in temperature in two ways: firstly, through the effect of 
temperature on radiation characteristics, and secondly, due 
to the change in the spectral distribution of black body 
emission. One can easily conclude that for unequal tempera- 
tures of surfaces i and j, the reciprocity relation holds 
only if all the participating surfaces in the enclosure are 
gray. For equal temperatures of surfaces i and j any change 
in the radiation characteristics alters the value of 
absorption factors, but the reciprocity relation remains 
valid. Note that the situations mentioned above are the 
only two situations in which this relation is valid. How- 
ever, a general reciprocity relation can be derived with a 
slightly different definition of  absorption factors. If the 
absorption factor Bdiej is calculated by considering the 
radiation characteristics o f  dAi at temperature Ti, while 
considering the blackbody emission at temperature T then 
E q .  ( D - 1 )  on total basis is valid for arbitrary radiation 
characteristics of surfaces. This can be easily shown by 
writing the radiation interchange between dAi and A j ,  Eq. 
( 3 - 3 7 ) .  Since both surfaces are at the same temperature, 
the net interchange Qdizj, from second law of thermodynamics, 
must be zero, 

j’ 

QdiZj = dA i & . E  1 bj . B  di-j - AjEjEbjBj-di = o  
or 
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The absorption factors so defined reduce to their usual 
definition under the gray assumption. 


