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ABSTRACT

An analytical study of steady radiative heat transfer for a sim-
ple system of radiatively interacting opague surfaces separated by
a radiatively transparent medium is presented. BRasic principles of
radiative transfer are emploved to formulate radiative heat transfer
for identical, uniform property adjoint plates uniformly irradiated
by a collimated radiative flux. The formulation accounts for direc-
tional and wavelength dependence of surface properties, The govern-
ing equations simplify when bidirectional reflectance may be expressed
as the sum of direction dependent specular and scattered components
and/or the spectral variation of properties may be approximated by
a semi-gray model. Numerical results for local and overall heat trans-
fer were obtained in the absence of external radiative flux and tem-
perature distributions were evaluated for radiatively adiabatic sur-
faces in the presence of a solar flux. Heat transfer and equilibrium
temperature c~leulations employed bidirectional reflectance models
representative of rough metal surfaces and coated surfaces as well
as property models incorporating much less detail.

Local and overall heat transfer results for equal temperature,
identical property adjoimt plates in the absence of an external radia-
tion flux support the following conclusioms. First, the directional
dependence of surface properties significantly influences local radi-
ant heat transfer for low and high emittance materials at surface ele-
ments where radiant interaction is high and major éontributions to lo-
cal irradiation are from energy incident at large angle of incidence,

These effects are essentially independent of the spatial distribution




of reflected radiation and are unimportant insofar as overall heat
transfer is concerned. Second, radiant heat transfer between rough
surfaces differs only slightly from that predicted by a directional
property analysis employing a specular reflection model., Third, heat
trar..fer results using an approximate rough surface property model
were correlated with those calculated using directional property analy-
sis by basing the apportionment of refiected radiation between specu-
lar and diffuse components on optical roughness of the surface. Fourth,
a dielectric coating on a diffusely reflecting substrate can signifi-
cantly alter radiant heat transfer., Analysis using an approximate
reflaectance model for the ccaled surface which accurately accounts

for the directional dependence of specuiarly reflected radiation gave
excellent agreement with the heat transfer results using the more
detailed coated surface Lidirectiomal reflectance model,

Equilibrium temperature distributioms for identical property,
perpendicular adjoint plates which are specularly reflecting to sur-
face emitted radiation demonstrated that the spatial distribution
of reflected solar radiation strongly affects local temperature.
Surface roughness on materials of low to intermediate values of so-
lar absorptance significantly influenced local temperature, particu-
larly at surface elements where radiant interaction was weak. For
the values selected for the surface roughness parameters, analysis
neglecting directional property effects and employing a diffuse re-
flection model for solar energy generally gave acceptable temperature

results.
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1. INTRODUCTION

The transfer of energy by thermal radiation is an important mechan-
ism in a growing number of contemporary engineering systems. Among them
are devices for infrared surveillance, solar 2nergy collectors, storage
systems for liquids at cryrogenic temperatures, and spacecraft. Space-
craft thermal design requires accurate control of internal vehicle tem-
peratures to insure efficient operation of sensitive electronic equip-
ment. For manned spacecraft reliable and accurate temperature control
can be even more critical. Internal space vehicle temperatures are de-
termined by internal energy dissipation rates, external surface temper-
atures, and the interchange of thermal radiation between extermal sur-
faces and the space environment. Hence, there is considerable interest
in evaluating and improving analytical methods for predieting radiant
heat exchange between engineering materials in a space environment.

Radiative energy transfer between opaque materials depends on the
external environment as well as the geometrical arrangement and the
thermal radiation properties of the interacting surfaces. The surface
property information required for radiative transfer analysis is de-
termined by the level of detail emple, .. in analysis. Until recently,
radiant exchange calculations were made using surface property models
which essentially specify only the magnitude of radiant energy emitted,
absorbed, and reflected by a surface. To achieve more accurate pre-
diction of radiant heat transfer, more detailed knowledge of the emis-
sion and reflection characteristics of the participating sur.aces is
required, In particular, the spatial and spectral distribution, as
well as the state of polarization of emitted radiation and the depend-

ence of the magnitude and spatial distribution of reflected enmergy on




wavelength, polarization and direction of incident radiation, can each
influence radiative tramsfer. Unfortunately, such complete property
information is generally not available and is expensive to obtain.
Wavelength, polarization and directional characteristics of a perfect
surface; that is, a surface which is plane, homogeneous, and physically,
as well as chemically, uncontaminated, are completely determined by the
optical properties refractive index and absorption index of the materi-
al. However, engineering materials generally cannot be considered per-
fect surfaces, and it is necessary to also consider topographical, chemi-
cal and physical surface characteristics. Each of these characteristics
influences the wavelength, polarization, and directicnal dependence of
surface radiation properties. Comparatively little work has been re-
ported to evaluate the importance of these real surface characteristics
on radiant heat transfer, and this is the general objective of this re-
search. Simultaneous investigation of all real surface characteristics
is extremely complicated, and it is more practical to isolate am indi-
vidual factor and study its effect.

The primary cbjective of this research is evaluation of surface
topography effects on radiant heat transfer. In addition, the influence
of direction dependent properties due to a dielectric coating on a thick
substrate is investigated. A further goal is an assessment of the ac-
curacy attainable with amalysis using simple radiation property models.

To achieve the stated objectives the fundamental equations of radi-
ative transfer are applied to a simple system of radiatively interacting
surfaces. Using detailed direction and wavelength dependent property
models representative of engineering materials, the governing equations

are evaluated to obtain numerical results for r»adiative transfer rates.




These results are then compared to those obtained with analysis using
less detailed property models. Interpretation of the results is di-
rected to establishing the magnitude of real surface property effects
on radiant transfer and the accuracy attainable with simplified proper-
ty models. This information should provide valuable direction for ra-
diation property measurement programs which must supply the necessary
data for thermal design calculations.

In Chapter 2, literature relevant to this research is reviewed.
The system of interacting surfaces and the extermal emnvironment se-
lected for study are described in Chapter 3. In Chapter 4, radiation
property models used in this study are discussed, Radiant heat trans-
fer and equilibrium temperature distributions are presented and in-
terpreted in Chapters 5 and 6, respectively. A summary of important
conclusions and a brief discussion of recommended extensions of this
study are given in Chapter 7. Finally, in APPENDICES A and B, re-
spectively, details of the mathematical formulation and numerical me-

thods are discussed.




2. LITERATURE SURVEY
2.1 INTRODUCTION

Literature relevant to this research is reviewed in two main parts.
In Sectiom 2.2, surface property models commonly used in radiative heat
transfer are critically examined in view of experimental and theoretical
property studies, Available information concerning the influence of sur-
face roughness on radiative properties is also examined. In Section 2.3,
the cbserved influence of spectral, directional and polarization proper-
ty dependence on radiative heat transfer is summarized.

Throughout this survey radiation properties are considered total
properties (integrated over all wavelengths) unless otherwise desig-

nated. For brevity, the abbreviation BDR is used for bidirectional re-

flectance.
2.2 THERMAL RADIATINN SURFACE PROPERTIES
2.2.1 Common Property Models

Most radiative heat transfer analysis is based on the as-
sumption that surface properties are independent of polarization, wave-
length, and direction. In particular, emission is usually considered
diffuse and reflection either diffuse or specular. The use of these
simple property models is motivated by several factors of which the
iollowing are probably the most important. First,.precise accounting
for directional, spectral and polarization dependence of surface proper-
ties severely complicates radiative heat transfer analysis. Second,

the detailed property information required to refine calculation




procedures has only recently started to become available. Several
property models have been deve sped which essentially retain the com-
putational simplicity provided by sImple property models and partially
compensate for observed characteristics of engineering surfaces,

Radiation properties of many materials are very different for radi-
ation in the visible and infrared portions of the spectrum. This fact
seriously impairs the accuracy of gray (wavelength independent) property
radiative transfer analysis when solar radiation is present. Bobeco [1M
proposed a semi-gray property model to overcome this difficulty. It was
suggested that radiative energy transfer in the infrared and solar spec-
tral bands be considered separately, and within each spectral interval
gray property models be used. Discussion by Hering [2] provided justifi-
cation for this semi-gray model.

Seban, in discussion appenued to [3], suggested a reflection model
which expressed hemispherical reflectance as the sum of direction inde-
pendent specular and diffuse components. Sparrow and Lin [4] developed
methods of analysis incorporating this model for diffusely emitting,
gray materials. Hering [2] generalized this analysis to include the
semi—gray spectral model and extended its application to systems irradi-
ated by an external radiant source. The semi-gray, diffuse emission,
specular plus diffuse refleection model is particularly attractive be-
cause it yields relatively simple and general expressions for radiant
heat transfer and includes both diffuse and specular reflection as
limiting cases.

Ample experimental and theoretical evidence is available which

demonstrates that the radiation properties of metallic engineering

tNumbers ir brackets refer to entries in REFERENCES.




surfaces are not accurately represented by the simple models mentioned

above. Some of this evidence is summarized in Section 2.2.2.

2.2.2 Surface Roughness Effects on Radiation Properties

2.2,2.1 Introduction

In this section literature concerned with surface
roughness effects on thermal radiation properties of surfaces is reviewed,
It will become evident that present knowledge of roughness effects is
qualitative in many respects. A major reason for this situation is that
important topographical characteristics of engineering surfaces have not
yet been clearly established. Early radiation property data were, at
most, accompanied by concise descriptions of sample surface character-
istics based simply on visual observation. Recently, attempts have been
made to report some quantitative measures of surface condition. Fre-
quently, rms (root-mean-square) roughness height o measured with a me-
chanical stylus is reported. Few investigators have reported any ad-
ditional measure of surface topography [5,6].

For convenience, the term optical roughness is introduced to denote
the ratio 0/A, where A is a characteristic radiation wavelength. Data
concerned with surface roughness effects on radiation properties are con-
veniently organized in terms of two major optical roughness ranges. The
two are termed small and large optical roughness, and denote values of
optical roughness much less and considerably greater than uwnity, re-
spectively. The designations small and large optical roughness are used

in this context throughout this research.




2,2.2.2 Reflectance

The dependence of reflectance of a perfect surface on
direction, wavelength, and polarization of incident energy is described
by electromagnetic theory in terms of wavelength dependent material
optical indices. A pencil of radiant energy within a small solid angle
incident on a perfect surface is specularly reflected; that is, the re-
flected energy lies in the plane of incidence with idemtical polar
angles of incidence and reflection as well as solid angles of transfer.

Roughening of an imitially smooth surface is known tc reduce re-
flectance. The decrease in reflectance is attributed to changes in the
optical indices of the surface material (surface damage) and to multiple
reflections (cavity effect) within surface asperities. Quantitative in-
vestigation of these phenomena was the objective of several recent pub-
lications [7-14].

Edwards and Catton [7] mea~ red the near-normal reflectance of
aluminum, titanium, and stainless steel samples which had undergone com-
mon surface finishing operations. They concluded that surface damage
was the major cause of the reduction in reflectance at small optical
roughness values. Topography effects were of major importance only for
sandblasted surfaces. Bemnett [8] also demonstrated the influence of
surféce damage on reflectance. Normal reflectance of electropolished
and mechanically polished copper samples was measured. The mechanically
polished sample exhibited lower reflectance values than that of the un-
damaged electropolished sample in the 0,3-32 microm (um) specfral range.
The largest reductions occurred at short wavelengths (0.9-0.6 at

A = 0.6 pum) with smaller but measurable differences observed in the




infrared (0,990-0.985 at A = 10.0 pm). A summary of literature relevant
to surface damage effects on optical indices is available [12].

Data which contradiet the conclusion that topographical effects on
reflectance are unimportant for small optical roughness were reported
by Birkebak, et al. {9]. Four roughened glass substrates with rms
roughness height values between 0.58 and 2.0 pm were successively coated
with vacuum-deposited, opaque layers of aluminum, gold, and platinum.
After each coating was applied, spectral reflectance for near-normal
illumination was measured., Data for the three materials were correlated
within a few percent by plotting the ratio of rough sample reflectance
to the reflectance of an optically smooth sample of the same material
versus optical roughness. The reflectance ratio decreased rapidly with
increasing optical roughness between 0.0 and 0.2 indicating that for
small optical roughness surface topography is am important factor. Re-
flectance data for nickel, however, were in poor agreement with those
for the roughened surfaces coated with aluminum, gold, and platinum.
This was attributed to a condition of unusually high surface stress in
the rough nickel samples.

Ample evidence of the importance of topographical effects on re-
flectance for large optical roughness is available [15,16] and is not
discussed here,

In summary, detailed knowledge of roughness effects on reflectance
is lacking. Much of the available data are not accompanied by quanti-
tative description of surface condition. Surface topography has been
established as an important factor for large optical roughness. For
small optical roughness, however, its importance relative to that of

surface damage is uncertain due to contradictory data.




2.2.2.3 Emittance

The state of polarization and spatial distribution of
radiation emitted by a perfect surface are available Frcam the Fresnel
expressions in terms of the wavelength dependent mater: al optical in-
dices. Surface roughness, however, is one of the charactieristics which
contributes to discrepancies between the emittance of 5 perfoct and an
engineering surface.

The influence of surface roughness on emittance was the subject of
several investigations [5,7,8,17,18,19]). Rolling [£] reported that
roughness did not produce an appreciable increase in hemispherical emit-
tance of zunealed platinum samples with rms roughness heights hetween
0.7 and 2.4 um for sample temperatures between 865°K and 1u#40vK, Al-
though hemispherical emittance was not significantly increased, even
slightly rough surfaces exhibited significant changes in the spatial dis-
tribution of emitted energy. Several investigators [5,7,8] reported that
normal emittance is only slightly increased by roughness until the cavity
effect becomes important. However, measurements By Rolling [5] as well
as Edwards and Cattom [7] demonstrated that directional emittance of
rough metal surfaces increases more rapidly with increasing polar angle
of emission up to about 70° tham that for a pe:fict surface of the same
material. For larger emission angles, roughness tended to reduce emit-
tance in comparison to that of a perfect surface. Thus, a slow trans-
ition toward diffuse emission was cbserved as surface roughness in-
creased. This trend was more pronounced at short wavelengths.

Rolling's comprehensive study [5] on platinum also provided infor-

mation concerning the influence of roughness on the spectral and
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temperature dependence of the polarized components of directional emit-
tance. Roughness reduced spectral dependence of emittance, although
this factor remained significant for the roughness range considered,
The dependence of emittance on temperature was essentially eliminated
by roughening the surface. The parallel polarized component of emitted
energy was dominant, especially for mederate to large emission angles.
In addition, the influence of roughness on directional emittance was
due primarily to changes in the parallel polariz.d component of emitted
energy.

The complex analysis required to evaluate emittance of rough metal
surfaces makes theoretical prediction difficult. Limited success has
been achieved, however, in predicting hemispherical emittance of verv
rough surfaces [20-23] with simple surface contours. Experimental
studies have established that, if surface topography does not yield ap-
preciable multiple reflections within roughness asperities, and if the
material optical indices are not significantly changed by surface dam-
age, then hemispherical emittamce of a rough sample does not differ ap-
preciably from that for a perfect surface of the same material. Onm the
other hand, directional emittance, especially the parallel polarized
component of emitted energy, is semnsitive even to slight surface rough-
ness. With increasi~g optical roughness, surfaces tend toward diffuse
emitters. When roughness increases to the point where multiple reflec-
tions are significant, the cavity effect increases hemispherical emit-
tance in comparison to a perfect surface with identical material proper-

ties.
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2.2,2.4 Bidirectional Reflectance

The influence of surface topography on the spatial
distribution of radiation reflected by a material is complicated, and
experimental studies require am enmormous amount of data. Most investi-
gators reduced the experimental task by observing energy reflected in a
single direction which was usually the specular direction [8,10,24-29],
However, in the literature dealing with radar transmission and communi-
cation, it is common to measure radiation reflected back to the trans-
mitter, that is, im the backscattering direction. Several investigators
[i3,30-39] reported BDR data for rough metal samples. Of these studies,
only a few [13,30,32,38] reported data out of the plane of incidence.

Many of the trends exhibited by detailed measurements of the spa-
tial distribution of reflected radiation can be inferred from specular
reflectance measurements to which attention is now directed. For small
optical roughness, measurements [24,25,27,23,30,38] support several con-
clusions. First, the specular reflectance of a surface with prescribed
rms roughness height increases when the polar angle of incidence or the
wavelength of incident radiation is increased. Furthermore, increasing
rms roughness height, for fixed direction and wavelengfh of incident
radiation, reduces specular reflectance. For prescribed direction of
illumination, the specular reflectance for several materials was corre-
lated [30] with a single curve by plotting the ratio of rough surface
specular reflectance to that of a sample of the same material with an
optically smooth surface versus optical roughness. It should be noted
that this correlation has been substantiated only for near-normal and

near-grazing illumination.




12

ness has not yet been clearly established because of the lack of suffieci-
ent data. Toperets' [26] specular reflectance data for two alumin.zed
ground glass samples indicated that specular reflectance decreased with
increasing wavelength and angle of illumination. In addition, specular
reflectance increased with increasing roughness for fixed direction and
wavelength of incidemnt radiation. These trends are contrary to those
observed for small optical roughness values. Toperets qualitatively
explained these results in terms of geometrical optics and diffraction
effects.

Torrance, Sparrow, and Birkebak [31] measured the polarization of
energy reflected in the specular direction for several aluminized
ground glass samples illuminated with unpolarized light. They concluded
that for large optical roughness the perpendicularly polarized compoment
of reflected radiation was slightly larger than the parallel component.
The degree of polarization varied with rms roughness height and polar
angle of incidence. Surface roughness increased the degree of polari-
zation compared to that for a smooth sample, but the increase was not
monotonic with increasing rms roughness height. Finally, the degree of
polarization for each sample was greatest when the angle of incidence
was near the Brewster angle.

Detailed bidirectional reflectance data were reported by Birkebak
[30,38] for nickel and aluminized ground glass samples illuminated at a
10° angle of incidence, Several general conclusions were reported. As
optical roughness approached zero the reflected radiation concentrated
about the specular direction and approached the distribution peculiar

to the specular reflection limit. For optical roughness values near




13

unity and near-normal illumination, the spatial distribution of re-
flected radiation approached the diffuse limit. The transition from
specular to diffuse reflection occurred rapidly im the range of optical
roughness values between approximately 0.05 and 0.4. The data of
Torrance and Sparrow [36], Herold and Edwards [13], and Love and
Francis [32] support these conclusions for small optical roughness values
and near-normal illumination. In addition, these studies provided in-
formation concerning the influence of incidence angle. For small opti-
cal roughness values, an increase in the incidence angle increased the
specularity of the surface. For intermediate values of optical rough-
ness and a limited range of directions for incident energy‘(MS-SO degrees)
the reflected radiant intensity did not peak in the specular direction,
but attained a maximum at reflection angles greater tham the specular
angle. This phenomenon was extensively studied by Torrance and Sparrow
[36] and called off-specular peaking. Further increase :Ln angle of in-
cidence gave nearly specular reflection. For large optical roughness
and near-normal illumination, the spatial distribution of reflected in~
tensity was nearly diffuse and insemsitive to further increases in op-
tical roughness [13,30,32,36]. With increasing incidence angle, how-
ever, off-specular peaks were observed. For prescribed optical rough-
ness, the ratio of maximum reflected radiant intensity to reflected in-~
tensity in the specular direction increased with increasing incidence
angle up to 75 degrees. §Similarly, the angular shift from the specular
direction of the maximum intensity increased with increasing angle of
incidence. Torrance, Sparrow, and Birkebak [31] investigated this phe-
nomenon by measuring the degree of polarization of radiation reflected

in the plane of incidence for aluminized ground glass samples
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illuminated with unpolarized light at selected angles of incidence be-
tween 10 and 87 degrees. They concluded that reflectad radiation was
significantly polarized only for polar angles of reflection near to and
greater than the angle of illumination, and polarization generally in-
creased with inmcreasing angle of incidence. The perpendicularly polari-
zed component of reflected intensity was larger tham the parallel com-
ponent, and both were characterized by off-specular peaks. Furthermore,
both polarized components were influenced by surface roughness. In con-
trast, it is interesting to note that Rolling [5] reported a dominance
of the parallel) polarized component of radiation for emitted energy, and
that the primary influence of roughness was to change this component.

Attempts to predict the spatial distribution of radiation reflected
by rough engineering materials have had limited success. The physical
factors that must be considered gemerally may be characterized according
to the magnitude of optical roughness. For small and intermediate op-
tical roughness values, diffraction and interference effects strongly
influence scattering of incident radiation. Theoretical analysis of re-
flection for this range of optical roughness requires consideration of
such phenomena. On the other hand, for large optical roughness values
diffraction and interference effects are small and the methods of geo-
metrical optics are employed to predict reflectance.

Many investigators have studied diffraction effects om the spatial
distribution of reflected radiation. An excellent summary of relevant
literature was given by Beckmann and Spizzichino [#0]. Mamy diffraction
theory analyses of reflection are limited to simple surface contours,
such as periodically-rough surfaces. Only a few theoretical investi-

gations have been conducted for surface contours as complicated as
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those commonly found on engineering materials. Models developed by
Beckmann [40] and Davies [41] were evaluated by Houchens and Hering [42]
to determine whether these BDR expressions were applicable to common
engineering materials. It was shown that Beckmann's model provided rea~
sonably good agreement with limited available BDR data for metal samples
and small optical roughness values. The salient features and limitations
of Beckmann's results are briefly discussed here, deferring details of
the model tou later.

Beckmann applied scalar Helmholtz-Kirchhoff diffraction theory [43]
to examine reflection of plane, monochromatic waves from a perfect
electrical conductor. The limitation to infinitely conducting media
eliminated energy absorption. Basically, the model describes the im-
fluence of surface topography on the spatial distribution of reflected
radiation. The surface contour was considered isotropic and generated
by a continuous, stationary random process. The two-dimensional dis-
tribution function was Gaussian with Gaussian autocorrelation coefficient.
Surface contour was further rvestricted to conditions for which shadowing
by and multiple reflections between neighboring roughness elements were
negligible. Polarization of incident and reflected radiation was not
considered. The model described BDR in terms of the characteristic
roughness parameters, optical roughness 0/A and rms surface profile
slope m.

Torrance [44] proposed a BDR model based on geometrical optics. He
considered an isotropic surface comstructed of randomly oriented mirror-
like facets, which were large compared to the wavelength of incident
radiation. Angles between local surface normals and the mean surface

normal were normally distributed. Reflected radiation leaving the
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surface was described by the sum of a specular and a diffuse component.
Furthermore, any ray incurring more than one reflection within a surface
cavity was included in the diffuse BDR component. Hence, the specular
BDR component accounted only for once-reflected rays. Torrance demon-
strated qualitative agreement of theory with experiment for BDR data for

very rough samples of both conducting and nonconducting materials.

2.2.2,5 Summary of Radiation Property Investigations

The investigations of radiation properties reviewed
in this section reveal the following importamt points:

(1) The thermal radiation properties of metal surfaces are
strongly influenced by surface roughness.

(2) Experimental and theoretical information is generally insuf-
ficient to completely define the influence of surface rough-
ness on directional emittance, absorptance, and reflectance.
However, for small optical roughness, these properties are
influenced less by roughness than is the spatial distribution
of reflected energy (BDR).

(3) For large optical roughness values, diffuse reflection is ob-
served only for mear normal incidence. Energy incident at
moderate to large angles of incidence exhibits off-specular
peaks in the intensity of reflected energy.

{4) Some theoretical BDR models have been examined for their ap-

licability to engineering materials and found representative
of available data.

2,3 RADIATIVE HEAT TRANSFER

2,3.1 Introduction

In this section results illustrating the influence of spec-
tral, directicnal, and polarization dependence of radiatiom properties
on radiative heat transfer are reviewed. It should be emphasized that

radiation properties exhibit directiofial dependence in two forms. First,
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emittance varies with the direction of emitted radiation. Similarly,
absorptance and directional reflectance depend on the direction of in-
cident radiation. This variatiom of emittance, absorptance and re-
flectance with direction is referred to as angular property dependence.
Second, reflectance exhibits directional dependence due to the variation
of the spatial distribution of reflected radiation with direction of
incident energy.

Many of the studies reviewed share commcm characteristies; thus, it
is convenient to enumerate these here with the understanding that ex-
ceptions will be noted. Reported results are for systems of plane sur-
faces with uniform properties and specified uniform temperatures,
Generally, properties are considered wavelength independent (gray) and

polarization effects are ignored.
2.3.2 Spectral Effects

Errors associated with the gray property model have been il-
lustrated by several authors. Goodman [45] computed net radiant heat
exchange over a wide range of temperature and temperature difference for
infinite parallel plates of Inconel and aluminum for which spectral
property data was available. Emission and reflection were considered
diffuse. Comparison of heat transfer results including detailed spec-
tral dependence with similar results employing gray analysis revealed
that the gray property model introduced errors dependent on material
and surface temperature. Errors in net heat exchange of 29 and 17 per-
cent of the non-gray values were observed for Inconel and aluminum, re-
spectively. Branstetter [46] studied the same system with polished

molybdenum, tantalum and tungsten plates and reported that errors using
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gray analysis for these materials were very large. Holt, Grosh and
Geynet [47] also evaluated net heat exchange between non-gray, infinite,
parallel plates. Plate materials were considered optically smooth with
spectral and angular dependent radiation properties calculated from
electromagnetic theory. Net radiant exchange values obtained using
variable property analysis were in all cases greater than results from
gray, angular independent property analysis. Discrepancies in net radi-
ant exchange as large as a factor of two were observed between the two
methods of analysis. Since both spectral and amgular property depend-
encies were included, it was not possible to assess the influence of
each factor separately.

Plamondon and Landram [48] investigated the accuracy of analysis
employing the semi-gray property model for predicting the equilibrium
temperature distribution om semi-infinite, adjoint plates exposed to a
collimated solar source. Plate materials comnsidered were polished alu-
minum and PV-100 white + black paint. All radiation properties were
considered diffuse. For the materials and geometry investigated, semi-
gray analysis gave equilibrium temperatures in excellent agreement with

those in which detailed spectral property dependence was included.

2.3.3 Angular Dependent Property Effects

Hering [49] provided specific information concerning the in-
fluence of angular dependent properties on radiant heat transfer. Local
and overall heat loss was evaluated for semi-infinite, specularly re-
flecting, adjoint plates with angular dependent properties evaluated
from the expressions of electromagnetic theory. Three angular dependent

property models were considered by selecting three distinct optical
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index pairs (n,k) which corresponded to hemispherical emittance values
of 0.1, 0.5, and 0.9, Various plate material combinations, surface
temperatures, and included angles between the plates were considered.
The influence of angular dependent properties on heat transfer was a
function of all these parameters, but in each case the major effect was
on local heat flux at the apex. Hering concluded that for engineering
purposes the effect om overall heat transfer of the angular property de-
pendence of specularly reflecting surfaces was unimportant for the con-
ditions and system investigated. However, discrepancies of greater than
a factor of two were observed between local heat transfer rates calcu-
lated employing amgular dependent and angular independent property
models.

Toor and Viskanta [50] used the Monte Carlo method to evaluate
radiant exchange between simply arranged specularly reflecting surfaces
with angular dependent properties identical to those selected by Hering.
The eZfect of angular dependent properties for the selected configurations
was essentially the same as observed by Hering for the adjoint plate
system. The angular dependence of emittance was suggested as more im-
portant tham that of reflectance.

Schormhorst and Viskanta [51] examined the influence of angular de-
pendent properties as described by electromagnetic theory for smooth
electrical conductors. The system studied was semi-infinite parallel
plates, and the spatial distribution of reflected energy was taken as
either specular or diffuse. It was concluded that the influence of angu-
lar property dependence was much greater for specular reflection than
for diffuse reflection.

Bevans and Edwards [52] investigated the influence of directional
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emittance as predicted by electromagnetic theory on overall heat loss
from semi-infinite parallel metal plates which were specular reflectors
with normal eanittance of 0.1. It was demonstrated that if the surfaces
were considered diffuse emitters, predicted heat loss was 35 percent
lower than that calculated using the directional property values.

Treat [53] evaluated overall heat loss for pairs of finite, square
surfaces arranged in either parallel or obligue configuratioms. Plates
were considered to have angular dependent properties characteristic of
very rough nonconductors. For the open configurations considered, re-
flected radiation had virtually no influence om overall heat loss. The
author concluded that in a Tfew rituations the small amount of energy
emitted by one surface amd abscrbed by the second was strongly influenced
by the angular dependence of emittance.

Edwards [54] demomstrated the importance of considering angular
property dependence for systems exposed to solar radiation. To isolate
the influence of directional absorptance, absorbed incident solar radi-
ation for several convex configurations exposed to a ccllimated solapr
flux was evaluated. The system selected for study eliminated interre-
flections; thus, absorbed energy was determined by the directional de-
pendence of absorptance. Using spectral directional absorptance data,
the total (integrated over solar spectral interval) near-normal absorp-
tance as well as a total geometry-averaged absorptance were calculated.
The latter quantity accounted for the directional variation of irradi-
ation over the extent of the system. The author concluded that errors
of 30 percent in temperature car be introduced into temperature comntrol
equipment design when the angular variation of solar absorptance is ig-

nored.
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2.3.4 Spatial Distribution of Reflected Energy = - - e

The influence of the spatial distribution of reflected energy
on heat transfer can be «stimated to some extent by comparing available
results obtained using specular and diffuse reflection analyses. For
semi-infinite adjoint plates exposed to a collimated solar field [2],
factors of 2-3 in local heat traansfer, and temperature differences as
large as 150°R were observed to occur as surfaces of fixed emittance and
absorptance were varied between the extreme combinatiomns of diffuse and
specular reflection for surface and solar radiation. Many more example
comparisons of radiant exchange for systems of surfaces with diffuse and
specular reflection characteristics are available in the literature [55].
These results are well known and are not reviewed here except to note
that reported differences between resuits obtained from diffuse and specu-
lar reflection analyses are dependent on factors such as geometry, ther-
mal environment, and material properties.

Information concerning the transition of heat transfer results be- -
tween those for diffuse and specular reflection is provided by results
obtained from analysis employing the simple direction independent specu-
lar plus diffuse reflection model. Several authors [2,4,51,56] applied
this analysis to evaluate local heat transfer for simple systems.
Generally these results show that for high emittance materials the tran-
sition of heat flux from that for diffuse to that for specular reflection
is nearly proportional to the ratio of the specular reflectance component
to the hemispherical reflectance. For low emittance materials, however,

the transition is gquite geometry dependent.
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2.3.5 Polarization Effects

The influence of polarization on radiative heat transfer was
investigated by Edwards and Bevans [57]. Radiant transfer within a
general enclosure with direction and polarization dependent radiation
properties was formulated. Illustrative numerical results were given
for radiant transfer between smooth surfaces with properties described
by electromagnetic theory. Errors in the value of once reflected then
absorbed solar radiation as large as 92 percent were observed when po-
larization effects were ignored. It was concluded that polarization is
important when solar radiation is reflected from one surface to anmother,
particularly for angles of incidence greater than 60 degrees when the
reflector is a dielectric or semiconductor and the absorber is a metal.

Edwards and Tebin [58] studied polarization and directional effects
on the transmittance of square and semi-infinite slot passages with
properties described by electromagnetic theory for smooth surfaces. Re-
sults were given for both isothermal and radiatively adisbatic passage
walls, Polarization effects were more important for the semi-infinite
slot passage than for the passage with square cross section, and in each
casc the inflience increased with increasing passége length. Errors in
transmittance due to neglecting polarization effects of 50 and 30 percent
were observed for slot and square passages, resp.ctively. For long pas-
sages, directional property dependence strongly influenced transmittance.
In one example, in which both polarization znd directional property de~-
pendence was ignored, the transmittance values showed a 93 percent de-

viation from the true value.
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2.3.6 Combined Effects

Research reviewed in Sections 2.3.2-2.3.5 provide insight
into the influence of directional, spectral, and polarization property
dependence on radiant exchange. The conclusions drawn from these in-
vestigations were generally based om results for either perfect surfaces
or surfaces with propertiss represented by simple models. In this sec-
tion experimental studies of radiative heat transfer between engineering
surfaces and amalytical heat transfer results for surfaces with theoreti-
cal property models representative of rough engineering materials are re-
viewed.

Several investigators measured radiant heat transfer for systems of
simply arranged surfaces and compared measurements to predicted values.
Bevans, et al. [59], investigated radiant heat exchange between six-inch
squares of aluminum coated with flat black paint, aluminum paint, vacuum
deposited aluminum, and anodized aluminum. Samples were arranged with
different coating material combimations in one of three simple configu-
rations. Net heat input to the heated surface and surface temperatures
were measured. Measurements were compared with values calculated using
three radiation property models. The simple, gray, direction-independ-
ent property model with reflection considered either diffuse or specular
was used as well as the more detailed gray, angular dependent model with
reflection taken as the sum of direction dependent specular and diffuse
components. In the latter case directional properties for the selected
materials were measured, and the second approximate method of analysis
proposed by Bevans and Edwards [52] was used to estimate surface tempera-

ture and overall heat loss. The more realistic property model did not
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yield results in significantly better agreement with experiment than the
results employing angular independent properties with either diffuse or
specular reflection. However, the authors emphasized that the selected
materials and simple surface configurations did not provide a critical
test for the different models. Furthermore, approximations inherent in
the analysis employed [52] may have counterbalanced the use of a more
realistic property model,

Gilbert [60] measured net overall radiant exchange between twelve-
inch square parallel plates constructed of sandblasted 302 stainless
steel. For the temperatures and system considered, analysis using gray,
diffuse properties provided results in good agreement with measurements.

A more comprehensive experimental investigation of radiant exchange
between suxrfaces wa: reported recently by Schornhorst and Viskanta [61].
Local irradiation was measured at several locations on twe long, narrow
plates which were either parallel or perpendicular to each other. In
all cases the plates were maintained at uniform, but not always equal,
temperatures. Several plate materials and surface conditions were
studied including smooth gold, r.ugh gold, polished 303 selenium stain-
less steel, sandblasted stainless steel, 3M Black Velvet Paint, Pyromark
Black Paint, and PV-100 White paint. Surfaces were further characterized
by profilometer measurements of rms roughness height and experimentally
determined hemispherical emittance values. Plate temperatures between
approximately 50°F and 800°F were used. Measured local irradiation
values were compared with those calculated using th ee simple property
models. Emittance, absorptance, and directional reflectar “re con-
sidered gray and their values estimated from the measure rerical

emittance value. Emission was considered diffuse and the spatial




25

distribution of reflected radiation was either diffuse, specular, or the
sum of direction independent specular and diffuse components. The

authors concluded that for the ranges of system parameters and materials
considered, local irradiation measurements were predicted remarkably well
with gray diffuse analysis. However,differences of 20 percent between mea-
suredrand calculated irradiation values were observed. The apparent ac-
curacy attained with gray diffuse amalysis was surprising since some
metal samples appeared to reflect specularly. It was not possible to
accurately assess the separate effects of divectional and spectral
property dependence since spectral irradiation values were not measured.
The individual influence of spectral and directiomal property dependencies
may have been partially compensating in such a manner that gray diffuse
analysis provided excellent results.

Schornhorst and Viskanta [51] also considered a theoretical ap-
proach for evaluating the accuracy of simple radiation property meodels.,
Radiant exchange between semi~infinite parallel plates with plate spacing-
to-width ratios between 0.25 and 2.0 was calculated. Local spectral heat
loss and irradiation were evaluated employing a detailed property model
and compared to values obtained with six less detailed property models.
The detailed property model included angular dependent emittance, absorp-
tance, and directional reflectance as predicted by electromagnetic theory
for optically smooth electrical conductors. Spectral dependence of the
material optical indices was described with Drude's theory [62] using an
electrical resistivity representative of high alloy steel (actual value
of resistivity was not reported). The spatial distribution of reflected
radiation was described by the Beckmann bidirectional reflectance model.

Local irradiation predicted with the detailed property model was

+
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consistently lower than that evaluated with the six less detailed models.
Discrepancies of a factor greater than three were observed between
Beckmann model irradiation results and those calculated with some simple
property models. A possible explanation for the consistently low ir-
radiation values obtained with the Beckmann model was proposed to the
authors in a personal communication. The Beckmann bidirectional reflec-
tion model does not satisfy energy conservation for all choices of the
governing characteristic roughness parameters [42]. Calculations by
this author indicated that for some of the parameter choices of
Schornhorst and Viskanta, 75 percent of the reflected radiation was not
accounted for by the bidirectional reflectance model. This situation
should result in low irradiation values.

Schornhorst and Viskanta {61] also compared irradiation values cal-
culated using detailed property models with measurements for the paral-
lel plate configuration. Comparison of calculated and measured results
was limited by several factors. All calculations were made considering
radiation properties gray which necessitated selection of appropriate
gray property values. Directional properties were not measured, and
electromagnetic theory expressions were used to estimate them. All
properties were evaluated at the wavelength corresponding to the spectral
black body peak for selected plate temperatures. Furthermore, character-
istic roughness parameters in the theoretical bidirectional reflectance
expression were estimated. The rms roughness height was taken as the
value measured with a mechanical stylus. Neither the value selected nor
the method of selection were reported for rms roughness slope. Hence,
the extent to which the theoretical property model corresponded to the

actual properties of the surfaces used in the experimental pL»ogram is
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unknown. The authors concluded that an angular dependent property model

with reflection taken as the sum of direction dependent specular and dif-
fuse components provided an excellent compromise between realistic level

of property detail and computational effort. Furthermore, for the cases

considered selection of a property model was more critical for evaluating
local irradiation than local heat flux.

Toor and Viskanta [50] used the Monte Carlo method to calculate
radiant exchange employing a detailed property model. Local.and overall
spectral absorption factors were determined for each of four simple geo-
metrical configurations. Overall radiant interchange, as well as local
and overall spectral radiant heat transfer were determined foip various
material property and surface temperature combinations. The detailed
property model consisted of angular dependent emittance, absorptance,
and directional reflectance as predicted by electromagnetic theory for
smooth materials. Three combinations of material optical indices (m,k)
were selected (values reported by Hering [49] were used) to yield spec-
tral; hemispherical emittance values 0.1, 0.5, and 0.9, and the spatial
distribution of reflected radiation was described by Beckmann's bidirec-
tional reflectance model. A single value for rms slope m was employed in
the local radiant exchange calculations. For comparison, absorption fac-
tors and radiant exchange values were determined from four simple proper-
ty models. The authors concluded that differences hetween results ob-
tained with individual property models were larger when calculating radi-
ant interchange between surfaces than when determining radiant heat
transfer from a surface. With all other conditions fixed, the choice of
property model was most important when determining the radiant inter-

change between highly reflecting surfaces arranged in an open
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configuration. On the other hand, closed systems with highly reflecting
surfaces showed the largest variation of radiant heat transfer for indi-
vidual property models. Finally, simple constant property models with
either diffuse or specular reflection sometimes gave significantly dif-
ferent results than those obtained with the detailed property model.
Analytical studies by Treat as well as Wilden were reported in a
jeint publication [53]. FEach author determined radiant exchange between
surfaces with properties characteristic of very rough nonconductors. The
property model developed by Torrance [44] was adjusted to fit BDR data
for magnesium-oxide ceramic and potassium silicate-zinc oxide. In ad-
dition, properties of a fictitious, high emittance material were created
by judicious selection of adjustable constamts in Torrance's model. It
should be noted that the selected materials exhibited nearly diffuse re-
flection, except for large angles of incidence. Radiant exchange re-
sults for the detailed property models were compared to those for simple,
constant property mocdels with reflection taken either specular or diffuse.
Treat considered overall heat exchange for finite surfaces. The selected
geometries were so open that reflected radiation had little influence on
net radiant heat loss. However, it was suggested that for open configu-
rations directional dependence of emission cam be an important factor
when determining radiant emergy interchange between surfaces. Wilden
calculated radiant exchange between semi-infinite parallel plates. Local
and overall heat loss values were evaluated for plates with properties
characterized by Torrance's model for each of three very rough noncon-
ductors. The results were intermediate to those for amgular independent
plate properties with reflection considered either specular or diffuse.

For given plate material, radiant heat loss values determined using




detailed and simple property models did not vary by more than ten percent.
Furthermore, results for detailed property models were, in all cases,
within one percent of those cbtained with the simple comstant property

diffuse reflection model.

2.3.7 Summary of Heat Transfer Investigations

This review of available heat transfer results reveals the
following important points:

(1) The directional, spectral, and polarization dependence of ra-
diation properties can significantly influence radiative heat
transfer.

(2) The importance of variable property effects, particularly di-
rectional effects, depends strongly on material properties and
geometry (degree of interaction between surfaces). The choice
of prcperty model is especially critical when evaluating radi-
ant interchange between low emittance materials arranged in
open configurations, and when calculating radiant heat trans-
fer from low emittance materials arranged in closed configura-
tions. Furthermore, radiative transfer within systems exposed
to external sources of radiation appears to be particularly
gsensitive to variable surface properties.

(3) The majority of available results evaluating angular property
effects are for smooth, specularly reflecting materials for
which the radiation properties are adequately described by
electromagnetic theory.

(4) Few results are available to illustrate the influence of sur-
face roughness on radiant exchange between surfaces of pre-
scribed temperature, and apparently no results are available
for radiant transfer between rough surfaces exposed to an ex-
ternal radiation source.

(5) It has been suggested that a model consisting of direction de-
pendent emission and direction dependent specular plus diffuse
reflectance components may provide an excellent compromise be-
tween property detail amd computational effort; however, very
few results are available to evaluate the proposed model.

pRYT—,
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3. RADIATIVE TRANSFER FORMULATION FOR ADJOINT PLATE SYSTEM

3.1 INTRODUCTION

In this sectiom the system of radiatively interacting surfaces se-
lected for study is defined. Fundamental principles of radiative trans-
fer are applied to the system and the equations governing local heat flux
and temperature are developed. Certain simplifications are introduced to
eliminate parameters of secondary importance to the objectives cf this
research. Both directional and spectral dependence of surface properties
are accounted for in the amalysis. Although the expressions developed
strictly apply to the chosen system, there is no fundamental difficulty

in extending the amalysis to other systems of interest,

3.2 ASSUMPTIONS AND SYSTEM DESCRIPTION

Certain simplifying assumptions are employed in the analysis. These
are not expected to seriously impair the relevancy of the results to the
objectives of this research. It is assumed that surface heat exchange
occurs only by radiant emergy transport, and except for the presence of
a collimated radiation field, external sources of thermal radiation are
negligible. The interacting surfaces are opaque to thermal radiation,
and all surface radiation properties are temperature independent and uni-
form over the extent of each surface. The intervening medium is radi-
atively transparent with unit refractive index. Omly steady transfer is
considered, and polarization effects are ignored.

The system selected for study is illustrated in Fig. 3.1. Identical,
gemi-infinite, adjoint planes of length L and including an angle y are

uniformly irradiated by a collimated radiation field directed along the
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bisector of the included angle and in planes normal to the common edge of
the plates. This system was chosen for study because of its geometrical
simplicity, the availability of heat transfer results for certain simple
surface property models, and the important features of common temperature
control components present. Among the latter are interreflection phe-
nomena and external radiation fields.

In the amalysis te follow, symbols x and y denote distances measured
normal to the common edge of the plates along the lower and upper surfaces,
respectively, while z denotes distance measured parallel to the common
edge from an arbitrary plane normal to the common plate axis. Local
spherical coordinates (6',¢') and (6,¢) are used to define the direction
of incident (prime superscript) and leaving (no superscript) energy. The
spherical coordinates can be expressed as functioms of the position co-
ordinates x,y,2. These relations are given in Appendix A.

The complexity of the analysis is significantly reduced because of
the infinite width of the plates, the geometrical symmetry, and the uni-
formity of the surface properties and external irradiation. The radiant
intensity leaving an element uf either surface in a prescribed direction
defined by polar and azimuthal angles (8,¢) depends only om the distance
of the element measured normal to the common axis of the plates. Further-
more, the radiant intensity distribution is identical on the two surfaces

at equal distances (x = y) from the apex.
3.3 LOCAL HEAT TRANSFER

Local monochromatic heat transfer per unit time and per unit surface
srea q,(x) at a typical element of the lower surface located at point

P(x,2 = 0) is evaluated as the difference between the rate of emission
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and the rate of absorption of radiant emergy with wavelengths within an

infinitesimal spectral interval 4\ around wavelength A.

L [++]
- _ :'" 41 8 ) - !
qk(x) = EH,A"Ib,A(X) Jf \jﬁaﬁ,x(eé) Ix(x,6§,¢P) K{x,y,z) dz dy
y=0 z=~w

- a, ,(8! ) §,sin X (3.3.1)

d,A 2

In Eq. (3.3.1)

L S mT-Y n
8! 5 (3.3.2)

and the geometrical quantity K(x,y,z) is given by the following relation

. 2
xy sin"y (3.3.3)

Kixy.2) = (x" + y2 - 2%y cos Y + z2)2
Spectral directional absorptance for polar amgle of incidence 6' and
spectral hemispherical emittance are denoted by the symbols ad’A(B') and
EH,A’ respectively. Directional absorptance is taken azimuthally inde-
pendent. Superscript minus (-) is used to designate spectral radiant in-
tensity Ii(x,6§,¢é) incident at x from the (Bé,¢é) direction, while later
a superscript plus (+) will signify radiant intemsity leaving a surface.
The spectral black body radiant imtensity Ib,A(x) for absolute temperature
T(x) is available from Planck's law. The energy of the external raliation
field is expressed in terms of the spectral solar constant SA' This
gquantity represents solar energy in the spectral interval dA around
wavelength A transported per unit time and per unit area normal to the
direction of energy propagation.

Local total heat transfer per unit time and per unit surface area

q(x) is cbtained by integrating monochromatic heat transfer over the




entire spectrum.

o0

r
a(x) = | q,(x) & (3.3.4)
A=0

Inserting the spectral flux expression from Eq. (3.3.1) yields

L o oo
_ L‘]. Rl "~ ral _
- .Y o g 1y - < t ot }
a(x) = g51(x) J J x(x,y,z)j oy \(8]) 13(x,65,01) dA dz dy
y=0 z=-m >=0

0

- 1T l ] ' 3.
sin Qfad’x(esg SJ\ dA (3.3.5)

A=0

The symbol €, denotes total hemispherical emittance, and 0 is the
Stefan-Boltzmai. constant.

Under the assumptions introduced, the intensity incident at x from
the (9é,¢é) direction I;(x,eé,¢£) equals the intemnsity leaving a point
Q(y,2) on the adjacent plate in the (BQ,¢Q) direction IR(y,z,Bq,¢Q).

Q is the point of intersection of a line from P directed along the
(B;,¢é) direction and the adjacent surface. Hence, Eq. (3.3.5) can be

written

L =] 0
g(x) = sﬁETu(x) ~‘jp J[\ K(x,y,z%/ﬁad’x(eé) i;(y,z,eq,¢g} d\ dz dy

y=0 zm-oo A=0
[2+]
Y "
- 5 ! o ; e 3
sin 2.,-' oy 2 (8Lo) 8y A (3.3.6)
A=0

The terms on the right-hand side of Eq. (3.3.6) represent energy emitted
and absorbed at x per unit time and per unit surface area. The first

Term is the rate of emission from point x. The second term is irradiation
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from the adjacent surface which is absorbed at x, and the last term is
directly incident solar irradiation which is absorbed at x.

Solutions to Eq. (3.3.6) are commonly sought for two thermal con-
ditions. When the temperature distribution is specified, local radiant
heat transfer is evaluated. When local total heatr transfer is specified,
local surface temperature is calculated. The condition of zero local
radiant flux is a situation of particular interest. The resulting plate
temperature aistribution is called the equilibrium temperature distribu-
tion. From Eq. (3.3.6) it follows that to evaluate either q(x) or T(x)

the local spectral radiant intensity must be available.
3.4 LOCAL SPECTRAL RADIANT INTENSITY

For the selected system of interacting surfaces with specified ra-
diation properties and known temperature (flux) irradiated by an external
radiation field of known spectral composition, the fundamental quantity
required to evaluate local heat flux (temperature) is local, spectral ra-
dia.t intensity I;(x,ep ,cbp). The spectral intensity of leaving energy
at x in the (BP,¢P) direction consists of the sum of emitted energy and
of radiation incident from the surroundings which is reflected into the

(qp,ﬁp) direction. It satisfies the following integral equation [63]

+ ‘
IA(X’BP’¢P) = ed,A(SP) Ib,A
00

+
| 9bd’x(91';,¢1'356P,¢P) IA(Y’Z’QQ’¢Q) K(x,y,2) dz dy
yzo 7 =00

—_—

't . - Y .
+ pbd,l(eso’o’ep’¢P) SA sin ) (3.4.1)
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The first term on the right-hand side of Eq. (3.4.1) represents the
intensity of monochromatic energy emitted at x in the (SP,¢P) direction.
The second term is the contribution to the intensity leaving x due to
energy arriving frorm the adjacent surface and undergning reflection at X
into the (BP,¢P) direction. The final term represents directly incident
energy from the collimated source which is reflected at x into the (eP’¢P}
direction. The symbol Ed,A(e) denotes the azimuthally independent spec-
tral directional, emittance for polar emission angle 6. The remaining
surface property in Eq. (3.4,1) is the spectral bidirectional reflectance
Dbd,x(e',¢';9,¢). It is defined as the ratio of the intensity of re-
flected energy in the (0,4) direction due to energy incident from the
(6',¢') direction within the elemental solid argle dw', dI;,A(@',¢';6,¢),
to the radiant power per unit surface area incident from the (6',¢') di-

rection.

+
art  (e',4';0,4)
LY. (3.4.2)

i

SN (e'5¢"§es¢')
bd,A Ii(e',¢’) cos O' dw'

3.5 DISCUSSION OF GOVERNING EQUATIONS

Consider a given system with specified surface properties which is
irradiated by an external source of known spectral composition. When lo-
cal surface temperature is specified the direction independent but tem-
perature dependent black body intensity Ib,A(X) can be evaluated with
Planck's law. Thus, Eq. (3.4.1) is a linear integral equation from which
local spectral intensity can be evaluated, amnd, in turn, radiant heat
transfer' can be calculated directly from Eq. (3.3.6). The procedure is
not as straight forward when total heat transfer is specified. Since the
black body intensity cannot be evaluated until surface temperature is spe-

cified, local spectral intensity cannot be directly evaluated with



37

Eq. (3.4.1). If local spectral heat flux were known, this difficulty
could be overcome by combining Eqs. (3.3.¢) and (3.4.1) to> eliminate the
unknown black body spectral intensity. Local spectral intensity could
then be evaluated with the resulting irtegral equation. However, the
common situation is for local total heat flux to be known, and direct
elimination of the unknown surface temperature from Eqs. (3.3.6) and
(8.4.1) does not appear possible except for certain property models.
Notable exceptions occur for the gray and semi-gray models for spectral
property dependence. For arbitrary spectral property dependence,

Egs. (3.3.6) and (3.4.1) represent simultaneous integral equations in

-+

A

known surface temperature distribution by successive iterations. A rea-

I, and T. One method for attacking this problem is to determine the un-
sonable estimate of surface temperature distribution is made, and loc-l
spectral intensity is evaluated with Eq. (3.4.1). Substitution in

Eq. (8.3.6) then yields local total heat transfer corresponding to the
assumed temperature distribution. 8hould the calculated heat transfer
values not agree with those originally specified, the iterative pro-
cedure may be repeated until the temperature distribution which yields
the prescribed flux values is obtained,

The governing equations for radiative tramsfer imcluding direction
and wavelength depéndent properties have been applied to the adjoint
plate systam of radiatively interacting surfaces, and the general pro-
cedure necessary for evaluation of leocal flux or surface temperature
briefly discussed. Simplifications to Egqs. (3.3.6) and (3.4.1) occur
for certain radiation property models. Two such é%proximatioms are dis-

cussed in Sections 3.6 and 3.7.



38
3.6 SEMI-GKAY APPROXIMATION

The semi-gray model [1,2,48] for spectral property dependence is em-
ployed in this investigation for surfaces exposed to the collimated solar
scurce. The spectral interval which encompasses the significant portion
of surface emitted thLermal radiation is assumed sufficiently far removed
from that for solar radiation that there is negligible spectral overlap
of radiation from the two sources. Within each spectral interval, sur-
face properties are taken independent of wavelength which will be denoted
by deleting the A subscript. There are two important consequences of
this spectral sepration of thermal and solar radiation. First, distinct
surface properties can be assigned to the thermal and to the solar spec-
tral intervals. Second, for temperature independent properties, the lo-
cal solar intensity and absorbed solar energy can be evaluated independ-
ent of the surface temperature or surface properties for the thermal
spectral interval., Under the above restrictions, the equations governing
radiant exchange simplify considerably. The local intensity of surface
emitted radiation (thermal intensity) Il can be written

— U
* = oT _(x)

L
+f f pbd(eé,d);,;@P,ch) I:_(y,z,aq,d)o) K(x,y,2) dz dy
y.:-o AT ] (3.6-1)

Y
and the local intensity of solar radiation (solar intensity) ISo can be

written
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L

I (%,8.,0.) = p% (8" ,030 ,6 ) S sin L + |
so PP bd "s0’ *p’'p "2

y=0

. I;O(y,z,eq,diq) K(X,y,2) dz dy (3.6.2)

The asterisk superscript distinguishes surface properties for short wave-
length solar radiation from those for long wavelength radiation., It
should be noted that the radiant intensities I: and I;o appearing in

Egs. (3.6.1) and (3.6.2) are not monochromatic quantities but represent
the total intensity of emergy in the thermal spectral interval and solar
spectral interval, respectively. The symbol S denotes the solar constant,
which is the total solar energy of the external field tramsferred per unit
time and per unit area normal to the direction of energy propagation. The
local absorbed solar irradiation qa,so(X) can be expressed in terms of the
local solar intensity, the solar constant, and the surface properties for

solar wavelengths as

Y = (8! (5 1 l
qa,so(x) ad(eso) S sin 5

L s
+f f ag(@l';) I;o(y”z’eQ’(pQ) K(x,y,z) dz dy (3.6.3)
y=O ZEewo

Local total vadiant heat transfer follows as

L o
- Y + 3 ;
g(x) = EHG‘-I’ (%) -f f e&d(el')) It(y,z,BQ,q)Q) K(x,y,z) dz dy
y=0 Z=-%

- qa’so(x) . (3.6.4)
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Consider a system of surfaces with known radiation properties for
the solar spectral interval irradiated by a specified collimated source.
The local solar intensity can be evaluated with Eq., (3.6.2), and, in turn,
local absorbed solar irradiation follows from Eq. (3.6.3). For specified
surface properties for the thermal spectral interval and surfaces of pre-
seribed temperature, local thermal intensity may be calculated from
Eq. (3.6.1), and local total heat transfer follows from Eq. (3.6.4).

For radiatively adiabatic surfaces [q(x) £ 0] it is convenient to
rearrange the above equations and evaluate directly local equilibrium
temperature. Using Eq. (3.6.4) with g(x) = 0 to eliminate the unknown

temperature from Eq. (3.6.1) yields

L o
" (%,8 ¢_) = Eﬂiﬂﬁl q (%) +Jf jr [% (6!,4):8_,4.)
ol T wsH a,80 bd" p2"p’ PP
y-:O 2,5 =00 *
£.(6 ) a.(8")
d"p" "d p + _ .
+ WEH J It(y’z’eq’¢Q) dz dy (3.6.5)

Equation (3.6.5) constitutes a linear integral equation for the local
thermal intensity. Local equilibrium temperature follows from
Eq. (3.6.4) as

L

f f Oy (8') I (y,z 8 ,¢ ) K(x,y,z) dz dy
€40 y=0 Z=-0

., 9. (x}
T(x)u . 8,80 1

€,0
H (3.6.6)
3.7 SUBDIVISION OF BDR INTO SPECULAR AND SCATTERED COMPONENTS

Many theoretical bidirectional reflectance models are expressed as
the sum of specular and scattered components. In this section such a
model is defined and the integral equaticn for spectral radiant intensity

is rewritten,
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With reference wo the spherical coordinates shown in Fig. 3.2, con-

sider the BDR expression

pbd,k(e"¢’;e’¢) = Dbd,s,l(e"¢'5e’¢)

+ 20 5(0") §[sin%0' - sin%0] 6[¢' - (¢ * m)]
(3.7.1)

wihere 6[nl} is the Dirac delta function with argument n. The two BDR com-
ponents are called the scattered component pbd’s,k(e',¢';e,¢) and the
specular component 2psp,l(e') 6[sin29' - sin26] 8{¢' -~ (¢ = M), re-
spectively. The former, accounts for radiation incident within solid
angle dw' around the (8',¢) direction which is scattered by the surface
into direction (8,$) of hemispherical space. The latter, represents in-
cident emergy which undergoes a specular reflection. In a specular re-
flection the reflected beam is contained within a solid angle dw equal
to the solid angle dw' of the incident bear and is located in the plane
of incidence with polar amgle of reflection equal to the polar angle of
incidence. Symbol DSP,A(G') denotes the monochromatic specﬁlar reflect-
ance which is defined as the ratio of reflected radiant intensity im a

+
specular reflection Ir ap .\ TO the intensity of incident energy.
LRt i ]

+

I.

_LaspoA (3.7.2)
IA(Q',¢')

i1

L

ps‘P:A(e )

All BDR models used in this research are conveniently expressed in
terms of the subdivision indicated im Eg. (3.7.l1), and characteristics
of the specular and the scattered components of selected BDR models are

discussed in Chapter 4.
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Figure 3.2 Local spherical ccordinate system




43

Substitution of Eq. (3.7.1) into Eq. (3.4.1) and subsequent simplifi-

cation yields the following expression for spectral radiant intensity:

-+ . - . "
Ik(x’eP’¢P) = Ed,A(GP) I, (x)

@
' +
Z=

() -0

+
‘ﬁ(‘_“)b

+ Ppg g.1(80000:8520,) 8 sin L+ JUNCI.
© I1(x,0) op*.op) ,SSP 2850, (3.7.3)
where
o' =8
P,sp P
¢é »SP N ¢P £
and
Jj;p,k(e sbp) = p,k(e ) §, sin %— (3. .

if 8 = E—%;I and ¢, = T and zero otherwise.

The first term on the right-hand side of Eq. (3.7.3) is the intensity
of emitted radiatiom leaving x in the (BP,¢P) direction. The second term

is vhe contribution to the intensity leaving x in the (BP,¢P) direction
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due to radiation issuing from the adjacent plate which is incident on and
scattered (reflected and accounted for by the scattered component of BDR)
by the surface at x into the (GP,¢P) direction. The third term represents
reflected intensity leaving x im the (QP,¢P) direction due to directly in-
cident solar emergy which is scattered. The final two terms represent re-
flected intensity leaving the point x in the (BP,¢P) direction due to in-
cident emergy which undergoes a specular reflection. The first of the

two terms is due to energy incident from the adjacent surface, and the
second is due to directly incident solar energy.

Separation of the scattered and specular contributions of leaving in-
tensity as represented by Eq. (3.7.3) offers several advantages. Probably
the most important is that the specularly reflected energy can now be
treated with the familiar image methods [64]1. More detailed discussion
of this procedure is given in Appendix A.

The integral equatioms for local thermal intensity and local solar
intensity presented in Section 3.6 for the semi-gray spectral model can
also be rewritten for specular plus scattered subdivision of BDR. Sub-
stitution of Eq. (3.7.1) in Eq. (3.6.1) and (3.6.2) yields the following

result for local thermal intensity

E(B)UT (%) +
I (x 9 ¢P) 5 — |]‘ Jr Prg S(BP’¢P P’¢P) It(y,z,eq,¢q)

y=0 Z=-0

* K(x,y,z) dz dy + psp(gf’s ) I (% 6% Sp'fP sp) (3.7.5)

and the following expression for local solar intensity.
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¥ d = p¥k t . - -‘l
ISO(K’BP’¢P) pbd’s(ﬁso,o,ep,¢P) g sin >

L -]
% . tor
+ f pbd’s(eia,¢'P’eP!¢P} Ii’.‘i‘.)(y,‘z,eQ’¢Q)

y=0 z=~-%

- | 8k T 3t ) = ¢ t t
K(x,y,2) <z dy + pSp(eP,sg) Iﬁc(r’eP,Sp’¢P,sp)

o (8p:0p) (3.7.6)
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4. RADIATION PROPERTIES
4,1 INTRODUCTION

The surface properties introduced in the amalysis of Chapter 3 are
all related to spectral bidirectional reflectance. Section 4.2 is de-
voted to demonstrating this radiation property interdependence. In Sec-
tion 4.3 property models employed in this research are presented and
characteristics of the models important to this study are discussed,
Throughout this section subscripts i, r, and e denote quantities associ-

ated with incident, reflected and emitted radiation, respectively.
4.2 PROPERTY RELATIONSHIPS

Spectral, bidirectional raflectance for radiation incident from the
(8',4') direction within solid amngle increment dw' and reflected into
solid aigle increment dw about the (8,¢) direction was defined in

Eq. (3.4.2) and is rewritten here for convenience.

+ ' .
ar, 1 (6",030,0)
- ' ' Y Fra !
Ii,l(e +9') cos 6'dw

Pha, (8" ¢"38,4) = (4.2.1)
Spectral, directional (directional-hemispherical) reflectance
pd,A(B') is defined as the fraction of monochromatic energy incident
within solid amgle dw' about direction 6' that is reflected throughout
hemispherical space. Spectral directional reflectance is obtained by
multiplying spectral bidirectional reflectance with cos B sin 6d6d¢ and

integrating over all directions for reflected energy.
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w/2 2m

pd’k(e') = ']f “/ﬂ gbd,k(e"¢';e’¢) cos 6 sin 6 d¢ 48 (4.2,2)
6=0 ¢=0

Spectral directional absorptance Oy A(9') is defined as the fraction
s

of monochromatic enmergy incident at polar angle 6' within solid angle

dw' that is absorbed. For opaque materials, a radiant energy balance at

the material surface relates directional absorptance and reflectance.

(8') =1-p,,(8") (4.2.3)

%a,A a,\

Spectral directional emittance €4 A(8) is defined as the ratio of
-]

the spectral intensity of emission of a surface at polar angle B,IL A(8),

to the direction independent spectral intensity cf a black surface at the

same temperature I .

+
I (8
£y 4(8) = 35— : (5.2,)
In Egs. (4.2.2)-(4.2.4) directional reflectance, absorptance, and
emittance were assumed to be azimuthally symmetric.
Spectral hemispherical emittance DTN is defined as the ratioc of
1,)
monochromatic energy emitted by a surface per unit time, per unit area,
and per unit wavelength interval into hemispherical space Ee 3 to that
y?
emitted by a black surface at the same temperature Eb A(=“Ib A)' It is
> L
cbtained by multiplying €4 A(6) with (cos 6 sin 6d6d¢)/m and integrating
R

over all directions of hemispherical space.
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: m/2 2w
e aoed 1 / (8) sin @ cos 6 d¢ dB
Ho L, ) Ca.A nveo
> =0 "$=0
m/2
= 2 €, +(8) sin 6 cos 6d@ (4.2.5)
d,\
6=0

Total hemispherical emittance o is the ratio of total emergy emitted
per unit time and per unit area by a surface throughout hemispherical

space Ee to that emitted by a black surface at the same temperature

; w
E (:J 7 d-A:'ET").
b\, " by)

(4.2.6)

In terms of spectral hemispherical emittance, €y can be expressed

f H A b l (4.2.7)
A=0

Finally, when polarization is neglected, Kirchhoff's law equates

QII

spectral directional emittance and absorptance,

€4 A(B = §') = ad A(9') (4.2.8)
»

Thus, Egs. (%.2.1)-(4.2,8) relate all surface properties used in Chap-

ter 3 to spectral bidirectional reflectance.
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4.3 SELECTED BDR MODELS

4.3.1 Introduction

BDR models selected for this study are presented in this
section. A detailed model for rough surface radiation properties is
discussed in Section 4%.3.2, followed in Section 4.3.3 by a simplified
rough surface property model. Tn Section 4.3.4 a model with directional
dependence considerably different from that exhibited by the rough sur-
face models is discussed. This property model applies to a composite
surface consisting of a thin dielectric coating on a diffusely reflecting
substrate. An approximate model for coated surfaces is discussed in
Section 4.3.5. Finally, in Sectiom 4.3,6, common simple property models
are briefly discussed. The latter are included to facilitate study of
the level of surface property detail required for precise radiative heat

transfer calculations.

4.3.2 Rough Surface Bidirectional Reflectance

Major assumptions employed in the Beckmann analysis [40] of
rough surface reflectance were summarized in Chapter 2, and details of
certain theoretical aspects of the BDR model as well as its ability to
represent available BDR measurements were previously reported [42]. For
brevity, only BDR expressions and a summary of important model charac-
teristics are presented here.

For a perfect electrical conductor with a randomly rough surface,
Beckmann's analysis yields the following expression for monochromatic
specular reflectance and scattered component of BDR in terms of optical

roughness ¢/A and rms roughness profile slope m.
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f (8') = exp {- [un(o/X) cos 9']2} (4.3.2.1)
SP A

\)2B exp { - [(o/0)61°)

Vgt . 2m(o/
f S,A(e 5¢ ses¢) -

bd, cos B cos 6' m?
= 12M 2 2,
2GS | A2
M=1 "

The symbol p has been replaced with f to emphasize that Eqs. (4.3.2.1)
and (4.3.2.2) apply to perfectly conducting material. The symbols B, G,

and H denote purely geometrical quantities and are given by

2
_ {1l + cos B cos 6' + sin 6 sin 8' cos (¢' - ¢) . |
°r [ cos 0 + cos B ] (4,3.2.3)

G
i

217(cos O + cos 8') (4.3.2.4)

= sin26 + sin26' + 2 sin O sin 8' cos (¢' - 9) (4,3.2.5)

:[:
|

YR

while rms roughness slope m is related to correlation length 4 by the

relation
m =42 (o/a) (4.3.2.6)

For large values of optical roughness (o/X >> 1), the specular re-
fiectance fsp A(9') is nearly zero for all but near-grazing directions
| [ %

of incidence, and a useful approximation to Eq. (4.3.2.2) is

B

exp [-F/(2m%)]  (4.3.2.7)
2mm?cos € cos 6'

fbd,s(e"¢';e’¢) )
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where
B = B (4,3.2.8)
(cos O + cos gt)2
and
H = H (4.3.2.9)

(cos 8 + cos 0')2

The bar notation is used to differentiate Eq., (4,3.2.2) from Eq. (4.3.2.7)
and B and H are defined by Eqs. (4.3.2.3) and (4,3.2.5), resractively.

This approximate expression is hereafter designated the large opti-
cal roughness (LOR) approximation. Note that the LOR BDR expression is
independent of wavelength and depends on the single surface roughness
parameter rms slope m. It should be emphasized that the LOR BDR approxi-
mation is not an additional BDR model, but merely a useful approximation
for the more eomplicated expression of Eg. (4.3.2.2) for large optical
roughness.

Since the Beckmann BDR model strictly applies to perfectly con-
ducting material, all energy of an incident beam must be accounted for
in the reflected energy leaving the surface., According to the model,
the fraction of the energy of am incident beam which undergoes a specu-
lar reflection is eyual to the specular reflectance fsp,x(e'). The re-
maining energy is scattered throughout hemispherical space with a dis-
tribution given by the scattered BDR component fbd,s,l(e"¢'5e’¢)' The
fraction of the energy incident from the (8',¢") direction which is scat-
tered FS,A(G') may be evaluated by integrating the product of fbd,s,A
and the cosine of the polar angle of reflection over all solid angles of

reflection.
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/2 gﬂ

Fs,‘l(e') = _/ j fb_d’s’k(e'a(p'ie:cb) cos 6 sin € &¢ d6 (4,3.2.10)

8=0 ¢=0

The sum of the fraction of incideni energy from the (8',4') direction
which is scattered and that which undergoes a specular reflection should

be unity.

£ A(e') t F

1y = -
sp, 3 (8') =1 (4,3.2.11)

’
It has been shown [42,65)] that the comservation of emergy requirement
expressed by Eq. (4.3.2.1.) is usually satisfied within a few percent if
rms slope is restricted to values less than about 0.14%. However, the
magnitude of the discrepancy depends on the value of optical roughness,
rms slope, and the polar angle of incidence.

Typical results for specular reflectance are illustrated im Fig. 4.1
where fsp’x(a') distributions are shown for selected values of optical
roughness. Since, accordimg to Eq. (4.3.2.11), the factor [1-fsp,a(8')]
represents the fraction of an incident bean of energy which is scattered
Fs’k(e') the right-hand ordinate scale may be used to evaluate this
quantity for a surface of prescribed optical roughness illuminated from
a specified direction. Apportionment of reflected emergy between specu-
lar and scattered energy components is determined by the polar angle of
incidence 8' and optical roughness o0/A. For prescribed direction of in-
cidence, specular reflectance decreases with increasing optical roughness.
With optical roughness prescribed, the specular reflectance increases with
increasing angle of incidence.

With the direction of incident energy and value of optical roughness
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Figure 4.1 Specular and scattered energy components of
reflected energy from Beckmann BDR model
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specified, the magnitude of the scattered energy is fixed. Its spatial
distribution is uniquely detetmined by rms slope. The gemeral influence
of roughness slope on scattered BDR is similar for all angles of incidence
and values of optical roughness. Some representative results are il-
lustrated in Fig. 4.2, The product of LOR scattered BDR and cosine of
the polar angle of reflection .. shown versus polar angle of reflection
for normal illumination and rms slope values of 0.1k, 0.094, 0,087, and
0.040. The product of BDR and cos 6 is the fraction of incident energy
reflected per unit time and per unit area into a unit solid angle around
the (8,¢) direction. No azimuthal angles are indicated on the figure
since for normal illumination BDR is azimuthally symmetric. A diffusely
reflecting surface is represented in the figure by the dashed curve. The
angular spread about the specular direction within which the scattered
energy is significant increases with increasing roughness slope. The in-
creasing angular spread of the scattered energy is accompanied with a re-
duction of BDR in the specular direction. Thus, the surface tends toward
a diffusely reflecting surface as roughness slope increases. Even for
the largest value of rms slope {(m = 0.14), however, the spatial distri-
bution of reflected energy differs significantly from that for diffuse
reflection.

For a fixed value of rms slope, the dependence of the spatial dis-
tribution of scattered energy on direction of incidence is markedly dif-
ferent for large and small values of optical roughness. The product of
scattered BDR and cos O for a surface with rms slope equal to 0.1k is
shown in Figs.4.3a,b versus polar angle of reflection for large optical
roughness (/A >> 1) and a small value of optical roughmess (¢/A = 0,1),

respectively., For each value of optical roughness, distributions are
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Figure 4.2 Scattered energy component from
Beckmann LOR BDR model
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shown for polar angle of illumination equal to 0,20,45,and 60 degrees,and
for each angle of illumination results are shown for selected values of
azimuthal angle ¢. The distributions shown in Fig. 4.3c for rms slope
equal to 0.094% and large optical roughness are included for later refer-
ence.

Consider the distributions for rms slope equal to 0.14%, It is im-
portant to note the strong reflection of energy into the plame containing
the specular direction (strong forward scattering). For large optical

roughness,(Fig. 4.3a), the maximum value of ?g cos 6 increases sharply,

d,s
and the angular spread of the scattered energy around the specular di-
rection decreases for increasing polar angle of illumimation. Of par-
ticular note is the rapid decrease of energy scattered out «f the plane
of incidence (¢ = 0) with increasing angle of illumination. For small

optical roughness, (Fig. +.3b), the maximum value of f cos 6 de-

bd,A,s
creases with increasing angle of illumination due to the increasing mag-
nitude of the incident energy which undergoes specular reflection. 1In
contrast to the distributions for large optical roughness, the lobes of
scattered energy in the plane of incidence for small optical roughness
and moderate to large amgles of illumination are not centered about the
specular direction but are shifted toward the surface normal.

It should be moted that the Beckmann scattered BDR contains a singu-
larity for polar angle of reflectinn equal to 90 degrees. This accounts

for the generally small, but finite, value of the product f cos ©

bd,s,A
for grazing reflection. This error results from neglecting shadowing ef-
fects in the derivation of BDR, but is not expected to significantly im-

fluence radiant heat transfer for the selected system of interacting sur-

faces,
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Limitation of the Beckmann analysis to perfectly conducting materials
is particularly restrictive and the model requires some medification to
adapt it to engineering materials. In view of the difficulty of includ-
ing finite conductivity effects in the development [40], BDR of engineer-
ing materials is approximated by multiplying the result for perfect con-
ductors with spectral directional reflectance. The latter must be pro-
vided as additional information. Hence, approximate specular reflectance

and scattered BDR of engineering materials are written

Pep aL8) = Pq 3 (81, (81 (4.3.2.32)

and

' t. | - [ . 3 .
Pba,s 2 (8" 0® 8.9) = pd,)\(el)fbd,s’;\(e 2$'30,9) (4,3.2.13)

while for large optical roughness
E£d,s,k(e"¢';e’¢) = pd,l(et)§£d,s(e"¢';e’¢) (4.3.2,14)

The scattered BDR expressions do not satisfy the reciprocity requirement
f42], but this is not expected to introduce appreciable error into heat
transfer results for the selected system.

In the absence of a more precise model for directional reflectance
and, consequently, directiomnal emittance of rough engineering materials,
the Fresnel relations [66] for smooth surface reflectance are used.
Furthermore, in an attempt to isolate roughness effects on heat transfer,
material optical indices n and k are taken wavelength independent. It

should be noted that, although the material optical indices are taken
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wavelength independent, BDR remains spectrally dependent because the spa-
tial distribution of reflected radiation is a function of optical rough-
ness. To facilitate direct comparison of heat transfer results with re-
ported results the directional emittance (reflectance) distributions which
were selected by Hering [49] are used. Directional emittance distributions
for the selected optical indices are shown in Fig. 4.4. Values of optical
indices were selected to provide hemispherical emittance values and direc-
tional emittance distributions characteristic of metals (EH = 0.1;

n = 23.452, k=1.0) and dielectrics [(EH = 0.5; n = 6.1038, k = 0.0),

(e

g = 0.95 1 = 1.5565, k = 0.0)1.

In summary, the proposed model for rough surface radiatiom properties
consists of the following:

(1) Directional reflectance, emittance and absorptance given by the
Fresnel relations with wavelength independent material optical
indices.

(2) Spatial distribution of reflected emergy given by Beckmann's BDR
model in terms of optical roughness ¢/)X and rms roughness pro-
file slope m.

Realizing that approximations have been introduced, it is proposed that
this model is sufficiently realistic to permit a useful investigation of

surface roughness effects on heat transfer while still incorporating a

tractable number oi characteristic parameters.
4,3,3 Simplified Rough Surface BDR Model

A simplified model for rough surface BDR is discussed in this
section. The simplified model retains all characteristies of the Beckmann
BDR model with the exception that the spatial distribution of scattered
energy is diffusely distributed. Therefore, the time consuming calcu-
lation required to evaluate the Beckmann scattered BDR expression is
avoided. The simplified rough surface model and results derived using

it are hereafter designated BDS (Beckmann Diffuse Scattered). BDS
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specular reflectance and scattered BDR are, respectively,

Pep,a(8') = Pyt0NE 5 (8) (4.3.3.1)

and

pg(8" L - fsp,A(e')]

Phd.s A(e') T = = (4.3.3.2)
st 3

Equation (4.3.2,1) shows that the apportionment of reflected energy
to specular and diffuse components depends on optical roughness and di-
rection of illumination. This direction and wavelength dependent specu-
lar plus diffuse reflection model has been proposed [50,51,59] as a com-
promise between realistic property representation and computational ef-
fort required for heat tramsfer calculations. Recently, Toor, Viskanta,
and Winter [67] reported that heat transfer evaluated using the BDS model
was in some cases in better agreement with experiment tham that calcu-
lated from simple comnstant property specular plus diffuse reflection
analysis. However,'results were insufficient to allow any general con-

clusions to be drawn.
4,3.4 Coated Surface BDR Model

To extend the scope of this study, a surface property model
developed by Love and Francis [68] was investigated. This model gives
the BDR of a composite surface consisting of a dielectric coating with
refractive index n on an opaque metal substrate, The air-dielectric in-

terface is optically smooth, and the substrate surface in contact with

the coating is diffusely reflecting with direction independent reflectance

Pp: Polarization effects are ignored. The expressions for specular




reflectance and scattered BDR of the coated surface are
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] - ¥ ;) g )
psp(e ) pF’c(e ) (4.3,4.1)
and
. . n A f'—ro
- L - A4z [ 3y, | eee————
pD.} pE‘,c(e {I[l pF,c(ali] €%P\ Cos a2J exPLgos alj
pbd S(B',B) - ' - (4.3.4.2)
L]

e 2 ' - . l"""‘ f_‘_
™ [l QQD{Ul + jz}]

The symbols pp c(6') and E% c(8) denote Fresnel reflectance of the
E R L]

air-coating interface for radiation incidemt from the exterior and in-

terior of the coating, respectively.

The optical thickness of the coat-

ing, which is the product of the absorption cocefficient and the thickness

of the coating is denoted T

cos O

cos o

eos &
3

“1

32 =;/PpF’c(6)exp(-2TO/cos 8) cos 6d(cos 8)

il

1]

1

n

Q

Furthermore,

[ ein ]
- = (4.3,4,3)
L Ik
§ . 2., Ve
- 51n?e' (4,3.4,4)
L n
2 Ve
no-d (4.3.4.5)
cos GS
exp(~21_/cos B) cos 8d(cos 8) (4.3.4.6)
1
(4.3.4,7)

‘cos O

3

The specular reflectance pSP(B') is the Fresnel reflectance of the

air-coating interface for wavelength independent refractive index n.

The scattered BDR is independent of both the azimuthal angle of incidence
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and reflection.
Directional reflectance, which for this model is wavelength inde-
pendent, is evaluated using Eq. (4%.2,2)

/2
pd(ﬁ') = psp(e') o+ 2ﬂ~[‘ pbd’s(e',e) sin 8 cos 846 (4.3.4.8)

g=0

Directional absorptance, hemispherical emittance, directional
emittance follow from Eqs. (#.2.3), (#.2.7), and (4.2.8), respectively. .

In [88], specular reflectance, scattered BDR, and directiomal re-
flectance were illustrated for selected values of coating refractive in-
dex, optical thickness, substrate reflectance, and direction of illumin-
ation. The authors concluded that, for other parameters fixed, the mag-
nitude of reflected energy acecounted for by the scattered BDR decreases
with inecreasing optical thickness of the coating. As the optical thick-
ness of the coating approaches zero, the magnitude of reflected energy
approaches that which is reflected by the substrate in the absence of a.
coating. Hence, the specular reflectance is zero, and the scattered BDR
is direction independent and equal to pD/ﬂ. For finite optical thickness,
fhe energy reflected by the coated surface consists of two components:
First, incident energy which undergoes specular reflection at the air-
coating interface, and second, enmergy which is refracted into the coating
and re-emerges from the air-coating interface after undergoing ome or
more intervening diffuse reflections at the substrate-coating interface.
As optical thickness becomes large, the scattered BDR approaches zero,
and the reflectance of the coated surface nearly equals the Fresnel re-
flectance of the dielectric coating material,

Specular reflectance, directional reflectance, scattered BDR, and
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directional emittamnce are illustrated in Figs. 4.5-4.7 for a selected
set of parameters. The values for ~efractive index, optical thickness,
and substrate reflectance selected are representative of thermoplastic
coatings on bright metal substrates [68]. The values employed were
1.5565, 0.1, and 0.75, respectively.

Specular reflectance psp(e') and directional reflectance pd(ﬁ') are
shown in Fig. #.5 versus the polar angle of illumination 6'., Both the
specular and directional reflectance are nearly constant for amgle of
incidence between 0 and 50 degrees, and then increase rapidly to unity
for angle of incidence equal to 90 degrees. For prescribed polar angle
of incidence the difference between the directional reflectance and
specular reflectance is equal to the magnitude of the energy accounted
for by the scattered BDR.

Scattered BDR pbd’s(e',e) versus the polar angle of reflection 8
with polar angle of illumination 8' as a parameter is shown in Fig. 4.6,
For purposes of comparison, BDR for a diffusely reflecting surface is
shown as a dashed curve for angle of illumination equal to 0, 70, and 85
degrees. The magnitude of scattered BDR is a weak function of the angle
of incidence from 0 to about 60 degrees, but then decreases rapidly for
greater angles of incidence. This is explained by noting that according
to Fig. 4.5, for angle of incidence less than 60 degrees the fraction of
incident energy refracted into the coating material [pd(@') - psp(ﬂ')]
is nearly constant. With further increase of the angle of incidence,
the magnitude of energy refracted into the coating decreases sharply due
fo the rapid increase of the specular reflectance of the coating material,
The shapes of the scattered BDR distributions are similar for each of the

selected angles of illumination. For 6 less than 60 degrees, scattered
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Figure 4.7 Directional emittance of coated surface
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BDR is nearly constant and approximately 7 percent larger than the cor-
responding diffuse reflection results. For greater angles of reflection,
BDR reduces rapidly to zero at 6 = 90 degrees.

It should be ncted that the coated surface BDR model differs sig-
nificantly from the rough surface Beckmann model. Altlough both models
have direction dependent specular components which increase with in-
creasing angle of illumination, their scattered BDR components are very
different. The Beckmann model predicts strong forward scattering of
energy with little energy scattered out of the plane of incidence. The
coated surface model, however, predicts an azimuthally symmetriec spatial
distribution of scattered energy which, for the selected material proper-
ties, 1is .early diffuse except for angles of reflection greater than 60
der ees., According to the Beckmann model, hemispherical emittance is not
altered by surface roughness. Hence, the rough surface exhibits the
hemispherical emittance of the constituent material. The coated surface,
however, exhibits hemispherical emittance intermediate to those for the
coating and substrate materials. Use of these two different models in
heat transfer calculations facilitates a more comprehensive evaluation
of directional property effects.

Directional emittance ed(e) for the coated surface is shown in
Fig. #4.7. The characteristic shape of the directional emittance curve
is similar to that exhibited by optically smooth dielectrics as pre-
dicted by electromagnetic theory. Integration of directional emittance
over half-space yields a hemispherical emittance value for the composite
surface of 0.6117. In the absence of a coating and for large coating
thickness, the surface hemispherical emittance is 0,25 (substrate emit-

tance) and 0.9 (coating emittance), respectively.
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It was shown in Section 4.3.4% that the scattered component

of BDR for the composite surface differs significantly from that for dif-
fuse reflection only for large polar angles of reflection. To investi-
gate the importance of this difference, heat tramsfer results were cb-
tained for surface properties identical to those for the composite sur-
face but with the spatial distribution of scattered energy taken diffuse.
This model and results obtained with it are designated CSDS (Coated Sur-
face Diffuse Scattered BDR). The specular reflectance and scattered

component of BDR are, respectively,
1y = 1 w A E

and

p,(6') - p_ (8")
(67) === b,

Pha,s - (4.3.5.2)

The vas-iables appearing on the right-hand side of Egs. (4.3.5.1) and

(4.3.5.2) were discussed in Section 4.3.4,
4,3.6 Diffuse rlus Specular Approximate BDR Models

To investigate the surface property detail required for ac-
curate prediction of radiant transfer, other approximate reflection
models were considered. These models represent the distribution of re-
flected energy in terms of specular and diffuse reflectance components

with apportionment of reflected enmergy to each component independent of

-"
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the direction of incident energy. Directional refleCtZnce 1s written as

the sum of a specular component psp(e') and a diffuse compoment p (6').
1ty = ' ' , =
pgte") psp(e )+ pp(er) (4.3.6.1)

Furthermore, the specularity ratio rsp defined as

P ,(6")
vy, = pde, (4,3.6,2)
is independent of the angle of illumination 6'.
Specular reflectance and scattered BDR are given as
1y = 'Yy 4.3,6. 8
ps;p(e ) = p4(8") Pep (4,3.6.3)
and
pd(e‘)
t - ] - s 3 B R
pbd’s(e ) = (1 rsp) (4.3.6.4)

This model and results derived from its use are denmoted DSD (Directicnal
property Specular plus Diffuse). When directional reflectance is taken
independent of 6', Egs. (4.3,6.1)-(4.3.6.4) reduce to well known expres-
sions for the gray property diffuse emission, direction independent specu-
lar plus diffuse reflection model. Results derived using this censtant
property model are designated CSD (Constant property Specular plus Dif-
fuse). The CSD model includes as limiting cases direction independent

specular and diffuse reflection.

P R
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5. KADIANT HEAT TRANSFER RESULTS AND DISCUSSION
5.1 INTRODUCTION

In this chapter radiant heat transfer results are presented for uni-
form temperature adjoint plates with direction and wavelength dependent
surface properties.

In Section 5.2 local and overall heat transfer rates are presented
for surfaces with properties represented by the DSD property model. The
influence of angular property dependence on heat transfer for markedly
different spatial distributions of reflected energy is assessed.

Local and overall heat transfer for surfaces with properties rep-
resented by the approximate rough surface (BDS) model are investigated
in Section 5.3. The influeﬁce of optical roughness on heat transfer is
illustrated, and the results are compared to those obtained using the
less detailed DSD property model. The heat transfer results obtained
using the BDS and DSD property models are used Lo relate the surface
specularity parameter rsp to the optical roughness of a surface.

In Section 5.4, local and overall heat transfer results obtained
using the detailed Beckmann rough surface property model are presented,
and the importance of surface roughness om heat transfer is assessed.
Rough surface results are compared to those obtained Ffor less detailed
property models, and the accuracy attainable with the simpler models is
evaluated.

Finally, in Section 5.5 local and overall heat transfer results for
coated surfaces are presented. The influence of dlrectional property de-
pendence is established, and the accuracy of simple property model heat

transfer predictions is investigated.
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The general dependence of heat transfer on position, included angle,
hemispherical emittance, and reflection model for adjoint plates with
direction independent properties has been fully discussed elsewhere [2]
and, therefore, is only briefly summarized here. For prescribed uni-
form temperature plates, radiant heat flux is minimum at the apex and
continuously increases to the outer edge. The level of the heat trans-
fer increases as either hemispherical emittance or included angle is in-
creased. For all other conditions fixed, local heat transfer is greater
for specularly reflecting surfaces than for diffusely reflecting sur-
faces. Discussion of these general trends is not repeated in this chap-
ter. Instead, attention is directed to evaluation of variable property
effects.

Most of the comstant property analysis results used for comparison

purposes in this chapter were reported earlier [2,64.69].

5.2 DIRECTIONAL PROPERTY EFFECTS FOR SIMPLE REFLECTION MODELS

The influence on heat transfer of directional emission, absorption,
and reflection for specularly reflecting surfaces has received consider-
able attention in the literature (see Chapter 2). Although engineering
surfaces exhibit direction dependent emittance, absorptance, and re-
flectance, they do not generally reflect emergy specularly. The radi-
ant heat flux results presernted and discussed in this section provide
insight into the importance of directional property effects for surfaces

which are not specularly reflecting.

5.2.1 Local Heat Transfer

Dimensionless local heat flux distributions are shown in
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Figs. 5.1-5.4 for surfaces with properties represented by the DSD and
CSD models. Results are shown for specularity ratio values of 0.0, 0.5,
and 1.0. Figures 5.1-5.3 are for included angle Y = 45° and surfaces
with hemispherical emittance values equal to 0.1, 0.5, and 0.9, respec-
tively. Figure 5.4 illustrates results for Y = 90° for each of the three
emittance values but only for the limiting values for specularity param-
eter. Following Her.ng [49], results obtained using the DSD and CSD
property models are referred to as directional property (DP) and con-
stant property (CP) results, respectively. Hering [49] compared results
from DP and CP analysis for specularly reflecting surfaces. The objec-
tive here is to investigate directional property effects when the par-
ticipating surfaces are not specular reflectors. It is important to
note the magnitude of the differences between results obtained with DP
specular and DP diffuse reflection analyses. The largest differences
occur at the apex. For Yy = 45° and hemispherical emittance values of
0.1, 0.5, and 0.3, DP specular reflection results are higher than those
obtained from DP diffuse reflection analysis by approximately 32, 67,
and 14 percent, respectively. For y = 90° the respective differences
are reduced by a factor of five. These differences are nearly identical
to those previously reported for CP analysis. It is clear that for sys-
tems in which multiple reflections are important, knowledge of the spa-
tial distribution of reflected energy is essential for applications re-
quiring accurate heat transfer predictions even when the directional de-
pendence of emittance and absorptance are accounted for,

Several trends are common to results for the two included angles.
For the intermediate emittance value (EH = 0.5), CP results are in ex-

cellent agreement with DP results along the entire plate length for all




74

LO—T———7—1 —
0.90
<
|.._
o_
3 080
3 |
o
/ Property Model
O0.70 |- DSD
== CSD
060
| | | | | l | |
00 0.2 04 06 08

x /L

Figure 5.1 Influence of angular dependent properties on
local radiant heat flux (EH = 0.1, v = 45°)




|
HO‘T

q(x)/e

75

I | | | | | | |
080 I+
- €= 0.5 ]
070 | y =49 -
060 - —
F%D4Qﬂ }/’,/”
0501 10 Z _
p
gy 2N Y, _
' 35/ Property Model
0401 Z0Q DSD -
———— (CSD
030 |- -
’ l | | | 1 .| | |
02OO;O 0.2 04 0.6 08 10
x /L

Figure 5.2 Influence of angular dependent properties on
local radiant heat flux (eH = 0.5, vy = 459)




76

oS r—T——T T T T T T T 1
065 |-
055 |-
|__.
l"c>I 045
W
~
< |
3
035 |-
Property Model
DSD
a5 —_——— (CSD -

02 04 06 08 10
x/L

Figure 5.3 Influence of angular dependent properties on
local radiant heat flux (eH = 0.9, y = 45°9)




ax)/ €, 5T

77

0.8
0.7
Property Model
DSD
—~--= CSD
o6 F
// //
/) /
/
| | | | | 1 | | |
0‘50 0.2 0.4 0.6 0.8
X/L

Figure 5.4 Influence of angular dependent properties on
local radiant heat flux (y = 90°)




78

values of the specularity parameter and both values of included angle.
The largest difference hetween DP and CP local hea*t flux values is ap-
proximately 2 percent. Consequently, attention is directed to the re-
sults for low (EH = 0.1) and high (EH z 0,9) emittance surfaces. For
each value of the specularity parameter, the largest difference between
results obtained using DP and CP analysis occurs for surface elements
near the apex. This is attributed to the fact that these elements re-
ceive major contributions to their irradiation from energy incident at
large angles of illumination. Furthermore, a significant portion of the
irradiation of these elements is due to energy which is emitted by the
adjacent surface at large angles of emission. These factors are im-
portant because the largest differences between direction dependent and
diraction independent properties occur for polar angles greater than
about 60 degrees (see Fig. 4.4).

Near the apex, heat flux values obtained from CP analysis are
greater than those from DP analysis for low emittance surfaces and less
for high emittance surfaces. For y = 90° these relationships exist
along the entire plate length. The discrepancy between DP and CP re-
sults is nearly independent of surface specularity for both low and high
emittance surfaces. For low emittance surfaces the maximum differences
are approximately 8 and 5 percent for y = 45° and 90°, respectively,
For high emittance surfaces the respective maximum discrepancies are
25 and 12 percent.

The major difference between results for y = 45° aad y = 90° is
that the discrepancy between DP and CP results is generally larger for
the former. Thisg is evidence of the greater importance of interreflec-
tion phenomena and of irradiation at large angles of illumination for

&

Y = 459,
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An interesting comparison may be made between present results and
those reported by Schoenhorst and Viskanta [51]} for local heat flux on
identical, equal temperature, t.ui-~infinite, parallel plates., For emit-
tance values less than 0.3% =..d a plate spacing-to-width ratio value of
0.5, these investigators rerorted discrepancies between DP and CP heat
flux results which were muc: larger for specular than for diffuse re-
flectior (in s0ms :.a2ses mcre than ten times larger). For the adjoint
plate systex ional aeat transfer is much less sensitive to the specu-

larity of tte surfaces.
5.2.2 Overall Heat Transfer

Dimersionless overall heat transfer per unit width is pre-
sexted i3 Table 5.1. The influence of the reflectance model on total
Eowt transfer in the adjoint plate system is not very great. This is
attributea (o the dominance of emission over absorbed incident radiation
for a major portion of the plate surface. For the smaller included
angle, total heat transfer evaluated using directional property analy-
sis and a specular reflection model is greater tham that calculated with
a diffuse reflectiom model by 13 percent for the intermediate emittance
surface. The same comparison for low and high emittance. surfaces re-
veals that the total heat transfer differences are reduced to 7 and 5
percent, respectively. For the larger included angle the aforementioned
differences are reduced by approximately a factor of three. The influ-
ence of the reflection model on total heat transfer is not significantly
different from that reported for constant preperty analysis.

Inspection of the total heat transfer results presented in

Table 5.1 shows that constant property analysis yields results which are




08

Specularity Parameter pgp./pg
Y €H 10 05 o0
DP [ CP | DP CP DP_] CP |
45° 0.1 0.0895 [ 0.0906 [ 0.0869 | 0.0877 | 0.0835 | 0.0838
05 0.304 |0.304 |0285 [0286 |0268 |0.267
0.9 0378 |0376 {0369 |0.370 |0.359 [0364 |
90° 0.1 | 00965 {00971 | — | —— |0.0947 | 00958
05 |0425 |0427 | — | — |0410 |04l2
0.9 0677 (0663 | —— | —— 10668 |0655
TABLE 5.1

Overall heat transfer (Q/L)/OT' from DP and CP property models




81

in excellent agreement with those obtained using directional property
analysis. The largest difference wiiich is less than 3 percent is ob-
served for specularly reflecting surfaces of high emittance with the
larger value for included angle. Thus, constant property analysis ac-

curately predicts overall heat transfer in the adjoint plate system.
5.2,3 Conclusions

Radiant heat flux distributiomns evaluated for equal tempera-
ture identical adjoint plates demonstrate that the spatial distribution
of reflected energy can significantly influence local flux values. The
use of a representative reflectance model for a given surface is par-
ticularly important for surface elements of intermediate and low emit-
tance surfaces which experience large radiant interaction with other
elements and receive major contributions to their irradiation from
energy incident at large angles of incidence. For the system studied,
the directional dependence of surface properties was unimportant for
surfaces of intermediate emittance amnd amalysis which completely ignores
directional property dependence is exceptionally accurate. For the
critical surface elements mentioned above, disregard of directional
property dependence yields high flux values for low emittance surfaces
and low flux values for high emittance surfaces. Directional property
effects were most pronounced for the high emittance surface where the
lack of accounting for surface property detail gave a 25 percent error
in local flux. The error incurred by analysis which ignores directional
property dependence was nearly independent of the specularity of the
surface. Directional dependence of surface properties is not important

for evaluating overall heat transfer and constant property analysis gave
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accurate overall heat transfer results.
5.3 BDS PROPERTY MODEL RESULTS

In the previous section significant differences in local heat Fflux
values were observed between the results for markedly different spatial
distributions of reflected energy. For applications requiring precise
heat transfer calculations meither the specular nor diffuse reflectance
model may adequately describe reflection from engineering surfaces. A
more detailed model for the spatial distribution of reflected energy may
be required. The direction independent specular plus diffuse reflectance
model is attractive because its use yields a tractable analysis for ra-
diant heat transfer. No information is available, however, to guide se-
lection of the apportionment of reflected emergy to the specular and
diffuse reflectance components for engineering materials.

In Section 5.3.1 heat flux distributions calculated using the BDS
property model are presented. According to this rough surface reflec-
tance model, the specularity of a rough surface depends both on the di-
rection and wavelength of incident energy as well as the rms surface
roughnes: neight 0, It is convenient to interpret heat transfer results
as total values. For this purpose, opticel roughness g/\ is replaced by
a characteristic optical roughness O/Ac where Acis a characteristic wave-
length of emitted radiatior. The heat transfer results can also be
viewed as spectral values. General characteristics of the heat transfer
results are discussed, the influence of U/J\c is illustrated, and the im-
portant range of optical roughness insofar as heat transfer is concerned
is defined.

The BDS model and DSD model heat flux distributions are used
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to develop a correlation between the specularity parameter psp/pd and
the optical roughness parameter cr/)\c in Section 5.3.2. The application
of the correlation is extended in Section 5.3.3 to other geometrical ar-
rangements of interacting surfaces, and overall heat transfer results
are presented and discussed in Section 5.3.4, Finally, the results are

summarized in Section 5.3.5.
5.3.1 Local Heat Transfer

Dimensionless local heat transfer results for y = 45° and
hemispherical emittance values of 0.1, 0.5, and 0.9 are presented in
Figs. 5.5, 5.6, and 5.7, respectively. In each figure results are shown
for selected values for optical roughness from zero to very large values.
The results labeled G/Ac = 0.0 and O/J\c + = are those obtained using the
DSD property model with specular reflection and diffuse reflection, re-
spectively. As expected, for all emittance values local heat flux in-
creases monotonically from a minimum value for diffuse reflection to a
maximum for specular reflection. More important, however, is the ob-
servation that the heat flux distributions corresponding to optical
roughness values of 0.0l and 1.0 are indistinguishable from those ob-
tained using a specular reflection model and a diffuse reflection model,
respectively, Furthermore, even for G/Ac = 0,05 and cr/lc = 0.5 the maxi-
mum discrepancies between BDS model heat flux results and those for the
simpler reflection models are less than &, 8, and 2 percent for emit-
tance values of 0.1, 0.5, and 0.9, respectively. Hnnce, local heat flux
may be calculated to engineering accuracy using a specular reflection
model. for O/Ac < 0.05 and employing a diffuse reflection model for

c/lc > 0.5, In the intermediate range of opticel roughness
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(0.05 < Oflc < 0.5) a specular plus diffuse reflectance model should be
used to evaluate local radiant flux,

As pointed out above, the tramsition in local heat flux from that
corresponding to a specular reflection model to that corresponding to a
diffuse reflection model is confined to the range of optical roughness
values between 0.0l and 1.0. The characteristics of this transition
can be observed from the results presented in Fig. 5.8. There is shown
the ratio of the difference between local flux for specular reflection
and that for arbitrary optical roughness to the difference between lo-
cal flux for specular and diffuse reflection at x/L = 0.05. Although
the results shown are for a position near the apex where interreflections
are important, they are representative of those at other locations on
the plate. The transition from specular to diffuse reflection heat
transfer results occurs most rapidly for the intermediate emittance sur-
face and least rapidly for the large emittance surface. The results for
the low emittance surface lie between those for intermediate and large

emittance.
5.83.2 Correlation of Specularity Parameter with Optical Roughness

A detailed comparison of local heat flux calculated with the
DSD and the BDS property models was made for y = 45°, The purpose of
this study was to determine whether the simpler DSD property model could
satisfactorily predict radiant heat transfer between rough surfaces with
properties represented by the more complex BDS property model, For a
rough surface with a characteristic optical roughness G/Ac, the problem
essentially reduces to relating optical roughmess of the BDS model to

the specularity parameter psplpd of the DSD model, that is, to the
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apportionment of reflected energy between the specular and diffuse re-
flectance components of the DSD medel. E£ince local radiant flux is most
sensitive to the spatial distribution of reflected energy at locations
near the apex, initial comparison of flux results was limited to this
region. To facilitate this study the heat flux results obtained at

x/L = 0.05 with the BDS and DSD models were used to construct Figs. 5.8
and 5.9, The former illustration was discussed previously. In Fig. 5.9
the ratio of the difference between local flux for specular reflection
(pSP/pd = 1.0) and that for arbitary psp/pd to the difference between
local flux for specular reflection and that for diffuse reflection
(psplpd = 0,0) is shown. For each emittance a value of optical rough-
ness was selected and the corresponding relative heat flux difference
evaluated from Fig. 5.8. Entering Fig. 5.9 with the relative heat flux
difference just determined, the corresponding value of the specularity
parameter was evaluated from the curve appropriate to the chosen sur-
face emittance. This procedure was repeated for a number of G/Ac values
for each emittance and Fig. 5.10 was comstructed from the results. Since
the relationship between the specularity parameter and optical roughness
illustrated in Fig. 5.10 was established for only a single position, it
is of interest to examine the validity of the correlation at other plate
locations. Local heat transfer calculated with the DSD model amalysis
employing the specularity parameter-optical roughmess correlation de-
veloped is compared to the results of BDS analysis in Figs. 5.11-5.13
for emittance values of 0.1, 0.5, and 0.9, respectively. BDS model re-
sults are shown as solid curves and DSD model results as dashed curves.
Agreement of BDS and DSD model heat flux distribution is excellent over

the entire plate length for each emittance value. The maximum discrepancy

»
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is less than 2 percent. The following general characteristics are ap-
parent, however. For low emittance and optical roughness less than
about 0.2, DSD model results are low for all x/L values greater than
0.05. For high emittance, DSD model results are low for optical rough-
ness less than 0.2 and high for optical roughmness greater than 0.2.
5.3.3 Extension of Specularity Parameter-Optical Roughness Cor-

relation

Since no other information is apparently available to guide
selection of the specularity parameter, an attempt is made to extend the
specularity parameter-optical roughness correlation of the previous
section. The purpose of this ertension is to provide thermal designers
with a means of approximately accounting for surface roughness =ffects
in heat transfer calculations for systems other than adjoint plates un-
til more complete results are available.

The procedure used to develop the correlation of Fig., 5.10 was re-
peated for other representative plate locations and the results are
shown im Figs. 5.14-5.16 for emittance values of 0.1, 0.5, and 0.9, re-
spec ively. It is apparent that significant differences from the curves
developed for x/L = 0,05 exist at other plate locations. These differ-
ences, however, are not important insofar as local radiant flux values
in the adjoint plate system are concerned since, as shown earlier, the
flux distributions from DSD analysis obtained using the correlation of
Fig. 5.10 were in excellent agreement with BDS results (maximum error
2 percent). They may be important for other geometrical arrangement of
surfaces. With this possibility in mind appropriate alterations of the
results in Fig. 5..0 are recommended.

Recall that the nbnwuniformity of local heat flux in the adjoint
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plate system is attributed to the diminishing importance of interreflec-
ted energy (radiant interaction with the adjacent surface) with increas-
ing distance from the apex. The X/L regions from 0.0 to 0.1, 0.1 to
0.6, and 0.8 to 1.0 may be considered regions of large, moderate, and
low radiant interaction. Interpreting the correlations of Figs. 5.14-
5.16 for the various x/L values leads to the following recommendations
for the evaluation of heat tramsfer in systems of rough surfaces:

(1) For optical roughness values equal to and greater than 1.0,
use the directional diffuse property model.

(2) For optical roughness values equal to and less than 0.0l, use
the directional specular property model.

(3) When the radiant interaction between the suriaces of the sys-
tem is large and 0.01 < g/A_ < 1.0, use the directional specu-
lar plus diffuse property mSdel with the specularity parameter
evaluated from Fig. 5.10. For moderate radiant interaction
between surfaces increase the specularity parameter value de-
termined from Fig. 5,10 by 20 to 30 percent. In situations
where radiant interaction is small increase the Pq /pd value
read from Fig. 5.10 by 80 to 100 percent as emittShee  increases
from low to intermediate values. For larger emittance values
the percentage increase in p /od is less attaining a value of
no more than 35 percent for igrge .

5.3.%4 Overall Heat Transfer

Dimensionless overall heat transfer rates per unit width ob-
tained with the BDS property model for 45 degree included angle are pre-
sented in Fig. 5.17 for hemispherical emittance values 0.1, 0.5, and 0.9,
Results for selected values of optical roughness are tabulated for con-
venience in Table 5.2.

Overall heat trancfer is less sensitive to surface roughness than
is local heat transfer. As discussed in Section 5.2.2, overall heat
transfer for specular (U/Ac = 0.0) reflection is larger tl.an that for

diffuse (U/Ac + )} reflection by 13 percent for the intermediate
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emittance surfaces. For the low and high emittance surfaces, specular
analysis results are high by 7 and 5 percent, respectively.

For intermediate emittance surfaces and O/Ac < 0.05, overall heat
transfer predicted by the simpler specular reflection analysis is high
by less than 2 percent. Furthermore, for high and low emittance sur-
faces the specular analysis results are high by no more than 1 percent.
The diffuse reflection overall heat transier results for each emittance
value are lower than the BDS results by less than 1.5 percent for
ollc > 0.5. In the range of optical roughness 0.05 E_G/Ac < 0.5 the
DED model can be used to reduce uncertainty in overall heat transfer
predictions for rough surfaces. In this regard the psp/pd - O/AC cor-
relation of Fig. 5.10 was investigated to determine whether it yields
acceptable overall heat transfer results. Using the specularity-rough-
ness correlation of Fig. 5.10, overall heat transfer results were ob-
tained with the DSD property model and are compared to BDS model results
in Fig. 5.17. Dashed lines representing DSD model results are distin-
guishable from the more detailed BDS model results (shown as solid lines)
only for the intermediate emittance surfaces. However, in this case the

maximum error is less than 1.5 percent.
5.3.5 Conclusions

The results reported in this section for radiant heat trans-
fer in the adjoint plate system support the following conclusions. First
the transition from specular to diffuse reflection model heat transfer
occurs in the optical roughness range 0.01 < 0/)\C < 1.0. For
O/Ac.i 0.01 a specular reflection model accurately predicts local flux

distributions while for U/Ae > 1.0 a diffuse reflection model is
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appropriate. In the transition region a specular plus diffuse reflec-
tance model should be employed. Second, a correlation of the speculari-
ty parameter value required for DSD analysis was developed in terms of
the optical roughness of the surface. The use of this correlation gave
flux distributions which were in excellent agreement along the entire
plate length. Third, recommendations are suggested for the application
of the correlation to other systems of different geometrical arrange-
ment. Fourth, roughness effects on overall heat transfer are less im-
portant thamn for local flux. For O/Ac < 0.0% specular reflection analy-
sis gives accurate results while for G/Ac > 0.5 diffuse reflection analysis
is adequate. In the transition region the specularity parameter-optical
roughness correlation obtained for local flux in conjunction with the

DSD property analysis yields excellent overall heat transfer results.
5.4 BECKMANN PROPERTY MODEL RESULTS

In this section local and overall radiant heat transfer results
are presented for adjoint plates with 45 and 90 degree included angle.
Surface radiavion properties are represented by the Beckmann BDR wmodel.
Radiant flux distributions are reported for surfaces with low to high
emittance and selected values for the roughness parameters. The in-
fluence of the surface roughness parameters optical roughness (o/A) and
rms roughnmess slope (m) on radiant flux is established. Although the
heat flux distributions may be considered spectral values, it is con-
venient to interrret them as total values by replacing O/A with a con-
stant characteristic optical roughness <J/ACx where Ac is a characteristic
wavelength of emitted energy. Finally, the heat transfer results ob-

tained using the Beckmann BDR model are compared to those calculated
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with less detailed property models. For brevity, heat transfer for
surfaces with properties represented by the Beckmann model are referred

to as rough surface results.

5.4,1 Large Optical Roughness (LOR) Beckmamn BDR Model Results

5.4.1.1 Local Heat Transfer

Dimensionless local heat transfer for rough sur-
faces with properties represented by the large optical roughness (LOR)
Beckmann BDR model with rms roughness slope (m) equal to 0.1l% is shown
in Figs. 5.18 and 5.19 for y = 45° and 90°, respectively. In each
figure, results are presented for emittance values of 0.1, 0.5, and 0.9,
Also included in each figure are flux distributions evaluated with
simpler surface property models. Distributions obtained using constant
r.coperty (CP) amalysis which ignores all directicnal dependence of sur-
face properties are illustrated for both diffuse reflection (curves de-
noted CSD with psp/pd = 0.0) and specular reflection (curves denoted CSD
with psp/pd = 1.0). Results evaluated employing directional property
(DP) analysis which accounts for the directional dependence of surface
properties but approximates the spatial distribution of reflected energy
in terms of a specular component and a diffuse component are also in-
cluded for the limiting cases of diffuse reflection (curves denoted DSD
with psp/pd = 0.0) and specular reflection {curves denoted DSD with
psp/pd = 1.0).

For both included angles, the rough surface heat flux distribution
for low emittance (EH = 0.1) and intermediate emittance (EH = 0.5) sur-
faces lies between those evaluated from CP analysis using diffuse and

specular reflection medels. This is not the case, however, for the high
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emittance (EH = 0.9) surface. Near the apex where the largest difference
between CP and rough surface results is evident, rough surface flux is
greater than that calculated from CP analysis. This clearly contradicts
the often stated idea that real surface heat flux is bounded by that
calculaced using a diffuse and a specular reflection model. Except
near the apex of low emittance perpendicular plates, CP specular re-
flzction amalysis ylelds results which are in closer agreement with the
rough surface flux distributions than does CP analysis employing a dif-
fuse reflection model. For y = 45°, CP specular reflection results de-
viate from rough surface heat fluxes by a maximum of 13, 12, and 22 per-
cent for emittance values of 0.1, 0.5, and 0.9, respectively. For per-
pendicular plates, the respective errors are lower by a factor of three
to four,

The flux distributions evaluated with DP analysis and a specular
reflection model are gemerally in closest agreement with the rough sur-
face results with the largest discrepancies found at the apex. DP analy-
sis with a specular reflection model yields results for both included
angles which are nearly indistinguishable from the rough surface results
for high emittance surfaces and within 1 percent for all emittance
values when vy = 90°. This exceptional agreement deteriorates somewhat
for the smaller value four included angle and yields flux errors which
are no larger than 6 and 13 percent for the low and intermediate emit-

tance surfaces, respectively.

5.4.1.2 Overall Ezat Transfer

Dimensionless overall heat transfer rates per

unit width cobtained with the Beckmann LOR property model for rms
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roughness slope (m) equal to 0,14 are tabulated in Table 5.3 for

Y = 45° and 90°. For both included angles, results are presented for
emittance values of 0.1, 0.5, and 0.9. Also included for comparison

are results obtained with the simpler CSD and DSD property models for
both specular and diffuse reflection. Directional property analysis
‘with a specular reflection model yields overall heat transfer results

in excellent agreement with rough surfice results. In each case the DP
specular reflection results are high, but the maximum error is less than
1.5 percent. Constant property specular reflection anmalysis also yields

excellent results with the maximum error less than 3 percent.
5.4.2 Influence of Surface Roughness on Heat Transfer

5.4,2.1 Local Heat Transfer

The generally excellent agreement of local heat
flux distribution evaluated using DP specular reflection analysis with
the resﬁlts calculated using the large optical roughness Beckmann BDR
model for m = 0,14 is particularly significant. Recall that the afore-
mentioned rough surface property model corresponds to the maximum degree
of scattering of reflected energy for which the Beckmann model satis-
fies the conservation of energy requirement. For optical roughness
values which may not be considered large and for roughness slope values
equal to or less than m = 0.14, the spatial distribution of reflected
energy more closely approximates that peculiar to a specularly reflect-
ing surface. Hence, rough surface flux distributions obtained using
finite values for optical roughness and m < 0.14 should lie intermediate
to those obtained using the large optical roughness Beckmann BDR model

and those evaluated with the directional specular property medel. It



c CcsD ) DSD - Beckmann LOR
4 W [Pup/Pa=10 [Py /Pa=00 | py/pa= 10 | pip/Pa=00| m=014
45° 01 | 00906 | 00838 0.0895 0.0835 0.08<8
05 0.304 0.267 0.304 0.268 0.300
0.9 | 0.376 0.364 0.378 0.359 0.376
90° 01 | 00971 0.0958 0.0965 0.0947 0.0963
0.5 0.427 0.412 0.425 0.410 0.424
0.9 0.663 0.655 0.677 0.668 0.677
TABLE 5.3

Overall heat transfer (Q/L)/oT' from various property models

60T
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follows that, for finite optical roughness and m < 0.1%, rough surface
flux distributions will be in even closer agreement with those calcu-
lated using DP specular reflection analysis.

Dimensionless radiant heat flux distributions calculated with the
LOR BDR model and m = 0,094 were found almost indistinguishable from
those presented earlier in Figs. 5.18 and 5.19 for m = 0.1%. To illus-
trate the influence of decreasing rms roughness slope, Fig. 5.20 was
constructed utilizing a greatly expanded ordinate scale. There is shown
the local flux distributions evaluated using the LOR Beckmann model with

0.094 as well as that calculated with the DSD model for

0.1% and m

"

m

Y = 90° and €4 0.1. As expected, local rough surface heat flux ap-
proaches the results of DP specular reflection analysis as rms surface
roughness slope diminishes, Local heat transfer results are presented
for y = 45° in Figs. 5.21 and 5.22 for emittance values of 0.1 and 0.5,
respectively, and for y = 90° in Fig. 5.23 for a low emittance surface.
The flux distributions calculated using a number of different surface
property models are included in each figure. Results evaluated with

the general Beckmann BDR model are shown for values of the characteris-
tic optical roughness (Ollc) and rms roughness slope (m) of 0.1 and 0.1H,
respectively. Also illustrated are the results evaluated using the large
optical roughness Beckmann BDR expression employing am identical value

of roughness slope as that used with the more general Beckmann BDR model.
The distributicns obtained using the less detailed DSD and CSD property
models are included for comparison purposes as are those obtained with
the approximate rough surface BDS model with g/A = 0.1. The flux dis-
tributions evaluated employing the general Beckmar. “NR property model

confirm the arguments cited earlier. Local flux results ror O/Ac = 0.1
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and m = 0.l% lie between those calculated with the LOR Beckmann model
for an identical value of roughness slope and those calculated with the
DP specular reflection model and are in even closer agreement with those
evaluated with DP specular reflection analysis.

Comparison of the radiant flux distributions calculated with the
Beckmann model and those evaluated with the BDS reflectance model'using
an identical optical roughness value provides insight into the influence
of the spatial distribution of reflected energy on local heat flux. Re-
call that the only difference between these surface property models is
that the BDS model assumes scattered energy is diffusely distr.ibuted
rather than spatially distributed according to the complex expressinn
for the Beckmann model scattered energy component, It is evident from
a comparison of the flux distributions pres=nted in Figs. 5.21 and 5.22
that the error introduced by using a diffuse distribution of reflected
energy is significant and local flux errors of approximately 8 and 18
percent for emittance values 0.1 and 0.5, respaectively, are introduced.
Although these discrepancles are mot small, they are considerably less
than those incurred when surface roughness is completely disregarded
and directional property analysis employing a diffuse reflection model
is used. Thus the complex calcvlations required to fully accaunt fovr
roughness effects may be avoided and the rough surface flux distribution
bracketed by the results of directionmal prcpesty analysis with a specu-
lar reflection model and the results of BDS unalysis employing the op-
tical roughness of the rough surface. This )rocedure significantly re-
duces the region of uncertainty for the rcugh surface local flux from
that which would exist if directional property analyses with a specular

and a diffuse reflection model were employed to bound rough surface
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flux. As the optical roughness of the surface increases, however, the
worth of this procedure diminishes since,as shown earlier, the results
of BDS analysis for G/AC = 1.0 are identical to those evaluated with

DSP analysis using a diffuse reflection model.

5.4.2.2 Overall Heat Transfer

Dimensionless overall heat transfer rates per
unit width obtained with the Beckmann BDR model for the roughness pa-
rameter values discussed in Section 5.4,2.1 and results obtained with
several simpler property models are summarized in Table 5.4. The re-
sults omitted from the table were not calculated. It is evident that
for large optical roughness overall heat flux approaches tht results of
directional property specular reflection analysic as rms slope diminishes,
Furthermore, an identical trend occurs for fixed rms roughness slope as
optical roughness diminishes, As discussed in the previous section, the
BDS results for the rough surface optical roughness may be used to re-
duce the uncertainty of rough surface overall heat tramnsfer from that
which would exist if directiomal property analyses with a specular and
a diffuse reflection model were employed to bound rough surface heat
flux. For example, the Beckmann results for c/Ac = 0,1, m = 0.14, and
Y = 45° are bounded by the directional property specular reflection re-
sults and BDS medel results for 0/2\c = 0.1 with uncertainty of 2 and 4
percent for emittance values 0,1 and 0.5, respectively. However, the
corresponding uncertainties of rough surface results when bounded by
directional property specular and diffuse reflection results are 7 and

12 percent, respectively.



Property Model

Y €, | Beckmann
CSD DSD SOR BDR LOR BDR BDS CSD DSD
Aie/Pa=10 | Al = 10| %7260 Dl | m=0094 | m=0.14 | 0/A;=0.1 | py/py=00 | p/pg=00
0.1 0.0906 | 00895 | 00890 ” 0.0888 | 00888 | 00878 | 00838 | 0.0835
45° 05 0304 | 0304 0.300 0.300 0.300 | 0.292 0.267 0.268
09 | 0376 0.378 —_— O..3?7 0.376 0.374 0.364 | 0.359
0.1 | 00971 | 00965 0.0963 00964 | 00963 —— | 00958 | 0.0947
90° 0.5 0.427 0.425 — 0.425 0.424 — | 0412 0.410
09 | ose3 | os77 — 0677 0877 —— | 0855 0.668
TABLE 5.4

Rough surface overall heat tramsfer (Q/L)/oT"
from various property models

41T
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5.4.3 A Thermal Design Consideration

In most engineering applications, it is impractical to in-
corporate the detailed rough surface radiation properties, particularly
bidirectional reflectance, into design calculations. For such situations,
it would be useful to have available an easily determined measure of sur-
face specularity to enable design engineers to choose between a specular
and a diffuse reflection model for the representation of surface proper-
ties in design calculations. One such measure is briefly discussed here.

An experimental technique which has been suggested for obtaining a
measure of the specularity of a surface may be summarized as follows:
Illuminate a surface at polar angle 6'with a beam of radiant energy of
known solid angle, Awi, and measure both the energy reflected into an
equal size solid angle, Awr’ about the specular direction and the energy
reflected throughout entire hemispherical space. The ratio of the energy
reflected into the specular solid angle to that reflected throughout the
hemisphere is denoted by the symbol RSP(GLAwi) and is represented in

terms of bidirectional reflectance by the following expression

T - 1l ? |
Rsp(e,Awi) = E;T§3l/pbd(a;¢;e’¢) cos der
Awr =,Ami

For surfaces which are specular reflectors Rsp is equal to unity. For
other surfaces, Rsp is less than unity and depends on direction and solid
angle of illumination. As an illustration, consider illumination of a
sample at normal incidence with a beam solid angle of 0.003 steradians.
If the sample were a diffusely reflecting surface, the value for RS?p is
approximately 0.0009. If the sample BDR was well represented by the

LOR Beckmann model, the value for RSp is about 0.006. Although the RSp
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value for the rough surface is more than a factor of 6 larger than that
for a diffusely reflecting surface, it is indeed small in comparison to
that for a specularly reflecting surface. One could infer from this
measurement then that a diffuse reflection modz:l is more appropriate for
analysis than a specular reflection model. However, in view of the
generally excellent agreement of the rough surface heat tpransfer results
with those employing a specular reflection model, the above inference
from the cited measurement procedure is obviously incorrect. The quanti-
ty Rsp apparently is not a sufficient measure of surface specularity.

A more detailed measure of the spatial distribution of reflected energy

is needed and the determination of such a measure merits further study.
5.4.4 Conclusions

Rough surface heat transfer calculations for the adjoint
plate system were confined to values of the rough surface parameters,
namely, optical roughness (U/Ac) and roughness slope (m), for which the
Beckmann BDR satisfied the conservation of energy requirement. The
limitation restricted surface roughness slope to values equal to and
less than 0.14%., The following conclusions may be drawn from the results.

(1) Local radiant flux evaluated with the LOR Beckmann model for
the maximum degree of scattering of incident energy was only
slightly less than that calculated with a specular reflection
model which accounted for the directional dependence of surface
properties. Excellent agreement was observed between the lo-
cal flux calculated using the aforementiovned property models
except ¢t the apex for the smaller includz:d angle and surfaces
of intermediate and low emittance where the maximum differences
were.l3 and 6 percent, respectively. Significantly poorer
agreement is found between rough surface radiant flux and that
evaluated with a specular reflection model which ignores the
directional dependence of surface properties. The error, how-
ever, is limited to less than 25 percent.
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(2) As roughness slope decreases, local radiaut flux evaluated with
the LOR Beckmann model increases with the flux values confined
to the small region between those calculated with m = 0.14% and
those calculated for direction dependenrt surface properties em-
ploying a specular reflection model. Thus, as roughness slope
decreases, the discrepancy between rough surface local flux
and that from DP analysis with a specular reflection model di-
minishes. The same trend is observed when optical roughness is
reduced while other pavameters are fixed.

%]

(3) The difficult calculations associated with the use of the
Beckmann scattered energy expression may be avoided and the low
and high flux limit for the rough surface flux bracketed by the
values calculated using the BDS property model with rough sur-
face optical roughness and the DSD model with specular reflec~
tion, respectively. Even the BDS model calculations may be
avoided by employing DSD amalysis with the specularity param-
eter evaluated from surface optical roughness and the psp/pd
correlation with 0/, presented earlier. Note, however, that
the region of uncertainty for the rough surface flux increases
as optical roughness increases.

(4) The shortcorings of a proposed technique for estimating specu-
larity of a surface have been illustrated.

(5) Overall heat transfer obtained for the LOR Beckmann property
model with m = 0,14 was only slightly less than that obtained
with a directional property specular reflection model. The
maximum discrepancy was less tham 1,5 percent. Furthermore,
constant property specular reflection analysis gave results
within 3 percent of the rough surface values.

5.5 COATED SURFACE PROPERTY MODEL RESULTS

In this section, dimensionless local and overall radiant heat trans-
fer results are presented for the adjeint plate system of imcluded angle
Y = 45° with surface properties represented by the coated surface BDR
model. The major reason that this study was undertaken in am investi-
gation almost entirely devoted to surface roughness effects omn radiant
heat transfer, was to provide further imsight into the influence of the
spatial distribution of scattered energy on local radiant flux. Recall
that the greatest difference between the Eeckmann rough surface BDR

model and the coated surface BDR model lies in the spatial distribution
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of scattered energy. According to the Beckmann BDR model, scattered
energy is concentrated into directions not far removed from the specu-
lar direction. The coated surface BDR model on the other hand, posses-
ses a distribution of scattered energy which is more representative of

a diffusely reflecting surface. Before passing on to these results, how-
ever, heat transfer for the coated surface is compared to that evaluated
using anmalysis in which either the coating or the substrate properties
are ignored, For the former situation, surface properties are taken as
those of the substrate. All properties are wavelength and direction im-
dependent with reflection diffuse and hemispherical emittance equal to
0.25. For the latter situation, surface properties are taken as those
of an infinitely thick slab of coating material with an optically smooth
surface. Angular dependent properties were calculated from the Fresnel
relations for wavelength independent optical indices n and k equal to
1.5565 and 0.0, respectively. Reflection is specular with hemispherical
emittance equal to 0.9. Finally, the coated surface heat flux distri-
bution is compared to that predicted by several less detailed surface
property models which employ the apparent hemispherical emittance of the

coated surface.
5.5.1 Coating and Substrate Property Effects on Heat Transfer

5.5.1.1 Local Heat Transfer

Dimensionless radiant heat flux distributions are
presented in Fig. 5.24 for the coated surface as well as for the two
limiting situations of negligible coating thickness in which substrate
properties are employed and of large coating thickness in which coating

properties are used. lNote that the dimensionless flux used in the
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presentation of these results differs from that employed earlier by the
absence of the hemispherical emittanc~ factor.

Ignoring either the coating or the substrate effects on surface
properties introduces large errors in local heat transfer. When the
coaﬁing is neglected and substrate properties are used, local flux along
the plate is almost uniformly low by a factor of two. When the substrate
is ignored and coating properties employed, the local flux error in-
creases from a value 5 percent high at the apex to almost 40 percent too
large at the outer edge. These large errors in local flux are primarily
attributed to the marked differences in hemispherical emittance values
for the coated surface, the coating material, and the substrate. For
all other conditions fixed, local heat transfer increases with increas-
ing hemispherical emittance with the largest increase in the adjoint
plate system occurring at the outer plate edge. It is evident that at
the very least, heat transfer calculations must employ apparent hemi- ;

spherical emittance of the composite surface. 3

5.5.1.2 Overall Heat Transfer

Pimensicnless overall heat transfer rates per unit

width for the coated surface, substrate, and coating material properties

are included in Table 5.5, Overall heat transfer obtained using the

coating material properties is 21 percent high while that obtained using
the substrate properti;s is 4§ percent low., It is evident that ignoring
either the coating or substrate effects on surface properties yields un-

acceptable errors in overall heat transfer.




| Property

Model

Coating Prop.

Substrate Prop.

DSD  pyp/pg = 10 CSD  pep/pg =00 Coated Surface CSDS

. R - €,0.6117 €.,=06117
€,,° 09 €= 0.25 H H
0.378 0.171 0.311 0.312
Property Model
DSD Csh

Psp/Pq = 1.0 Psp /Pg = 00 Psp/Pg = 1:0 Psp’Pq= 0-0
€,=06117 €,70.6117 €,70.6117 €,=0.6117

0.338 0.297 0.334 0.300

TABLE 5.5

Overall heat transfer (Q/L)/‘ET" for coated
surface Yy = 45° (y = 459)
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5.5.2 Directional Property Effects

5.5.2.1 Local Heat Transfer

The importance of directional dependence of surface
properties on local radiant flux is evaluated by comparing the heat trans-
fer distribution obtained using the detailed coated surface BDR model to
those evaluated with property models of less detail. Dimensionless heat
flux results calculated using the coated surface BDR model are shown in
Fig. 5.25., Also illustrated are the distributions evaluated with con-
stant property (CP) analysis (curves labeled CSD) which neglects all di-
rectional dependence of surface properties as well as those obtained us-
ing directional property (DP) analysis (curves labeled DSD). The latter
analysis employed the directional properties of the coated surface (see
Figs. 4.5 and 4.7). Both a specular and a diffuse reflection model were
considered for CP and DP analysis and the results are differentiated by
the value for the specularity pa. .neter--zero for a diffusely reflecting
surface model (psp/pd = 0.0), and unity for a specularly reflecting sur-
face model (psp/pd = 1.0). Also shown in Fig. 5.25 is the flux distri-
bution obtained using the CSDS model. This model is identical to the de-
tailed coated surface BDR model with the exception that the spatial dis-
tribution of reflected erergy which is not specularly reflected is dif-
fusely distributed. All analyses employed the apparent hemispherical

emittance of the coated surface, that is, €, = 0.6117, The importance

-
of an accurate representation of the spatial distwibution of reflected
energy for local flux calculations is clearly established by the heat

flux differences at the apex. The results of both CP and DP analyses

demonstrate that local flux evaluated with a specular reflection model
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is larger than that calculated with a diffuse reflection model Ly a fac~
tor of 1.5. Furthermore, analysis which neglects the directional de-
pendence of surface properties yields flux values at the apex which are
about 20 percent less than those evaluated with directional property
analysis for both the specular and the diffuse reflection analysis. As
expected, the influence of the spatial distribution of reflected energy
and of the directional dependence of properties on local flux is less
near the outer plate edge where, because interreflection phenomena are
less important, local flux evaluated with different property meodels
differ by less than 5 percent.

The flux distribution evaluated using the detailed coated surface
BDR model is intermediate to that calculated employving either CP or DP
analysis with a specular and a diffuse reflection model. However, analy~
sis using a diffuse reflection model clearly gives a flux distribution
in closer agreement with the coated surface results thamn that employing
a specular reflection model. The largest flux errors are evidemt at the
apex where DP analysis with a diffuse reflection model is 15 percent low
and CP analysis with the same reflection model is 30 percent low. At x/L
values greater than 0.2 heat transfer from CP analysis is in closer agree-
ment with the coated surface results although th» error associated with
DP analysis is less than 10 percent amd diminishes with distance from the
apex.

The flux distribution evaluated with the CSDS model is in excellent
agreement with the coated surface results. The CSDS model results can
be distinguished from the coa:ed surface flux near the apex. Thus, local
heat transfer is predicted accurately by a reflection model which ap-

proximates the spatial distribution of scattered energy for the coated
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surface with the simpler diffuse distribution.

5.5.2,2 Overall Heat Transfer

Dimensionless overall heat transfe;» rates per unit
width are presented in Table §.5 for the coated surface and several
simpler property models. Results of both CP and DP analyses yield over-
all heat transfer approximately 12 percent larger for specular reflection
than for diffuse reflection. For both specular and diffuse reflection,
the results of CP and DP analyses are in excellent agreement. The maxi-
mum error is less than 2 percent. Both DP and CP diffuse reflection
analyses yield overall heat flux in good agreement with the coated sur-
face result. The corresponding errors are 5 and 4 percent, respectively.
As expected from the discussion of the previous section, the CSDS model
yields an overall heat flux value in excellent agreement with the coated

surface result,

5.5.3 Conclusions

The heat transfer results for the adjoint plate system of
equal temperature dielectric coated surfaces demonstrate that it is im-
portant to account for the influence of the coating and substrate proper-
ties on the apparent emittance of the composite surface. An accurate
representation of the directional dependence of the radiation properties,
however, is just as important for the calculation of locs' flux at sur-
face elements which experience large radiant interaction with other sur-
faces. Local flux values may be changed by a factor of two by each of
the aforementioned influences. For the system studied, constant property

analysis gave flux values at the apex which were lower by 20 percent than
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those evaluated with directional property analysis., Of the flux distri-
butions evaluated with the simpler property models (CP and DP analysis
with specular or diffuse reflection), that calculated employing a diffuse
reflection model is in closer agreement with the coated surface BDR
model results. Excellent agreement with the coated surface results was
observed when the approximate coated surface model was employed to evalu-
ate heat transfer. The approximate model replaces the detailed distri-
bution of scattered energy of the coated surface BDR model with a dif-
fuse distribution.

Overall heat flux is less sensitive to the directional dependence
of surface properties than is local heat flux. Diffuse reflection analy-
sis yields results closer to the coated surface results than does specu-
lar reflection analysis. Finally, the CSDS model provides an excellent
approximation to the detailed coated surface model for purposes of de-

termining overall heat transfer.

5.6 SUMMARY

The local and overall radiant heat transfer results for equal tem-
perature identical adjoint plates in the absence of an extermal radiation
source suggest the following general conclusions. First, ignoring the
directional dependence of emittance, absorptance, and reflectance can
result in significant errors in heat flux predictions for low and high
emittance surfaces in regions of large radiamt interaction and for ele-
ments which receive major contributions to their irradition at near-graz-
ing incidence. Such errors are essentially independent of whether the
surface is specularly or diffusely reflecting. On the other hand, the

aforementioned directional dependence of properties is relatively



130

unimportant in overall heat transfer calculations. Second, directional
property analysis with a reflection model consisting of a specular and
diffuse reflectance component can provide excellent heat flux predictious
for surfaces with more complicated reflectance characteristics provided
the apportionment of reflected energy between the reflectance components
is carefully selected. Such an apportionment may be based on optical
roughness when surface roughness is the dominant factor influencing the
spatial distribution of reflected emergy. Third, radiant heat transfer
between rough surfaces for which diffraction and interference effects
are the primary cause for the scattering of reflected energy into di-
rections other than the specular cirection differs only slightly from
that predicted with directional property analysis employing a specular
reflection model. Fourth, the radiant heat transfer between rough sur-
faces with spatial distributions of reflected energy described by the
Beckmanrn BDR model lies within a generally small region bounded by the
results of directional property specular reflection analysis and the
'BDS model analysis using rough surface optical roughness. Finally, when
the spatial distribution of scattered energy possesses a distinctly dif-
fuse character such as for the coated surface studied here, excellent
heat transfer predictions are obtained using a simpler directional
property model which accurately accounts for the directional depencence
of the specularly reflected energy and assumes the remaining energy to

be diffusely distributed.
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6. EQUILIBRIUM TEMPERATURE RESULTS AND DISCUSSION

6.1 INTRODUCTION

In this chapter equilibrium temperature distributions are presented
for perpendicular adjoint plates illuminated by a uniform collimated so-
lar field directed along the bisector of the included angle. Direction
dependent, semi-gray surface property models are employed in the com-
putations. It was shown in Chapter 5 that many engineering surfaces can
be considered specular reflectors for long wavelength thermal radiation
without introducing appreciable error into radiant heat transfer re-
sults. For short wavelength solar radiation, engineering surfaces are
not as well represented by the specular reflection model. Equilibrium
temperature results are presented in this chapter for surfaces which
are specularly reflecting to surface emitted thermal radiation. Sur-
face properties for solar radiation are represeited by several models
including the simple CSD model as well as the more detailed DSD and
Beckmann property models.

In Section 6.2 equilibrium temperature distributions are presented
for surfaces with properties represented by the CSD and DSD property
models. The influence of angular property dependence on equilibrium
temperature is assessed for markedly different spatial distributions of
reflected solar radiation.

Equilibrium temperature distributions are presented in Section 6.3
for surfaces with solar properties represented by the Beckmann BDR
model, and the influence of surface roughness on equilibrium tempera-
ture distribution is assessed. Rough surface results are compared to

thoge evaluated with less detailed property models, and the accuracy
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attainable with the simpler models is evaluated.

Section 6.4 summarizes conclusions concerning the influence of the
directional dependence of properties on equilibrium temperature distri-
bution.

The general dependence of local equilibrium temperature in the ad-
joint plate system on position, included angle, emittance, solar absorp-
tance, and surface upecularity for surface and solar radiation was
thoroughly investigated by Hering [2] for direction independent surface
property models. These general trends are only briefly summarized here.
For uniformly irradiated perpendicular plates with semi-gray, direction
independent surface properties, local equilibrium temperature is maxi-
mum at the common edge and decreases continuously to the outer edge.

With all other parameters fixed, equilibrium temperature increases as
solar absorptance becomes larger or emittance takes on smaller values,
Surface specularity for solar radiation has a major effect om equilibrium
temperature causing i1t to decrease with decreasing specularity. Discus-
sion of these trends is not repeated in this chapter. Instead, attgntion
is directed to the influence of directional property dependence and sur-

face roughness on eguilibrium temperature distribution.
6.2 DIRECTIONAL PROPERTY EFFECTS FOR SIMPLE REFLECTION MODELS

The influence on equilibrium temperature distribution of angle
dependent surface properties for surface emitted radiation is investi-
gated in Section 6.2.1 Surface properties for solar radiation are rep-
resented by the simple direction independent CSD property model,

To illustrate the effect of direction dependent absorptivity and

reflectivity for solar radiation, equilibrium temperature distributions
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are presented in Section 6.2.2 for solar properties represented by the
DSD property model. The temperature error associated with neglecting
directional property dependence is evalgated.

Eection 6.2.3 summarizes the conclusions concerning directional

property effects on equilibrium temperature.
6.2.1 Direction Dependent Thermal Properties

Dimensionless equilibrium temperature distributions are
presented in Figs. 6.1-6.3 for surfaces wifh hemispherical emittance (eH)
equal to 0.. and solar absorptance values (a®) of 0.1, 0.5,‘and 0.9,
respectively. Results for a hemispherical emittance value of 0.9 and
solar absorptance values 0.l and 0.5 are shoﬁm in Figs. 6.4 and 6.5,
respectively. Surface properties for long wévelength thermal radiation
are represented by the DSD model for the limifing case of specular —e-
flection. Surface reflection for sclar radiation is represented by *he
direction independent CSD model (designated by broken lines) and the
direction dependent DSD model (designated by solid lines) for speculari-
ty ratio values 0.0, 0.5, and 1.0. For purposes of comparison, results
of analysis using direction independent thermal and solar properties
represented by the CSD model are included and shown as dashed lines.

The effect of direction dependent thermal properties is observed
by comparing temperature distributiors cbtained with DSD (broken lines)
and CSD (dashed lines) thermal property models when solar properties
are represented by the CSD model. For reasons which were discussed in
Section 5.2.1, the influence of direction dependent thermal properties
is most pronounced near the common edge, and continuously decreases with

distance from the apex. For low emittance (BH = 0.1), constant property
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model results yield lower temperatures than those evaluated with analy-
sis which includes angular dependent thermal properties. However, the
discrepancy is less than 1 percent, and it is insensitive to the value
for solar absorptance and solar specularity. For the high emittance
surface (EH = 0.9), local temperature is higher from the constant proper-
ty model than that evaluated with direction dependent thermal properties,
but the difference is less than 3 percent. Again, the error is insensi-
tive to the value of solar absorptance and solar specularity.

It is interest.ng to note that the percentage error in local di-
mensionless equilibrium temperature associated with ignoring directional
dependence of thermal properties is less than that for local radiant
heat transfer discussed in Section 5.2,1 for the same emittance value

by a factor of 4 to 5.
6.2,2 Direction Dependent Solar Properties

The effect of angle dependent solar properties may be observed
by comparing temperature distributions in Figs, 6.1-6.5 for solar proper-
ties represented by the irection dependent DSD model (solid lines) and
the direction independent CSD model (brokem lines). Thermal properties
are represented by the DSD model for specular reflection.

The difference between results for direction dependent and inde-
pendent solar properties is nearly uniform over the entire plate length.
For both the low (eH = 0.1) and the high (eH = 0.9) emittance surfaces,
local temperature is higher from analysis with direction independent so-
lar properties for low (a* = 0.1) and intermediate (a* = 0.5) solar
absorptance values. However, for surfaces of high solar absorptance

(a* = 0,9), constant solar property analysis yields low temperatures. For
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intermediate and high solar absorptance values, the difference between
local temperature values for direction dependent and independent solar
property models is less than 1 percent. For low solar absorptance the
error is less than 4% percent and decreases as the surface changes from
specularly reflecting to diffusely reflecting to solar energy.

For a surface of low emittance (g€, = 0.1l) and low to intermediate

H
solar absorptance, the effects ofrdirection dependent thermal and solar
properties are partially compensating. Therefore, results obtained with
analysis for directi:n independent thermal and solar properties show
slightly better agreement with results for direction dependent thermal
and solar properties than do those which account only for angular vari-
ation of thermal properties. However, for the high emittance surface,
results from analysis employing constant thermal and solar properties
are too high by 7 and 3 percent fer o = 0,1 and U.5, respectively.

It is important to note the uncertainty in local equilibrium tem-
perature which results from inadequate knowledge of the spatial distri-
bution of reflected solar radiation. Consider the results for direction
dependent thermal and solar properties. The difference between results
for specular (pgp/pg = 1.0) and diffuse (pgp/pg = 0,0) reflection of
solar radiation is largest for a surface of low solar absorptance
(e = 0.1) and decreases continuously with increasing values for a%.

The uncertainty is 10, 8, and 1 percent for o* = 0.1, 0.5, and 0.9, re-
spectively. These values are nearly the same as those reported earlier

[2] for direction independent surface properties.
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6.2.3 Conclusions

The effect of angular dependent surface properties on
equilibrium temperature distribution was investigated for perpendicu-
lar adjoint plates uniformly irradiated by a collimated solar source.
The surfaces were taken to reflect surface emitted thermal radiation
specularly, and the semi-gray CSD and DSD property models were used
to appraise the importance of the angular dependeunce of surface
properties for both surface emitted and solar radiation,

Direction dependent thermal property effects were determined
for solar properties represented by the CSD model, and several con-
clusions can be drawn. Directional property effects are most im-
portant for the critical surface elements near the common edge, and
are insensitive to the value of solar absorptivity and solar specu-
larity. Analysis which ignores direction dependence of thermal proper-
ties yields equilibrium temperature which is high for high surface
emittance and low for low surface emittance. However, the resulting
temperature errors are four to five times smaller than the corres-
ponding errors in local heat flux for uniform temperature plates.

Direction dependent solar property effects were determined for
thermal properties represented by the DSD modal, and they were found
to be nearly uniform over the extent of the surface. For both the
high and low emittance surfaces, analysis which ignores direction de-
pendence of solar properties yields equilibrium temperature which is
high for low and intermediate values of solar absorptivity and tem-
perature which is low for high solar absorptivity. Directional
property cffects are most important for low solar absorptance values,

and with all other parameters fixed they decrease in importance with
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decreasing surface specularity for solar radiation. Direction inde-
pendent thermal and solar property analysis was found to yield largest
temperature errors for the high emittance surface. However, the error
was limited to less than 7 percent.

Finally, it should be noted that the spatial distribution of re-
flected solar radiation can have an important effect on equilibrium
temperature particularly for surfaces with low and intermediate values

of solar absorptivity.
6.3 BECKMANN PROPERTY MODEL EQUILIBRIUM TEMPERATURE RESULTS

In this section surface roughness effects on equilibrium tempera-
ture distribution are investigated. Radiation properties for surface
emitted thermal radiation are represented by the angle dependent specu-
lar reflection model (DSD model with bsp/pd = 1.0), and those for solar
radiation are represented by the Beckmann BDR model. Equilibrium tem-
perature distributions are reported for low and high emittance surfaces
with low to high values for solar absorptance and selected values for
the roughness parameters. Results for surfaces with large optical
roughness for solar radiation are presented in Section 6.3.1. The in-
fluence of the surface roughness parameters optical roughness (g/))
and rms roughness slope (m) on equilibrium temperature is discussed in

SBCtion 6 . 3 . 2 .
6.3.1 Large Optical Roughness (LOR) Beckmann BDR Model Results

Dimensionless equilibrium temperature distributions for
surfaces with properties for solar radiation represented by the LOR

Beckmann BDR model with rms roughness slope (m) equal to 0.14 are
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shown in Figs. 6.6-6.10. Results for surface hemispherical emittance
value 0.1 are shown in Figs. 6.6, €.7, and 6.8 for hemispherical solar
absorptance values 0.1, 0.5, and 0.9, respectively. Results for high
surface emittance (EH = 0.9) are shown in Figs. 6.9 and 6.10 for solar
absorptance values 0.1 and 0.5, respectively. Also included in each
figure are temperature distributiomns evaluated with less detailed sur-
face property models. These results were obtained for surfaces which
are specularly reflecting for surface emitted radiation and either
specularly (curves labeled pgp/pg = 1.0) or diffusely (curves labeled
pgp/pd = 0,0) reflecting for solar radiation. Temperature distributions
evaluated using constant property (CP) CSD amalysis [2] which ignores
all angle dependence of surface properties are shown as dashed lines.
Doubly broken curves denote distributions obtained using the directional
property (DP) DSD model for thermal radiation while retaining the CP
model for solar radiation. Denoted by broken curves are distributions
obtained using the DSD model for both thermal and solar radiation sur-
face properties.

Within the limitations of the rough surface property model, the
sole influence of surface roughness is to alter the spatial distribution
of reflected solar radiation. The effect of this factor on equilibrium
temperature can be demonstrated by comparing rough surface results to
those obtained using DP models for both thermal and solar radiation sur-
face properties (broken curves). The only difference between the two
property models is that the DP model replaces the spatially dependent
rough surface solar reflection model with one of the simpler specular
or diffuse reflection models. For high solar absorptance the solar re-

flection model has little influence on equilibrium temperature. For the
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case shown in Fig. 6.8 for o = 0.9, results obtained with various solar
reflection models differ by less than 2 p:rcent. However, for intermedi-
ate and low solar absorptance surfaces, solar reflection characteristics
become an important influence on equilibrium temperature, particularly
at elements near the ocuter edge. Near the apex rough surface temperature
does not lie intermediate to the DP results obtained using diffuse and
specular reflection models for solar radiatiom, but is higher than pre-
dicted by either of the two simpler models. This is contrary to conclu-
sions drawn from results for rough surface heat flux for uniform tempera-
ture surfaces discussed in Section 5.4.1. For elements near the apex,
rough surface temperature is nearer to the predictions of DP analysis
employing a specular reflection model for solar radiation. However, ncar
the outer edge, analysis using a diffuse solar reflection model yields more
accurate temperature results. In each case considered here, the maximum
discrepancy between rough surface temperature and that evaluated with DP
analysis is smallest for analysis incorporating the diffuse solar reflec-
tion model.

It is evident from the figures that CP amalyses with diffuse and specu-
lar solar reflection models do not always provide bounds for rough surface
temperature, Constant property analysis with specular solar reflection gen-
erally yields accurate results near the apex, but this accuracy deteriorates
with distance from the apex. For low solar absorptance surfaces, the CP
specular reflection analysis gives temperatures which are high by as much
as 1.3 percent at the outer edge. The accuracy of anmalysis using specular
solar reflection is genmerally improved slightly by accounting for the
angle dependencies of solar absorptance and surface properties for ther-
mal radiation. For the low solar absorptance surface, the maximum tem~

perature discrepancy is reduced from 13 to 9 percent. Comstant property
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analysis using a diffuse solar reflection model yields surprisingly ac-
curate results over the entire plate length. In each case considered,
maximum error occurs near the plate midpoint. The largest discrepancy
observed is for low emittance (EH = 0.1) and intermediate solar absorp-
tance (a% = 0,5), but even in this case it is less than 6 percent.
Analysis which accounts for direction dependent thermal properties
while retaining the CP diffuse solar reflection model provides little
if any improvement over CP analysis. Furthermore, diffuse sclar re-
flection analysis which accounts for direction dependencies of thermal
and solar properties does not give appreciably better results than CP
analysis. In fact, for some cases CP analysis results are more accu-

rate.
6.3.2 Surface Roughness Effects on Equilibrium Temperature

In the previous section it was shown that analysis employing
the CP diffuse reflection model for solar radiatiom yields relatively ac-
curate predicticns for equilibrium temperature of materials with solar
properties represented by the LOR BDR model for m = 0.14, As discussed
in Section 5.4.2.1, this value of roughness slope corresponds to the
maximum scattering of reflected solar radiation for which the BDR model

satisfies the conservation of energy requirement. For finite values of

spatial distribution of reflected solar radiation more nearly corres-
Eonds to that peculiar to a specularly reflecting surface. Hence, rough
surface equilibrium temperature distributions obtained using a finite
value of optical roughness or value of roughness slope less than 0.14

should more nearly agree with that obtained from analysis using the DP
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specular reflection model for solar radiation. Furthermore, the ac-
curacy of the CP diffuse reflection model for solar radiation is ex-
pected to deteriorate as optical roughness and/or rms roughness slope
diminishes.

Dimensionless eguilibrium temperature distributions are shown in
Figs, 6,11-6.14 for materials with solar properties represented by the
Beckmann BDR model for selected values of the roughmess parameters.

Distributions for low emittance materials (g, = 0.1) are shown in

H
Figs. 6.11 and 6.12 and those for high emittance (EH = 0.9) in Figs,
.13 and 6.14, For each value of surface emittance, results are shown
for both a low (o = 0.1) and an intermediate (a® = 0.5) value of solar
absorptance. Temperature distributions for materials with solar proper-
ties represented by the LOR BDR model are shown in each figure for rough-
ness slope m = 0,14 and 0.094. Included in Figs. 6.12-6.14% are distri-
butions obtained for solar properties represented by the Beckmann BDR
model with rms roughness slope m = 0.14 and characteristic optical rough-
ness U/Ac = 0.1. For comparison purposes, results obtained using several
simpler property models are included. Shown as dashed lines are distribu-
tions obtained using constant property CSD analysis with a specular re-
flection model for surface radiation and both specular and diffuse re-
flection models for solar radiation. Broken lines denote results ob-
tained for both thermal and solar properties represented by the direction
dependent DSD model with a specular reflection model for surface radi-
ation and both specular and diffuse reflection models for solar radiation.
Comparison of temperature distributions obtained for materials with
solar properties represented by the LOR BDR model for roughnmess slope

values 0.14 and ©.094 confirms the previcvusly drawn conclusion concerning
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the influence of roughness slope on equilibrium temperature distri-
bution. Both near the apex and the outer edge, surface temperature for
the smaller value of slope is closer to that obtained using the DP specu-
lar reflection medel for solar radiation. The influence of roughness
slope on equilibrium temperature, however, is relatively small even
though the selected values for rms slope differ by nearly 33 percent.

The influence of optical roughness on equilibrium temperature for
surfaces of fixed rcughness slope (m = 0,14%) is illustrated by compari-
ing results cobtained using the LOR property model with those derived us-
ing the more general BDR expression for a characteristic optical rough-
ness value of 0.l. At surface elements near the apex as well as near
the outer edge, temperature for the smaller value of optical roughness
is closer to the result obtained using the DP specular reflection model
for solar radiation.

As expected, the accuracy of analysis employing a CP diffuse re-
flection uodel for solar radiation generally deteriorates as the matepi-
al becomes smoother (as optical roughness and roughness slope diminish).
This is particularly evident at the outer edge. However, for the selected
values for the roughness parameters, a CP diffuse reflection model yields
results which deviate by at most 6 percent from the rough surface tempera-

ture,

6.3.3 Conclusions

The influence of surface roughness on equilibrium temperature
of perpendicular, adjoint, semi-gray plates in a uniform collimated solar
field was examined. Radiation properties for surface emitted thermal radi-

ation were represented by the DSD specular reflection model, and those for
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solar radiation were represented by the Beckmann BDR model. Accuracy
attainable with analysis using a specular reflection model for surface
radiation and one of several simple solar property models was also in-
vestigated,

For materials with a high value of solar absorptance, the spatial
distribution of reflected solar radiation has little influence on equi-
librium temperature, and analysis employing either a CP specular or CP
diffuse reflection model for solar radiation yields temperatures which

r

differ from rough surface results by ro more tham 2 percent. For ma-
terials with low or intermediate values of solar absorptance, equilibrium
temperature evaluated using the LCR BDR model with maximum degree of
scattering of reflected solar radiation (m = 0.14) differed by no more
than 6 percent from results obtained using CP analysis with a diffuse re-
flection model for solar radiation. Analysis using a CP specular re-
flection model for solar radiation gave gcood resuits near the apex, but
predicted temperatures which were high by as much as 13 percent at the
outer edge for low solar absorptance materials. Anmalysis which accounts
for angle dependence of thermal amnd/or solar properties while retaining
the specular or diffuse reflection model did not yield results of sig-
nificantly better accuracy than those obtained with CP anmalysis.
Equilibrium temperature distribution evaluated using the LOR BDR
model approached that obtained using the DP specular reflection model
as the value of roughness slope diminished. A similar trend was ob-
served as the value of optical roughness was diminishe’ for a fixed
value of roughness slope. The accuracy of results obtained using the
CP diffuse reflection model for solar radiation deteriorated as the value

of optical roughness or roughness slope was reduced.
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For applications requiring precise temperature control, the simple
specular or diffuse reflection models do not adeguately account for
roughness effects for surfaces of low to intermediate wvalues for solar

absorptance.

6.4 SUMMARY

Equilibrium temperature results discussed in Chapter 6 reveal
several general conclusions concerning direction dependemt property ef-
fects on equilibrium temperature.

The angle dependence of radiation properties for surface emitted
radiation exi.ibited its strongest influence on equilibrium temperature
at surface elements near the apex. The error incurred by ignoring the
angle dependence of properties for surface radiation was less than 3
percent, and was nearly independent of material absorptance and specu-
larity for solar radiation.

Angle dependence of solar absorptance (directional hemispherical
reflectance) has a nearly uniform effect on equilibrium temperature over
the extent of the system. This effect is most important for materials
which have low values for sela. absorptance. The error due to ignoring
direction dependence of solar absorptance, however, was less than 4 per-
cent,

Surface roughness has little influence omn equilibrium temperature
for materials with high solar absorptance values. However, for materi-
als of low or intermediate solar .bsorptance, roughness effects on the
spatial distribution of reflected solar radiation can significantly al-
ter equilibrium temperature particularly at surface elements where ra-
diant interaction is small. For the selected values of roughness pa-

rameters , a CP diffuse reflection model for solar radiation yields
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results within & percent of the rough surface temperature. However,
this accuracy diminishes with increasing smoothness of the interact-

ing materials for solar radiation.
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7. SUMMARY AND CONCLUSIONS

An analytical study of steady radiative transfer for a simple sys-
tem of radiatively interacting opaque surfaces separated by a radiatively
transparent medium has been presented. Basic principles of radiative
transfer were employed to formulate radiative transfer for identical, uni-
form property adjoint plates uniformly irradiated by a collimated radi-
ative flux, The formulation accounted for directional and wavelength de-
pendence of surface properties. The governing equations simplify when
bidirectional reflectance may be expressed as the sum of direction de-
pendent specular and scattered components and/or the spectral variation
of properties may be approximated by a semi-gray rodel. Numerical re-
sults for local and overall heat transfer were obtained in the absence
of external radiative flux and equilibrium temperature distributions
were evaluated for radiatively adiabatic surfaces in the presence of a
solar flux. Heat transfer and equilibrium temperature calculations em-
ployed bidirectional reflectance models representative of rough metal
surfaces and coated surfaces as well as property modlels incorporating
much less detail.

Local and overall heat transfer results for equal temperature,
identical property adjoint plates in the absence of an external radi-
ation source suggest several general conclusions. First, the influence
of the directional dependence of surface properties on local heat trans-
fer is significant for low and high emittance materials at surface ele-
ments where radiant interaction is high and major contributions to local
irradiation from energy incident at large angles of inzidence. These
directional effects are nearly independent of whether the surfaces are

specularly or diffusely reflecting. On the other hand, the directional



161
dependence of surface properties is, for the most part, unimportant in
the evaluation of overall hLeat transfer. Second, the spatial distri-
bution of reflected radiation for surfaces of low to intermediate emit-
tarce strongly influences local heat transfer at critical surface ele-
ments where radiant interaction is large. For such situations, adequate
representation of the spatial distribution of reflected energy can be
of greater importance than chat :or directional emittance, absorptance,
and reflectance., Third, directional property analysis using & veflec-
tance model with a direction-indeperdent apportionment of reflected ra-
diation betweon specular and diffuse components can provide excellent
heat transfer predictions for surfaces with more complicated reflectance
characteristics provided the apportionment of reflected energy is ap-
propriately selected. A correlation based on surface roughness has been
developed for the apportionment of reflected enmergy in thermal design
calculations. Fourth, radiant heat transfer between randomly rough
surfaces for which diffraction and interference effects govern the spa-
tial distribution of reflectea energy differs only slightly from that
predicted by directional property analysis employing a specular re-
flection model. The large-s.t discrepancies between the results utiliz-
ing these two models occur éor low to intermediate emittance materials
at surface elements where interreflections are dominant. Fifth, heat
transfer results obtained with a directional property model and with
an approximate rcugh curface model can be utilized to limit the uncer-
tainty for heat transfer between rough surfaces while avoiding the com-
plex analysis required for the mnre detailed rough surface model. Sixth,
a dielectric coating on a diffusely reflecting substrate significantly ef-
fects radiant heat transfer. Since the spatial distribution of the scat-

tered energy from such & surface is nearly diffuse, a direction dependent
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property analysis which accurately accounts for the directional dependence
of specularly reflected radiation, but assumes the remaining reflected
energy to be diffusely distributed, yields excellent local and overall
heat transfer results.

Equilibrium temperature distributions evaluated for identical proper-
ty, perpendicular adjoint plates which are specularly reflecting to sur-
face emitted radiation ruggest several general conclusions. First, the
spatial distribution of reflected solar radiatior influences equilibrium
temperature distribution to a greater degree than the directicnal depend-
ence of either the thermal or solar properties of the surfaces. Further-
more, as one should expect, even the spatial distribution of reflected
solar radiation becomes unimportant for surfaces with large values of
solar absorptance. Second, for surfaces with low to intermediate values
of solar absorptance, surface roughness effects are cf the greatest im-
portance insofar as equilibrium temperature is concerned at surface ele-
ments where radiant interaction is low. For the selected values for the
surface roughness parameters, constant property analysis employing a
diffuse reflection model for solar energy generally gave equilibrium
temperature results within 6 percent of the rough surface results. As
the surfaces became smoother, however, the error of constant property
analysis increases.

Several future reseach topics are suggested by this studay. It rust
be kept in mind that all conclusioas drawn from the real siw»‘ace heat
transfer and temp. -ature results were based on the use of certain theo-
retical models for bidirectional reflectance. Exvperimental confirmation
of these models is lacking. There exist; a great need for a sufficient

quantity of high resolution, accurate, bidirectional reflectance data
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for well-characterized surfaces which can verify existing models, examine
the usefulness of the surface parameters suggested by the models, and pro-
vide direction to theoretical efforts should available models not prove
adegquate. Further effort should also be directed to examining and improv-
ing the optical roughness-specularity ratio correlation dewvelopecd herein
by extending consideration to other geometries and to equilibrium tempera-
ture calculations. Additional attention should be given to the approxi-
mate rough surface model which predicts a strong dependence on optical
roughness o0/A. Calculations could be extended to include the variation

of optical roughness with wavelength and thereby pr-vide information on
the influence of roughness om total radiant transfer. Finally, experi-
mental radiant heat transfer studies would provide much needed data to

examine the validity of theoretical heat transfer calculations.
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APPENDIX A
ALTERNATE FORMULATION FOR EQUATIONS GOVERNING RADIANT TRANSFER
A.1 INTRODUCTION

The purpose of this appendix is to express the equations governing
radiant transfer in a form which is more amenable to numerical solution.
The radiant transfer analysis for diffusely emitting surfaces with both
specular and diffuse reflectance components developed by Sparrow and
Lin [4] is extended to direction dependent surface properties.

A.2 UNIFORM TEMPERATURE ADJOINT PLATES IN THE ABSENCE OF EXTERNAL

FIELDS (y = u45°)

In Section 3 the integral equation governing spectral radiant in-
tensity was presented for a BDR model expressed as the sum of a specular
and a scattered reflectance component. In the absence of the solar
source, the intensity leaving point Q in the direction from Q to P,
I;(y,z,eo,¢q), may be replaced with its equivalent, I;(x,gé,éé), and

Eq. (3.7.3) written

L 00

+ . _ . .
y=0 z=-0

" I, (x,80,08) K(x,y,z) dz dy + psp’,\(ef, )

? »SP

’ Ik(x’eé,sp’¢§,sp) (A-1)
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where

1

P,sp P

1t
@

!

P,sp d? -

+
=

The angles defining the direction of incident energy (9§,¢§) may be ex-
pressed in terms of the space variables (x,y,z) and such relations are
presented later.

It is convenient to define a spectral radiant intensity of scattered

energy or for brevity, spectral scattered intemsity, TZ 2 by the relation
L

L «
o ) o
IS’A(x,GP,¢P) = Ed,A(eP) Ib,l +L/h h/‘ pbd’s’£e§,¢é,ep,¢P)
y:O 2= =00
° I, (x,80,00) K(x,y,z)dz dy (A-2)

Local spectral radiant intensity cam then be written as

I;(x’eP’¢P) - I;,A(X’GP’¢P) * psp,l(eﬁ,sp) I;(x’eé,sp’¢§,sp)

The reason for introducing scattered intensity becomes evident when
it is recognized that the incident intemsity Ii(x,aé,¢é) consists entire-
ly of scattered radiation which emanates from the two surfaces and arvives
at P from the (6&,¢§) direction either by direct transport or by a specu-
lar reflection path. For plane surfaces with direction independent proper-
ties, Eckert and Sparrow [64] demonstrated that energy which undergoes

only specular reflections is conveniently accounted for by the image
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metiod. The basis of this method is the fundamental principle that ra-
diant energy reflected frcim a plane mirror appears to originate behind
the mirror. Hering [49] extended the image method to plane specular sur-
faces with direction dependent surface properties.

Employing the image method to evaluate specularly reflected energy,
local total radiant heat t. .usfer can be expressed as a function of the

scattered intensity

- 1 + : ]
g(x) €y dT J[‘O f‘ J[‘ d A(6 :Y s,A(y’z’eQ,Y’¢Q,Y) KY(x,y,z)dz dy a\
y=0 z=-w

ﬁ'ﬁ“‘3s
%fg““ﬁr'

L/ﬂ ad,A 3Y) sp A (6 )P SP A(8 ) I (y’z’BQ,SY"Q,ay)
Zo—

-00

0 y=0

" Ky (x,y,z) dz dy dA f f f oy A 6y 2Y Psp,A (eil)

A=0 X=0 Z=-o

. IS A(x, ,6~ ) K (x,x,z) dz dx di (A-3)

2%, 2y
The first term on the right-hand side of Eq. (A-3) represents energy
emitted per unit time and per unit area from an element of the lower sur-
face located at the point P(x,z=0).
The second term represents scattered energy which emanates from the
upper surface and is directly transported to and absorbed by the lower
surface at P per unit time and unit surface area. The polar angles 6'

Py

and €. ., the geometry kernel K (x,y,z), and azimuthal angle ¢ are
Q,Y Y Q,Y

evaluated from the following equations:
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cos B) = = mrmedo S0 Y \ (A-8)
? 2 2
N x2 +y 4+ 2 - 2xy cos Y
cos @ S ——— X S?n X - (A-5)
QBY : 5 . ¥
/ X +y + 2z - 2xy cos Y
® sin2
K (xy,2) = ——geeg =l on T , (A-6)
(x“ +y° +2° - 2%y cos v)
. (A-7)

tan ¢Q,Y " ®cos Y - y)

Since azimuthal angle ¢-‘Y can take on values between 0 and 27 radians,
the signs of the numerator and denominator of the right-hand side of
Eq. (A-7) are used to determine the quadrant in which ¢Q3Y lies. Let the
numerator and denominator be measured along the ordinate and abscissa,
respectively, of a rectangular coordinate system, and measure ¢Q9Y counter-
clockwise from the positive abscissa sighting toward the surface along
the positive surface normal; use the rules of trigonometry and the sign
of the numerator and denominator to determine the quadrant in which ¢Q:Y
lies.

The third term on the right-hand side of Eq. (A-3) represents scat-

tered energy which emanates from the upper surface, and, after undergoing

two specular reflections, is incident on amnd absorbed by the lower sur-
face element at P per unit time amd unit surface area. For an observer
at P, this energy appears to originate at the secomd - ~ror image of the
upper surface. This is a fictitious semi-infinite suriace of lemgth L
adjoint to the lower surface and rotated at an angle of 135 degrees from

it. The intensity of the energy leaving the image surface is reduced by
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the product of the specular reflectances p (6' ) and p (6' ) for
SpaA 12 SPaA 22
the two intervening reflections. The first specular reflection occurs

on the lower surface for polar angle of incidence 8i2 and the second oc-
curs on the upper surface for polar angle of incidence 852. The direction

in which scattered energy leaves the upper surface (6 »the polar

2,9v°%, 3y’
angles 8, and @), for the intervening reflections, and the polar angle

of incidence Bé 3y are related by the laws governing a specular reflection.
>3

Polar angles eﬁ’ay and eQ,sy, geometry kernel KSY(x,y,z), and azimuthal

angle ¢Q 3y are evaluated with Egqs. (A-4%), (A-5), (A-6), and (A-7), re-
,:

spectively, by replacing y in each eguation with 3y. Polar angles BiQ

and 652 are related to the position coordinates by the following equations:

cos 612 - Yy siny + x sin 2y (A-8)
| 2 2 2 )
X +y + 2 - 2xy cos 3y }

cos 6), = X Sip Yy ty sin 2y ‘ (a-9)

\ x2 + y2 + z2 ~ 2xy cos 3y

The fourth term represents scattered energy which emanates from the

lower surface, and, after undergoing a specular reflection, is incident
on and absorbed by the lower surface at P per unit time and unit surface
area. To an observer at P, this energy appears to originate at the first
mirror image of the lower surface which is fictitious semi-infinite sur-
face of length L adjoint to the lower surface and rotated at an angle of
90 degrees to it. The intemsity of energy leaving the image source is
reduced by the specular reflectance psp,h(eil) for the intervening re-
flection.

The point P(x,z) is that point on the lower surface at

which the scattered energy emerges. The direction
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(6= . s¢= .. ) in which energy leaves the lower surface, the polar angle
P,2Yy*"P,2Y

of ircidence Gi for the intervening specular reflection, and the polar

1
angle of incidence Bé 2y from which this energy is incident at P are all
P,
related by the laws of specular reflection. The polar angle 6; 2y can
> 2

be evaluated from Eq. (A-4%) by replacing Y,y, and z with 2y,x, and z,
respectively. For a similar change of variables, the geometry kernel

Kgy(xQELE) is obtained from Eq. (A-6). The polar angle 6§~2Y and azi-
)

muthal angle ¢§ 2y are obtained from Egs. (A-5) and (A-7), vespectively,

. |
by replacing Q with P, y with x, z with z, and y with 2y. The polar
angle of incidence for the intervening specular reflection Bil is evalu-

ated from the equation

cos B! = (x + x) siny (A-10)
1 2 =2 =2 — A |
4!'{ + X + Z - 2%XX cos 2y

Equation (A-3) expresses local total heat transfer as a function of
the system geometry, surface properties, and local spectral scattered
intensity. Therefore, attention is next directed to evaluation of scat-
tered intensity.

Employing the image method to account for specularly reflected eaergy
which contributes to the irradiation at point P(x,0) on the lower plate,

the local spectral scattered radiant intensity in direction (eP’¢P) is
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+ - ' Yy,
I a(x:6p00p) = €4 ,(0p) I) +~/" J[‘ Poa,s, 1%, %p y30pa0p)
y=0 z=-o

L 0

+ |
. IS,A(y,z’ngY,d)Q,Y) Ky(x,y,z) dz dy +f f

y=0 z=-0

(6 (6' ) P (8!.)

" Pra,s, 20,3y e 3y 3% %) Py ) SpyA 22

x=

Te 290280, 329, ay) Koy(¥wyo2) 2 dy*f ._[
ZT -

" Pua,s,2(0p,2¢2%p 2y 30 00p) Py 5 (615D

(x’z’9§,2y’¢5,2y) Kgy(x,x,z)dz dx (A-11)

The first term on the right-hand side of Eq. (A-1l) represents the mono-
chromatic intensity of emitted emergy at polar angle 9P from the lower
surface at P.

The remaining three terms represent monochromatic intensity of re-
flected energy leaving P in the (BP,¢P) direction due to scattered radi-
ation which emerges from each of the two surfaces and arrives at point P
by direct tramnsport and by all possible specular reflection paths. The
first of these three terms accounts for scattered energy which emanates
from the upper surface and is directly incident om the lower surface,
The second accounts for scattered energy which emanates from the upper
surface and, after undergoing two intervening specular reflections, is
incident on the lower surface. Finally, the last term accounts for scat-

tered energy which emanates from the lower surface and, after one
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intervening specular reflection, is incident on the lower surface. The
azimuthal angle ¢§ y is evaluated from the equation
y
Z

T ! = A2
tan ¢P,Y y oos T = % (A-12)

and the sign of the numerator and denominator must be noted to determine

the quadrant in which ¢§ lies, Azimuthal angles ¢

1 6] 1 ;
Y P2y ¢ % "

p,3y °2
be evaluated with Eq. (A-12) by replacing y with 2y and 3y, respectively.
Egs. (A-3) and (A-11) can be simplified by noting that because of sym-

metry and the infinite plate width, the scattered intemsities on the two

surfaces are related as follows

10 \(¥52,8,0) I, (y,2 = 0,8,0) = I] 1 (y,8,0) (A-13)
SECAIOERMICERARD (A-14)
S,)\, T sP) = S’Awa, N A
17 L (x,8,0) = I7 . (x,8,21 - ¢) (A-15)
S,A T 'S,A T A

Accounting for symmetry and introducing the dimensionless space
variables n = x/L, 0 = ;VL, E = y/L, § = z/L&fE = z/L and dimensionless
intensity Hy

+
I",(n,0,¢)
Hy (n,8,0) = S’;

b,A

mensionless local spectral scattered intensity, and the dimensionless

geometrical functions:



178

Dimensionless Local Total Heat Transfer

] 1 )
gn_ o2 ‘jp I ./ﬂ d/! o, ,(6! )YH (nW=§ $
gy =0 b, X J Td,A TR, A Y*TQ,Y
EyoT e0T S=0  |E=0 z=0 T
1 [}
. K (n,€,8) di 4§ +f f %, A 65 3Y) P,)t(@l2 pS ’x(a' )
E=0 =0

f '8 l(eﬁ’ 2v) Pep,a (0100 BA (085 03295 )

4-
—

sz(n JNHL) dg dn}dk (A-16)

For wavelength independent surface properties (gray surfaces), Eq. (A-16)

reduces to

(n)‘ =1 - =2 f fad(e;,ﬂ) HOR = £,0, o0 ) K (n,8,8) d& &

EHC’FT Hlez0 z=0
1l o
+f f“d(e,av) °3p(ei2 p(eb) H(n = E,eQ’BY,ch’aY)
€=0 £=0
1 -]
. KQY('ﬂ,E,C) ag d§ +f fad(er', 27) pqp(eil)
, N=0 T=0

* HM,Op 5y o95 oy) Koy (11,T) &8 dﬁ‘} (A-17)
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Dimensionless Local Spectrzl Scattered Radiant Imtensity

H (T'I 6 s¢ ) = E (e ) + f fpbd,s,;(e',Y’q)P .Y P’¢P
E=0 =0

Pra,s A8 y2 2™~ ¢

+

".Y. Pncb )] Hl(n = gae ,(bQ!Y

i

: ax o
E= 0

*

-+

pb.d,.s,l(e'lz’,ay"?“ - q’é,ayiep’%)]ﬂx(n = £:8, 3y2%,3y’

1 =]
KSY(H,EJ) dg dg +I I bd s A ® 2y’¢P 2y 3 8p20p)
n=0 £=0

+ (9

Pod,s A 9P, 2y = $p oy P’¢ E A (M8 o o5 oy

KzY(n,'ﬁ,f;) dg dn (A-18)

For gray surfaces, dimemnsionless local total radiant intemsity
1£(n,6p,¢p) . . .
H(n,6 .4 ) = is obtaimed by. deleting subscript A in (A-18).
PR @t

Dimensionless Geometrical Quantities

cos Bé = £ sin y ‘ (A-19)
“an + €2+ 5% - 2nE cos ¥
cos 6 0SB Y o (A-20)
1!n + E + C - 2n& cos Y
&
. = = A-21
tan o,y “ W oos ¥ - & ( ‘
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_ (4 ,
tan ¢é}¥ " Toos v -7 (A-22)
né sin2
K. (n,E,5) = ¢ sin Y (A-23)
Y 2 2 2 (2
(n“ + £° +¢° - 2n& cos ¥)

cos @il = (n +n) siny ‘ (A-21)
\[12 + ﬁQ + E? ~ 2NN cos 2y
E sin y + n sin 2y
L)
\[HQ + 82 + C2 - & cos 3y

nsiny + & sin 2y

(A-25)

- 1
cos 612

(A-26)

. t
cos 622

L

1{52 + &% + 2% - 2nE cos By

The substitutions cited earlier for evaluating .é 2y? G
>, 2

and K3

1 4
JE P

B B also apply to

%,3v* %,y %2y %0,3v0 ¥F,2v0 %a,0v0 Koy
Eqs. (A-19)-(A-26).

Y

A.3 UNIFORM TEMPERATURE ADJOINT PLATES IN THE ABSENCE OF EXTERNAL
FIELDS (y = 90°)

For Y = 90°, energy which emerges from either surface and undergoes
a specular reflection on the adjoint plate exits from the system. In
view of this observation, dimensionless local heat transfer and dimen-
sionless local spectral scattered intensity for perpendicular plates
may be written in the following form:

Dimensionless Local Total Heat Transfer

o0 1l o

(n) - 2 f t & = i i
::-@'—-T_u T € ET"*fIb. Af Og,2 % ) HaN = 8.8 b ) Ky(mi8s2) 4T dE A

i H A=0  &=0 g=0 (A-27)

For gray surfaces, Eq. (A-27) reduces to
1l o

ﬂ-(—nlz ——g—-—f ) f-=, n . 13 =
7 =1 e - zd(eé’y) HN = £,8) o0,y Ky(M:€,8) 4L d€ (A-28)

g = ;=s
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Dimensionless l.ocal Spectral Scattered Intensity

1 o0
Hy(n,8p,05) = €4 4(68,) + f fl Pod,s, 2 85,y 20h 30ps0p)
=0 =0

6 - ! v
¥ pbd,s,A(.P,Y’Qﬂ ¢P,Y’BP’¢P)]

- B (W =g, 80,v°% v K (,8,8) dg ag  (A-29)

For gray surfaces, delete all A subscripts in Eq. (A-29). The re-
lations presented in Egs. (A-19)-(A-26) are used to evaluate the geo-

metrical quantities.
A.4%, SEMI-GRAY ADJOINT PLATES WITH SPECIFIED RADIANT FLUX (y = 90°)

Following the arguments outlined in the previous sections of this
appendix, the governing equations for semi-gray surfaces with a specu-
lar plus scattered subdivision of BDR can also be recast into a more
useful form. Replacing the thermal intensity I;(y,z,eq,¢q) with
1. +(%,60,00) and the solar intensity I AN ,¢Q) with I;o(x,9§,¢é),

Egs., (3.7.5) and (3.7.6) transform to

— L
. e (0000 () 4 F
= - 1 .
Lo (%,8p,8p) ™ * ‘J Pha,s Op>0piOps0p)
y=0 z=~c0

. I;(x,6§,¢é) KY(x,y,z) dz dy

. t ] -20)
+ psp(eP Sp) I (x GP sp’¢ ,sp (A-30)



182

and
IT (%,0_,0.) = p. (8' ,038_,4.) S sin &
so ' PP bd,s "so’ * P*P 2
L (o]
, % . ; =
I O Rt
y:O 7= 00
N , ‘ o ' T t 1
KY(x,y,z) dz dy + psp(ep’sp) Iso(x’eP,sp’¢P,sp)
+ o (8 10p) (A-31)
where
! =
L -
dpP,sp ST

9;0 = (m - y)/2

Define scattered thermal intensity by

+ . P .
Li,s%:0ps0p) = = *f fpbd,s(eP’¢P;aP’¢P)
y:O Z= 00

. I;(x,9§s¢§) KY(x,y,z) dz dy (A-32)
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and scattered solar imntensity by

' = pt 1 . : . X
ISO,S(K’QP’¢P) pbdas(eso,O,BP,¢P) 8 sin 5
‘T
i JF J ng,s(ﬁé,¢é;ep,¢P) I;o(x,eé,¢§)
y=0 z=~w
‘ KY(XQY-;Z) dz dy (A_aa)

Noting that I;(x,6§,¢é) consists entirely of scattered therma

energy which emerges from either of the two surfaces and arrives at
P(x,0) directly and by all possible specular reflection paths, Eq. (A-32)

can be written for y = 90° as

+ sd(GPﬁETu(x) 2
- = - f ' .
It‘S(x,BP.¢P) = - + Jr pbd,s(eP,Y’¢P,y’eP’¢P)

y=0 Z=-o

N . : k A _ Al
It,s(y’z’eQ,y’¢Q,y) KY(x,y,z) dz dy (A-3%)

The incident solar intensity I;o(x,ﬁ »¢}) consists of scattered

t
solar energy emanating from each surface and arriving at P directly and
by all specular reflection paths, and, in addition, energy of the col-

limated source which undergoes only specular reflection, Therefore,

the scattered solar intensity can be written
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-t = ! * o in -
Iso,s(x’ ’¢ ) pbd s(es-o’o’eP’¢P) $ sin 2

2

L o0

* f f pgd s(eE: ,Y’¢1; ,y;e’P’¢P)

y-:-O 7%= =00

.1t (y,2,6

50,5 ) K (%,y,2) dz dy

Q,Y’¢Q sY

% T . ok - . l _ak
+ Dbd,s(es'ogﬂ,ep,tbp) Dsp(eéo) S sin 5 (A-35)

The locally absorbed solar irradiation can be expressed in terms
of the solar surface properties, the solar constant, and the scattered
solar intensity as

= (B ) S sin L 4+ ni(O! % (8' ) € ain L
qa,so(x) ad(eso) § sin % + ad(BSO) ps:p(eso) § sin 7

L . -]

: | .
+f f %% Y) ISfo.,s('y’z’eQ,Y’d’Q,Y)

y-:&O Z=—00

. Ky(x,y,.z) dz dy (A-36)

Finally, local total heat transfer can be expressed in terms of
the thermal surface properties, local temperature, scattered thermal

intensity, and absorbed solar irradiation as

L o

-l _
q(x) = €,0T (%) —f f ad(af’,y) IL_S(y,z 8 ’¢QsY
y:O Z O
0 ¢ (x,y,z) dz dy - q (x) (A-37)

d 50
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For radiatively adiabatic surfaces it is convenient to rearrange
the abcve equations to yield an expression for local equilibrium tem-
perature. Equations (A-35) and (A-36) are unaffected. Setting q(x) =
in Eq. (A-37) and elimipating temperature between Egs. (A-37) and (A-34)

yields an integral equation for local scattered thermal intensity.

o]

€.(8.)q °
+ _ 4 P g S0

y=0 z=-o

) [pb:d 5%,y 1%,y %s%p)

ad(eé’Y) EQFBP)

I+ (y,.2, @ a‘b

+ "
WEH t,s QsY
' KY(x,y,z) dz dy (A-38)
Local equilibrium temperature follows from Eq. (A-37).
+
T (x) = f f o (9"Y I :(y,z,eqﬂ, QaY) KY(x,y,z) dz dy
H y=0 z=-o
a.s0 ¥
+ e (A~39)
O"EH
Introducing the dimensionless variables
It i 1t q
80,5 4 gT ) t,s Yy _ "a,S0
Hb = =g, @ =T, Hos B, amd =SS,

and accounting for symmetry, the following dimensionless equations are

obtained:
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Dimensionless Absorbed $Solar Irradiation

g =z an(f! 3 I-“ X e by X
. (n) ad(ﬁso) sin 7 + a#(8] ) p;p(@éo) sin <

2
1
2 f
E:

ok (B! (N = Y E dr dE
Ot/r d(BP,Y H¥*(n E'erY’¢Q.Y) KY(n,E.C) d; dg
c:

(A-40)

Dimensionless Scattered Solar Intensity

e = o a * l . .
HE(N,6p00p) = Py (65540:0p,0p) sin 5+ pf, (81 ,mi0,,05)

% in L
psp(eéo) sin 3 +

JI?\!—'

0z

1)
oD

[pbd s(eﬁ,y’¢§,yaap’¢P)

o L] pL SN . | .
* Pha,s(0p 02T ¢P,Y’6P’¢P)]

B (M = £,0 .. ) Ky(n,E,C) dg d§ (A-41)

Q.Y "QsY

Dimensionless Scattered Thermal Intensity for Radiatively Adiabatic
Surfaces

Jr pbd (O y29p y38pstp)

o a(ep)acm :
E:O C:O
* Pha,s(Op,y2?™ - Op . 36pa0p)

mE

20.(61)e (6 )
dePI.—=

(A-42)



187

Dimensionless Equilibrium Temperature

2

Cu

. KY(n,E,C)dC dE + (A-13)

The relations presented earlier for K 6 ind the directional variables

in terms of the coordinates [Eqs. (A-19)-(A-26)] remain applicable.
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APPENDIX B
METHOD OF SOLUTION

Results presented in Chapters 5 and 8 were obtained by numerically
evaluating expressions derived in APPENDIX A, For uniform temperature
surfaces with 45° included angle, dimensionless scattered intensity was
evaluated from Eq. (A-18) and dimensionless local heat tramsfer from
Eq. (A-17). For 90° included angle, scattered intemsity and local heat
transfer were obtained from Egs. (A-29) and (A-28), respectively. Tem-
perature distributions for radiatively adiabatic, perpendicular surfaces
were obtained by evaluating Eqs. (A-41) and (A-40) for scattered solar
intensity and local &bsorbed solar irradiation, respectively. With this
information available, scattered thermal imtemsity was evaluated from
Eq. (A-42) and equilibrium temperature from Eq. (A-43).

The integral equatioms for scattered intensity [Eqs. (A-18), (A-29),
(A-41), and (A-42)] were solved using a method of successive approxi-
mations. A numerical approach was used because the complexity of the
equation appears to preclude amalytical methods. The numerical me-
thod employed for each of the integral equations was identical and,
therefore, is described only for Eq. (A-28). Values for n, Bp and ¢p
were selected and the directional emittance evaluated. Next, the inte-
grand was evaluated at a number of specified point§ (Ei, Cj) in the re-
gion of integration. Since the intensity was initially unknown, the d4i-

rectional emittance for polar angle 6 was substituted as a first ap-

Q,Y
proximation for intemsity. Using a quadrature formula to approximate

the double integral, the right hand side of Eq. (A-29) was evaluated re-
peatedly for appropriate values of n, Bp and ¢P until a corrected set of

intensity values were cbtained. The new values of intensity were then
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substituted into the right hand side of the equation and a second set of
corrected intensities evaluated. This process was repeated until all
values of intensity met a specified convergence requirement. With radi-
ant intemsity available, local heat flux follows directly from Eq. (A-28).
Attempts to accurately evaluate the integral term of the governing
integral equations by straightforward application of standard quadra-
ture formulae were unsuccessful. Errors of unacceptable magnitude were
obtained for surface elements near the common edge. These errors appear
to arise because of the very strong dependence of the geometry kernel
K(n,£.Z) on the position variables when the points (n,o) and (E,7) are
both near the apex. To avoid these errors it was necessary to develop
a special quadrature formula. This formula is conveniently described
if it is noted that the integral term in the governing intensity equa-

tions is of the general form

1 oo
JF x/ﬁ Fe(ﬂ,ep,¢P,E,C) H(n,E,5) K(n,E,7) 4g 4& (B-1)
E:O =0

Dimensionless scattered intensity and dimensionless geometry kernel are
denoted by H(n,£,%z) and K(n,&,;), respectively. The symbol.ﬂkn,ep,¢p,5,c)
represents a general radiation property function, and the form of £ for

a particular equation may be obtained by inspection. The simplified

form of the arguments was chosen to emphasize that H and K depend only

on N, £, and §; whereas, the property function R may also depend on ep and
¢b' After numerous attempts to develop a satisfactory quadrature formula,
the following method was found to yield satisfactory results. The region
of integration was divided into four sectiomns as shown in Fig. B-1l, and

the integral writtem as the sum of four terms.
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1 oo a b
f f ﬂ(n,ep,d:p_,a,c) H(n,&,5) K(n,E,z) dg d& = f fﬁH K dg 4
E=0 £=0 §=0 =0
l1 b I o®
+ffd€ﬁl<d;d€+/fﬁﬁl<dcd£
E=a =0 £=a C=b
a oo
+ /’Q H K df d& (B-2)

£=0 g=b
Integrand arguments have been excluded for brevity. The terms on the
right hand side of Eq. (B-2) represent,in the order in which they appear,
the contribution of region one through four., Standard Gaussian quadra-
ture formulae [70] were applied to evaluate the integrals for regions
two through four. Five point formulae were used for the integrations
in region two. In regions three and four integrations over £ and I were
accomplished with five and ten point formulae, respectively. An alternate
procedure was used for region one. This region was divided into twenty-
five finite surface elements (five rows anl five columns). The scattered
intensity leaving each of these elements was assumed uniform over the ex-

tent of each element, and the double integral was approximated by a double

summat ion

a b
f f ﬂ?(m@pﬂbpaE,C) H(n,E,z) K(n,§,0) 4 4§
E=0 =0

5 5
=), 2 B8 .0 .8, .8 HNLE L) T an(m)-BAE %)
22 i

(B-3)

The symbol FF denotes the diffuse angle factor from a

differential surface element dA(n) at the point (n,0) to a finite surface
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element AA(Ei,Cj) at the point (Ei,cj). Tt is defined as

. oL { _ : . ¥
EPd.A(m-A-A(E-_;i,gj) " wg K(n,&,z) da(g,z) (B-4)

BACE L)

The geometry weighted property function ® in Eq. (B-3) is defined by

the equation

ff (Q (nsepad)psgs‘;) K(n,&,5) dA(E,L)
AA(Eist)

f(n,ﬁ 2P 38 .50.) =
P PN FFd-A(n)~-AA(Ei,Cj)

(B-5)
Equation (B-4) was analytically evaluated to yield numerical values for
the required diffuse angle factors. Hence, Eq. (B-3) represents an ap-
proximation to the integral over region one which circumvents the prob-
lem associated with numerically integrating the geometry kernel for
each iteration.

Even though concerted attempts were made to keep the number of
quadrature points to as small a value as possible, several complications
arose because of the large number of property values required to evalu-
ate radiant intensity. As an example, for 45° included angle it was
necessary to provide the intensity program with approximately 2 X 10°
bidirectional reflectance values for each set of surface parameters,
To avoid recalculating these BDR values each iteration, they were per-
manently stored on magnetic tape. Special tape manipulating programs
were written tc provide efficient access to the stored BDR values by
the intensity program. These tape handling programs were designed by
Professor L. D. Savage of the Department of Mechanical and Industrial
Engineering, University of Illinois at Urbama-Champaign.

The numerical procedure was verified by calculating local heat
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flux and equilibrium temperature distribution with selected property models
and comparing them with results available in the literature. For both
values of included angle considered in this study, local heat flux was
calculated for materials with properties represented by the CSD model

for selected values of surface specularity. Only for a low emittance,
diffusely reflecting material and 45° included angle at points near the
apex were the results distinguishable from published results. The maxi-
mum =2rror ther was no more than 2 percent. A more critical test of the
numerical method was provided by comparing present results obtained us-
ing the DED model for specularly reflecting surfaces with those reported
by Hering [43]1. Generally, the results were in excellent agreement.

The largest discrepancies occurred for the smaller included angle and
high emittance material at surface elements near e apex. The error,
however, was less than 3 percent. Equilibrium temperature results for
properties represented by the semi-gray CSD property model were ccmpared
to those reported by Hering [2]. Again, excellent agreement was obtained
with the largest errors occurring near the apex. These errors were
limited in magnitude to about 1 percent. As a result of these numeri-
cal experiments it is estimated that the results presented are accurate

to within at least 3 percent.
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Figure B-1,

1

Subdivision of region of integration

N



