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Abstract-Radiative heat transfer between opaque interacting surfaces Is formulated for equal temperature 
adjoint plates with a one-dimensional surface roughness profile. The rough surface bidirectional refle-ct- 
ante and directional emittance introduced in the analysis depend on material emittance, roughness element 
specular&y and surface roughness slope. Numerical solutions to the giverning integral equation for 
radiant intensity yields local and total heat transfer for a range of each of th: rough surface parameters. 
The heat transfer rest&s indicate that roughness effects are relatively blent for high emittance 
materials while for low emittance mate&s roughness slope can change lo& flux and total radiant heat 
transfer by a factor of two.Compsrison of rough surface heat transfer to that evaluated with simple surface 
property models demonstrates the superiority of the diffuse emission-diffuse reflection model employing 
rough surface apparent hemispherical emittance. The error incurred in local flux using this simple model, 

however, can be sign&ant. 

d-4, 

K 

I+, I-, 

I by 

k 
(I, 
Q, 

T 
x.9 y, 5 
6 a,, 

Y, 

NOMENCLATURE 

plate surface area element [fi2] ; 
intensity ratio, 1+/r, [dimen- 
sionless] ; 
intensities of emergent and in- 
cident energies [Btu/hft2sr] ; 

intensity of black surface at 
plate temperature [Btu/hft’sr] ; 
plate length [ft] ; 
local radiant flux [Btu/hft2] ; 
total radiant heat transfer rate 

[Btu/hl ; 
plate tem~rature [“RI ; 
coordinates on plates [ft] ; 
apparent directional and wall 
absorptance [dimensionless] ; 
included angle between plates 

[deg.] ; 
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Technology, Contract 951661. 
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angular difference function [di- 
mensionless] ; 
Dirac delta function [dimen- 
sionless] ; 
apparent directional, apparent 
hemispherical, hemispherical 
and wall emittance [dimension- 
less] ; 
angles of emergent and incident 
energies [deg.] ; 
limiting angle of incident energy 

Eded; 
angle of emergent energy de- 
fined in equation (9) [deg.] ; 
relative plate coordinates x/l 
and y/i [dimensionless] ; 
specular component diffuse 
component, total bidirectional 
reflectance [ sr- ‘1 ; 
specular component, diffuse 
component, total wall reflec- 
tance [dimensionless] ; 
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0, 

X7 

do, dw’, 

Stefan-Boltzmann radiation 
constant [Btu/hft2 OR41 ; 
roughness included angle 
[deg.1 ; 
solid angle increments of emer- 
gent and incident energies [sr]. 

INTRODUCTION 
RADIATIVE energy transfer among interacting 
opaque surfaces is generally evaluated with 
radiation property models which postulate that 
emission is diffuse and reflection is either diffuse 
or specular. It is well known, however, that many 
engineering materials exhibit properties which 
do not conform to these simple models. Surface 
topography is one of the characteristics of 
surfaces which contributes to the differences 
between real surface radiation properties and 
the property models of analysis. Roughness 
influences both the amount of energy emitted 
and reflected relative to that of the constituent 
material as well as the spatial distribution of 
these energies. Since the methods employed to 
evaluate radiant transfer generally do not 
account for such effects, these techniques may 
lead to significant differences between predicted 
and observed radiative theat transfer rates. 
Definitive studies establishing the influence of 

surface roughness on radiative transfer are 
lacking. Furthermore, little is known concerning 
the magnitude of the error incurred when such 
real surface characteristics are neglected and 
simple property models are employed. Recently 
[l], all apparent thermal radiation properties 
required to implement studies of surface rough- 
ness effects on radiative transfer were reported 
for a one-dimensionally rough surface. It is the 
purpose here to utilize the apparent properties 
to assess the importance of surface roughness 
on radiative transfer between interacting sur- 
faces and to evaluate the magnitude of the 
discrepancy in heat flux incurred when simple 
property models are used. 

Studies of radiant energy transfer for inter- 
acting non-black surfaces which account for a 
spatial distribution of reflected energy which is 
neither specular nor diffuse are limited. Heat 
transfer between uniform temperature semi- 
infinite parallel plates [2] and some simply 
arranged plane surfaces [3] has been reported 
utilizing the Beckmann bidirectional reflectance 
model [4]. This model is based on diffraction 
theory and is applicable to slightly rough 
metallic surfaces. These studies indicated that 
the reflectance model employed in the analysis 
of radiant transfer influenced local and overall 
radiant energy interchange rates to a greater 

FIG. 1. Schematic diagram of adjoint plate system. 
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degree than radiant heat transfer rates. Differ- 
ences in local irradiation values greater than a 
factor of three were observed between that 
predicted with simple property models and that 
evaluated using the detailed bidirecticnal re- 
flectance model. Similar observations were made 
by Wilden and Treat [5] who employed a 
modified form [6] of the bidirectional reflectance 
model proposed by Torrance and Sparrow [ 71 e 
Studies of radiant interchange between a black 
surface and a parallel surface with one-dimen- 
sional grooves [8-lo] illustrated the large effects 
directional radiative properties produce on 
energy interchange. 

The system of int~acting surfaces selected for 
study consists of equal length plates of intinite 
width sharing a common edge and including 
angle y (see Fig. 1). Both surfaces have identical 
uniform temperature and radiative properties. 
This simple config~ation was chosen primarily 
because of the availabili~ of extensive radiant 
heat transfer results [ 11-131 evaluated on the 
basis of the simple direction independent proper- 
ty models commonly employed in radiant heat- 
transfer analysis. The surface roughness of each 
plate consists of V-groove elements of identical 
included angle with axes parallel to that of the 
adjoint plates. The apparent thermal radiation 
properties for the surface roughness contour 
described have been developed in [l]. External 

subtended by angular increment de is 

; I+@-, 0) cos 8 de. (1) 

1+(x, 0) denotes the local radiant intensity at 
location x in direction 8 and the solid angle 
relation du = IL de/2 has been employed. This 
emerging energy consists of emission and of 
incident energy which after reflection from the 
surface exits within the considered solid angle. 
The energy emitted per unit time and per unit 
area by the element into do is 

; c(6) i, cos 8 de (2) 

where c(0) is the apparent directional emittance 
of the surface and I, is the space and direction 
independent intensity of a black surface evalu- 
ated at the plate temperature. To formulate the 
contribution of reflected energy to that emerging 
within dm, consider first the radiant energy 
incident on dA from within the solid angle 
increment dw’ defined by the angular increment 
de’ about direction 8’. Let the intensity of 
incident energy at location x for direction of 
incidence 8’ be designated Z-(x, 0’). Then the 
energy incident on dA per unit time and per 
unit area from the solid angle dw’ about the 
8’ direction is 

IT 
,1-(x, 0’) cos @de’. (3) 

sources of radiant energy are absent and the 
& 

inte~ening media is radjatjvely non-partici- The portion of unit incident energy which 

pating. emerges within dw after reflection from the 
opaque rough surface is 

ANALYSIS 

Radiant transfer for~latio~ 
Consider differential surface area element 

dA (=dx dz) located at distance x from the 
common edge of the plates. Let f? denote an 
arbitrary direction measured from the mean 
surface normal in a plane normal to the plate 
axis. The radiant energy emerging from the 
considered plate increment per unit time and 
per unit area which is confined to the solid angle 
increment do defined by the cylindrical sector 

; p&Y, 0) cos 0 d0 (4) 

where p&O’, f3) denotes the apparent bi- 
directional reflectance of the rough surface. 
Hence, the contribution of energy incident with- 
in do’ to that emerging within dw follows as 

0 
5 ’ p&p, 0) I-(x, @) COS 8’ COS 8 de’ d8. (5) 

To account for all possible directions of incident 
energy which can contribute to the energy 
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emerging in the 0 direction requires integration 
of equation (5) over direction of incidence. 

(~~cos~d~_~~ p&B’, f3) I-(x, 8’) cos @‘de’, 

(6) 

Equating equation (1) to the sum of equations 
(2) and (6) yields 

n/Z 

1+(X, 0) = E(S) 1, -i- ; 
s 

Pbdw, 0) n% B’) 

-n/2 

x cos 8’ do’. (7) 

dependence of local radiant intensity. Equation 
(10) may be expressed in the following dimen- 
sionless form 

W(<, e) = E(G) + ; 
s 

paA@, 0) W?, 8) 
BLlZdS) 

x cos8’dtI (11) 

where the dimensionless intensity H(<, @) and 
distance coordinates < and r~ are 

5 = ;, q = 4. (12) 

For the adjoint plate system in the absence of 0 
external radiation fields, the contributing direc- 

nce the local radiant intensity has been 

tions of incident energy are limited to a value 
evaluated, local radiant heat transfer rate q(x) 
f o 11 ows from the difference between the rates at 

f&,(x) less in absolute value than n/2 and given 

by 
which radiant energy emerges from and arrives 
at the considered element. In dimensionless form 

akin = -tan-’ 

Also, since the intervening medium between the 
surfaces is radiatively transparent, the intensity 
of incident energy I-(x, 0’) is identical to the 
intensity of emergent energy of the adjacent 
plate evaluated at a suitable location and 
direction, I’(y, 0). From geometry it follows that 

y/x = cos B’/cos (el - y) 

@=8’-y 1- 
(9) 

Hence, equation (7) may be written 

n/2 

1+(x, 0) = E(6) 1, + ; 
5 

PM@‘, 0) I+(Y, @> 

Birlnw 

x cos 8’ de’. (IO) 

Note that y and @ do not constitute additional 
independent variables since according to equa- 
tion (9) they are completely specified in terms of 
x and 8’. As a result of the symmetry in the 
system, the intensity to the left and that within 
the integral operator refer to the identical 
physical quantity. Thus, equation (10) consti- 
tutes a linear integral equation for the angular 

42 
J 

h&) 

x cos 8’ d0. (13) 

Alternatively, dimensionless local radiant heat 
transfer may be expressed as the difference 
between emission rate and rate of absorption of 
incident energy. 

4oq -2 
aT4 = 2 

a(@) H(q, 8) cos 8’ de’. 

The symbols E, and a(@) denote apparent 
hemispherical emittance and apparent direc- 
tional absorptance of the rough surface, res- 
pectively. 

Total radiant heat transfer from each plate 
per unit depth and black surface emissive power 
is obtained by integration of equation (14) over 
the extent of the surface. Thus, 

0 

(15) 
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It is evident from equations (11) and (13) that 
radiant transfer is influenced by the rough 
surface properties pbd(0’, 6) and s(0). These 
properties are briefly described in the following 
section in order to facilitate interpretation of the 
heat-transfer results presented later. 

Rough surface radiation properties 
All apparent radiation properties for a one- 

dimensionally rough surface consisting of sym- 
metric V-shaped roughness elements with identi- 
cal included angle have been reported [ 11. In the 
cited study asperity walls were diffusely emitting 
with wall emittance (E,) equal to wall absorpt- 
ante (a,). A direction independent reflectance 
model with a specular component (pz) and a 
diffuse component (ptl) was employed to describe 
reflection within roughness elements. In addition 
to the material properties, the apparent radiation 
properties depend on included angle of the 
roughness element x. Alternatively, the included 
angle dependence may be viewed as a depend- 
ence on surface roughness slope. The influence of 
the aforementioned parameters on bidirectional 
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reflectance is presented in terms of wall absorp- 
tance a, wall specularity parameter p”,p, and 
included angle x. It is not the purpose here to 
discuss the property results at length, but 
rather to point out some important character- 
istics of the rough surface bidirectional reflect- 
ance pertinent to the present study. Other rough 
surface properties are presented and discussed 
elsewhere [ 11. 

Bidirectional reflectance is expressed as the 
sum of a specular component p”&O’, 0) and a 
diffuse component p”w(el, 13). The specular com- 
ponent accounts for incident energy which 
undergoes only specular interreflections within 
surface asperities before emerging from the 
surface. It may be expressed in terms of direction 
dependent reflectance factors Pi~BI), direction of 
leaving energy 8, and angular difference func- 
tions dii0) as 

2 2 

p3tY, fl) = f 
cc 

AJ!!b [@ - dije)l 
cos e 

i=l j=l 
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where 6 is the Dirac delta function. In addition 
to the direction of incident energy, reflectance 
factors depend on x and pi. Typical results for 
pi,(@) are illustrated in Fig. 2 for an included 
angle x of 45” and p”, = 1-O. The most significant 

&C8:8). Diffuse component of bidirectional reflectance, 

FIG. 3. Difksc component of bidirectional reflectance 
(x = 45”) (divide & v”fi”“=;;t from figure by 10 for 

v 

feature clearly evident in the figure is the 
dominant role played by back-scattering which 
is indicated by a sign reversal between the 
direction of incident and reflected energy. A 
back-scattered beam is present for all directions 
of incident energy and a forward-scattered beam 
only exists for a limited range of direction for 
incident energy. For an included angle of 90” [l] 
a forward-scattered beam does not exist for any 
direction of incident energy. Clearly, the specular 
component of bidirectional reflectance for the 
rough surface displays characteristic grossly 
different from that exhibited by property models 
commonly employed in radiant transfer analysis. 

The diffuse bidirectional reflectance com- 
ponent &,(fI’, 0) accounts for energy incident 
from the 8’ direction which undergoes at least 
one diffuse reflection within a surface asperity 
before exiting from the surface. The expression 
developed is lengthy and requires numerical 
evaluation ; therefore, it is not presented here. 
Typical results for ~28: 8) are presented in 
Fig. 3 for a groove included angle 45” and wall 
absorptance values of @1 and 0.9 for directions 
of incident energy of o”, 30”, 60° and 75”. In 
each portion of the figure distributions are 
illustrated for wall specularity ratios corres- 
ponding to diffuse @t/p,,, = 0) and diffuse- 
specular (&p, = 0.5) walls. The most striking 
features of the results are the gross departure of 
the distributions from those of a diffusely 
reflecting plane surface especially at moderate 
to large angles of incidence and the concentra- 
tion of reflected energy into directions near that 
of the incident beam. A nearly diffuse distribu- 
tion of reflected energy is only found at normal 
incidence and large wall absorptance. The 
general characteristics of p&(0’, 0) do not change 
appreciably when included angle is increased to 
90”. Again, the apparent properties of the rough 
surface differ significantly from the surface 
property models of engineering radiant transfer 
analysis. Back-scattering is also dominant in the 
diffuse bidirectional reflectance component. 

The bidirectional reflectance model for the 
rough surface may be introduced into equation 
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(11) and the fottowing result obtained 

Since only numeric& results were available 
for the diffuse component of bidirectional 
reflectance, numerical techniques were employed 
to solve the integral equation governing dimen- 
sionless local radiant intensity, The continuous 
space domain was replaced with N discrete 
equidistant space points &, At each space point, 
equal angular increments about n discrete 
directions were selected. Standard quadrature 
formulae were used to replace the integral in 
equation (17) with the sum of view factor- 
intensity products. The result of this procedure 
is a system of n x N simultaneous Iinear 
algebraic equations. These were solved by a 
successive substitution method with the initial 
dimensionless intensity estimates given by 
apparent directional emittance. The numerical 
procedure was verified by calculating heat flux 
for diffusely emitting surfaces with either diffuse 
or specular reflection and comparing these 
results with those available in the literature 
fll, XI]. Except for a small osci~at~on (maxi- 
mum value less than 1 per cent) for specularly 
reflecting surfaces in some instances, computed 
local heat flux values were indistinguishable 
from those determined by earlier investigators 
when employing N = 50 and n = 36. Rough 
surface heat flux results obtained for larger 
values for N and n showed no perceptible 
change from those determined for the above 
cited values. As a result of these numerical 
experiments, it is conservatively estimated that 
the results are accurate to at least 1 per cent for 
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focal &xx and are of even greater precision for 
total heat transfer. 

RESULTS AND DISCUSSION 

Local radiantflux 
Dimensionless radiant heat flux distributions 

are illustrated in Figs. 4 and 5 for an included 
angle of 45” between the plates. Results are 
presented for wall emittance values O-LO-5 and 
0.9 for diffusely reflecting (p’,ip, = 0) and 

0.6 

FIG. 4. Dimensionhss radiant heat flux distribution (y = 45” 
x = 45”). 

specularly reflecting ~~~~~~ = I@) surface as- 
perities. Distributions for roughness element 
included angle of 45” are shown in Fig. 4 and 
for jncluded angle of 90” in Fig 5. The general 
characteristics of the flux distributions follow 
expected trends [ll, 131. Flux monotonically 
increases with distance from the apex and its 
uniformity increases and level diminishes as 
wall emittance is decreased. 

According to Fig. 4 local flux is greater for 
specufarly reflecting roughness elements than 
for diffusely reflecting walls for each wall 
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emittance value. Flux differences are small, 
however, when emittance is large and generally 
less than 10 per cent for the intermediate and 
low wall emittance values. The greater local flux 
values observed for specularly reflecting grooves 
is attributed to the forward scattering of energy 
by the specular component of bidirectional 
reflectance. In contrast, local flux is greater for 
diffusely reflecting surface asperities when 
roughness slope is diminished by increasing 
rcughness included angle to 90” as shown in 
Fig. 5. Again, flux differences are small for large 
emittance elements, but now these differences 
increase significantly as emittance is reduced. 
Local flux for diffuse walls attain values as large 
as 50 per cent greater than that for specular 
walls at the low emittance value. The lower flux 
for specularly reflecting roughness elements is 
attributed to the lack of any significant amount 
of scattering of energy out the opening by the 
specular component of bidirectional reflectance 
when 2 = 90”. 

Comparison of flux distributions in Figs. 4 
and 5 affords an opport~ity to observe the 

FIG. 5. Dimensionless radiant heat flux distributions 
(y = 450, x = 90”). 

influence of surface topography on local flux. It 
is apparent from the results displayed that when 
all other roughness parameters are identical, the 
surface with larger roughness slope experiences 
greater heat flux levels. While flux differences 
are small for large wall emittance, they increase 
with decreasing wall emittance until at low 
emittance, flux for the surface of larger slope 
attains values which exceed by a factor of two 
those for the surface of smaller slope. The flux 
differences are attributed to the greater increase 
in apparent emittance over wall emittance for 
the surface with larger roughness slope ; an 
increase which is enhanced as wall emittance is 
diminished. Roughness slope affects the results 
for specularly reflecting asperities to a greater 
degree than those for diffusely reflecting walls. 
This influence may be readily interpreted in 
terms of the characteristics of the bidirectional 
reflectance model appropriate to the surfaces of 
different roughness slope. As mentioned earlier, 
the diffuse components of bidirectional reflect- 
ance for both roughness slopes do not differ 
si~~cantly in their overall characteristics. On 
the other hand, the specular components of bi- 
directional reflectance for the two surfaces differ 
in one important characteristic. While both 
yield back-scattering of energy for all directions 
of incident energy, the specular bidirectional 
reflectance component for the surface with 
larger roughness slope also possesses a strong 
forward scattering contribution. Hence, all 
other conditions being identical, the surface 
with smaller roughness slope offers significantly 
greater impedance to energy flow out the 
opening and, cons~uently, experiences con- 
siderably less heat transfer. For example, local 
flux at the midpoint for E, = O-1 and x = 45” is 
approximately 40 per cent greater than that for 
x = 90” and the same wall emittance when the 
groove walls are diffusely reflecting. A similar 
comparison for specularly reflecting walls shows 
that the surface of larger roughness slope ex- 
periences a heat transfer rate twice as large as 
that for the surface with smaller roughness 
slope. 
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Of particular interest is a comparison of rough 
surface heat flux to that evaluated using radia- 
tion surface property models commonly em- 
ployed in engineering analysis. Results obtained 
by using the diffuse emission-diffuse reflection 
model which ignores directional dependence of 
properties are denoted CD (constant diffuse). 
If reflection is considered specular, the coires- 
ponding results are denoted CS (constant 
specular). Some results are also presented for a 
compromise model which accounts for the 
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surface app~~t eaten sB. Const~t pro- 
perty results based on wall emittance completely 
neglect the influence of roughness on surface 
properties and, hence, beat transfer. Constant 
property results obtained using apparent emitt- 
ante account for the influence of surface 
roughness on the magnitude of energy emission 
and reflection, but disregard roughness in- 
fluences on the spatial distributjon of emitted 
and reflected energy. Directional diffuse analysis 
employed apparent hemisphe~~l ernit~n~ 

- Rough surface 

--- Constont specutor model (CS) 
--- Constant dtffuse model (CD) 
---- Dtrectlonol diffuse model (DRl 

0.2 0.4 O-6 0.8 i-o 0,2 0.4 0.6 0.8 

x/f 

FIG. 6. Comparison of rough surface heat &IX to reszdts from simple property models fc,,. = 01). 

directional dependence of rough surface emitt- 
ante and reflectance, but assumes reflected 
energy to be diffisely distributed. Results for 
this model are designated DD (directional 
diffuse). ~st~but~o~s were obtained for the 
direction independent property models em- 
ploying h~ispheri~ emittance values sB given 
by rough surface wall emittance E, and rough 

with directional emittancc and reffectance 
evaluated with the rough surface distributions. 
Thus, in addition to accounting for roughness 
effects on total emission and reflection, DD 
results partially account for the directional 
dependence in the rough surface properties. 

Dimensionless radiant flux dis~butions 
evaluated from the rough surface analysis as 
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well as from the less detailed analysis required 
for the simpler property models mentioned 
above are presented in Fig. 6 for E, = 0.1. Local 
flux values which are in error by a factor of two 
are clearly evident when surface roughness is 
completely ignored. Except for specularly re- 
flecting roughness elements with 90” included 
angle, the error in constant property results is 
markedly reduced when the influence of rough- 
ness on emittance and reflectance is accounted 
for by utilizing rough surface apparent emittance 
in the constant property calculation. Further- 
more, the results shown for the constant 
property models clearly establish the superiority 
of the diffuse reflection model. This is not 
surprising in view of the fact that the specular 
reflection model exhibits only forward-scattering 
of energy while with the diffuse model back- 
scattering does occur. Although the CD results 
employing the rough surface apparent emittance 
yield the best approximation to the rough 
surface flux distributions, the discrepancy in 
flux values is not everywhere negligible. At the 

apex where the maximum discrepancy occurs, 
flux differences vary from almost 18 per cent for 
diffuse cavity walls with 90” included angle to 
35 per cent cent for specularly reflecting asperities 
of 45” included angle. The simple diffuse model 
yields the most accurate results in the exceptional 
case cited earlier (x = go”, pi/p, = 1.0) when 
wall emittance rather than apparent emittance 
is utilized. This may be attributed to the fact 
that the lower wall emittance simply shifts CD 
results to lower values while the flux distribution 
remains decidedly different from that of the 
rough surface. Flux distributions evaluated with 
the DD model were almost indistinguishable 
from those for the CD model with cH = E,. A 
typical result is illustrated. The lack of any 
significant improvement with DD analysis is 
testimonial to the dominant role played by 
back-scattering reflection phenomena on the 
heat transfer process. 

Local flux distributions are presented in Fig. 7 
for E, = 0.5. As a consequence of the con- 
clusions drawn from the low wall emittance 

06 

FIG. 7. Comparison of rough surface heat flux to results 
from simple property models (E, = OS). 
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results, distributions are generally limited to the 
CD model and the DD model employing rough 
surface apparent hemispherical emittance. The 
maximum error incurred with the CD model is 
at the apex and varies from approximately 
14 per cent for diffuse roughness elements to 
almost 50 per cent for specular surface asperities. 
Some improvement is again noted in the 
exceptional situation noted earlier when wall 
emittance is employed in CD analysis. Results 
from DD analysis are not shown for the rough 
surface with diffusely reflecting asperities be- 
cause they differ imperceptibly from the CD 
distributions. DD results at the apex are signifi- 
cantly poorer than those of CD analysis for 
specularly reflecting roughness elements. Ac- 
cording to Fig. 8, CD analysis using rough 
surface apparent emittance yields excellent 
agreement with the rough surface flux distribu- 
tions for the large wall emittance surface. 

FiG. 8. 

-- Constant diffuse model (CD1 
~,Roqth,swfoce, ,, j; 

cl 0.2 o-4 0.6 0.8 

r/l 

Comparison of rou& surface heat lIux to results 
from simple property models (E, = O-9). 
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Total heat transfer 

735 

Dimensionless total heat transfer results are 
presented in Table 1. As expected, the total heat 
transfer rate increases with increasing values for 
wall emittance and for identical materials, the 
surface with the greater surface roughness slope 
experiences the larger heat transfer rate. The 
variation of total heat transfer over the range of 
values considered for the surface roughness 
parameters is less than 10 per cent for the high 
emittance surface. As emittance is reduced, 
however, rough surface total heat transfer 
variation increases, finally attaining a factor of 
two for the lcw emittance surface. Again, it is of 
interest to evaluate the accuracy to which total 
heat transfer may be predicted using simple 
models for radiative properties. Complete dis- 
regard of roughness in CD analysis yields 
acceptable total heat transfer results for the high 
emittance surface, but the excellent agreement 
rapidly deteriorates as wall emittance decreases. 
Significant improvement is obtained when CD 
analysis accounts for roughness influences on 
hemispherical properties. All total heat transfer 
results for the surface with larger roughness 
slope are within 9 per cent of those for the rough 
surface. For the surface of smaller roughness 
slope with diffusely reflecting asperities, the 
maximum error in CD analysis decreases to 
6 per cent. Comparable accuracy can be 
obtained for specularly reflecting asperities and 
x = 90” only when wall emittance is used in CD 
analysis. Total heat transfer results obtained 
from DD analysis are not significantly more 
accurate than those calculated with the CD 
model. 

Representative dimensionless intensity distri- 
butions are illustrated in Fig. 9 near the mid- 
point of the low emittance surface with the 
smaller roughness slope. Results are displayed 
for diffusely reflecting (&/p, = 0) and specularly 
reflecting (&/p, = la) roughness elements as 
well as for the CD and CS property models 
employing rough surface apparent emittance. 
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Table 1. Dimensionless total radiant heat transfer, (Q/l)/oT4 

Wall 

:mittance, (PC/P,) fzrya,““, 

Constant 
properties 

8, EH = Ea 

Constant 
properties 

En = Ev 

Directional 
diffuse 

E” = 8. 
____ 

y = 45”, 1 = 45” 

0.08375* 

0.0 0.1425 / 
/ 009057? 

0.1 I/-,- 

/ / 0.3856 00 / A3796 1 0.3756 

1.0 0.3736 x6 x;, 0.3773 

y = 45”, ,y = 90 

0.1 

0.5 

T 

t 

0.1546 

0.1633 

0.3187 

03342 

--~ 

0.3734 

I 

0.0 0.2749 0.2913 

1.0 0.2435 ‘Ygo xa3 02925 

0.3693 
0.0 0.3632 H / 0.3777 x56 0.3691 , 

03714 
1.0 0.3591 &6 03%6 0.3686 

J 

* Diffuse reflection (CD). 
t Specular reflection (CS). 
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Except for a skewness toward the apex, the 
intensity dist~but~on for the rough surface with 
diffusely reflecting asperities does not differ 
significantly from that for the CD property 
model, On the other hand, the intensity distri- 
bution for the rough surface with specularly 
reflecting elements does not resemble to any 
significant degree any of the other illustrated 
results. For the angular range 15” G 0 $ 75”, the 
intensity is the rough surface apparent direc- 
tional emittance while at certain other directions 
it is equal to the ~ntensi~ of a black surface at 
the plate temperature. Both of these eharacter- 
istics are readily interpreted in view of the 
geometry of the adjoint plate system and the 
characteristics of the specular component of 
bidirectional reflectance. 
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and roughness included angle or slope. Local 
flux and total heat transfer were evaluated for a 
range of values for each surface roughness para- 
meter. Supplementary heat transfer results were 
determined from less detailed analysis utilizing 
the simple property models commonly em- 
ployed in engineering analysis. 

The following conclusions may be drawn 
from the radiant heat transfer results. Surface 
roughness effects are for the most part un- 
important for high emittance materids f~, 20-9). 
The influence of surface roughness on radiant 
heat transfer steadily increases as material 
emittance values diminish. Surface roughness 
slope is the more dominant rough surface 
parameter influencing radiant transfer for low 
emittance materials and can alter local and 

FIG. 9. Typical radiant intensity distributions (E, = 0.1, 
x = Wf. 

Radiative transfer between interacting one- totaf heat transfer rates by a factor of two. Of 
dimensionally rough surfaces was formulated the simple surface property models considered, 
for a system of simple geometrical character. rough surface local and total heat transfer were 
The direction dependent apparent thermal generally approximated most accurately by the 
radiation properties of the rough surface intro- diffuse emission-diffuse reflection model em- 
duced in the analysis include bidirectional ploying rough surface apparent emittance for 
reflectance and directional emittance. These hemispherical emittance. The error incurred in 
rough surface properties depend on three using this mode! to evaluate local flux for low 
surface roughness parameters ; con& tuent ma- to intermediate values of emittanq however, 
terial emittance, roughness element specularity can be as large as 50 per cent. 

F 
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EFFETS DE LA RUGOSITfi DE SURFACE SUR LE TRANSPORT PAR 
RAYONNEMENT ENTRE DES SURFACES 

Rbum&Le transport de chaleur entre des surfaces opaques en interaction est formul6 pour des plaques 
contigiies a tempkrature Cgale avec un profil de rugositt de surface unidimensionnel. La rtflectance 
bidirectionnelle et l’kmittance directionnelle de la surface rugueuse introduites dans I’analyse d@endent 
de l’kmittance du matbriau, de la spbularitt de l’&ment de rugosite et de la pente de la rugositk de surface. 
Les solutions numbriques de I’Quation int6grale dkterminante pour l’intensitt du rayonnement foumit le 
transport de chaleur local et total pour une gamme de chacun des param&res de la surface rugueuse. Les 
rCsultats de transport de chaleur indiquent que les effets de la rugosite ne sont relativement pas importants 
pour des materiaux B kmittance &levb tandis que pour des matCriaux g faible hittance, la pente de la 
rugositd peut changer le flux local et le transport de chaleur total par rayonnement d’un facteur de deux. 
La comparaison du transport de chaleur de la. surface rugueuse avec celui bvalu6 g&e g des modMes 
simples de prop&t&s de la surface d&nontre la suptioritC du modble dmission diffuse-r&lexion diffuse 
employant l’kmittance htmisphbrique apparente de la surface. L’erreur encourue dans le flux local en 

utilisant ce modhle simple peut &re, cependant, importante. 

EINFLUSSE DER OBERFLACHENRAUHIGKEIT AUF DEN WARMEAUSTAUSCH 
DURCH STRAHLUNG 

Zusammenfm-Es wird der Wheiibergang durch graue Strahlung zwischen aneinanderstossenden 
Platten betrachtet. Die Oberflbhen haben gleiche Temperatur und ein eindimensionales Rauhigkeitsprofil. 
Das in der Analyse eingeftirte zweifach richtungsabhiingige Reflexionsvermbgen und das richtungs- 
abh&ngige Emissionsvermijgen der rauhen Oberflbhe sind Grassen, die vom Emissionsvermijgen des 
Materials, den Spiegeleigenschaften des Rauhigkeitselementes und der Neigung der Rauhigkeiten 
abhiingen. Die numerische L&ung der bestimmenden Integralgleichung filr die Strahlungsintensitlt 
liefert den lokalen und totalen Wheaustausch filr einen Bereich eines jeden Parameters de.r rauhen 
Oberfliiche. Die Ergebnisse zeigen, dass Rauhigkeitseffekte relativ unwichtig sind fti Materialien mit 
hohem Emissionsvermiigen, w&hrend fiir solche mit geringem Emissionsvermagen die Neigung der 
Rauhigkeiten den lokalen Fluss und den Gesamtwbeiibergang um den Faktor zwei &ndem kann. 
Der Vergleich des W&-meiibergangs zwischen rauhen Obertlachen mit dem Ergebnis aus einfachen 
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Modelien der U~r~~chenei~n~~~t~ zcigt die Ubertegenheit des Mod&s bei dem d&se Emission 

und diffuse ReRektion angenommen wird, da dabei das off~s~chtlich halbkuge~ige ~m~s~onsv~~gen 
~~cksich~~ wird. L3er FehIer, der bei Verwendung des einfachen Mode% bei der Berechmmg des 

Iokalen Fiussea gemacht wird, kaan jedoch bet&htlicb s&n. 

RJIMHHklE ILIEPOXOBATCGIW nOBEPXHOCTEfl HA JlYYMCTbI~ 
riEPEHC>C TEIIJIA MENBY HklMM 

hall5TaqHJr-npHBOnHTC~nOCTaHnalza3aAaYIl OJIJ'WCTOM nepeHOCeTeIUIaMeHtQ'HenpO3pa- 

'IHL~MI~ 6af43Ko pacnonomewwwf KIOBepXHOCTRMH IIJIaCTkfH paBHOt TeMnepElTypbI C 

5~HOMepKblM flpO@HneM UlepOXOBaTOCTM nOBepXHOCTM. BseAeffsble B aHaJIkf3 ~Byffaffpa- 

B.NeHHaR OTpaHtaTenbHaA CRQCo6HOCTb n.fepoxoBaTbfx 110BepxaocTefi II KanpasneffHasi 

~y~eHC~yCKaTe~bH3~CnOCO6HOCTL3a~llG~TOT~~~e~C~~CKaTe~bK5ftC~~CO6KOCT~~aTeplla~3, 

~epKa~bK5CT~ 3zeRfeHTa ~ep~x~~a~oCT~~ ti KaKjl5fia ~e~5XOB~TOCT~ ~5~e~xH5cT~. B 

peq?XbTaTe q~C~~~~~~~~~C~e~~3 OCIIORWOFO ~~Te~pa~b~f5~5 ypaBReIfr?R &JrFf ~l~eK&~3HOCT~ 

wajr3‘qe~tf~ nosryqeribf 3Kaqefiw4 .soHaabri5f5 II n53fa5r5 rfepenoea Ten-sra ins KazK;Sora 

SkfanasoHa ~apa~feTp~3 fffe~o~oEaT0~ no~epxsoc~af. Pe3J%T%iTbI IlO IlepeH5Cy TeffJIa 

C~I~~eTe~bCT~~~T 0 TO%, 4TO 34$CKTbl ~epOxO~aT5CT~f He ~Pe~CT~~~~~T Cyqe&TBeHHO~ 

BaWHOCTH &TfSi MaTepAZlJf5B C RLfCOtiO~ if3JTyYaTeJfbHOt C~OCO6HO~TL~, B TO BpeMR KaK AHR 

MaTepMaJIOB C Htr3KOti H~J~~Y~TWJHO~ CnbOC06HOCTf$I HaKJIOB WePOXOBaTOCTPf MOHCeT 

M3MeHXTb B HEa pa3a JIOKaJfLHLfzl: TenZIOBO& nOTOK M IIOJIIfbIil JfJWCTbti8 nepeHOC TenJIa. 

CpaarIefine BbwfcneKKoro nepelroca Tenna c nepeKoeoM AjIH nopkfCTbfx hfoaeneti nosepx- 

HOCTeR nOKa3bIBaeT HeKOTOpOo l"IpfGfMJ'~eCTBO ~M@@J'3"0HHO~ MOA@JlM OTpWKeHif;i. OflHaKO, 

ITpI MCnOJIb30BaHl4l4 3TO# MOABJUf onrn6Ea B 3HaYeHRll JIOKElJlLHOPO TenJIOBOPO IIOTOKa 

NlOPKeTdbITb 3HaWfTeJIbAOfi. 


