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SURFACE ROUGHNESS EFFECTS ON
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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 reflect-
ance and directional emittance introduced in the analysis depend on material emittance, roughness element
specularity 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 the rough surface parameters.
The heat transfer results indicate that roughness effects are relatively unimportant for high emittance
materials while for low emittance materials roughness slope can change local flux and total radiant heat
transfer by a factor of two.Comparison 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 significant.
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NOMENCLATURE

plate surface area element [ft?];
intensity ratio, I*/I, [dimen-
sionless] ;

intensities of emergent and in-
cident energies [Btu/hft?sr] ;
intensity of black surface at
plate temperature [Btu/hft?sr];
plate length [ft];

local radiant flux [Btu/hft?];
total radiant heat transfer rate
[Btu/h];

plate temperature [°R];
coordinates on plates [ft];
apparent directional and wall
absorptance [dimensionless] ;
included angle between plates

[deg];

* This paper presents results of research supported in
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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
[deg];

angle of emergent energy de-
fined in equation (9) [deg.];
relative plate coordinates x/I
and y/l [dimensionless] ;
specular component, diffuse
component, total bidirectional
reflectance [sr™1];

specular component, diffuse
component, total wall reflec-
tance [dimensionless] ;
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o, Stefan-Boltzmann  radiation
constant [Btu/hft? °R*];

1 roughness included angle
[deg.];

do, do’, 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 ‘heat transfer rates.
Definitive studies establishing the influence of
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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
[1], 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
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F1G. 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 [S] who employed a
modified form [6] of the bidirectional reflectance
model proposed by Torrance and Sparrow [7].
Studies of radiant interchange between a black
surface and a parallel surface with one-dimen-
sional grooves [8-10] illustrated the large effects
directional radiative properties produce on
energy interchange.

The system of interacting surfaces selected for
study consists of equal length plates of infinite
width sharing a common edge and including
angle y (see Fig. 1). Both surfaces have identical
uniform temperature and radiative properties.
This simple configuration was chosen primarily
because of the availability of extensive radiant
heat transfer results [11-13] 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 [1]. External
sources of radiant energy are absent and the
intervening media is radiatively non-partici-
pating.

ANALYSIS

Radiant transfer formulation
Consider differential surface area element
dA (=dxdz) located at distance x from the
common edge of the plates. Let 6 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 dw defined by the cylindrical sector
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subtended by angular increment d6 is

gf*(x, 8) cos 6 d6. 1)

I*(x,0) denotes the local radiant intensity at
location x in direction 8 and the solid angle
relation dw = = df/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 dew is

g-e(()) 1, c0s 0 dé )

where &(6) 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 dw, consider first the radiant energy
incident on d4 from within the solid angle
increment dw’ defined by the angular increment
d¢ about direction . Let the intensity of
incident energy at location x for direction of
incidence ¢ be designated I7(x, #). Then the
energy incident on d4 per unit time and per
unit area from the solid angle dw' about the
#' direction is

’ziz-(x, 6') cos 6’ d@'. 3)

The portion of unit incident energy which
emerges within dw after reflection from the
opaque rough surface is

-2’fp,,,,(9', 8) cos 6 df 4)

where p,,(0,0) denotes the apparent bi-
directional reflectance of the rough surface.
Hence, the contribution of energy incident with-
in dw' to that emerging within dw follows as

2
g) P58, 6) I (x, 8) cos 6 cos 846 df. (5)

To account for all possible directions of incident
energy which can contribute to the energy
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emerging in the 6 direction requires integration
of equation (5) over direction of incidence.

n/2

2
(-;f) cos 8d6 j

-2

o0, O I (x,0) cos & dF".
©

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

ni2
5| .01 x0)

-n/2

I*(x,0) = &0) I, +

x cos § 46, N

For the adjoint plate system in the absence of
external radiation fields, the contributing direc-
tions of incident energy are limited to a value
0i(x) less in absolute value than n/2 and given
by

- (x/l
fim(%) = —tan™! [&szﬁ-};&/—q ®)

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

y/x = cos @'/cos (68’ — )
O=0 -y }

Hence, equation (7) may be written

9

n/2
"0 =0, +5 | pul0.6)1'(.6)

Bim(x)
x cos§df. (10)

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 €. 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

R. G. HERING and T. F. SMITH

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

w2
H(E0) = 0) + 3
Him(&)

o0, 6) H(n, ©)

x cos § d¢ (1

where the dimensionless intensity H(&, 8) and
distance coordinates £ and 5 are
It (x, 0
(e, 0 = 52

b

x y

= = == (12
=3 n=7 (2
Once the local radiant intensity has been
evaluated, local radiant heat transfer rate g(x)
follows from the difference between the rates at
which radiant energy emerges from and arrives

at the considered element. In dimensionless form
n/2 n/2

J H(&,8)cos 648 — -; H(n, @)

~n/2

@) _1
oT* 2
oiim(‘:)

x cos@'df.  (13)

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

®/2

g 1 ! e
oT% £, 5 o6y H(n, @) cos 8’ d6'.

aiim({)
(14)

The symbols ¢, and off) 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,

1

o1 _ 149
o " —Lwdﬁ-
[

(15)
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It is evident from equations (11) and (13) that
radiant transfer is influenced by the rough
surface properties p,(0',0) and &6). 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 [1]. In the
cited study asperity walls were diffusely emitting
with wall emittance (g,) equal to wall absorpt-
ance («,). A direction independent reflectance
model with a specular component (p3) and a
diffuse component (p2) 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 y. Alternatively, the included
angle dependence may be viewed as a depend-
ence on surface roughness slope. The influence of
the aforementioned parameters on bidirectional

' \.4\ P\\"PZ‘
e \ \5

,ﬂ,‘a

reflectance is presented in terms of wall absorp-
tance a,,, wall specularity parameter g5/p,, and
included angle y. 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 [1].

Bidirectional reflectance is expressed as the
sum of a specular component p3(#,0) and a
diffuse component pp(8’, 6). 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 p; (6), direction of
leaving energy 6, and angular difference func-
tions 4;(6) as

2 2
2 A0
o0 = § § Ld%% 10— aq0n
=T =1

(16)
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FIG. 2. Specular reflectance factors (y = 45°, p5 = 1-0).
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where & is the Dirac delta function. In addition
to the direction of incident energy, reflectance
factors depend on y and gf,. Typical results for
pif0) are illustrated in Fig. 2 for an included
angle y of 45° and p3, = 1-0. The most significant
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p2(8.6), Diffuse component of bidirectional reflectance,

Fic. 3. Diffuse component of bidirectional reflectance
(x = 45°) (divide p; values read from figure by 10 for
a,, = 0:9).
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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° [1]
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 characteristics grossly
different from that exhibited by property models
commonly employed in radiant transfer analysis.
The diffuse bidirectional reflectance com-
ponent ply(@,60) accounts for energy incident
from the # 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 pP(@,0) are presented in
Fig. 3 for a groove included angle 45° and wall
absorptance values of 0-1 and 09 for directions
of incident energy of 0°, 30°, 60° and 75° In
each portion of the figure distributions are
illustrated for wall specularity ratios corres-
ponding to diffuse (p3/p,, =0) and diffuse-
specular (p3/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 p2{(@’, 6) 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 following result obtained

4,46
H( 0) =6 + Z Z py (4,401 2 E)S ; ]

x H [n{¢, ij}s () {Aij}] + ‘2"
BiimiS)

x pPA@,6) Hin, @)cos & d¢'.  (17)

METHOD OF SOLUTION

Since only numerical 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 linear
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
[11, 12]. Except for a small oscillation (maxi-
mum value less than 1 per cent) for specularly
reflecting surfaces in some instances, computed
focal 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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local flux and are of even greater precision for
total heat transfer.

RESULTS AND DISCUSSION
Local radiant flux
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 01, 05 and
09 for diffusely reflecting (p3/p, = 0) and

y =45° x =45°

ol o

i
08~ Z.'lfd

—— {pilp,) =0
—— {p/p)=1-0

)Tt

0 0-2 0-4 06 [¢R:} [He3
x At

F16. 4. Dimensionless radiant heat flux distribution {y = 43°,
¥ = 45%,

specularly reflecting {(p3/p,, = 1-0) surface as-
perities. Distributicns for roughness element
included angle of 45° are shown in Fig. 4 and
for included angle of 90° in Fig. 5. The general
characteristics of the flux distributions follow
expected trends [11, 13]. 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
specularly reflecting roughness elements than
for diffusely reflecting walls for each wall
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emittance value. Flux differences are smalj,
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
emiftance 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 y = 90°.

Comparison of flux distributions in Figs. 4
and 5 affords an opportunity to observe the

o7

g eT?

o 52 5.4 06 08 -0
x/t
FiG. 5. Dimensionless radiant heat flux distributions
{7 = 45°, 1 = 90°).
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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
significantly 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, consequently, experiences con-
siderably less heat transfer. For example, local
flux at the midpoint for ¢, = 0-1 and y = 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 corres-
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 apparent emittance g, Constant pro-
perty results based on wall emittance completely
neglect the influence of roughness on surface
properties and, hence, heat transfer. Constant
property results obtained using apparent emitt-
ance account for the influence of surface
roughness on the magnitude of energy emission
and reflection, but disregard roughness in-
fluences on the spatial distribution of emitted
and reflected energy. Directional diffuse analysis
employed apparent hemispherical emittance

Rough surface
——— Canstant speculor mode! (CS)
—— Constant diffuse model (CD)
e (Yirectional diffuse model (DD}
03
X* 45 X =90°
€w= Ol €, =01
{(p3/p =0 (p¥/pi=0
020219 e R it
e T
— 0136
O i’___w"_#w
- — - *
— =
T / V4
\E‘) €201 €701
- 03
3 x =45° ¥ =80°
€, 01 €, 0l
{pi/p) =10
0137
AN —
S ——
r’—
L
€01
SR ! ; i
¢} G-z o4 0-6 08 -0 Q.2 0-4 06 o8 1-Q

X7
Fi6. 6. Comparison of rough surface heat flux to results from simple property models {¢,, = 0-1).

directional dependence of rough surface emitt-
ance and reflectance, but assumes reflected
energy to be diffusely distributed. Results for
this model are designated DD (directional
diffuse). Distributions were obtained for the
direction independent property models em-
ploying hemispherical emittance values g5 given
by rough surface wall emittance ¢, and rough

with directional emittance and reflectance
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 distributions
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 ¢, = 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 = 90°, p3/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 ¢g = ¢, 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 ¢, =05. As a consequence of the con-
clusions drawn from the low wall emittance

07
Rough surface
—— Constant diffuse model (CD)

o6l —-—~ Directional diffuse model (OD)
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°©
[

02

0 02 0-4 06 0-8

1-0 Q2 04 06 0-8 1-0
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FiG. 7. Comparison of rough surface heat flux to results
from simple property models (g,, = 0-5).
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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.

glaveT?

e /Tt

{ps/p,)=1-0

Rough surface
——— Constant diffuse model,{CD)

1 | | |
o o2 0-4 o6 o8 l’?
%7t

FiG. 8. Comparison of rough surface heat flux to results
from simple property models (g,, = 0-9).
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Total heat transfer

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 low 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
¥ = 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.

Radiant intensity

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(p3 /p,, = 0) and specularly
reflecting {p3/p,, = 1-0) 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)/aT*

R. G. HERING and T. F. SMITH

Wall Constant Constant Directional
emittance, | (p3/p,,) Emflagh properties properties diffuse
Sw uriace &y = & &y = &, en = &
y = 45°, 1 = 45° |
1555* 0-08375*
00 | 01425 01761t | 009057+ 01546
01 :
01646 008375
10 &r1506 01871 %57 01633
03214 02674
00 | 02992 43509 %3 03187
05 |
0-3432 02674
10 | 03273 03649 03043 03342
03742 0-3644
00 | 0:3856 03796 03756 03734
09 _
03794 03644~
10 | 03736 03816 456 03773
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* Diffuse reflection (CD).
+ Specular reflection (CS).
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Except for a skewness toward the apex, the
intensity distribution 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° < 8 < 75° the
intensity is the rough surface apparent direc-
tional emittance while at certain other directions
it is equal to the intensity of a black surface at
the plate temperature. Both of these character-
istics are readily interpreted in view of the
geometry of the adjoint plate system and the
characteristics cf the specular component of
bidirectional reflectance.

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 materials{¢,, >09).
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

2R
(pa/pu) =1-0
™ £=051
/
€,:01, x=90°
§> o N
{(pi/p=0 /~ Rough surface
Constant specular, (CS)
Constant diffuse, (CD)
> g
N
\ / - M”'M
) 4 R
g il /\/ \ v
-0 0-5 [ 05 0%
Fi1G. 9. Typical radiant intensity distributions (g, = 01,
¥ = 90°).
CONCLUSIONS

Radiative transfer between interacting one-
dimensionally rough surfaces was formulated
for a system of simple geometrical character.
The direction dependent apparent thermal
radiation properties of the rough surface intro-
duced in the analysis include bidirectional
reflectance and directional emittance. These
rough surface properties depend on three
surface roughness parameters; constituent ma-
terial emittance, roughness element specularity

total heat transfer rates by a factor of two. Of
the simple surface property models considered,
rough surface local and total heat transfer were
generally approximated most accurately by the
diffuse emission—diffuse reflection model em-
ploying rough surface apparent emittance for
hemispherical emittance. The error incurred in
using this model to evaluate local flux for low
to intermediate values of emittance, however,
can be as large as 50 per cent.
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model for bidirectional reflectance of rough surfaces,
AIAA Paper No. 69-64 (1969).
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EFFETS DE LA RUGOSITE DE SURFACE SUR LE TRANSPORT PAR
RAYONNEMENT ENTRE DES SURFACES

Résumé—Le transport de chaleur entre des surfaces opaques en interaction est formulé pour des plaques
contigiies 4 température égale avec un profil de rugosité de surface unidimensionnel. La réflectance
bidirectionnelle et I’émittance directionnelle de la surface rugueuse introduites dans I'analyse dépendent
de I’émittance du matériau, de la spécularité de I’élément de rugosité et de la pente de la rugosité de surface.
Les solutions numériques de I’équation intégrale déterminante pour I’intensité du rayonnement fournit le
transport de chaleur local et total pour une gamme de chacun des paramétres de la surface rugueuse. Les
résultats de transport de chaleur indiquent que les effets de la rugosité ne sont relativement pas importants
pour des matériaux 4 émittance élevée tandis que pour des matériaux 2 faible émittance, la pente de la
rugosité 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 évalué grice 4 des modéles
simples de propriétés de la surface démontre la supériorité du modéle émission diffuse—réflexion diffuse
employant I’émittance hémisphérique apparente de la surface. L’erreur encourue dans le flux local en
utilisant ce modéle simple peut étre, cependant, importante.

EINFLUSSE DER OBERFLACHENRAUHIGKEIT AUF DEN WARMEAUSTAUSCH
DURCH STRAHLUNG

Zusammenfassung— Es wird der Warmeiibergang durch graue Strahlung zwischen aneinanderstossenden
Platten betrachtet. Die Oberflichen haben gleiche Temperatur und ein eindimensionales Rauhigkeitsprofil.
Das in der Analyse eingefiihrte zweifach richtungsabhéngige Reflexionsvermégen und das richtungs-
abhingige Emissionsvermdgen der rauhen Oberfliche sind Grossen, die vom Emissionsvermogen des
Materials, den Spiegeleigenschaften des Rauhigkeitselementes und der Neigung der Rauhigkeiten
abhéngen. Die numerische Losung der bestimmenden Integralgleichung fiir die Strahlungsintensitit
liefert den lokalen und totalen Wirmeaustausch fiir einen Bereich eines jeden Parameters der rauhen
Oberfliche. Die Ergebnisse zeigen, dass Rauhigkeitseffekte relativ unwichtig sind fiir Materialien mit
hohem Emissionsvermogen, wihrend fiir solche mit geringem Emissionsvermogen die Neigung der
Rauhigkeiten den lokalen Fluss und den Gesamtwirmeiibergang um den Faktor zwei dndern kann.
Der Vergleich des Wiarmeiibergangs zwischen rauhen Oberflichen mit dem Ergebnis aus einfachen
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Modelien der Oberflicheneigenschaften zeigt die Uberlegenheit des Modells bei dem diffuse Emission

und diffuse Reflektion angenommen wird, da dabei das offensichilich halbkugelige Emissionsvermdgen

beriicksichtigt wird. Der Fehler, der bei Verwendung des einfachen Modells bei der Berechnung des
lokalen Flusses gemacht wird, kann jedoch betrichtlich sein.

BINAHUE HEPOXOBATOCTN NOBEPXHOCTE!l HA JVYUCTLIN
NEPEHOC TEILUIA MEXIY HUMHU

Anporamna—IIpHBOUTCA MOCTAHOBKA 33/Ia4lt 0 JIYUYMCTOM JIEPEHOCE TeNIa MeRAY Hempoapa-
YHBEMM  OJNUBKO PACTIONOMEHHWMN NOBEPXHOCTAMU TJIACTMH papHoi TeMmneparype ¢
OIHOMEPHEIM TPOQHIeM IIePOXOBATOCTH IOBEPXHOCTH. BBelleHHBe B aHANM3 ABYHAIpa-
BIEHHAA OTPAKaTeNbHAA CHOCOGHOCTL IIEPOXOBATHIX NOBepXROCTeft ¥ HanpaBieHHAsA
JIYHeHCEYCKATeMHHAA CIOCOOHOCTD RABRCHT OT JIyUeNCHyCKATeNbHON ciocoGHOCTH MaTepHaia,
3ePRAJILHOCTH DBIEMEHTA IISPOXOBATOCTH W HAKJIOHA IHEPOXOBATOCTH ToBepxHOCTH. B
peayapTaTe YNCICHHHX PacyeToB OCHOBHOTO MHTETPATRHOre VPABHOHMA A8 MHTEHCHBHOCTH
H3JYYeHHS NOJYYeHH 3HAUSHMA JIOHAABHOTO H [OJHOTC HNePeHOta Telda NIA HKIoro
IMATIA30HA NAPAMETPOB WIePOXOBATod NOBepXHOCTH. Pe3yJpTarsl [0 NepeNocy Temaa
CBMIETENBCTBYIOT O TOM, 4TO 2DdEKTH IWEepPOXOBATOCTH He HPOACTARIHIOT CYUIECTBEHHOR
BAMHOCTH OAA MaTepHaNoB ¢ BHCOROH ManyuaTedbHON CHOCOOHOCTHIO, B TO BpeMs Kan NIA
MATEPHAJIOB € HUBKOM UBIAYYATEABHOK CMBOCOOHOCTRI0O HAKIOH IHEPOXOBATOCTH MOKET
HAMEHATH B JBAa pasa JOKAIBHBIE TENJI0BO# MOTOK M IOJHBIE JYUMCTHII NepeHoC Tenia.
CpaBHeHne BBIYMCIIEHHOTO [EPEHOCA TEMJIA C MEepeHoeoM JIA HOPUCTHIX MOfesielt moBepx-
HOCTe MOKa3HIBAET HEROTOPOE NpeuMyliecTBo TUPPY3NOHHONK Mogenu orpamenna. OgHAKO,
IpH MCMONb30BAHUM HTOH MOZenmd OIINOKA B 3HAYEHUM JOKANBHOrO TEINIOBOIO MOTOKA
MOeT .ObITh 3BHAUUTETRHOH,
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