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Surface Roughness Effects on Equilibrium Temperature
il .
of Interacting Surfaces
R. G. HErinG* axp T. F. Smrrat
Unaversity of Illinois at Urbana-Champaign, Urbana, Ill.
A simple system of radiatively interacting, one-dimensionally rough surfaces in the presence
of a collimated solar flux is considered. Rough surface properties depend on material solar
absorptance (a.), roughness element slope, and roughness element specularity. Numerical
solution to the governing integral equation for solar radiant intensity leads to equilibrium
temperature distributions for a range of each influencing roughness parameter. The equi-
librium temperature results demonstrate that roughness effects are, relatively unimportant
for high-a., materials, while, for low-a, materials, surface roughness can change local tempera-
ture by 509;. When surface roughness effects on radiative properties are completely ignored
in engineering analysis, acceptable accuracy is achieved only for high-a,, materials. An ap-
proximate method of analysis employing rough surface apparent directional absorptance
for directly incident solar energy generally gave acceptable engineering accuracy throughout
the entire range of o,. Neither method of analysis, however, yields an acceptable appro-
imation to rough surface temperature for low-c, materials when a large fraction of directly
incident solar energy is back-scattered to the environment.
Nomenclature of radiative transfer between opaque surfaces. Roughness
influences both the amount of energy emitted and reflected
dA = plate surface area element relative to that of the constituent material, as well as the
G = absorbed solar irradiation spatial distribution of these energies. Since methods em-
g = dimensionless absorbed solar energy, G/S it
o — intensity ratio I*/(S/) ployed to evaluate equilibrium temperature generally dp not
I+I- = intensities of emergent and incident solar energies accour}t for such effects, thesg techniques may lead t(_) _Slgr_nﬁ"
l = plate length cant differences between predicted and observed equilibrium
S = solar constant temperatures. Recently, all apparent thermal radiation
T = local equilibrium temperature properties required to implement studies of surface rough-
z,y = coordinates ness effects on radiative transfer were reported for a one-
o = solar absorptance o dimensionally rough surface.! These properties have been
B = dimensionless solar radiosity used to evaluate surface roughness effects on radiative heat
v = included angle transfer and equilibrium temperature of isolated surfaces,?3
€ = infrared emittance R . .
o ~ dimensionless equilibrium temperature T /(S/)t/¢ as well as radiative heat transfer betwe.en‘ interacting sur-
6,0’ = angles of emergent and incident energies faces*s in the absence of external radiation fields. This
0iim’ = limiting angle of incident solar energy study utilizes the apparent properties to assess the influence
0, = direction of directly incident solar energy and importance of surface roughness on the equilibrium
£n = dimensionless coordinates z/! and y/I temperature distribution acquired in a system of interacting
P = solar reflectance surfaces in the presence of a collimated solar flux and to
pea = bidirectional reflectance evaluate the magnitude of the discrepancy in temperature
v = Stefan-Boltzmann radiation constant incurred when simple property models are used.
X = roughness element included angle Th n lected f tud Fie. 1 st £
dw,dw’ = solid angle increments of emergent and incident solar . £ system  selecte or study ( 18 ) ConsIsts 0
energies identical equal-length plates of infinite width sharing a
common edge. A uniform collimated solar flux is directed
Subscript along the bisector of the included angle y. Both surfaces
a,w = apparent and wall, respectively —
Superscript —
: . Collimated
D,8 = diffuse and specular components, respectively <~ Solar Flux
ion - Sol
Introduction - goﬁ;foni, S
URFACE topography contributes to the difference be- —
tween thermal radiation properties of engineering ma- Eroray. 1 (,6) -

terials and property models commonly employed in analysis
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Schematic diagram of adjoint plate system.
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are opaque and have identical uniform radiative properties
that are temperature independent. Surface heat exchange
occurs only by radiant transport through transparent media
of unit refractive index. This configuration is of particular
interest because of the application of results to wedge cavities,
louver systems, and successive elements in an array of high-
conductivity longitudinal fins. Furthermore, extensive re-
sults are available for equilibrium temperature distribution,’
based on simple direction independent property models
commonly employed in engineering radiant heat-transfer
analysis. For the rough-surface radiant heat-transfer
analysis reported herein, surface roughness elements are in
the shape of V-grooves with axes parallel to the plate edge.
Wayvelengths of the incident solar flux are considered small
in comparison to the characteristic length of surface rough-
ness elements. Apparent thermal radiation propertiest
are applicable to energy transfer in the solar spectral interval.
For wavelengths characteristic of the surface emission,
surfaces are optically smooth, and a specular reflection model
is employed to describe reflection of emitted energy. A
semigray spectral property model is employed to approximate
the difference in surface properties of engineering materials
for solar and surface radiation.®

Analysis
Radiant Transfer Formulation

Consider area element dA(= dx dz) located distance z
from the common edge of the plates. The temperature ac-
quired by this element under adiabatic conditions is deter-
mined by equality of emitted energy to rate of absorption of
incident energy. For the system selected for study, local
temperature is governed by the following integral equations:

oT'@) = 6@ + ¢ [ o TK,eady (M)

The exchange factor for surface emission K,(z,y) is avail-
able for included angles v = w/n with n a positive integer as®

M
Ky@y) = 3 A0 — i Yi(zy) @

j=1
in which
TFiv(@y) = (zy sin%y)/2(x? 4 y* — 2zy cosjy)¥2  (3)

and M =n — 1. InEq. (1), eoT4x) represents the emissive
power of the surface element, and G(z) is the locally absorbed
solar irradiation which, within the framework of the semigray
assumption, is determined from independent analysis pre-
sented later. The remaining integral term represents ab-
sorption of energy emitted by both surfaces, which is trans-
ported to the considered surface element both directly and by
all possible specular reflection paths. To evaluate T(z)
from Eq. (1), it is necessary to provide G(z), and attention is
directed to this analysis next.

Unlike analysis for diffusely or specularly reflecting sur-
faces, evaluation of locally absorbed solar energy for inter-
acting rough surfaces generally requires evaluation of the
spatial distribution of local radiant solar intensity. For
this purpose, let ¢’ and @ denote arbitrary directions of
incident and emergent radiant energy, respectively, measured
from the mean surface normal in a plane perpendicular to
the plate edge. Let I*(z,0) represent the intensity of
radiant energy in the solar spectral interval emerging from
the considered plate element per unit time and per unit area,
which is confined to the solid angle increment dw defined by
the cylindrical sector subtending angular increment dé.
If I=(x,0") denotes the analogous intensity for incident
energy confined to solid angle increment dw’, emergent solar
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intensity is governed by the following equation:

I+(,0) = pra(6.,0)8 sin% +

/2

2L w010 cost'ar (4)
where p,a(6',6) is rough surface bidirectional reflectance.
In Eq. 4), 6,/[= (@ — v)/2] is the direction of directly
incident solar energy, and S denotes the solar constant.
Physically, Eq. (4) states that emergent intensity at z in
direction 6 is the sum of directly incident solar energy which is
reflected by the surface into solid angle increment dw about
direction @ and interreflected solar energy leaving the ad-
jacent plate, which after reflection from the considered
element emerges within dw. For the adjoint plate system,
contributing directions for solar energy emerging from the
adjacent plate are limited to a value 61’ (z) given by,

O’ () = —tan—1[{cosy — (z/0)}/sinvy] (5)

Also, since the intervening medium is radiatively transparent,
intensity of incident energy I—(xz,8’) is identical to 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(6’ — y)and ¢ = 0’ — (6)
Hence, Eq. (4) may be written

= LY T /2 '
I*(#,0) = ppa(8,’,0)S sing + 3 j;“ml(z) oa(07,0) X
I*[y(z,6"),6(6")] cosf'dd’ (7)

As a result of symmetry in the system, the intensity to the
left and that within the integral operator refer to the same
physical quantity. Thus, Eq. (7) constitutes a linear
integral equation for the angular dependence of local radiant
intensity.

Once local solar intensity is available for all directions at
each position on the plates, locally absorbed solar irradiation
follows as

/2 (0,) %
Giim (x) %a

I+[y(z,6"),6(6") ] cosb’d6’ (8)

In Eq. (8), a.(#") is the directional absorptance for energy
incident at polar angle 6.

It is convenient to nondimensionalize the governing
equations by introducing the following dimensionless vari-
ables:

0(8) = T(2)/(S/0)!'*, H(£,0) = I*(x,6)/(8/m)
G = G@)/8, & = x/l,n = y/l 9)

Using these variables in Eq. (1) yields

- NG ent 1+ T
G() = a.(8,)8 sing + 3

0) = L9 +e [l oK, Emdr  (10)

with K, and f;, of Eqs. (2) and (3) given by identical ex-
pressions, except for replacement of z and y with & and 9,
respectively. Dimensionless locally absorbed solar energy
follows from Eq. (8) as

/2
(6’
B1im’ () a(0’) X

H{n(£,61,¢(8)] cosf'df’ (11)

with dimensionless solar intensity evaluated from

§(6) = ew(d) sin +

T

= roysnY + T 2 ’
H(£,0) = mpa(8.,0) sing + 3 J, 0 pea(8',6) X

Hn(£,01),¢(0")] cost'dd’ (12)
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Table 1 Apparent directional absorptance of rough surface for directly incident solar energy a.(6s')

0s’ = 45° s’ = 67.5
x = 45° x = 90° x = 45° x = 90°
o 0’/ o0 = 0 1 0 0 1 0 1
0.1 0.200 0.19 0.138 0.1 0.176 0.1 0.126 0.1
0.5 0.677 0.75 0.588 0.5 0.638 0.5 0.563 0.5
0.9 0.948 0.99 0.927 0.9 0.938 0.9 0.920 0.9

Approximate Formulation

In anticipation of later comparison, it is of interest to dis-
cuss briefly and to present relations governing equilibrium
temperature distribution when certain common engineering
models for thermal radiation properties are employed in
analysis. Since surface roughness effects on properties are
here limited to those on solar properties, Eq. (10) continues
to apply, but analysis for G(£) is altered. The most general
engineering model for surface properties in widespread
use probably is the p? — p% model which represents hemi-
spherical reflectance (p) as the sum of a diffuse (p?) and a
specular (pS) reflectance component. All directional de-
pendence of surface properties is generally ignored. In
addition to simplicity, use of the p? — pS reflection model
provides results for both limiting cases of diffusely reflecting
and specularly reflecting surfaces. When this model is
employed, dimensionless locally absorbed solar energy is
given by®

G0 = (a/p?)B(%) (13)

where B(£) is dimensionless solar radiosity® and represents the
ratio of diffusely distributed solar energy locally emergent
from an element of surface area per unit time and per unit
area to the value of S. B(£) satisfies the following integral
equation®:

8® = o[ B® + [ B eman ] 1)

where

" .
50 = 3 e EED v - n as
i=0
with
£ = sin(y/2)/sinl(% + 1)v/2] (16)

The symbol U(£; — £) denotes the unit step function which
has the value 0 for negative arguments and 1 otherwise.
The kernel K, in Eq. (14) is given by Eq. (2) with z, y,
and (1 — ¢ replaced with £ », and pS, respectively. As
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Fig. 2 Bidirectional reflectance for rough surface with

diffusely reflecting roughness elements (scales in paren-
theses are for p,4(0”,6) curves for 8" = 67.5°).

noted earlier, analysis employing this engineering model for
surface properties does not require evaluation of solar in-
tensity; the solar radiosity function is sufficient.

Results and comparisons are presented later which employ
certain selected property values and reflection models in the
formulation briefly summarized previously. One method
employs material (wall) properties for solar energy; that is,
a(=1 — p) = a, and either a direction independent diffuse
(p? = p) or specular (p5 = p) reflection model. It is denoted
as CW, which stands for constant-(direction-independent) pro-
perty analysis using wall properties, and it neglects roughness
effects on surface properties. The second method is denoted
CA, for constant-property analysis using rough-surface,
apparent directional absorptance for directly incident solar
energy; thatis, (=1 — p) = a,(8s’) and either a direction-
independent diffuse or specular reflection model. CA
analysis correctly evaluates directly incident solar energy
locally absorbed by the rough surface and attempts to com-
pensate for directional dependence of rough-surface properties
in reflection phenomena by using a representative value for
hemispherical reflectance with a specular or diffuse reflection
model.

Rough Surface Radiation Properties

Our purpose here is simply to point out some important
characteristics particularly pertinent to understanding
results presented later. Rough-surface property results are
presented and discussed in detail elsewhere.! In the cited
study, all apparent properties for a one-dimensionally rough
surface consisting of symmetric V-shaped roughness elements
with identical included angle x were reported. Asperity
walls possessed direction-independent a., and reflection
within roughness elements was described by a direction-
independent reflectance model with a specular component
(0,°) and a diffuse component (p,?). In addition to the
material properties, apparent radiation properties depend on
x. Alternatively, the y-dependence may be viewed as a
dependence on surface roughness slope. The influence
of the aforementioned parameters on rough-surface properties
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was expressed in terms of o, pu¥/pw, and x. Some typical
bidirectional reflectance results are illustrated in Figs. 2 and
3, while Table 1 presents results for apparent directional
absorptance of the rough surface at selected directions of
incidence for directly incident solar energy.

Although all rough-surface properties significantly differ
from those commonly employed in radiant heat transfer
analysis, their most striking feature is the concentration of
reflected energy in directions at or near the direction of
incident energy. In other words, the rough-surface bidirec-
tional reflectance pes is dominated by a back-scattering
characteristic. Figure 2 illustrates this characteristic.
Although not included on the figure, a diffusely reflecting
plane surface would be represented on this figure by a semi-
circle with radius p./m. The gross departure of the rough-
surface pys from that for a diffusely reflecting plane surface
is clearly evident.

Even more striking phenomena are suggested by the
specular reflectance factors used to construct pyq for specularly
reflecting roughness elements! presented in Fig. 3. Consider
the implication of the results of Fig. 3 for the system of sur-
faces considered here. Study reveals that for perpendicular
plates (y = 90°) directly incident solar energy undergoes an
identical reflection path before -exiting from the system for
both the rough surface and a specularly reflecting smooth
surface. According to Table 1, however, the energy ab-
sorbed at each interaction with the rough surface exceeds
that for the smooth surface [a.(fs’) > a.] by a factor ap-
proaching 2 for low a, (0.1) and by 109% for high a., (0.9).
Thus, all other factors being equal, local temperature of the
rough surface will exceed that of the smooth surface, and the
difference in temperature will increase with wall reflectance.
On the other hand, when v = 45° (85’ = 67.5°), all solar
energy directly incident on the system is completely back-
scattered and leaves the system without further reflection.
For a specularly reflecting smooth surface, the directly in-
cident solar energy undergoes interreflection between the

surfaces before leaving the system. Since apparent direc-
tional absorptance of the rough surface for 85’ = 67.5° is
equal to a, (see Table 1), local temperature of the rough
surface will be less than that for the specularly reflecting
smooth surface. An identical situation occurs for a rough
surface with specularly reflecting roughness elements with the
larger included angle (x = 90°) when vy = 90°. For all
three of these situations, analytical relations may be developed
for G(£), and Eq. (12) need not be solved for solar intensity.

Method of Solution

Since only numerical results were available for the diffuse
component of bidirectional reflectance, numerical techniques
were generally employed to solve the integral equation
governing dimensionless local solar intensity. The numerical
methods employed are discussed elsewhere.® Intensity
results were numerically integrated according to Eq. (11) to
give G(£). For those situations cited in the previous section,
analytical expressions were available and were used to evalu-
ate G(£). Results for G(£) were employed in Eq. (10) to
calculate O(%) using standard numerical techniques.® Nu-
merical procedures were verified by calculating solar in-
tensity, locally absorbed solar energy, and equilibrium
temperature distributions for surfaces diffusely reflecting and
specularly reflecting to solar energy and by comparing these
results to those available in the literature.® The largest
discrepancy in equilibrium temperature observed in all cases
examined was 19,. As a result, it is estimated that rough-
surface temperature results are accurate to within ~19%,.

Results and Discussion

Typical dimensionless equilibrium temperature distributions
are illustrated in Fig. 4. The upper and lower sets of figures
are for included angles between the plates of 90° and 45°,
respectively. Those to the left and in the center pertain to
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materials of low solar absorptance (a, = 0.1) and those to
the right to materials of high solar absorptance (a., = 0.9).
In each figure, results are presented for x’s of 45° and 90° for
both diffusely reflecting (p.®/p. = 0) and specularly re-
flecting (puS/p» = 1) roughness elements. The general
character of equilibrium temperature distribution in the
adjoint plate system for diffusely and specularly reflecting
surfaces has been fully discussed elsewhere®; attention is
directed here to the influence of surface roughness on equi-
librium temperature.

Consider the results for v = 90°. First, the variation of
temperature with x and p.®/p., is identical for all combinations
of values for a,, and . Local temperature is bounded by the
results for surfaces with specularly reflecting roughness
elements with those for the surface with greater roughness
slope (x = 45°) yielding higher temperature. The inter-
mediate temperatures attained by surfaces with diffusely
reflecting asperities are also greater for the surface of larger
roughness slope. This ordering of temperature is explained
by the reflection phenomena which occur when the collimated
solar energy interacts with the rough surface. Note that the
reflection phenomena which occur when x = 45° are very
similar to those which occur when specular or diffuse analysis
is employed.® Indeed, for specularly reflecting roughness
elements, all directly incident solar energy is specularly
reflected to the adjacent surface from which it is specularly
reflected to the environment. For a diffusely reflecting sur-
face, however, a significant portion of the incident energy is
lost to the environment at each reflection. It follows that
the local temperature acquired by the surface with specularly
reflecting roughness elements will exceed that for the surface
with diffusely reflecting elements.

The lower temperatures attained by the surface with dif-
fusely reflecting elements of smaller roughness slope are
inferred by the p,¢ distributions of Fig. 2. For directly
incident solar energy, a greater amount of energy is back-
scattered for the surface with smaller roughness slope; hence,
local solar irradiation and temperature should be less than
for the surface of larger roughness slope. Now, as pointed out
earlier, when the roughness elements are specularly reflecting
and x = 90°, the directly incident solar energy is back-
scattered and leaves the system without further reflection.
Hence, solar irradiation is least for this situation and, there-
fore, temperatures are lowest. Of particular interest is the
large variation in temperature attained by the rough surfaces
of low «a, The temperature for both low-e¢ and high-
e surfaces varies as much as 38% as the surface roughness
parameters take on the limited values considered here.
This percentage change in temperature translates into ap-
proximately 250°R for the temperature levels indicated in the
figures. As should be expected, variation in loeal tempera-
ture with the roughness parameter values sharply diminishes
as a, increases, yielding temperatures for a, = 0.9, which
differ by less than 3%,. This is attributed to the diminishing
contribution of reflected energy to local solar irradiation as
solar absorptance increases.

Equilibrium temperature distributions presented in Fig. 4
for vy = 45° have many of the same general trends as those
already discussed for v = 90°. Some significant differences
however, do exist. First, as the roughness parameters are
varied through their limited range, the low-a, material
attains temperatures as high as 509, greater than the lowest
temperature. Second, in contrast to the results for v =
90°, local temperature for surfaces with diffusely reflecting
roughness elements exceeds that for surfaces with specularly
reflecting elements. Again, the explanation of the relative
local temperature values in terms of the roughness param-
eters lies in the reflection phenomena which occur in the
system. Without going into detail, the situation for x = 45°
and p.5/p, = 1 is identical to that discussed for v = 90°
when x = 90° and p,5/p, = 1; that is, all directly incident
solar energy is back-scattered out of the system. Hence,
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Fig. 5 Comparisons of results from approximate analysis
with rough surface dimensionless equilibrium tempera-
ture distributions [see 5 b for keyl.

temperatures are lowest for this situation. For speculax:ly
reflecting roughness elements and the larger roughness in-
cluded angle, complete back-scattering occurs only for a
limited portion of the surfaces; the remaining energy emerges
from the system after a finite number of reflections. The
aforementioned back-scattering phenomena for surfaces with
specularly reflecting roughness elements suggest that tem-
peratures will be greater for surfaces with diffusely rgﬂectmg
elements, and this is confirmed by the results of Fig. 4 for
v = 45°. The discontinuity in temperature evident in Fig.
4 is attributed to the lack of accounting for conductive
transfer within the plates and the discontinuous nature of the
local solar irradiation in the system. Finally, terqperatgre
results of Fig. 4 when y = 45° for high-a, materials with
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diffusely reflecting surface asperities and different roughness
slope values are indistinguishable.

Of particular interest, is a comparison of rough-surface
equilibrium temperature distribution to that evaluated
using the radiation surface property models commonly
employed in engineering analysis. Dimensionless equi-
librium temperature distributions evaluated from rough-
surface analysis, as well as those determined with the approxi-
mate methods previously denoted CW and CA, are illustrated
in Fig. 5. Figures 5a and 5b present results for low-ea.,
low-e materials with v’s of 90° and 45°, respectively. The
distributions in Fig. 5¢ pertain to a high-a., low-e material
with v = 90°. ]

Consider first Fig. 5a. CW analysis with a specular
reflection model yields equilibrium temperatures approxi-
mately equal to the arithmetic mean of those calculated
for rough surfaces with specularly reflecting roughness ele-
ments and are, therefore, in error by ~15%. On the other
hand, CW analysis with a diffuse reflection model predicts
temperatures which are lower by 6-20%, than those evaluated
for rough surfaces with diffusely reflecting asperities. Signif-
icant improvement is observed when CA analysis is employed.
When a diffuse reflection model is used, the equilibrium tem-
perature results from CA analysis are less than 29, higher
than those for the rough surface with diffusely reflecting
roughness elements. This excellent agreement is some-
what surprising in view of the significantly different spatial
distributions of reflected energy for a diffusely reflecting
surface and a rough surface implied by Fig. 2. Although the
lower temperatures for the rough surfaces testify to the
greater back-scattering characteristics of the rough-surface
bidirectional reflectance, apparently small energy differences
are involved and, therefore, temperatures from the two
analyses differ only slightly. - CA analysis with a specular
reflection model yields the rough surface temperature dis-
tribution for x = 45° and p,5/p, = 1. Neither CA nor CW
analysis, however, yields an acceptable approximation to the
rough surface temperature distribution when complete back-
scattering of directly incident solar energy occurs as for
x = 90° and p.5/pn = 1.

Temperature distributions presented in Fig. 5b for v = 45°
confirm the general conelusions reached from the comparisons
made for perpendicular plates. The discrepancy in tem-
perature results between C'A analysis, and that for the rough
surface with diffusely reflecting asperities is approximately
twice that observed for v = 90°, but is less than a generally
acceptable value of 49,. Again, when directly incident
.solar energy is dominated by back-scattering, such as for the
rough surface with specularly reflecting roughness elements,
the temperature error incurred by the use of C4 analysis can
be greater than 509%. CW analysis yields results in better
agreement with the rough-surface temperature distribution
in these situations principally because of the lower value for
[0 29

Figure 5c presents a typical comparison of rough-surface
equilibrium temperature distributions and results evaluated
with CW and CA analysis. Both methods yield local
temperatures which differ by less than 13% from rough
surface results. The superiority of CA analysis over CW
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analysis is clearly evident for rough surfaces with diffusely
reflecting roughness elements.

Conclusion

The influence of surface roughness on the temperature
acquired by radiatively adiabatic interacting surfaces in a
collimated solar field has been studied. Characteristic
lengths associated with the one-dimensional surface rough-
ness profile were considered large relative to wavelengths of
incident solar energy, but small relative to wavelengths for
surface emitted energy. Surface roughness effects were
relatively unimportant for materials of high solar absorp-
tance (o), but the influence of surface roughness on equili-
brium temperature T steadily increased as solar absorptance
decreased. Local T for low-a, materials increased by 509,
as surface roughness slope and specularity varied over the
range of values considered here. Rough-surface equilibrium
temperature distributions were compared to those evaluated
with two engineering methods of analysis that employed
direction-independent specular or diffuse reflection models.
Although a model which ignores roughness completely
and uses material properties yields acceptable accuracy for
high-a,, materials, it yields temperature errors as large as
509, for low-a., materials. Significant improvement is
generally obtained when engineering analysis employs rough
surface apparent properties for directly incident solar energy.
Temperature errors of less than 49, are incurred when the
distribution of reflected energy from the rough surface is
essentially distributed over hemispherical space even though
significantly greater back-scattering occurs for the rough
surface than for a diffusely reflecting surface. Neither
method of analysis, however, yields acceptable temperature
results for low-a,, materials when a large fraction of the
directly incident solar energy is back-scattered to the en-
vironment without further reflection from system surfaces.
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