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Abstract—Directional distributions of thermal radiation emitted from a succession of smooth to roughened
surfaces of an electric nonconductor have been measured monochromatically. The test material was an
aluminum oxide ceramic, while the ranges of surface roughness and wavelength respectively extended
from 0-26 to 3-8 pand from 4 to 12 p. The directional emittance distributions, normalized by the correspond-
ing normal emittances, exhibit a strong dependence on wavelength. Moreover, the normalized emittance
distributions are not monotonically ordered with wavelength. At a given wavelength, the emittance dis-
tribution tends to approach toward the diffuse limit as the surface roughness increases. However, the
rate of approach is not rapid, and if the diffuse limit is to be achieved at all, surfaces of very substantial
roughness will be required. Comparisons were made between the experimental results and the predictions
of electromagnetic theory in those wavelength ranges in which the optical constants are available. Good
agreement was found both in the general trend with wavelength as well as for the detailed directional
distributions for the highly polished test surface.

NOMENCLATURE

e, radiant energy;

i, radiant intensity, equation (2);

k, extinction coeflicient;

n, index of refraction.

Greek symbols

4, detector output;

€(6), monochromatic directional emittance;

0, angle of emission measured from sur-
face normal [degrees];

A, wavelength [u];

U micron [107¢ m];

o, root-mean-square surface roughness
I

w, solid angle [sr].

* This paper is based on work done at the Heat Transfer
Laboratory, Department of Mechanical Engineering, Uni-
versity of Minnesota, Minneapolis, Minnesota.

t Research Associate at the National Bureau of Standards
from the Factory Mutual Engineering Corporation, Nor-
wood, Massachusetts.

t University of Minnesota, Minneapolis, Minnesota.

1. INTRODUCTION

THE DIRECTIONAL distribution of the mono-
chromatic thermal radiation emitted from a
perfectly smooth surface of a homogeneous
solid can be calculated from the Fresnel equa-
tion [1]. However, the surfaces of real engineer-
ing materials depart by various degrees from
the ideal conditions postulated by the Fresnel
model. The effect of surface roughness on the
monochromatic directional emission charac-
teristics of metallic surfaces has already been
experimentally examined [2-4]. On the other
hand, within the knowledge of the present
authors, experimental information on the effects
of roughness and wavelength on the directional
emittance distribution has yet to be reported
for nonmetals. It was to provide basic informa-
tion of this type that the present study was
initiated.

The material employed in this investigation
was an aluminum oxide ceramic from which
were prepared test specimens of varying surface
roughness. Directional emittance measurements
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were made for surface roughnesses ranging
from 0-26 to 3-8 p over a wavelength range ex-
tending from 4 to 12 p. The test specimens were
heated to 300°F, and the emitted radiation was
collected in a small solid angle at inclination
angles (relative to the surface normal) ranging
from 0 to 85°. The measured results are displayed
so as to highlight the separate effects of surface
roughness and of wavelength. Comparisons
are made with the predictions of the Fresnel
equation.

2. APPARATUS AND MEASUREMENT
TECHNIQUE

A schematic diagram of the experimental
apparatus is shown in Fig. 1. A test specimen
A (normal #) is held against an electrically
heated copper block B. The assembly consisting
of the specimen and the heater can be rotated
about an axis lying in the plane of the specimen
surface and perpendicular to the plane of the
figure. A water-cooled enclosure C, with
blackened walls, surrounds the specimen-heater
assembly. A shaft extending through the walls
of the enclosure C facilitates external adjustment
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of the zenith angle of emission 6. A viewing
port in the enclosure C permits radiation leaving
the test specimen at a pre-selected angle to be
collected by mirror E and focused on the entrance
slit of the monochromator F. A water-cooled
blackbody cavity D can be positioned in front
of the viewing port in C to permit measurements
which facilitate the accounting of the background
radiation within C.

The monochromator F is a Perkin-Elmer
model 99 equipped with a sodium chloride
prism and a thermocouple detector. The mirror
E is a first-surface aluminum-coated spherical
mirror. When viewed respectively from the
specimen surface and the spectrometer entrance
slit, the mirror subtends solid angles of 7/1764
and 7/1024 sr. Alignment of the optical com-
ponents of the apparatus was achieved by
placing a light source G at the exit slit of the
monochromator, thus essentially reversing the
radiation path.

Thermocouples were imbedded in the surface
of each test specimen as well as in the surface
of the heated copper block. Additional thermo-
couples sensed the wall temperatures of the

FiG. 1. Schematic diagram of experimental apparatus.
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cavity C and the blackbody D. Thermocouple
locations are indicated with “x” symbols in
Fig. 1. The thermocouples were fabricated
from calibrated chromel-alumel wire, 30 gage.
The thermocouple emf’s were read to an accur-
acy of +0-2 degF with a portable potentiometer.

The test material was an aluminum oxide
ceramic* with a nominal composition of 95%
aluminum oxide and 5%, magnesium aluminum
silicate. Two test specimens with the same
surface dimensions (2 by 6 in) but of different
thickness (5 and 3 in) were employed. The
two thicknesses were used to establish that the
measured results are independent of the radia-
tion properties of the backing material (i.e.
the copper heating block).

The as-arrived RMS surface roughness of the
two specimens was 17 u After emittance
measurements for this surface condition had
been performed, the surface of the %-in thick
specimen was ground by a standard optical
technique to achieve a succession of other values
of the RMS surface roughness ¢ as listed in the
legend of Fig. 3. The 0-26, 0-37 and 3-8 p rough-
nesses were achieved, respectively, by polishing,
grinding with 1200 grit silicon carbide, and
grinding with 80 grit silicon carbide.

Polishing was performed with cerium oxide
on a felt pitch lap. The residual roughness of
026 pn on the polished surface is due to the
polycrystalline structure. The 80 grit silicon
carbide was the coarsest grit which would
provide an isotropic roughness. Some 40 grit
material was tried, but the resulting surface
texture was wavy and nonuniform. All test
surfaces were subjected to ultrasonic cleaning
and microscopic examination. The surface
roughness was measured with the aid of a
stylus profilometert.

The directional emittance () was measured
relative to that in the direction of the surface

* Honeywell, Inc. type A-203 Alumina, grain size 5-10 p,
porosity (closed) about 5 per cent.

t Micrometrical type QB with a stylus tip radius of
0-0005 in and a roughness-width cut-off length of 0-030 in.
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normal €(0°). This latter quantity, the normal
emittance, has been found by experiment to
be only negligibly affected by surface roughness
[5, 6]. The monochromatic normal emittance
€(0°) can thus be taken from the literature [7-9]
and was not determined as part of this study.

The aforementioned ratio of emittances can
be expressed as a ratio of radiant intensities

€0) o)
€0°)  i0°)

(1)

where, in turn,

. de(0)
i6) = dw cos 6’

de(0°)
dw

in which de is the emitted radiant energy per
unit time and unit surface area that is contained
within the solid angle dw. The quantity de/cos 8
is the rate of emitted radiation per unit pro-
jected area in the direction 6.

The experimental arrangement is such that
the projected area and dw remain constant as
the zenith angle 6 is varied. Therefore, in the
absence of background radiation effects, the
output of the detector is proportional to the
intensity of the emitted radiation.

However, the radiant energy leaving the
surface includes both emitted radiation and
reflected radiation, the latter originating at the
blackened walls of the enclosure C of Fig. 1.
The effect of such background radiation on
the emittance measurement has been analyzed
[10] for the case of total radiation, and a
parallel development can be carried through
for monochromatic radiation. On the basis of
such a development, one finds

€0)  A0) - 4,
€0°) ~ 4(0°) — 4,
for a given wavelength and specimen surface
temperature. In this expression, 4(8) and 4(0°)

respectively denote the detector outputs when
the specimen surface is viewed at § = 6 and

2
i(0°) =

&)
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0 = 0°. 4, represents the detector output when
the monochromater views the blackbody D,
when the latter is positioned in front of the
viewing port of the enclosure C and is maintained
at the same temperature as the enclosure walls.

3. RESULTS AND DISCUSSION

The experimental results obtained by applying
equation (3) are shown in Figs. 2 and 3 with the
emission angle 6 as abscissa. The first of these
figures applies for a particular surface roughness
o and highlights the effect of variations of the
wavelength 1. The second of these figures con-
sists of three graphs, each corresponding to a
given wavelength A. In each of these graphs, the
surface roughness g appears as the curve para-
meter. The information shown in Figs. 2 and
3 pertains to a surface temperature of approxi-
mately 300°F. In all cases, the directional
emittance decreases monotonically with increas-
ing values of the zenith angle 6. This is consistent
with the predictions of electromagnetic theory
for electric nonconductors as well as with prior
measurements of total emission from surfaces
of unspecified roughness [11].

The curves in Fig. 2 portray the directional
emittance distributions for a particular surface
roughness as the wavelength A ranges from 4 to
12 p. The data in the figure apply for the as-
arrived surface roughness o = 1-7 u. The broken
lines* and open symbols in column A of the
legend denote data for the 7%-in thick specimen.
while the darkened symbols in column B denote
data for the 3-in thick specimen. Good agree-
ment between the two sets of data suggests
that both specimens are sufficiently thick to be
considered opaque, thereby indicating that the
measured results are independent of the radia-
tion properties of the backing material.

The curves in Fig. 2 display a significant trend
with wavelength. In the type of presentation
employed here, a perfectly diffuse emitter (..
one which obeys Lambert’s cosine law) would

* The data points for the measurements at A = 6 and
10 p were omitted to preserve clarity.
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Fi1G. 2. Effect of wavelength (4) on the directional emittance

distributions, surface roughness ¢ = 17 u. The symbols

in columns 4 and B denote data on 5 and $-in thick speci-
mens, respectively.

have a constant value of €(6)/e(0°) = 1. As the
wavelength increases from 4 to 8 p, the experi-
mental curves tend to approach the diffuse
distribution. This trend with increasing wave-
length can be related to a decreasing index of
refraction in this range as will be discussed in
a subsequent paragraph. A further increase in
wavelength beyond 8 u, however. reveals an
opposite trend characterized by an increasing
departure from the diffuse model. Inasmuch as
the optical constants are unavailable beyond
8 p, it is not possible to relate this trend to
variations in the constants.

Figure 3 consists of three separate graphs.
Each of the graphs displays the effect of varying
surface roughness at a particular wavelength
(A =4, 8, or 12 p). The data in Fig. 3 were
obtained on the %-in thick specimen for surface
roughnesses ranging from 026 p (highly
polished) to 3-8 p. Data from Fig. 2 for the as-
arrived surface roughness (¢ = 17 p) are also
included.
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FiG. 3. Effect of surface roughness (s) on the directional emittance distributions, wavelength 1 = 4, 8
and 12 p.

The significant feature shown in Fig. 3 is the
manner in which the measured distributions
approach the diffuse limit with increasing surface
roughness. For each wavelength, the lowest
curve corresponds to the polished surface. As
the surface roughness is increased, the directional
distributions depart from that for the polished
surface and tend toward the diffuse limit.
However, it is interesting to observe that the
difference between the distributions correspond-
ing to ¢ = 17 and 3-8 p is very small or even
indistinguishable, compared with that between
o = 0-26 and 1-7 p. Therefore, if the diffuse limit
is actually to be achieved, surface roughnesses
of magnitudes substantially greater than those
of this investigation will be required. The
experience of the present authors suggests
that it may be difficult to achieve such- roughness

magnitudes while maintaining the isotropy
of the surface.

It is also interesting to compare the relative
effects of surface roughness and wavelength on
the directional distributions. From an overall
view, it appears that the changes with surface
roughness (at a given wavelength) are substanti-
ally less than are those with wavelength (at a
given surface roughness) in the range 2 = 8-12 p.

. As was noted earlier, the directional emittance
of an optically smooth surface can be calculated
from the Fresnel equation. This equation fs
derived from electromagnetic theory and yields
the directional emittance (or the specular re-
flectance) in terms of the optical constants of
the solid [1]. The required constants are the
index of refraction, n, and the extinction
coefficient, k. For dielectrics, the extinction
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coefficient is usually assumed to be zero,
except near absorption bands.

The refraction indices for synthetic sapphire*
at A=4 and 8 pu (n =168 and n~ 13, re-
spectively) were obtained from [12]. The value
at 4 =4 p could be read directly, whereas that
at 4 = 8 p required a moderate extrapolation.
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data. Inasmuch as the wavelength dependent
trends of Fig. 2 also apply to the polished
surface, it follows that the results of Fig. 2 are
in qualitative accord with electromagnetic theory
in the wavelength range from 4 to 8 p.

A similar comparison of theory with experi-
ment at 4 = 12 p cannot be made owing to the
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Fic. 4. Theoretical and experimental directional emittance distributions, wave-
length A = 4 and 8 . Experimental data for polished surface, surface roughness
oc=026u

Using these n values, directional emittance
distributions have been calculated from the
Fresnel equation and are compared with the
experimental data for the polished surface
(¢ = 0-26 ) in Fig 4. In the range of § between
0 and 75°, excellent agreement between the
analytical and experimental results is in evi-
dence. For larger values of 6, the calculated
results are somewhat above the experimental

*Sapphire is a mineral variety of aluminum oxide.

lack of information on the optical constants
in this region. The available data on the index of
refraction are restricted to the near infrared
[12], 2 < 56 p, and to the far infrared [13, 14],
A > 100 p The index of refraction in both
regions decreases with increasing wavelength;
the magnitude in the near infrared is on the
order of 1:6, whereas in the far infrared it is
about 3:1. Thus, extrapolation to A =12 p is
highly questionable. In addition, the region
between 10 and 20 p contains absorption
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bands, thus requiring a knowledge of the
extinction coefficient k, which is presently
unavailable.

4. CONCLUDING REMARKS
The significant findings of this investigation
may be summarized as follows:

1. The directional emittance distributions for a
given surface roughness, normalized by the
normal emittance, exhibit a strong depend-
ence on wavelength. Moreover, the normal-
ized distributions are not arranged in
monotonic order according to wavelength.
In the range of wavelengths in which the
optical constants are available, the trend
with wavelength is in agreement with that
predicted by electromagnetic theory.

2. At a given wavelength, the emittance dis-
tribution tends to approach toward the
diffuse limit with increasing surface rough-
ness. However, the approach is not very
rapid, suggesting that if the limit is reached
at all, it will only be for very substantial
surface roughness.

3. When the optical constants are known or
can be reasonably estimated, the normalized
emittance distributions for the polished sur-
face are in good agreement with electro-
magnetic theory.
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Résumé—Les distributions dans différentes directions du rayonnement thermique émis a partir d’une
série de surfaces, allant d’un aspect lisse 4 un aspect rugueux, d’un corps non conducteur de 1'électricité
ont été mesurées pour une longueur d’onde déterminée. Le matériau essayé était une céramique en oxyde
d’aluminium, tandis que les gammes de rugosité de surface et de longueur d’onde s’étendaient respective-
ment de 0,26 4 3,8 microns et de 4 & 12 microns. Les distributions de la brillance rapportée & la brillance
normale correspondante, dépendent d’une fagon importante de la longueur d’onde.

De plus, les distributions de brillance relative ne varient pas d’une fagon monotone avec la longueur
d’onde. Pour une longueur d’onde donnée, la distribution de brillance tend & s’approcher vers la limite
de I’émission diffuse lorsque la rugosité de la surface augmente. Cependant, la vitesse d’approche n’est
pas rapide, et si la limite de I’émission diffuse doit étre atteinte d’une fagon quelconque, des surfaces avec
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une rugosité trés considérable seraient nécessaires. On a établi des comparaisons entre les résultats

expérimentaux et les prédictions de la théorie électromagnétique dans ces gammes de longueurs d’onde

ol les constantes optiques son disponibles. On a trouvé un bon accord avec la tendence générale de varia

tion avec la longueur d’onde aussi bien que pour les distributions en fonction de la direction qui ont été
décrites en détail dans le cas ol la surface d’essai est fortement polie.

Zusammenfassung—Die Richtungsverteilungen thermischer Strahlung, wie sie eine Reihe von glatten bis
rauhen Oberfliichen eines elektrischen Isolators emittieren, wurden monochromatisch gemessen. Das
Versuchsmaterial bestand aus Aluminiumoxid mit einem Rauhigkeitsbereich von 0,26 bis 3,8 p bei Wellen-
lingen von 4 bis 12 p. Die Richtungsverteilung der Emission, bezogen auf die entsprechende Normale-
mission, zeigt cine starke Abhingigkeit von der Wellenlinge. Ausserdem lassen sich die Normalverteil-
ungen der Emission nicht monoton nach der Wellenlinge ordnen. Bei gegebener Wellenldnge nithert sich
die Emissionsverteilung dem Diffusionsgrenzwert, wenn die Oberflichenrauhigkeit zunimmt. Allerdings
erfolgt die Anniherung nicht schnell und falls der diffuse Grenzwert iberhaupt erreicht wird, sind dazu
Oberflichen betrichtlicher Rauhigkeit nétig. Fiir die Bereiche, in welchen die optischen Konstanten
vorlagen, wurden Vergleiche zwischen den Versuchsergebnissen und Berechnungen nach der elektro-
magnetischen Theorie angesteltt. Gute Ubereinstimmung ergab sich sowohl beim allgemeinen Verlauf
entsprechend der Wellenlinge als auch bei speziellen Richtungsverteilungen fiir hochwertige Versuchs-
flichen.

AnHoTanua—MOHOXPOMATHYECKH U3MEPAJINCHL HANPABJICHHbIE PACHpeel]eHNn TEIIOBOTO
UBIYyYEHNA ¢ PAAJKMX M HIePOXOBATHIX MOBepxHocTell anexkTponsonaropa. HMccnmemyemuim
MATEPHAJIOM CIYMMIIA KepaMMKa M3 OKHUCHM ATIOMHHMA, IIPH TOM HIEPOXOBATOCTh HOBEPX-
HOCTH ¥ JaMHa BONHH usmensycus ot 0,26 no 3,8 muxpon u or 4 o 12 Muxpon, coorser-
erpenno. HanpaBieHHsle pacnpelielleHuA H3AYUeHNA, HOPMATH30BAHHLE COOTBETCTBYIOLIMM
OOHYHHM H3JIyYeHUEM, NOKABHIBAIOT CHIBHYI BABUCHMOCTE OT JJIMHH BoJHH. Bosee Toro,
HODMAJM30BaHHLE PACHPefesIeHNA UBIYUeHAN JMHEeAHO He BaBUCHT OT AJdMHH BOJHMW. Jan
JAAHHON ANMHK BOJHH pacrpefeleHHe UBIYYeHNA CTpeMHUTCH K ANPPYysHOHHOMY npefeny ¢
YBeINYEHHEM LIEPOXOBATOCTH NOBePXHOCTH. ONHAKO, CKOPOCTh NPHUONMKEHMA He BENHKa,
n eenu BooOme Hy:HO focTHyb nuddysmoHHOro npefena, To TPeGYIOTCA HOBEPXHOCTH €
ouyeHr GoxpumioR 1wepoxoBarToctThio. CpPaBHUBANNCE DHCIEPUMEHTANBbHHE PesyAbTATH C
pacueTaMu, cjleJlaHHHMH HA OCHOBARHHMHM JJIEKTPOMATHUTHON TEOPHHM B TeX ANANA3OHAX, B
KOTOPHIX HMEIOTCA onTHyecKue nocrosxnuie. Hailijteno xopoulee COOTBETCTBHE KAK ¢ [IMHON
BOJIHH, TaK W ¢ AGHHHMM [0 HANPABICHHOMY pacnpefelleHUuI0 B CAyHae XODOHIG OTHAIHPO-
BaHHOW MOBEPXHOCTH.



