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Abstract-The theoretical prediction of the spectral directional emittance of roughened metal surfaces 
are presented. The direct emission is evaluated by assuming the roughened surface to have a Gaussian 
random distribution of surface slopes and heights. The effect of random blockage of surface peaks by 

adjacent peaks in the direction of observation is taken into account. 

A, area; 

B, radiance; 

F, shape factor; a point on elemental area; 

h(lr--40J step function; 

k j, k, unit vectors; 

L(e), Lb2 1 spectral black body radiance; 

4 standard deviation of the slopes; 

N, normal vector to an elemental area; 

P(P), P(q), and P(5), Gaussian density functions 

defined by equations (13 a-c) ; 

NOMENCLATURE 

P, 4, r, local slopes at any points in the surface 
undulations; 

S, S(e), S(F, e), and S($, Q), blocking functions; 

x, y, z, coordinates; 

z(e), modified blocking function, defined by 
equation (25). 

Greek symbols 

angle, defined by equation (5); 
sloping angle, /l = tar-’ m; 

emittance; 
observational angle, measured from 

normal of the test sample; 
wavelength; 
function defined by equation (15a); 
p = c0te; 

local height distribution; 

standard deviation of the heights 
distribution; 

angle, defined by equation (6); 
angle defined by equation (17); 
radiant energy per time and unit surface 
area that passes through solid angle dw; 
solid angle. 

blackbody; 
mechanical; mean value; mean plane; 
normal; the nth; 

projected at the mean or horizontal 
plane; 
reference; reflected; rough; 

spectral value. 

INTRODUCTION 

IT IS well known that roughened metal surfaces pro- 
duce higher thermal emittance than the smooth surface 
of the same material. In general, the thermal emittance 

depends on the type of material used, the surface 
preparation of the samples, the surface temperature 
and the wavelength range involved. For roughened 
surfaces, the apparent emittance is the sum of the 
directly emitted energy from the surface asperities and 
the contribution of the multiple reflections inside the 
surface cavities. In this paper surfaces with slight 
surface undulations are considered and the contri- 

bution from the multiple reflections is neglected. In 
subsequent papers we will include multiple reflections 
in our analysis. 

In attempts to predict the apparent emittance of 
roughened surfaces, several two-dimensional configu- 
rations have been suggested to approximate the 

topography of rough metal surfaces. V-grooves, parallel 
or circular grooves have been proposed to approximate 
the surface properties of, for instance, machine cut 
metal surfaces [l-4]. 

We have chosen a randomly roughened metal surface 
for our present analysis. Our proposed model combines 
random surface roughness and slopes and blockage 

effects. We have used as a basis of our work the results 
of Smith [5] whose model was developed for bi- 
directional reflectance calculations. In order to be able 
to use his results, the present authors have used 
Smith’s terminology. 

THE STATEMENT OF THE PROBLEM 

Consider a plane surface upon which is superimposed 
positive and negative surface undulations generated by 
a stationary random process. The smooth surface can 
be taken as the mean plane and a statistical approach 
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can be used to describe the distribution of the surface 
heights and slopes about the mean plane. 

When thermal radiation is emitted by a very small 
area enclosing a point on a slope of the surface un- 
dulations, the probability that the radiant energy is 
detected by an instrument located at an angular posi- 
tion (3 from the normal of the mean plane will depend 
upon the condition, that the energy will not be inter- 
cepted by any of the neighboring surface undulations 
or otherwise blockage will occur. When 0 is zero or the 
detector views the sample from the normal position, 
no blockage occurs. As 0 increases or the detector 
moves toward the grazing angle, there is an increase 
in the probability that blockage will occur. At a certain 
value of 0, complete blockage can be expected. This 
problem will necessitate the introduction of a blockage 
or shadowing function S, which will be discussed in 
the next section. 

DIRECT ENERGY EMISSION 

In order for us to obtain the emittance of a roughened 
surface we must first describe in detail the surface 
geometry. Consider a point F on an elemental area dA 
of any orientation, located on one of the surface 
undulations as shown in Fig. 1. The mean plane of the 
radiating area is A, and FZ is the normal vector of 
this plane, FN is the local normal at point F and CI is 
the angle between FZ and FN. r is the angle between 
FN and the line of viewing FB, which is the axis of a 
solid angle dw which envelopes the radiated energy. 
The observation angle 0 is the angle between FZ and 
FB, and is macroscopically measurable. 

Here, FB has been assumed to be located in the ZFY 
plane to eliminate the X-component in the further 
analysis. The angles CI and T are related to the slopes 
P, q and r by 

FN*FZ 

‘OS’ = IFNl lFZ/ 
= (1 +p2+fj2)-f (5) 

and 

FN.FB 

c’s’ = /FNj /FZ/ 
= (4sin~+cos~)(l+p’+q’)-~. (6) 

A detector located on FB looking at the radiating 
area A, does not see the individual undulation of the 
radiating surface [5], but the projection of the mean 
plane perpendicular to the line of sight. Therefore, we 
can express the spectral energy emitted by the radiating 
area A, in the direction 0 within solid angle dw as 

where e,(O) is the apparent spectral directional emit- 
tance of the roughened surface and Lb2 is the spectral 
distribution of the black-body radiance. In general, 
equation (7) accounts for the contribution of the 
multiple reflections, blockage, and direct emission. 

From a microscopic standpoint, however, we can 
write the thermal energy emitted locally from point F 
on elemental area dA within solid angle dw in the 
direction 0 as 

d’Qt>. = a&) cos T.&S(F, 0)dA dw. (8) 

Here, we have taken into account the probability that 
the emitted thermal energy might be blocked by any 
neighboring undulation by introducing the local block- 
ing function S(F, 0) of point F. The elemental area d.4 
is assumed smooth, therefore, cl(t) is the spectral 
directional emittance of a smooth surface. 

Further, we have assumed that dA is very small, and 

dA=dA, 
cos E 

(9) 

where dd, is the elemental area dA projected on the 
mean plane. The ratio of equations (6) and (5) is needed 
and is 

COSt = qsinB+cos@. 
COSc( 

(10) 

The local slopes of F are defined as 

8Z az 
^ 

p=Y&; 4=dy; r.=oZ=l. 
az (1) 

From solid geometry, 

FN = pi+qj+k (2) 

where i, j and k are the unit vectors in the directions 
of FX, F Y and FZ, respectively. Also, 

FB = sin Oj + cos Bk (3) 
and 

FZ=k. (4) 

When equations (9) and (10) are substituted into (8) 
we obtain 

dZ(DI = an(z)[qtanO+l]LblcosBS(F, Q)dA,dw. (11) 

When we integrate over the entire radiating area A,,, 
we have to take into account all possibilities of 
orientation of the surface slopes p and q as well as the 
distribution of heights < inside A,,,. Therefore. 



where the surface density functions P(p), P(q) and P(S) 
are assumed Gaussian : 

1 
P(p)=- 

m J(W 
2 

e?) = 

1 
-exp -$ 
m JQa) i 1 

1 
p(r) = - 

Q J(2n) 

(W 

(13b) 

(13c) 

m and u are the standard deviation of the slopes’ and 
heights’ distribution, respectively. The blocking func- 
tion of point F, S(F, e), is the probability that radiant 
energy emitted from an elemental area enclosing F will 
not be obstructed by any of its neighboring undulations. 
Smith [5l has derived and presents an expression 
for s(F,-e): 

S(F, e) = Sip, 4, (9 @I 

= it(8--y)[ 1 -+erfc(&)r 

where 

and 

p = cot& 

The step function h(p-q) is defined such that 
local observational angle q c cot 8, its value is 

(14) 

(Isa) 

(15b) 

for a 
unity 

and otherwise is zero for q 2 b In deriving equations 
(14) and (Isa), Smith has assumed a Gaussian distri- 
bution of slopes and heights, 

Substituting equations (13a-c) and (14) into equation 
(12) we obtain 

x h(p-q)[qtane+l] 

x aA(t)Lbd cos 3 exp 
i 

p2+q2 t2 
1 

- 7j-g- - g 

x dpdqdtdw. (16) 

We can simplify equation (16) to an extent by examining 
the behavior of ~~(7). z is the angle between the local 
normal and the line of observation. Macroscopically, 
however, 7 can be interpreted as the angle between the 
line of viewing and the normal of a hypothetical plane 
which has its orientation given by the tar-’ m. This 
interpretation should be true when we consider that 
all local slopes contribute in a statistical way to the 
overall effect. Therefore, we introduce an angle Z 
defined as 

5 = $--tan-‘m (17) 

and when 5 is substituted for 5, Q(T) can be removed 
from under the integrals. ~(5) is then evaluated from 
Fresnel relationships. 

After integration with respect to p, simplification is 
made by expressing equation (16) as 
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with : 

d@jl” r=l O-9) 

x [ 1 -$erfc(&)-J” 

x qtanOexp[ -&-g]dqdTdo (19) 

and 

dQi2’ = sZ(t)Lba A,,, cost3 a, s f - 
mu(2n) -m -m 

h&--4) 

x [1-ierfc($)r 

x exp[ -&-s]dqd<do. (20) 

Smith [5] has obtained a solution for the integral part 
of equation (20) and using his result, one obtains 

The integration with respect to the variable < in equa- 
tion (19) is also given by Smith [S] without affecting 
gore: 

x(qtan8)exp -$ dqdo. (22) 
( > 

By making use of the definition of the step function 
h(p -q), the integral part of equation (22) gives 

_$$(qtan%)exp 

= “mll2-exp(-~)]. (23) 
A(p)+1 

By substituting equation (23) into (22) and when this 
result, with equation (21) are inserted into equation 
(18), we obtain the following expression 

dOA = &,&)&Z(&‘tm dw (24) 

where Z(0) is the modified blocking function and is 
expressed as 

z(e) = h(p) + 1 
-J----i-_“sin8(2--exp$) 

J(2a) 

+ cos@{l -ierfc(~)}]. (25) 

The dependence of Z(O) for various selected values of m 
is presented in Fig. 2. For 0 close to zero, Z(0) has 
a limiting value of unity for all m’s. For larger values 
of 8, however, Z(Q) depends upon parameter m, and 
Z(8) goes to zero when 0 = 90”, for all m’s. For m -+ 0, 
we obtain 

(18) 
lilii Z(@) = cos 8 (26) 
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FIG. 2. Modified shadowing or blocking function for 
rough surfaces, Z(Q) vs 0. 

which is physically true, since the area of smooth surface 

when observed from an angular position 0 is equal to 

cos 0 times the magnitude of the surface area. 

For very small values of m or if the surface is only 

very slightly undulated, the contribution from the 

multiple reflections can be neglected. ‘The apparent 

spectral directional emittance can be expressed by 

setting equation (7) equal to equation (24) such that 

&,i(@ cos f3 = &J?)Z(Q). (27) 

Notice, that for m = 0, Z(0) becomes case and S 

becomes 0 by means of equation (17). For smooth 

surface, a,>.(O) is therefore compatible with Ed. 

RESULTS 

The dependence of s,).(Q) cos 0 on the angular position 

0 is presented in Fig. 3 for gold and in Fig. 4 for chrome. 

For gold, the optical constants are taken from 

Schrocken [6] and for chrome, those of Lenham and 

GOLD 

OPTICALCONSTANTS 
FROM SCHROCKEN (6) 
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FIG. 3. Directional spectral emittance of gold from a 
randomly roughened surfacePno multiple reflection. 
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FIG. 4. Directional spectral emittance of chrome from a 
randomly roughened surface-no multiple reflection. 

Treherne [7] are used. The results are presented for 

/I = tan -‘rn from 0 to 40” and for several selected 

wavelength values. Additional results are found in [8]. 

Certain general trends are evident in Figs. 3 and 4. 

The general shape of the curves are influenced greatly 

by the modified blocking function Z(6). For angles of 

observation 19 less than approximately 60”, the emit- 

tance increases with increasing surface roughness. 

When the observation angle 0 exceeds 60”, the emit- 

tance of a roughened surface is smaller than a smooth 

surface of the same materials and the emittance de- 

creases with increasing surface roughness. This decrease 

in directional emittance for large 0 is a combined effect 

of surface geometry and smooth surface directional 

emittance. 

1. 

2. 

3. 

4. 
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MODELE DE SURFACE RUGUEUSE ALEATOIRE POUR L’ETUDE DE LA LUMINANCE 
MONOCHROMATIQUE DIRECTIONNELLE DE SURFACES METALLIQUES RUGUEUSES 

R&rn&-On presente une methode de prevision theorique de la luminance mono~hromatjque direction- 
nelle de surfaces metal&pies rugueuses. L’emission directe est evalute en supposant que la surface rugueuse 
presente une distribution aleatoire gaussienne de pentes et de sommets. On prend en compte l’effet 

d’occultation aleatoire des pits par les pits adjacents, dans la direction d’observation. 

MODELL DER RAUHIGKEITSVERTEILUNG ZUR BESTIMMUNG DES 
SPEKTRALEN EMISSIONSVERHALTNISSES UND DESSEN RICHTUNGSVERTEILUNG 

FtiR RAUHE METALLOBERFLACHEN 

Znsammenfassuug-Es wird iiber die theoretische Bestimmung des spektralen Emissionsverhlltnisses und 
dessen Richtungsverteilung fur aufgerauhte MetallobertlSichen berichtet. Die direkte Strahlung wird 
ermittelt, in dem man fiir die OberflLchenrauhigkeiten eine Gauss’sche Verteilungsfunktion annimmt. 
Der Einfluss der gegenseitigen Abdeckung von Rauhigkeitserhebungen in Beobachtungsrichtung wird 

dabei ~~cksichti~t. 

MOAEJIb HPO~3BO~bHO-~E~XOBATO~ TIOREPXHOCTH 
AJIR CHEKTPA~bHOrO HAHPABnEHHOrO ~~Y~EH~~ ~EPOXOBATbIX 

METAJ-IJIWIECKMX IIOBEPXHOCTEH 

~O~~--pC~CTaBnCHbtpe3ynbTaTbI TCOpeTUWCICHX pWYCTOBCWKTpanbHOr0 HNtpaBSleHHOrO 

U3Jiy’it%lHli UlepOXOBaTbIX MCTaJIJlH’i~KHX tIOBepXHOCT& npsMOe ki3JIy’%?HUe OIIpCAeJUICTCS IlpU 

~~~~~o~en~m, YTo mepoxoBaTa~ no3epxnocrb ribreer rayCCOB0 c~yqa~n~ pacK~~e~e~~e ymy6- 
Item@ H B03BbiUleHHfi Ha IlOBCpXHOCTB. YWTblBaeTCSl 3$#EICT CJIy’I&HOrO 6JIOKHpOBaHWI IIWKOB 

Ha llOBepXHOCT53 CMEKHbIMEi IlHKaMU B HZU’IpaBntSfUIl H86nkoAeHAR. 


