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CHAPTER 5

CALCULATION OF THE RADIATION
CHARACTERISTICS OF BLACKBODY
RADIATION SOURCES **

Alexander V. Prokhorov, Leonard M. Hanssen and
Sergey N. Mekhontsev
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1. INTRODUCTION

A source of optical radiation whose radiation characteristics can be
calculated on the basis of fundamental physical laws makes possible the
calibration of radiation thermometers in absolute units of temperature.
Theoretically, a perfect blackbody is the most suitable object for this
purpose. At the same time, a perfect blackbody is an “ideal” object, that is,
not more than a physical abstraction that does not exist in the real world. It
is well known that the perfect blackbody conditions are realized inside a
closed isothermal cavity with opaque walls (see, for instance, Refs. [1—4]).

However, the blackbody radiation of a closed cavity is inaccessible and
unobservable. Thus, instead of using a completely enclosed cavity, one can
approach the ideal by leaving only a small opening in the cavity. The
radiation escaping the cavity through the opening will then very closely
mimic blackbody radiation. From this point forward, we shall use the term
blackbody for a real radiator whose radiation properties approach those of a
perfect blackbody. This term is equivalent to the following terms found
frequently within the technical literature: blackbody radiation source, blackbody
reference  source, blackbody calibration source, blackbody ~simulator, —artificial
blackbody, imperfect blackbody, laboratory blackbody, etc.

In order to employ a blackbody as a standard reference source for
radiation thermometry, it is necessary to know how large the diftferences are
between the radiation characteristics of the blackbody — for a given
geometry and cavity wall material — and those of a perfect blackbody.
Radiometry, radiation thermometry, optical remote sensing, and other
areas of modern science and technology require determination of the
effective emissivity of blackbody calibration sources with a relative
uncertainty of 0.01% or less. Similar requirements of accuracy are necessary
for radiance temperature and other quantities employed in the design,
characterization, and calibration of blackbody radiators.

Due to the difficulty of performing accurate measurements, computa-
tional methods have, until recently, remained the primary mode of
investigation of blackbody radiation characteristics, for those deviating only
slightly from a perfect blackbody.

This chapter is devoted to the computational characterization of
radiation emitted by blackbodies. We shall emphasize work of the last two
decades (1990s and 2000s), while still including earlier milestone work. The
interested reader may refer to an excellent survey [5] for information
regarding work reported prior to 1982. Useful information can also be
found in additional overviews in Refs. [6—38].

Section 2 describes the terminology we use and provides definitions of
principal quantities used in this chapter. Conventional, deterministic methods
for calculation of the radiation characteristics of isothermal and nonisothermal
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cavities are considered in Section 3. The applications of these methods are
primarily determined by the model of radiation characteristics (diftuse,
specular, etc.) adopted for the cavity walls. Section 4 describes the application
of the stochastic (Monte Carlo) ray-tracing method to computer modeling of
blackbody radiators. This computational method has become prevalent in the
last decades of the 20th century due to its great generality, flexibility, and a
number of other advantages. In Section 5, a comparison of some results
obtained by various methods is described.

2. DEFINITIONS OF PRINCIPAL QUANTITIES

The quantitative measure for the difference in the radiation
characteristics between an artificial blackbody and a perfect one is the
effective emissivity (sometimes, the terms apparent emissivity or cavity’s emissivity
are used; we shall consider all these terms as interchangeable). The qualifier
effective is used due to the effect produced by multiple reflections. Unlike in
the case of a flat sample, the outgoing radiation of an element of the cavity
wall consists not only of its own thermal radiation, but also of radiation
falling from other surface elements and reflected by the element under
consideration. Generally speaking, the effective emissivity is the ratio of a
radiometric quantity (usually, radiance or spectral radiance) that char-
acterizes the blackbody at a certain temperature to the same quantity of a
perfect blackbody having the same temperature. Real-world cavities are
always nonisothermal. Temperature nonuniformity might significantly
change the cavity radiation characteristics. The effective emissivity of a
nonisothermal cavity is a function of a temperature assigned to the perfect
blackbody in the effective emissivity definition (often referred to as the
reference temperature) and might be less than or greater than unity, depending
on the assigned reference temperature.

Let us consider an isothermal cavity with a small opening. The radiation
escaping the cavity through this opening differs little from the radiation of a
perfect blackbody. Due to the geometrical invariance of the spectral
radiance along rays, the spectral radiance of the opening is equal to that of
the cavity internal surface projected by the rays passed through the opening
in opposite directions. In its turn, the outgoing radiation flux from the
cavity wall toward the opening consists of two parts: the flux of the surface
element’s own thermal emission and the flux reflected by this element. The
first part depends only on the emissivity and temperature of the cavity
wall and does not depend upon the presence of the rest of the cavity.
The reflected flux depends on the surface element reflectance and on the
radiation flux falling onto this element from the rest of the cavity. The
opening aftects the reflected flux, because the radiant flux that should arrive
from the wall of the closed cavity is absent if the opening is present.
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Moreover, in the case of a cavity with the opening, the radiation flux
propagated from the opening to the rest of the cavity is also absent.
Accordingly, the irradiation of a target area from the rest of the cavity is
somewhat lower than that in the case of a closed cavity. The net result is
that the radiation flux exiting from the isothermal cavity is greater than that
of a flat sample having the same temperature and made of the same material
as the cavity, but less than the radiation flux of a perfect blackbody at the
same temperature. The increase of the radiation flux of a blackbody in
comparison with a flat sample is known as the cavity effect.

Now, we shall define the most important quantities that characterize
blackbody radiation sources. Unless otherwise specified, we shall assume
that the environment is nonrefracting, nonabsorbing, nonscattering, and
nonemitting (i.e., vacuum at 0 K), or that these eftects are negligible. We
will also assume that the optical properties of the cavity wall do not depend
on temperature.

The eftective emissivity of a blackbody may be defined in a variety of
ways depending on the variables one considers. First, let us consider
radiation emitted from a point on the blackbody wall at a particular
wavelength, A, with coordinates specified by the vector &, and the direction
in which the radiation is emitted is given by the vector ®. Under these
conditions, the effective emissivity, &, 1s defined by the following equation:

L/l(j" g» (D)

Ee /1) >, 0, Ty) = RN
(%5 ) Ljpb(4, To)

(1)

where L; and L; 1, are the spectral radiances (in W/ (mSSr) of the blackbody
being considered and a perfect blackbody at a reference temperature 7.
In Ref. [5], the definition of spectral directional effective emissivity is
formulated using the spectral exitance M, for which, however, the
dependence on direction is indicated. This represents a confusion of
terminology. The spectral exitance can be employed in definitions only for
blackbodies with Lambertian (diffusely emitting and reflecting) internal
walls; the rigorous definition for a blackbody with an arbitrary angular
distribution of emitted and reflected radiation requires the use of radiance.
The denominator in Equation (1) is defined according to Planck’s law:

a

Ly (4, To) = 122 [exp(ca /(A To)) — 1]

@

where ¢; and ¢ are the first and second radiation constants, respectively [9].

This quantity of effective emissivity, which defines local, directional,
and spectral properties, is the primary radiation characteristic of a blackbody
cavity. Other kinds of eftective emissivities can be obtained by averaging
over the spatial, angular, and spectral domains. For example, integration
over a finite spectral range [4;, 4] results in the following equation for the
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bandlimited effective emissivity:

y)
) 2 L(Aya,(l)) d/l
Se(/l’ A1, ;‘29 &, , T()) = - b T4 (3)
L3 Liw(4, &, @, To) d2

Similarly, integration over the entire spectrum of radiation reduces the
equation to a ratio of radiances. Application of the Stefan—Boltzmann law
further simplifies the equation to:

nL(E, )

Se(ga , T(J) = O'T4
0

#)
where L is the radiance of the cavity wall and ¢ is the Stefan—Boltzmann
constant [9].

One can also integrate with respect to the solid angle, over a
hemisphere. This transforms the term for spectral radiance, L,, to spectral
radiant exitance, M;. Thus, the spectral hemispherical effective emissivity at
a particular wavelength, 4, is then defined as

M),(/L g) o Mﬂ(;“’ g)

Eeh i) , To) = P =
445, To) M; (4, To)  mLype(4, To)

®)

Further integration over a bandwidth of radiation or the complete
spectrum results in bandlimited and total hemispherical effective emissiv-
ities:

CMLE AL [P MLE) di

een(2, 8, To) = {;1 #48) S M4, 8) ©
[ Mi(2,8) A2 m [32 Ly (4,8) dA

een(§, To) = Lﬁ) = M(E) @)

My(To) oT}

In some situations it is useful to know the spectral integrated effective
emissivity. This quantity, &. ., is the ratio of the spectral radiation flux falling
onto the detector from a blackbody, @, to the spectral radiation flux,
®D; b, from a perfectly black surface that replaces the blackbody aperture
and has the temperature Tj:

®;(2)

e,c ;La Ty) = P T e—
(4, To) D vp(4, To)

®)

Integration over a bandwidth of radiation or the complete spectrum results
in bandlimited and total integrated effective emissivities:

2,0 d2

Se,c(/l, /l] . 12, T()) = 7 - -
[ @02, To) dA

©)
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()
O, (To)

A common calibration method, which does not utilize optical elements,
is composed of a blackbody with a circular aperture of radius, R,, and a
circular detector of radius, Ry. The aperture and detector are coaxial, lying
on two parallel planes separated by a distance, Hy. In the limiting case
where Ry = R, and Hy— o0, we refer to the quantity &, the normal
effective emissivity. If Ry = R, and Hy—0, then we refer to, the hemi-
spherical effective emissivity, &.j,. The latter characterizes the overall
radiative heat loss of a cavity through its aperture.

Depending on the particular viewing conditions that are used for
various types of radiation thermometers, pyrometers, radiometers, etc., one
can define the appropriate types of effective emissivities by averaging the
local directional effective emissivity over a visible part of the cavity internal
surface and a suitable solid angle.

All the previous definitions have been developed for a nonradiating
background environment. However, real environments have temperatures
greater than absolute zero. Therefore, thermal radiation from the
surrounding environment will irradiate the aperture of a blackbody cavity
and can fall onto the detector after multiple reflections inside the cavity.
Because the spectral, spatial, and angular distributions of background
radiation are hard to predict, one usually considers the simplest case of
isotropic blackbody radiation corresponding to the background tempera-
ture, Ty, Assuming that the detector does not distort the isotropy of the
background radiation, the effect of the background radiation on the spectral
local directional effective emissivity of a nonisothermal blackbody can be
taken into account by the second term in the equation:

se(}w E.w , T(J: Tbg)

8e,c(’T()) = (10)

CXP(Cz/()vTU)) —1
exp(ca /(4 The)) — 1

Here e.(4, & ©, Ty, Ty is the spectral effective emissivity of a
nonisothermal blackbody taking into account the background radiation;
e.(4, & @, Ty) does not include this correction; &.(4, &, ®) is the spectral
effective emissivity of an isothermal blackbody.

By analogy, the bandlimited and total effective emissivities of a
nonisothermal blackbody taking into account the background radiation can
be defined by the equations:

Se(is lla ;LZ’ &7 , T()’ Tbg)

= 86(15 &’ , TO) + [1 - 86(}0 %9 (D)] (11)

ﬂ A 7 Liw(2, Tig) d2
= Se(;”a ;”15/L27E,n 0, T()) + [1 - 86()0 /11’/“29&39 (D)] ) (12)
5 Lipn(4, To) dA
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and

TN
68, 0, Ty, Thg) = 68, ®, To) + [1 — 6e(&, ®, To)] (Tbog) 13)

Another important quantity is the radiance temperature, Ts, that is defined
as the temperature of a perfect blackbody, for which the spectral radiance at
the specified wavelength 4 has the same value as for the thermal radiator
under consideration. For an imperfect blackbody having the spectral
effective emissivity &, the radiance temperature can be computed as

exp(ea/(ATy)) — 1 }‘1
ge(/l? g’ , TO)

Ts(/l, &, (D) = CQ{;L In |:1 + (14)

Rather than identifying the temperature associated with a particular
wavelength, we can also identify the temperature at which the radiance
emitted from a perfect blackbody is equal to the radiance emitted from a
blackbody radiator. This temperature is referred to as the radiation
temperature, Ty

TR(%» (D) =Ty \4/ Se(an o, TO) (15)

The equations defining the radiance and radiation temperatures for
different viewing conditions can be written by analogy to the equivalent
types of effective emissivity.

In this section, we have considered only a portion of the characteristics
describing the radiation of blackbody radiators that appear in published works.
There has been no unified system presented in literature for terminology used
in this section that is similar to the nomenclature developed by Nicodemus
et al. [10] for material optical properties. Definitions concerned with the
viewing conditions using an optical system are completely absent. This can
sometimes lead to serious difficulties when comparing the results obtained by
independent researchers. At the same time, we have not attempted to establish
a comprehensive terminology for the radiation characteristics of blackbodies,
but rather to provide useful terms and clarity about their meaning. In the
following sections, we shall consider the principal methods used for calculating
the radiation characteristics that we have defined above.

3. DETERMINISTIC METHODS

3.1. Approximate expressions for isothermal diffuse cavities

The first and simplest approximate analytical expressions were derived for
an isothermal cavity whose internal surface emits and reflects optical
radiation according to Lambert’s law (diffuse cavity approximation).
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If Kirchhoft’s law holds for effective characteristics of a cavity (see
Refs. [11,12] for detailed discussions), then to calculate the normal eftective
emissivity &, of a cavity, it is sufticient to compute its normal effective
absorptance a,,, (or normal effective reflectance, pe,, since o, + pPen, = 1
for opaque cavity walls). In other words,

Een = Oen =1 — Pen (16)

for a beam of radiation falling into the cavity perpendicularly to its aperture.
Ribaud [13] considered only the first reflection; assuming that all
radiation is absorbed by the cavity after a single reflection, he obtained:

Q
Een = 1- P (17)
T

where p is the reflectance of a cavity wall and Q the solid angle subtended
by the cavity aperture from the center of the area irradiated by an infinitely
thin incident ray.

Goulfté [14] considered a cavity of arbitrary shape, with an aperture area,
s, and a total surface area, S (aperture included). Goufté assumed that the
reflected radiation is uniformly distributed over the cavity walls from
each reflection. Summing the radiation fluxes escaping the cavity following
each reflection, and using the expression for an infinite geometric
progression, he obtained the following formula for the effective emissivity:

L+ (1= 9)(/S) = (@/m)]
T A=+

(18)

where £ = 1—p.

Equation (18) gives the exact value of the eftective emissivity for the
case of an isothermal diffuse spherical cavity because the assumption that the
reflected radiation is uniformly distributed over the cavity walls from each
reflection is correct for a spherical cavity. For a sphere, s/S = €/m and
Equation (18) can be rewritten as:

&

~ ol — (/) + (/)

Treuenfels [15] represented the effective emissivity of a diffuse cavity in
the form:

Ee (19)

ee=1-Y fp* (20)
k=1

where f, is the fraction of the radiation flux, reflected k times before
emerging from the cavity and
o0
D fi=1 1)
=1
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Treuenfels made an assumption that the ratio of successive fractions,
B = fes1/fr» is constant and always less than 1, from which he derived the
following form for the effective emissivity:

&

Ee = m (22)

Equation (22) is the equivalent of Equation (19), if s/S is substituted for
fi. For a variety of simple geometric shapes, f; can be evaluated using

_ fA F?vdA

h =T Feaa 3)
At

where A = S — sis the cavity radiating surface area and Fe, is the diffuse view
factor [3,4] from a surface element dA at a position & to the aperture s that is
equal to the ratio of the radiation flux diffusely emitted by dA into the
hemisphere to its fraction falling onto the aperture (other terms used are
angle factor [1], configuration factor [2], and form factor [16]). Using
analytical integration, Treuenfels obtained expressions for f; for several
simple geometries such as a spherical cavity, and infinite grooves of
cylindrical, triangular, and rectangular profiles.

Despite the improved sophistication of Treuentels’ method as compared
to Gouffé’s method, it does not provide an assured increase of the accuracy
for calculation of the effective emissivity of an arbitrarily shaped cavity. In
addition, neither of these methods takes into account the real temperature
distribution over cavity’s radiating surface.

3.2. Method of integral equations for diffuse cavities

The internal walls of diffuse cavities emit and reflect optical radiation
according to Lambert’s cosine law. Let us consider a diffuse cavity (see
Figure 1).

For simplicity, we shall assume the radiative characteristics to be
temperature independent and uniform over the entire cavity surface. The
element dA of a cavity surface A at the point § has the temperature T(E).
The outgoing radiation of the element dA consists of its own thermal
radiation and the radiation falling onto the element dA from the remainder
of a surface A. The surface density (or radiosity) B of the outgoing radiation
flux can be expressed as [1]:

BE) = e T'(€) + (1 — &)E(®) (24)

where E(E) is the irradiance of the element dA produced by the rest of the
cavity’s internal surface.
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Blackbody cavity

Figure 1 Drawing for derivation of the equation for effective emissivity. n and n’
are the normals to the surface elements dA and dA’, respectively.

It is defined as

EQ) = [ BE) dFuan @) e
A
where the integration occurs over the entire cavity’s radiating surface A and
0 cost’
dFdAfdA’ — %d‘/éy (26)
s

is the differential view factor between elements dA4 at § and dA’ at &'(see
Figure 1). By substituting Equation (25) into Equation (24), we obtain:

BE) =0T + (1 - [ BE) dFurar&.8) @
A
The local hemispherical effective emissivity of a cavity wall is defined as
B(§)
een(&, To) = oT? (28)

For a cavity with perfectly diffuse walls, the local hemispherical effective
emissivity is equal to the local directional effective emissivity; therefore we
can omit the subscript “/” in the left-hand side of Equation (28). After
substituting Equation (27) into Equation (28), we obtain:

1@®)

4
w@ry=o 52| ra-o [a@nkegar e

where K(&,&') = dFg4_gq4(E,E)/dA’ is the kernel of the linear integral
equation, in which the unknown function &.(§, T;) is placed inside the
integral sign. For an isothermal cavity, Equation (29) can be rewritten in the
form:

&@=8+0—@A&@W@8Nﬂ (30)
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By introducing the spectral radiosity

B - c(4)
( é) /15 [exp((ﬁg/(;t T(&))) - 1]

+[1 = e(D]EA(4,§) 31)

which is the sum of the spectral exitance of thermal radiation, emitted from
a diffuse surface element with a spectral emissivity &(4), and the reflected
portion of the incident spectral irradiance E;. One can write the analogs of
Equations (29) and (30) for the spectral eftective emissivity of a
nonisothermal and an isothermal cavity:

exp(ca/(ATp)) — 1

g4 & To) = 84 0T @) = 1

11— o] / 6 €, TOK(E,E) dA'
32)

£e(4,8) = &(4) +[1 — &(4)] /A ee(Z,8)K(E, &) dA’ (33)

Equations (32) and (33) must be solved for every value of wavelength /.
Mathematically, the equations presented above all have the form of a
Fredholm’s integral equation of second kind:

b
t(®) — p / K(&.E)eu(®) & = AE) (34)

where p=1—¢,a<¢§, &<, and
¢ for an isothermal blackbody

. Ty)) — 1
A explcz/ (4 To)) for the spectral effective emissivity

A = exp(c2/(2T(§))) — 1 5)

TET
e {ﬁ} for the total effective emissivity
0

A variety of methods, analytical and numerical, have been developed
(e.g., see Refs. [17—19]) for solving equations of the form of Equation (34).
Only two geometrical configurations are known to have exact analytical
solutions. The first is a diffuse concave cylindrical groove. Its radiative
properties were comprehensively studied in Ref. [20]. The second is a
spherical cavity [21]. The sphere has a notable property: the view factor
between two surface elements, infinitesimal or finite, does not depend on
their positions. Thus,

dA’

— 36
4nR? (36)

dFgq-ga = dF4_qa =
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and
A/

— 37
4nR? 37)

Fag—y =Fa_n4 =
where R is the sphere radius.
After substitution of Equation (36) into Equation (27) and simple
transformations, for isothermal spherical cavity, we obtain

&

T 1—(1/2)(1 — &)1 + cos)

where ¢ is the opening half-angle. It is easy to show that Equation (38) is
equivalent to Equation (19) (Goutfté formula). The closed-form solution for
the nonisothermal diffuse spherical cavity can be found in Ref. [22]. In
particular, for axisymmetrical distributions of temperature T(x) and the
wall’s emissivity &(4, x), the spectral radiosity can be expressed as

&e (38)

[1—&(Z,2)] [ e(A x)Lypp(4, T(x')) dx’

2R — [[1 — e(4,x')] dx’

)

Bj(4,x) = &(4, x) L (4, T(x)) +

(39)

All the geometrical parameters are shown in Figure 2. By dividing both
sides of Equation (39) by L; 1,,(4, Tp), we can obtain the expression for the
local eftective emissivity.

A number of approximate methods for solving Equations (29) and (32)
have been developed in precomputer era. However, they are of historical
interest only due to the significant difficulty of analytical integration and the
unsatisfactory accuracy of the results.

We shall consider three numerical methods that, in principle, allow us
to obtain exact solutions, assuming no limitations on computing time,

Figure 2 Geometry of a nonisothermal spherical cavity (from Ref. [22]).
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rounding errors, etc. The first method is the method of iterations (or the
method of successive approximations). Let us rewrite Equation (34) in the form

b
M®=p/ ﬂ£&%@MW+¢@) (40)

By substitution into the right-hand side of Equation (40) of an arbitrary
continuous trial function 860)(5) instead of &.(¢), we will obtain

b
eD(E) =p [ K& ENENE) dE + o(&) (41)

a

Successive repetition of this process results in
b
£ =p / K(&&el (&) de' + 9(©) (42)

where 82”)(5), n=1,2,... are successive approximations to the solution of
Equation (30).

Note that Equation (42) reduces to Equation (40) in the limit that
eM(E) — &) for n—oo. Usually, the integration is performed
numerically. Assuming that Sg)) =0 and Sgl) =¢, we can transform
Equation (43) to the form [23]:

b
£ =) +p [ KEOLTE) - el dE (43)

Numerical integration is performed with the help of one of the quadrature
formulas. Although Equation (43) requires the use of the results of two
preceding iterations for each step, convergence of the iteration process itself
is improved.

The second method is the series method. We assume the solution of
Equation (34) to be of the form

(O = A& + > pEL&) (44)
k=1

After substitution of Equation (44) into Equation (34) and collecting the
coefficients of equal powers of p, we obtain the recurrent system of
equations for the functions Ej(&):

Ei(&) = [V K(&,ENE) d&
Ex(&) = [V K(E,EVE(E) dE = [V Ka(&, EVA(E) &
Es(&) = [TK(E,E)VE(E) A& = [P Ka(E ENA(E) d' (45)

EW(@) = [} K& EVE (&) dE' = [ K& E)AE) d¢
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where

b
KiEE) = KEE), K& &)= / K& VK&, E) dE", k=23,
(46)

are the iterated kernels of the integral equation. Rewriting Equation (44) in
terms of Equations (45) and (46) results in the Neumann series:

o0 b
=MD+ >0 [ K& OAE) a @)
=1 a

Sydnor in Ref. [24] notes that the series representation, in the special
case of wavelength-dependent surface emissivity, ofters a significant saving
in computation time for the evaluation of a large number of monochro-
matic values €.(4, ).

The third approach to solving Equation (34) is the quadrature method. In
this method, the linear integral equation is reduced to the system of linear
algebraic equations using one of the quadrature formulas (usually,
Simpson’s or the trapezoidal rule) for the integral calculations. Generally,
the quadrature formula can be written in the form:

b n
JECEIED FEOEINE 3)
a i=1
where &; (i=1, 2, ..., n) are the nodes of the quadrature on the interval

[a, b], A;=0 are the weighting factors that do not depend upon z(&),
YA =b—a, and A,[z] is the remainder term.

If the remainder term is negligible, one can rewrite Equation (34) as the
system of n linear algebraic equations with the n variables ¢ = ¢(&)) such
that

86,]€ —p ZAiK(élea éi)ge,i = Ak) k = 13 29 cees (49)
i=1

where A, = A(&), K = K(&p, &;). Equation (49) can be written in an
equivalent form:

n

Z[étk - pAlKkl]ee,i = Ak7 k= 1) 25 R (50)

i=1

where 9, is the Kronecker delta, defined as

5 1, wheni==Fk
=0, wheni#k G
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Equation (50) is solvable by standard methods [25]. Integral equations of
the theory of radiative heat transfer have been intensively applied to diffuse
cavities of simple shapes since the early 1960s. For example, Sparrow and
coworkers computed the distributions of local effective emissivity for
isothermal cylindrical [26] and conical [27] cavities without lids using
a digital computer and method of successive approximations. Alfano
[28,29] obtained analogous results for cylinders with and without a

diaphragm (lid).

3.2.1. Zonal approximation method

When solving the integral equations discussed above inaccuracies in the
calculation of the local effective emissivity can occur in cases where
singularities exist. In particular, the geometry of the cavity may create
singular points at the apex of'a cone or at a junction of cavity walls. At some
of these points, the view factors have an indeterminate form that can be
evaluated with the help of L'Hopital’s rule. Kelly [30], for example,
obtained the expression for the local effective emissivity of a vertex in an
isothermal diffuse conical cavity:

&(0) = (52)

&
e+ (1—¢)sin’(f/2)

where f§ is the angle at the cone vertex.

In other cases, e.g., for points lying on a junction line between the
bottom and lateral wall of cylindrical cavity, the view factor is indefinite
and the radiosity has a discontinuity. More importantly, the kernel in
Equation (39) contains the absolute values of the difference of two
homonymous coordinates (as |x—x'| or |x—¢&|) and, correspondingly, has
discontinuities in the slope (cusps) at x = x” or x = . Direct application of
the quadrature formulas to these points leads to inaccuracies that can only
be reduced by greatly increasing the number, n, of quadrature nodes.
Because the volume of computations for the iterative solution of an integral
equation is proportional to #°, the computational task grows rapidly.

Bedford and Ma [31] demonstrated that these inaccuracies cannot be
completely eliminated by reasonable increasing the number of nodes in
quadrature formula. To resolve this problem they proposed using the
method of zonal approximation, which essentially transforms the integral in
Equation (34) into a summation.

Following Hottel and Sarofim [4], Bedford and Ma proposed to use the
zonal approximation for the integral of the form:

L Xig1
| a@ar =y / (6 dF 63)

n
i=1
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where x; =& =0, x,41 = &,01 = L. Assuming &.(x) to be a slowly
varying function of x, one can write:

L 1
| o 4Fe = 23 e + 0] / dF.; G4

0 i=1

The integral in Equation (54) may be expressed by the difference of diffuse
view factors Fy and F,g,, between an infinitesimal ring at ¢ and two
circular disks at x; and x4 .

Bedford and Ma [31—34] applied the zonal approximation to diffuse
isothermal and nonisothermal conical, cylindrical, cylindro-conical, double
conical, and cylindro-inner-conical cavities, with and without diaphragms.
Note that zonal approximation is not the only method that provides a
correct solution for the Fredholm’s integral equations of the second kind
with discontinuous kernels. In 1971, Yamamoto [35] used integration by
parts to avoid the singularity in the equation kernel and computed
the distributions of the local eftective emissivity for isothermal and
nonisothermal diffuse cylindrical cavities.

Chandos and Chandos [30] apphed the method described in Ref. [37]
in order to evaluate the integral fo e(E)F(E, x) d&, where F(&, x) has a
discontinuous slope at & = x. They used a uniform grid &g, &y, ..., £, on
the interval [0, L] for the quadrature method. In the interval [£;_4, &, £.(E)
is replaced by the linear interpolation ((&; — &)ee($—1) + (& —¢1)
e.(£;))/(& — &;—1). The integral is approximated by the sum:

/0 e (OF(E ) dE = g[o@se(éﬂ) N 65
where
y = é_;él /5 i(éj O x) de 56
and
B = 5_15 - 51(5 & F(E, %) 4 67)

This method was applied to the integral equations for conical,
cylindrical, and extended conical (i.e., biconical) isothermal cavities and
shown to have very good accuracy.

3.2.2. Cavities with screened walls
A geometrical shape widely used for blackbody cavities is the cylindro-inner-
conical cavity (see Figure 3). A cylindro-inner-conical cavity is not a convex
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x=y=0 X =y = Ritano x =y = 2R/tano. X

Figure 3 Cylindro-inner-cone (from Ref. [34]).

cavity. The internal conical bottom can partially obstruct the radiation
exchange between cylindrical walls, resulting in partial screening of the
internal surface. Thus, there are regions inside the cylindro-inner-cone that
cannot “view” one another due to screening by the reentrant cone base.

Bedford et al. studied this cavity in Ref. [34]. To simplify the analysis,
they imposed the condition L>2R/tan o that ensures the visibility of the
entire bottom from a point on the lid and vice versa. One can write the
system  of integral equations for &.(x) = &.(x, 4, T, To), €e(y) =
ee(y, 4, Ty, To), and ec(r) = e.(r, 4, T,, Ty), and then apply the zonal
approximation method as described above:

"y

6e(x) = A(x) + g {Z[ge(-xi—H) + Se(xi)“Fx,x/H - Fx,xl|
i=1
+ Z[ge(){,'+1) + 8e(Yj)](Fx,yj+1 - Fx,)g)
Jj=1

+ > Tee(rier) + e(r)(Fa,,, — F)}

k=m

?c()’) = A(Y) + g {;[Se(xi-‘rl) + gc(xi)“Fy,x,H - Fy,x,| (58)

k=m

+ Z[ge("k—H) + Ee(rk)](Fy,rHI - Fy,rk)}

2+

SC(T) = /\(1’) + L {Z[SC(xiJrl) + gc(xl)](Fr,x,H - Fr,x;)

i=1

+ Z[ﬁe(fim) + Se(rj)](F)',r,-H - F)f,r,)}
j=1

Even if the condition L>2R/tana is fulfilled, mutual screening can take
place for view factors dF, dF and dF, ., -

i+1,Xi2 XYjr10Y)0
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Figure 4 For derivation of the view factor dF, ., ., with screening taken into
account (from Ref. [32]).

Let us consider as an example the view factor dF, ., ., that describes the
radiant transfer from the element dA, on the conical bottom and an
incomplete circular band on the cylindrical wall. Let us assume that the
element dA, of the conical surface has the coordinates (y, R—ytana, 0) as
shown in Figure 4. When x;,1 <2R/tana, dF,,. . . can be expressed as the
absolute value of the difference in view factors between dA, and circular

segments defined by x; and x;44:
dFy,x,+|,x, = |Fy,x, - Fy,xl“ | (59)

The view factor dF,,, can be evaluated using Stokes theorem which
converts the double integral over the area of the segment at x; to the sum of
three single contour integrals around the boundary of the segment (see Ref.
[1], pp. 128—136). For the local coordinate system, (4, v, w) chosen in such
a way that one of the three integrals becomes zero, and the other two
correspond to each part of the two-part boundary:

i 2(2R? — g Va = :
E,, = % () + (R—“‘)tan—1 G —b tan P (i)
= op Nz Gt b 2
1 R si 3
LI [M (60)
i (x; — y) seca

X; — y) Cosa 2a; _
Y 1
tan
a>

+ 21(R — y tana) {¢(x,) RV Ep—

V- qsoﬂ }

ai+b 2
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where

X tanoc)

-1
i) = 1-
¢(x;) = cos ( 2
a;=R>+ (x; — y)* + (R — y tana)’ (61)
b= —2R(R — y tana)

If x;,>2R/tan o, there is no screening, and the circular segments become
complete circular disks. Then the expression for dF,,, reduces to

(x; — y) coso
2(R — y tana)

a;

1——= ”2] (62)

a; —

_ sing. [1 a; — 2R?

V>¥Xi P

To derive the remaining view factors in Equations (58) and treat their
singularities, the same approach as described in Refs. [31—33] is applied.

Meier et al. [38] examined a spherical cavity with a cylindrical
extension. Such a cavity has the mutually screened regions of the internal
surface: if the radius of the cylinder is less than that of the sphere, the
spherical part of the cavity may not be completely visible from a point on its
cylindrical part. They composed a system of the integral equations and
derived the necessary expressions for view factors. However, the authors of
Ref. [38] were apparently unacquainted with Ref. [34], since the solution
for the effective emissivity was only determined in first approximation of a
power series expansion. Nevertheless, since the authors of Ref. [38] only
examined the quality of a cylindrical —spherical cavity with an internal
coating of very high emissivity (¢>0.95), the first-approximation solution
was sufficient.

3.3. Integrated effective emissivity of diffuse cavities

The method of integral equations for diftuse cavities enables the calculation
of the distributions of the local effective emissivity over the internal surface
of a cavity. In practice, however, it is necessary to know the values of
effective emissivity that correspond to the specific arrangement of the cavity
and the detector. These values can be obtained by integrating the
distribution of the local effective emissivity over the area of visibility.

Let us consider two diffuse cavities of arbitrary shape, the same depth L,
and reference temperature 1, with no internal screening, and a coaxial
circular detector of radius Ry, spaced at a distance H from the cavity
aperture (Figure 5). The principal distinction between the two systems
depicted in Figure 5 is the difference in the visibility of the internal cavity
surface from any point on the detector. For a cavity without a lid, the entire
internal surface can be observed from any point on the detector. Thus, the
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Cavity without lid

Cavity with lid

Figure 5 Cavity-detector systems with (lower) and without (upper) vignetting.

radiation flux falling onto the detector 1s equal to
L
© = Mia(T) [ oo TPl H =) 63
0

where My, is the radiant exitance of a blackbody (in W/m?) and F,4(x) is
the view factor between the annular element dA, of the cavity surface
placed at a distance x from the bottom vertex and the detector. According
to the integrated emissivity definition (10),

fL ge(xa T())de(L +H— x) dAx

'ge,c(Ha T ) = .
’ [y Fu(L+ H — x) d4,

(64)
1

Fyy(H)

L
/ u(ct, To)Fua(L 4+ H — x) dA,
0

where Fyq is the view factor from the cavity aperture to the detector (view
factor between two coaxial disks).

Sparrow and Heinisch [39] computed the hemispherical (H = 0)
effective emissivity and examined the dependence of the integrated
effective emissivity on H and Ry for a cylindrical cavity without a lid. They
found that the distance between the detector and the cavity aperture plays
an important role on the normal effective emissivity results, and that the
detector radius is only of secondary importance. Furthermore, the normal
effective emissivity exceeds the hemispherical eftective emissivity for
cavities having a depth-to-radius ratio greater than unity. Alfano and Sarné
[40] expanded the analysis to baffled cylindrical cavities but assumed that
the detector was infinitesimal.
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For a baffled cavity, there are three zones on its internal surface (see
lower part of Figure 5): one that is visible from every point on the detector;
the other that is invisible from any point on the detector; and the third that
is a zone of penumbra (shaded area in Figure 5) where the visibility depends
on the positions of both the location on the cavity and the location on the
detector.

The size of the penumbra region decreases when H increases. Thus, the
influence of the vignetting effect on the integrated effective emissivity can
be neglected for an infinitely distant detector (i.e., for the normal eftective
emissivity) because all of the rays falling onto detector are parallel to the
cavity axis.

A double integration with variable integral terms was applied in Ref.
[41] to obtain rigorous solutions for the baffled conical and cylindrical
cavities. This method was generalized in Ref. [42] for the precise evaluation
of the integrated effective emissivity of any practical cavity with circular
symmetry.

An alternative approach to the view factors calculation based on the
Stokes’s theorem and contour integration was proposed in Ref. [43]. In this
approach, the triple numerical integration is replaced by a single
integration, which, in turn, is replaced by a zonal summing approximation.
The authors of Ref. [43] considered a diffuse frustum cone with a reentrant
cone base and an optional stop of radius R, between the cavity aperture and
the detector. The authors indicated that the computing time was
substantially reduced and the precision of the integrated emissivity
calculation was increased as compared to the conventional formulation.

3.4. Series technique for multiple reflections in cavities

3.4.1. Diffuse cavities

Ohwada in Ref. [23] described a method for calculating the effective
emissivity of diffuse cavities that is based on iterative solution of the integral
equations of the form of Equation (40). The main equation of this method
is like Equation (43) which links an nth approximation to those of orders
n—1 and n—2. Ohwada referred to her method as a series technique (see Refs.
[44,45]). In the numerical solution of the integral equations, the zonal
approximation method [31] was employed for view factors. Ohwada
applied this technique to the calculation of the local eftective emissivities of
isothermal cylindrical [46], conical [44], cylindro-conical and double
conical cavities [45], as well as their integrated effective emissivities [47]. In
Refs. [48,49], this technique was extended to the spectral, total, and band-
limited effective emissivities of nonisothermal cavities of various geome-
trical shapes. Ohwada and Sakate also calculated effective emissivities for a
cylindrical cavity with a longitudinal strip opening [50].
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(b) | Detector

Figure 6 (a) Schematic illustration of incident and reflected rays, and angle y. (b)
Geometry of the cavity and the detector (from Ref. [51], with alterations).

3.4.2. Non-Lambertian cavities

Ohwada in Ref. [51] attempted to extend the series technique to cavities
with non-Lambertian internal walls. The positions Q and P in Figure 6(a)
are on the cavity wall and point R is on the cavity wall or on the cavity
opening.

Area elements located at P, Q, and R are denoted by Ap, Ag, and Ag,
respectively. Radiation leaves Ap, falls on Ag, and after undergoing a
reflection, falls on Ag. The number of the area elements on the cavity wall
is given by k, while the total number of area elements on the cavity wall
and opening is given by m. The direction from Q to R is designated ¥ k.
The radiance of Ag in the direction W is designated L(Q, W or). Then

!

L(Q,Yor) = Li—1(Q, ¥or) + Zf(‘PQP, Y or)[Li—1(Qp, ¥rg) (65)
=i

— L,—2(Qp, ¥pg)] cos(¢p op)Awgp

where

Lo(Q,¥qr) =0 (66)

L1(Q,\PQR)=80LB(T) for Q=1,2,,]€, R=1,2,...,/€,...,m (67)

where Wqp is the direction from Q to P, ¢op the angle between the
normal QN to Ag and the line connecting Q and P, Awp the solid angle
subtended by P when viewed from a point Q, L the radiance of the cavity
wall at temperature T, and ¢y is the surface emissivity, assumed to be
independent of the direction for simplicity.
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To simulate a non-Lambertian surface, the angle 7 between the normal
QNy and the line QN, bisecting / PQR, is introduced. The bidirectional
reflectance distribution function (BRDF), in accordance with its definition
[10] 1s expressed as follows:

J(¥op, Yor) = Pogly (¥ ar, ¥ or)l
> gl (¥ apr, War)l cos(d or)Amgr

R=1

(68)

where ¢ op is the reflection angle, py = 1—¢, the directional-hemispherical
reflectance, and

(¥ aor, Yor)] = exp[—ay’(Wor, Wor)] (69)

Such a Gaussian dependence of the BRDF on the angle 7 can be used
for approximate description of optical properties of randomly rough
surfaces. When a =0, the BRDF is Lambertian. When a— 00, the
reflection is specular.

The integrated effective emissivity for the detector arrangement shown
in Figure 6(b) is calculated according to the following equation:

%: XR: L(Q, lPQR) COS(¢QR)A0)QRAQL

Ly(T) % %: cos(¢ or)A®rAGL

(70)

8c,c =

where L(T) is the radiance of a black body at temperature T of the cavity
surface. The summations are carried out over the ranges of Q and R.
Radiation leaving A, in the direction of W arrives at the detector. The
dependences of €. . upon various geometrical parameters was computed
and compared with that for a Lambertian reflection [51].

However, results of calculations performed for a closed cavity (perfect
blackbody) have a deviation in effective emissivity from unity of up to 0.01.
In Ref. [51], Ohwada supposed that the calculation accuracy might be
improved by subdividing the cavity surface into a finer mesh and increasing
the number of significant digits for computing the quantities related to the
geometric factors. In her subsequent paper [52], Ohwada concluded that
the reason for the poor accuracy in her calculation was due to an intrinsic
contradiction in the model related to the optical properties of the cavity
wall. The integration of the BRDF containing the Gaussian factor as in
Equation (69) over the entire hemispherical range of viewing directions
results in a directional-hemispherical reflectance that depends on incident
angle. According to Kirchhoff’s law, the emissivity of such a surface must
also depend on the emission angle. However, in Ref. [51], the angular
independence of py and &, was assumed.

This was improved in Ref. [52] by using the reciprocity rule and
considering pg and &, as functions of the incident angle for several more
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realistic models of the BRDF. These improvements were implemented and
the deviations of effective emissivity from unity for a closed cavity were
reduced to values less than the truncation error (about 107%); the
hemispherical, normal, and integrated emissivities for a coaxial detector,
and for a detector with optical system consisting of a lens and two stops
were computed, and the influence of the surface condition (i.e., of the
parameter a) on these values was investigated.

3.5. Cavities with diffusely emitting and specularly
reflecting walls

In the infrared spectral range, when the surface roughness becomes negligible
in comparison with the wavelength of the incident radiation, the diffuse
model cannot adequately describe the optical properties of surfaces such as
polished and oxidized metals, and other materials with significant surface (i.e.,
not volumetric) reflection. For this case, a model that incorporates diffuse
thermal emission and specular reflection is more suitable. The calculation of
the effective emissivity for these cavities is greatly simplified. The problem is
reduced to ray tracing and multiplication of the radiance by p, after each
reflection. According to Kirchhoff’s law, the local directional effective
emissivity is given by

ee(x,0,¢) =1 — p.(aperture, 0, ¢, 27) (71)

where p,(aperture, 0, ¢, 21) = p" P is the effective reflectivity of the cavity
and n(0, ¢) is the number of reflections undergone by a ray falling from the
direction (0, ¢) before it is reflected out of the aperture in any direction.
The most common geometry for a cavity with specularly reflecting
walls is a cone. For a ray entering a cone at an oblique angle { and striking
the surface at an angle 7 to the generatrix of the cone, the number of
reflections occurring before the ray finally leaves the cone is [53]

-2 2
n = Ent (” s COS"’) 72)
20 cosy

where o is the cone apex half~angle and Ent(x) represents the greatest
integer which is less than or equal to x.

Equation (72) shows that it is preferable to view a specular cone at an
oblique angle rather than axially. The practical limit to # is set by the width
of the beam, since Y varies over the width due to the curvature of a conical
surface. The presence of even a small fraction of diffuse reflection can
significantly decrease the effective emissivity of a specularly reflecting
conical cavity.

The analytical approach becomes increasingly complicated, if one or
more of the surfaces inside a cavity reflect thermal radiation diffusely. In
Ref. [54], a cylindro-inner-conical cavity with a specularly reflecting flat lid
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is considered. The authors used Stokes theorem to reduce the double
integrals to a single contour integral around a finite area on the specular lid
and the exchange factors developed in Ref. [55]. The general form of the
exchange factor is

o0
dEx:,Xj = Z(pm)n d.fn (73)

n=0

where x; is the position of an emitting element dA;, x; the position of a
receiving element dA;, p,, the specular reflectance of the lid, and df, the
fraction of diftusely distributed radiative flux from dA; that arrives at dA;
with n intervening ideal (i.e., with p,, = 1) specular reflections.

The authors of Ref. [54] found that the distributions of the effective
emissivity over the internal surface of a cavity with a specular lid are very
close to those in the similar purely diffuse cavity (see Ref. [34]).

3.6. Specular—diffuse cavities

According to the specular—diffuse (SD) model of reflection (e.g., see
Chapter 5 of Ref. [1]), the directional-hemispherical reflectance p is
represented by the sum of diffuse and specular components p4 and p,,
respectively. It is supposed that p, pg, and pg do not depend on incident
angle. The difterential exchange factor dEy,4 44, Which replaces the view
factor in diffuse—specular enclosures, is defined as the sum of fractions of
diffuse radiation leaving dA that arrives at dA” both directly and after all
possible specular reflections. Analytical derivation of the exchange factors
can be a very laborious process. Hence, the integral equations method is
rarely applied to specular—diffuse cavities.

However, Kowsary and Mahan in Ref. [56] used the integral equation
method for calculating the effective emissivity of a specular—diffuse
spherical cavity with an isothermal surface. They calculated the
hemispherical effective emissivity of the specular—dittuse spherical cavity
against the opening half-angle for various values of the ratio p,/p.

3.7. Method of successive reflections

De Vos [57] considered a cavity (see Figure 7) with opaque walls and one
opening. One can express the spectral radiation flux emitted by a surface
element dw in the direction §; within the solid angle dQ) and for the
temperature T, as

& Igdw cosd dQ (74)

w

where I is the radiant intensity of a blackbody at a temperature T, & the
hemispherical emissivity of dw at temperature T in the direction ), and
dQY) the solid angle subtended by do when viewed from dw.
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Figure 7 Blackbody cavity with one opening, dw and dn are the elements of the
cavity inner surface, do is an element of the cavity opening (from Ref. [57]).

The spectral radiation flux coming from a given surface element dn and
reflected by dw into the solid angle d€) is given by

IV dQ! dw cosd " dQY) (75)

w

where I is the radiant intensity of dn in the direction of dw at a
temperature T, dQ) the solid angle subtended by dn when viewed from
dw, dQ the solid angle subtended by do when viewed from dw, and 7}’ the
partial reflectivity of dw at temperature T for the direction from dn to do.

The partial reflectivity, 1 (the quantity used by De Vos), of the surface
element dx is the fraction of the radiation reflected in the direction b per
unit solid angle when the radiation is incident from the direction a. From
this definition, it follows that the directional-hemispherical reflectivity for
radiation falling from the direction a is

pa — / 1/(1}1 dQﬂ (76)
2n

where dQ" is the solid angle in a direction n and " is the partial reflectivity
in this direction.

The integration is performed over the hemispherical solid angle. The
Helmholtz® theorem of reciprocity can be written for the partial
reflectivities:

ab

1 cos9® = " cosd’ (77)
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The relationship linking the De Vos’s partial reflectivity with the BRDFE
(see Ref. [10]) is

yab

g =f,(a,b) (78)

The first-order approximation for I} is

1Y = Iy (1 — Z i aQ — /H,) (79)

h

w

» is the emissivity of dn at temperature T,, in the direction of dw,

_ IB(T) - IB(Tn)
e Is(T)

where &
(80)

The second-order approximation for I, is given by

=1y (1 =) ardal - / U dQ e QY — / Je P! dQ;‘,) 81)
h

h

The integration 1s to be extended over the entire surface (except the
opening). In the third-order approximation, terms containing the product
of three partial reflectivities and three solid angles must be added to
Equation (81). In principle, the method described enables the calculation of
the directional effective emissivity for cavities whose walls have arbitrary
BRDFs (or partial reflectivities). Usually, however, less complicated and
more idealized models of reflection are employed (e.g., purely diffuse,
purely specular, or mixed, SD models).

Campanaro and Ricolfi in Ref. [58] used De Vos’s method for
calculating the effective emissivity of an isothermal specular—diffuse sphere.
Using a third-order approximation, they showed that the eftective
emissivity decreases as the specular component is increased. The same
authors in Ref. [59] applied De Vos’s technique to the computation of the
total effective emissivity of a nonisothermal spherical cavity with a diffusely
emitting and reflecting internal surface. An analytical solution was derived
for the general temperature distribution case. Assuming a linear temperature
gradient along the axis normal to the opening, the authors obtained
numerical dependences for various values of the ratio of the opening radius
to the sphere radius.

Quinn [60] applied De Vos’s method to an isothermal diffuse cylindrical
cavity with and without a diaphragm. For the open-ended cylinder, Quinn
obtained a second-order approximation for the effective emissivity of the
bottom center:

fe=1 —%—pzlz 82)
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where D is the length of the cylinder of unit radius, and

o 2cos¢> 2 cos¢p :|
/ /_"/2[1+(D_x)] |:a ( X x? + 4cosp 49 dx (83)

For the lidded cylinder, Quinn found that

pa’ ,
=1-"5- pa’l, (84)

where a is the dimensionless radius of the aperture,

;o b x(D — x)
b= 2/0 (1 +22)[1 + (D — x)°P dx (85)

The integrals I, and I', were evaluated numerically, for D ranging from 4 to
20 and tabulated.

Quinn and Martin [61] investigated the radiation heat transfer from a
blackbody cavity radiator to an absolute cavity detector. Both cavities have
the shape of a cylindro-inner cone and coated inside with black paint. The
paint has a specular component of reflection that increases with wavelength
and incident angle. A second-order approximation was used. Terms of
higher order were taken into account by summation of all reflections
starting from the third, but were found to be negligible.

In Ref. [62], Berry applied a second-order approximation of De Vos’s
method to the isothermal diftuse cylinder-inner-cone (cylinder with a
reentrant cone). Redgrove and Berry [63] used De Vos’s approach to
compute the effective emissivity of the same cavity but with a
specular—diffuse reflection from the internal surface. They analyzed the
dependences of the effective emissivity on the geometrical parameters of a
cavity, the emissivity of the wall, and the ratio p,/p. A correction term for
nonisothermal conditions to the total effective emissivity was also derived.
The difficulty of analytical integration, as well as the accumulation of
truncation errors due to the numerical calculation of nested integrals,
restricted the number of reflections that could be considered to two. This
limitation can lead to significant errors in calculating the effective emissivity
for a cavity with even moderately low values of wall emissivity.

4, MONTE CARLO METHOD

4.1. Stochastic approach to radiative heat transfer

The Monte Carlo method is a class of numerical techniques based on the
implementation of a stochastic model to an object under consideration in
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order to evaluate its characteristics on the basis of the law of large numbers.
Several excellent monographs [64—69] cover the basics of various Monte
Carlo methods including time-saving algorithms, methods of convergence
acceleration, etc. Because of their reliance on repeated computation and
random or pseudorandom numbers, Monte Carlo methods are best suited
to calculation by a computer and are used when it is impossible or
impractical to compute an exact result with a deterministic algorithm.

Physicists working on the Manhattan Project at Los Alamos National
Laboratory originally coined the term Monte Carlo in the 1940s [70]. It is
named after the famous gambling casino in Monaco because the method is
analogous to the random and repetitive processes common in gambling.
Initially, the Monte Carlo method was applied to studying neutron
interactions with matter. Monte Carlo’s probabilistic treatment of the
radiation—matter interaction effects is well suited to solving computational
problems concerning atmosphere optics [71], radiative heat exchange
[72,73], computer graphics [74—77], remote sensing, infrared scene and
target simulation, etc.

When we consider optical radiation transfer problems within the
framework of geometric optics, the application of the Monte Carlo method
is a conceptual process performed by a computer in which a particle
(sometimes referred to as a bunch, or bundle of particles or even of rays) starts
from a point on a surface and moves away from the surface in a random
direction. Frequently, the term photons is used for such particles; however,
real photons have nothing physically in common with the particles of such
a model. The number of particles moving in each of a finite (but very large)
number of directions is defined by a solid angle and each is weighted to
match the angular distribution of radiation flux. After a sufficiently large
number of particles have been traced from the source to the receiver by this
process (the limit is determined by computer performance and the
investigator’s accuracy requirements), the process is terminated and the
fraction of particles reaching a receiver from the source is determined. Since
the energy content of each particle is known, the flux falling on the
receiving surface can easily be determined.

In real situations, an intermediate surface may interact with the radiation
resulting in partial reflection, absorption, or transmission by that surface.
Any reflected radiation can propagate according to its own distribution of
reflected radiance where it can be partially reflected again. In general, there
are an infinite number of multiple reflections between two mutually
irradiating surfaces, and the Monte Carlo approach easily accommodates
this situation.

In a computer stochastic model, the actual distributions of radiation
fluxes over spatial and angular domains are replaced with probability density
functions (PDF) for the appropriate random variates. Effective computer
modeling of these random variates is the most important component of the
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Monte Carlo method. Modeling an arbitrary PDF is usually based on a
pseudorandom number generator (PRNG) — a computer program that
produces a sequence of floating-point numbers uniformly distributed on
the [0, 1) interval (see Ref. [78]). Often the correctness and the precision of
the modeling depend on the quality of these random sequences. A PRNG
designed for critical modeling programs must undergo a thorough
examination of periodicity, multidimensional equidistribution, various
statistical tests of distribution uniformity, etc. [79]. Recent investigations
show that most widely used PRING have serious defects [80]. On the basis
of their own experience, the authors of Ref. [81] recommend the
Mersenne-Twister PRNG [82], which provides an extremely large period
of 2”71 and up to 623-dimensional equidistribution for 32-bit
accuracy. The Mersenne-Twister PRNG is freely distributed software.
Recent versions of the code for its algorithm are available on the web (see
Ref. [83]).

The computational problem that is usually solved by the Monte Carlo
method concerns the evaluation of the mean value of a random variate.
The random uncertainty of such an estimate decreases as N~ '/? (N is the
number of random trials) and does not depend on the dimension of the
problem solved.

For radiative transfer inside cavities, the dimension of the estimated
random variate is the maximum number of consecutive reflections that a
ray undergoes until it escapes the cavity. It is sufficient to compare this with
the method of successive reflections, described earlier where the precision
of the results decreases due to accumulations of the truncation errors at the
computation of nested integrals, to understand the advantages of the Monte
Carlo method.

4.2. Ray tracing

Instead of a particle or a bunch, or bundle of particles, we shall refer
hereinafter to the rays traced inside a cavity in keeping with the terminology
used in ray or geometric optics. Each of the n surfaces that form a cavity can
be described in terms of the Cartesian coordinate system as

Di(x,y,2) =0, i=1,2,...,n (86)
The parametric equations of a ray in Cartesian coordinates are:
x=x 4+ w.t
y=y + o 87)
=2+ w.t

where (x', ¥/, 2) and (x, y, 2) are the coordinates of the start and end points
of a ray, respectively, (@,, ®,, @) are the coordinates of a unit vector @ of
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a ray direction, and f is a time-like parameter. First Equations (86) and (87)
are solved together to obtain the parameters #; for each i. Once a minimal
positive f is found, then we can determine the coordinates (x, y, 2) using
Equation (87).

There are several books devoted to ray tracing in computer graphics
[75,77,84]. They contain efficient algorithms for determining the
intersection points of a ray with the surfaces of common cavity structures.

4.3. Stochastic models for optical properties

The optical properties of a surface can be exhaustively described by the
spectral BRDF [10]:

dL/l,r(/la Gra (rby)

f(4,0,,¢,,0,,¢,) = dE; s 0, )

(88)
where L;, is the spectral radiance of reflected radiation, E; ; the spectral
irradiance (in W/m”) from incident radiation, and (0, ¢,) and (0,, ¢,) are
the directions of incidence and observation, respectively, defined by their
spherical coordinates.

In the case of unpolarized optical radiation, the BRDF is a function of
five arguments. Usually, experimental data exist only for several
wavelengths, and angular scanning is performed in the plane of incidence.
This is why it is often impossible to directly use the measured BRDF in the
Monte Carlo algorithms. Therefore, it is necessary to have a reliable model
of the BRDF that satisfies the experimental data and predicts physically
plausible values for the BRDF for the complete range of arguments where
there is a lack of experimental data. The model of BRDF must obey the
energy conservation law:

2n /2
PG 0, by, 27) = / £ 04 §,0,,,) sind, cosd, O, dp, <1 (89)
$,=0Jo,=0

where p(4, 0, ¢;, 2m) is the spectral directional-hemispherical reflectance.
The spectral directional emissivity of an opaque body is equal to

(0,0, ¢) =1 — p(J, 0, §,,2m) (90)

The model of BRDF should also be consistent with the reciprocity
principle:

f(;”’ 0,‘, d)i’ 0»‘3 ¢y) :f(/l? 07& q’)r’ 01'9 ¢z) (91)

If the angular distribution of the emitted or reflected radiant intensity is
known, it is possible to construct a simple stochastic model by generating
random rays, which are uniformly distributed in a hemisphere, and
assigning to each ray a statistical weight proportional to the radiant intensity
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in that direction. However, such a model is computationally inefficient,
especially for BRDF with significant nonuniformities. For more effective
modeling, the stochastic model of BRDF, which is incorporated into a
Monte Carlo ray-tracing algorithm, should provide importance sampling
[85]. In other words, random directions of reflection (0,, ¢,) should be
generated from a general population that has a PDF equal to f{(/, 0, ¢;, 0,,

b)) cos(0).

4.4. Monte Carlo modeling of specular—diffuse blackbodies

4.4.1. Early Monte Carlo studies

Polgar and Howell [86] applied the Monte Carlo method to the stochastic
modeling of the reflective properties of a diftuse conical cavity irradiated by
collimated radiation. Corlett [87] described in detail a modeling algorithm
for the thermal radiation exchange among opaque specular—diftuse surfaces
separated by vacuum. The algorithm developed was applied to the
calculation of radiative heat transfer from one surface to another in a closed
specular—diffuse cavity. Random numbers u# uniformly distributed on the
segment (0, 1] were employed in the following cases:

(i) to choose between reflection and absorption: absorption, if u, <o,
where o is a surface absorptance, and reflection otherwise;

(if) to choose between specular and diffuse reflection: specular, if u, < p,/p,
where p; is the specular component of the directional-hemispherical
reflectance p, and diffuse otherwise;

(iii) to generate a direction (0, ¢) of diffuse reflection: in the local spherical
coordinate system,

cosl) = Jup, ¢ =2mug

Toor and Viskanta [88] investigated the precision of their Monte Carlo
calculations against known analytical solutions for specular—diftuse surfaces.
They also considered directional-dependent specular reflection, which is
predicted from Fresnel’s equations in terms of the complex index of
refraction (A1) = n(A) — ik(X). In addition, they calculated the BRDF
f(4, 0., ¢,,0,,), which was approximated by

fG0i,¢,,0:,) = p(2,0)f (2, 0;, ¢, 0,,) 92)

where f(4,0;, ¢;,0,) is Beckmann’s reflection distribution function for a
perfect conductor (Beckmann’s solution [89] is based on Kirchhoff’s
approximation of diffraction integrals; it satisfies reciprocity but violates
energy conservation due to neglecting multiple reflections). The function
foo also depends upon parameters of surface roughness.

To implement the importance sampling (i.e., to generate the random
directions of reflection according to the BRDF), Toor and Viskanta
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employed the inverse transform of cumulative distribution function.
For polar and azimuthal angles, cumulative distribution function can be
written as

I 2 £ (2, 01, b1, 0,5 b)) cosB, sind,dep, 40,

RHV(/L 0:, ;) = n/2 2n I 93)
o o [, 0,,,0,,¢,) cosO, sin0,de,do,
and
/2 o, .
5 f(is 0[3 d)is ers ¢;) COSQT Slnerdd)yder
R(ﬁ,.(/ha Oia ¢1) = fo fO (94)

[ 2% 63, 01, ., 0, §,) cost), sinf,dp, A6,
The values of 0 versus Ry and ¢ versus Ry were calculated and stored in
computer memory for each angle of incidence 0; with the increments of 5°.
From this table the direction of the reflection (0,, ¢,), corresponding to a
given angle of incidence 0, was obtained by interpolation.

Although Refs. [86—88] are not directly devoted to the radiative
properties of blackbody radiators, they showed the applicability of the
Monte Carlo method to the calculation of the effective emissivity of
blackbody radiators and demonstrated the possibilities of using the
stochastic approach to the modeling of radiation heat transfer.

4.4.2. Hemispherical effective emissivity of diffuse cavities

Sparrow and coworkers in a series of publications [90—92], proposed a
method of variance reduction in the Monte Carlo modeling of the radiative
properties of a diffuse cavity which they called energy partitioning. They
applied it to isothermal baffled conical and cylindrical cavities. The essence
of the method is the following. A random point on a radiating surface of a
cavity emits a ray. Let F represent the fraction of the radiation emitted at
that point, which passes directly out of the aperture, that is, the diffuse view
factor of the aperture from that point. The energy content E* of the ith ray
is partitioned into two portions. One portion, F,E™, passes directly out
of the aperture and is tallied. The other portion, (1—F))E™, remains within
the cavity and is carried by the ray along a straight path. Before the
trajectory of the ray is traced, a random number R,, having a value between
0 and 1, 1s selected to determine whether or not the ray will be absorbed at
its intersection with the cavity wall or the baffle. Absorption takes place if
R, <o = ¢. If the ray is absorbed, its trajectory ends, and the next ray is
traced. On the other hand, if the ray is not absorbed, its point of
intersection is determined by constructing a straight-line trajectory based on
the random angles 0 and ¢ of a local spherical coordinate system. At the
point of intersection, a second partitioning may take place. Let F;; denote
the view factor of the aperture as seen from the point of impingement
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(note that F;; = 0 if the point of intersection is on the baffle). Then, the
two partitioned portions are Fj; (1—F)E*and (1—Fj)(1—F)E™. The first of
these passes out of the aperture and is tallied. Whereas the second remains
in the cavity and continues its life cycle, experiencing successive
partitionings until absorption occurs.

Any ray released from a location on the cavity wall will contribute at
least one tally (and, perhaps, many tallies) to the determination of the cavity
radiant exitance E,,.. The total hemispherical effective emissivity is equal to

Eout S(Aw/A )
o= = Z F; + Z G (95)

Where G; = 0, if no reflections occur; G; = (1—F)F;; for one reflection;

= (1—F)F4 + (1—F)(1—F;)F» for two reflections; and so forth. To
av01d a direct h1t of the second portions into the aperture, random directions
of diffuse emission and reflection were not generated into the entire hemi-
sphere, but into the hemisphere not including the conical solid angle
subtended by the aperture. We omit the appropriate trigonometric trans-
formations but note that there is a more simple way: to ignore the traces of
the second portion if it hits the aperture, and to generate a new direction.

The cases of emitting and nonemitting baffles were considered.
Hemispherical effective emissivities of conical and cylindrical cavities were
computed for various values of wall emissivity and geometrical parameters.
The convergence of the computational process was studied. Although the
energy partitioning method requires time-consuming calculations, the
stochastic process converges faster than a conventional Monte Carlo
technique. The main drawback of the algorithm described above is its poor
applicability to the calculation of the directional effective emissivity,
because if a detector of finite size is placed in front of the cavity aperture,
the probability of a ray hitting the detector, as well as the view factor for
detector, tends to zero as the distance between the aperture and the
detector tends to infinity.

4.4.3. Effective emissivity of isothermal specular—diffuse cavities
According to the generalized Kirchhoft’s law [11,12] applied to the
isothermal opaque cavity:

86=a€=1_pt (96)

where &, o, and p, are the effective emissivity, the effective absorptivity,
and the eftective reflectivity, respectively.

Consequently, we can consider the reflection of radiation by the cavity,
instead of the emission, and replace the conditions of cavity observation with
those of cavity irradiation. In this case, rays start at the point of observation,
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proceed in the direction of observation, pass through the cavity aperture,
and repeatedly reflect oft the cavity walls until either they escape the cavity
through the aperture or the energy carried by the ray becomes negligible.
Such a method is referred to as backward (or inverse) ray tracing. The
reversibility of ray trajectories is possible because of the reciprocity principle
(see, for instance, Refs. [93,94]) and allows us to evaluate the directional
effective emissivity along an infinitely thin ray. Many Monte Carlo
algorithms for radiation transfer are based on backward ray tracing.

One such algorithm was developed by Ono in Refs. [95,96] for
calculating the directional effective emissivities of isothermal specular— diffuse
cavities. He used a serial expression for the directional effective reflectivity of
a cylindro-conical cavity:

pP = / dQlrt + / dQl ! / dQi? 4. (97)
A w A

where 7} is the partial reflectivity (see Section 3.7 and Ref. [57]), and the ith
term f; is given by

fi= / dQ} ! / dQ2A? / / dQ! A (98)
w w w A

Equation (98) expresses f; as the fraction of radiation that enters the
cavity at the location x from a direction D and undergoes i reflections in
the cavity according to the partial reflectivity before passing out of the
aperture. Thus, the effective reflectivity p? is given by

P? = Zfi 99)
=1

For the uniform SD model, reflectance does not depend on the
directions of incidence and viewing, so r.=r. If we set r=1 (no
absorption) in the nested integrals in Equation (97), we can calculate p? for

an arbitrary r by
o0
pl=> Fi (100)
i=1

where F; is the value f; in Equation (98) for r = 1. For a diffuse surface, Fj is
the view factor from the location x, to the aperture and F is equivalent to
L, of Quinn’s formula in Ref. [60], where x( is the center of the plane
bottom of a diffuse cylindrical cavity.

The standard deviation of the eftective reflectivity calculated according
to Ono’s method is proportional to N~ such that

1 & _
Ap ~ /N;F,ﬁ’ (101)
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Ono in Refs. [95,96] investigated the normal effective emissivity of
isothermal cylindrical and cylindro-conical cavities with specular—diffuse
walls using ray tracing and computing the fractions F;. In the Figure 8, the
normal effective emissivity of the cylindro-conical cavity with the depth-
to-diameter ratio L/d = 3 and p,/p = 0.3 are depicted as functions of the
apex angle 0 for various values of wall reflectance r.

Figure 8 shows that the effective emissivity of a cylindro-conical cavity
with specular—diffuse walls depends strongly on the conical bottom apex
angle. In fact, the normal effective emissivity of a specular—diftuse
cylindro-conical cavity is determined by the number of specular reflections
of a ray prior to escape from a cavity. The dependence of the effective
emissivity on 0 becomes smoother as the specular fraction of the reflectance
decreases.

The same method was applied by Ono et al. [97] to a cylindrical cavity
with a lateral hole. In overviews [6] and [98], Ono described his method in
detail. Prokhorov et al. [99] described a different algorithm for the
numerical modeling of specular—diffuse cavities. They also used the SD
model and introduced the diffusity D = p4/p, which does not depend on
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Figure 8 Normal effective emissivities as a function of the apex angle 0 of a
cylindro-conical cavity with L/d = 3 and p/p = 0.3, for various surface
reflectivities . The case of a cavity with a purely diffuse surface is shown by thin
lines (from Ref. [95]).
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incidence angle. The method of statistical weights was used to accelerate
the convergence of the computational process.

The method of statistical weights consists of the following. Before the
first interaction with the wall, a statistical weight w equal to unity is assigned
to the ray. After each reflection, the statistical weight is multiplied by the
wall reflectance p to obtain a new weight. The effective emissivity is
evaluated as the ratio of the sum of the statistical weights of rays escaping
the cavity to those launched into the cavity. Ray tracing of a single ray
terminates when its statistical weight becomes less than some small,
prescribed value, or when the ray leaves the cavity through the aperture
after a specular reflection. If the ray hits the aperture after a diffuse
reflection, the last direction of reflection is ignored, and a new direction of
diffuse reflection is generated.

There exists a strict proof [100] of the fact that the variance of the result
obtained by the method of statistical weights is always less than that
obtained by the conventional method, which uses the termination of ray
trajectories after the absorption event. In the method of statistical weights,
each ray, having a statistical weight greater than a predefined threshold
value, makes a contribution to the result. The algorithm described in Ref.
[99] also includes an analytical calculation of the view factors to the aperture
from every point of a diffuse reflection (an analog of the energy partitioning
method in Refs. [90—92]).

To save computing time (e.g., when we need to compute the spectral
effective emissivity for a large number of wavelengths and the
corresponding spectral emissivities of the cavity walls), the method of
dependent trials is used. According to it, a set of emissivity values is assigned
to the cavity walls, and a corresponding set of statistical weights is assigned
to each ray. By transforming the statistical weights at each point of
reflection, we use a single trajectory to process a variety of spectral data.
This algorithm was applied to the calculation of the eftective emissivities of
an isothermal specular—diffuse cavity with a conical bottom, a cylindrical
middle part, and a tapered conical diaphragm.

Steinfeld [101] used the Monte Carlo method to examine the
absorption of a spherical cavity with a specular—diftuse internal surface. If
one considers a spherical cavity as a radiation source, then the effective
absorptance calculated in this article corresponds to the hemispherical
effective emissivity of the source. Chu et al. [102] applied the Monte Carlo
technique to a cylindrical cavity with an inner-conical bottom and reported
good agreement with the results deduced in Ref. [34].

Prokhorov and Hanssen applied backward ray tracing and the method
of statistical weights to a cylindrical cavity with a flat diaphragm and a flat
inclined bottom [103] (see Figure 9).

It was assumed that the cavity internal walls are uniform and gray.
Various conditions of observation were studied. The following estimator
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Figure 9 Cylindrical cavity with an inclined bottom (from Ref. [103]).

for the local directional effective emissivity was obtained:

P N m(¢ )
eGo)y=—>" > p (102)
NZ =
where N is the number of rays traced and m; the number of reflections of
the ith ray.

The case when the aperture is observed along an infinitely thin ray
parallel to the cavity axis corresponds to the local normal eftective
emissivity. The distribution of the local normal effective emissivity &, ,(x, y)
across the aperture is not necessarily uniform.

For a cavity with specular walls, the local normal effective emissivity is

Gen(x,y) = 1= (1 —&)"™” (103)

where m(x, y) is the number of successive reflections (prior to escaping the
cavity) of a ray that enters into the cavity parallel to the cavity axis and
intersects the aperture plane at a point with coordinates (x, y).

The YZ plane is the only plane of symmetry for a cavity with an
inclined bottom. When the bottom forms an angle of 30° with the cylinder
at y = —R, this angle is equal to 150° at y = R,. Thus for a purely specular
cavity, the rays entering into the cavity aperture through points with
coordinates (x, y) and (x, —y) after their first reflections from the bottom,
fall on the cylindrical wall at different angles. Their further trajectories will
also be different, so that the total number of reflections varies.

The points on the aperture that correspond to the same number of
reflections form continuous zones of unusual shape. The zones may have
irregular structure due to the three-dimensional and nonaxisymmetric
nature of the cavity. The shape of these zones can change when H or f is
varied. In Figure 10, a map of the zones of the aperture, which correspond
to a certain number of reflections for backward traced rays, is depicted for a
specular cavity without a diaphragm, R. =R, =1, H= 8, and § = 30°.
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Figure 10 Distribution of the number of reflections over the aperture of a specular
cavity with R. =R, =1, K= 8, and f§ = 30° (from Ref. [103]).

Numbers on the map indicate the number of reflections for every zone.
Because the distribution is symmetrical, only the right half is shown.

Three-dimensional views of the distributions of the local normal
effective emissivity & ,(x, y), for the cavities with R, = R. =1, H= 8,
p=30°¢6=0.7,and D=0, 0.1, 0.5, and 1 are depicted in Figure 11. For
a cavity with purely specular walls, the distribution looks like a set of
plateaus, or flat terraces having different heights and often of complicated
shape. The presence of a relatively small diffuse component leads to a
significant decrease in the distribution’s step heights. For instance, at
D = 0.5, the relief created by the distribution of &, ,(x, y) becomes almost
indistinct. At D =1 (purely diffuse walls), the distribution assumes a very
smooth convex form with the minimum at (x =0, y = 1).

To compute the average normal effective emissivity &.,, the same
algorithm 1s used as for the local normal eftective emissivity &, ,(x, ),
except that the rays hit the aperture at points that are uniformly distributed
over the circular aperture area S,.
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Figure 11 Distribution of the local normal effective emissivity over the cavity aperture for R, = R. =1, H= 28, f = 30°, £ = 0.7, and
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occ

‘|e 18 A0IOY|0Id A Japuexaly



Calculation of the Radiation Characteristics of Blackbody Radiation Sources 221

Integrated Effective Emissivity, &,

LA L I L N i L B

Figure 12 The integrated effective emissivity of a cavity with a diaphragm as a
function of the distance Hy between the cavity aperture and the detector, for several
values of diffusity, D; f = 30°, R.=1, Ry=R, = 0.5, H=4, and ¢ = 0.7 (from
Ref. [103]).

The algorithm for calculation of the integrated eftective emissivity that
allows taking into account the vignetting effect is also described. The
integrated effective emissivity of a cavity having R. = 1, R, = 0.5, H = 4,
p=230° ¢=0.7, as a function of the distance Hy between the cavity
aperture and a coaxial circular detector of radius Ry are plotted in Figure 12
for several values of diftusity, D.

Prokhorov et al. [104,105] applied the Monte Carlo method to flat
radiators with isothermal concentric grooves of triangular and trapezoidal
profiles (Figure 13).

They compared the results obtained for an SD model of reflection using
the STEEP3 [106] code, based on the Monte Carlo algorithm [107], with
that obtained for Fresnelian—Lambertian (FL) model, whose BRDF is
expressed by the equation

p(4)

T

(0, = 0)o(¢, — ¢ £ 1)

sinf, cosl;

1)
+ (1 = d)F(ny, k;, 0))

fFL(;“’ 0{9 d)y'a 01’9 d)y) = d
(104)
where the first term is the diffuse (Lambertian) component, d is the

Lambertian BRDF weighting coefficient, d the Dirac’s delta-function, 6;
the incidence angle, n; the ratio of the spectral refractive indices above and
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Figure 13 Geometrical model of the radiator: p is the pitch, f; and f;, are the widths
of the flat areas at the top and bottom, and f is the included angle (from Ref.
[104]).

below the surface, k, the spectral extinction coefficient, and F is the
Fresnelian reflectance for unpolarized radiation. In general, the following
conclusion can be made. Although the FL model is more realistic, it
requires sufficient experimental data to fit model parameters. The simpler
SD model can be applied when the necessary experimental data are absent.
For V-grooved structures, the SD model produces slightly lower values of
effective emissivity than the FL model for comparable parameters.

Zhang and Dai [108,109] also used the Monte Carlo ray-tracing
technique to calculate the effective emissivity of an infrared blackbody
source with a V-grooved bottom, which was assumed to be diffuse and
isothermal. Ishii et al. [110] applied a commercially available ray-tracing
program, OptiCAD (supplied by OptiCAD Co.) [111] to isothermal
cylindro-conical cavities with a grooved cylindrical surface. The SD model
of reflection was adopted, following a similar method of calculation as that
of Ono [95].

The Monte Carlo method is successtully used for numerical modeling
of blackbodies with a reflecting cavity. Quinn and Martin [112] first
proposed this blackbody design and Usadi [113] systematically described it.
Prokhorov and Martin [114] modeled the radiative heat transfer from
such a blackbody of a very sophisticated shape into the cryogenic
radiometer. Bidirectional ray tracing was performed with rays propa-
gating first into the radiator and then into the radiometer -cavity.
Many authors [115—119] have used the Monte Carlo-based software to
predict the radiation characteristics of such blackbodies in the design
stage.

4.4.4. Effective emissivity of nonisothermal specular—diffuse
cavities

The Monte Carlo method has also been applied to the calculation of the

radiation characteristics for specular—diffuse cavities that are not isothermal.

Sapritsky and Prokhorov [120] proposed a Monte Carlo algorithm to

calculate the spectral and total effective emissivity of nonisothermal cavities

based on the reciprocity principle and backward ray tracing. The spectral,
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local effective emissivity can be written in the form:
Se(}"a g’ , Té’ TO) = Se(i’ &’ 0‘)) + ASC(;L9 gs , Té’ T()) (105)

where ¢.(4, &, ®) is the local spectral effective emissivity of an isothermal
cavity, & and ® are the position and direction vectors, respectively, and
Ae.(4, &, o, T, Tp) is the correction term for nonisothermal conditions.

According to the generalized Kirchhoft’s law for isothermal cavities (see
Refs. [11,12]):

(4,8 0)=1—p.(4E o) (106)

where p.(4, & ) is the directional-hemispherical spectral effective
reflectivity for the direction of radiation incident into the cavity, which
coincides with the direction of the observations ®. The authors considered
the interval 1; <A</, where the diffusity D = p4(4)/p(A) is constant.
Initially, each incident ray is assigned a statistical weight of unity, which is
multiplied by p(4) following every reflection. Specular or diftfuse reflection
is selected by means of a pseudorandom number wup. If the next
pseudorandom number up< D, the reflection is considered to be diftuse.
Otherwise, it is specular.

After each diffuse reflection, the statistical weight is reduced to take into
account the radiation loss through the cavity aperture. This is done by
applying the diffuse view factor F,(§) between an element of the wall area
at the point of reflection & and the cavity aperture. If, after diffuse
reflection, a particle escapes from the cavity through the aperture, the last
direction of reflection is ignored and the computation begins for another
ray. For a fixed number of ray trajectories N, it is simple to show that

mj

N Jj—1
s s =1-3 Y R [Jn-ren o)
=1 j=1 k=1

where m; is the number of reflections in the ith trajectory. For a specular
reflection, F,(€) = 1 if a ray escapes the cavity, otherwise F,(§) = 0. The
maximum number of reflections in the trajectory can be estimated from the
relation

10(Jmin) ] (108)

= Ent|————
" ! |:11’1(1 - smin)

where J is the permissible component of the calculation uncertainty due to
the interruption of a ray trajectory, &, = Ming(4) at 41 <A< As.

The spectral directional effective emissivity of a nonisothermal cavity
can be calculated using the reciprocity theorem, which permits substitution
of the direction of incident radiation into the cavity for the direction of the
observation. Each time a ray is reflected from the wall, the spectral radiance
of a blackbody is calculated at the cavity wall temperature for that reflection
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point in accordance with Planck’s law. The weighted summation of these
values along the ray trajectory makes it possible to evaluate the spectral
radiance at the point § in the direction @. Correction for the nonisothermal
case is made using the expression

8(;L) N m;

Be(1,8 0. Tud) = 7 f)ZZP’ DLl T)) = Ly Treg)] - (109)

where Tj, j=1, 2..., mj, are the cavity wall temperatures at the jth
reflection point.

Sapritsky and Prokhorov in Ref. [121] expanded the applicability of the
algorithm [120] and computer code to a cavity having a conical bottom, a
conical middle part, and a conical diaphragm. In Ref. [121], the problem of
choosing a reference temperature was also discussed. The following
hypothesis was suggested: “For each nonisothermal cavity, there is a
characteristic reference temperature (called the optimal reference tempera-
ture), at which the spectral effective emissivity coincides with that value for
the same i1sothermal cavity.” Later, this hypothesis was disproved and in fact
we can conclude that such a temperature can be found only as a root-
mean-square approximation.

Along with the growth of the performance of personal computers, the
algorithm that is described by Equations (107) and (109) has undergone
changes. Because cavities with screened walls were included, the algorithm
for calculation of the aperture’s view factors was eliminated since an
increase in the number of rays traced is more effective than the
computation of the aperture’s view factors. In Ref. [107], the estimator
of &) (4, Ty for nonisothermal cavities is

N 1 N —1
e y) of) = CXP(CZ/()L Trcf)) ‘L'j(}) 1 ,
e10(0s Tre) = ZZ—eXp(CZ/OT)) kl:[lpk(m) (110)

i=1 j=

Ballico [122] considered the effective emissivity and radiance tempera-
tures of graphite tube blackbody furnace that is observed by a single-
wavelength (0.65 pm) pyrometer with a single-lens objective. From a given
element of the blackbody surface, only radiation that (i) lies within the
acceptance cone formed by the aperture and source and (ii) passes through
the detector image will be detected. Ballico computed the vignetting eftect
by the zonal method, using the Lambertian approximation and a series of
simplifications. If the radiating surface of a cavity is non-Lambertian, the
radiance of rays passing through the intersection of the acceptance cone and
the detector image varies with the direction. To account for this effect, the
Monte Carlo ray-tracing method was applied.

The simple SD model assumes that directional-hemispherical reflec-
tance does not depend on the incidence angle. This assumption is too crude



Calculation of the Radiation Characteristics of Blackbody Radiation Sources 225

for the problem considered, so Ballico [122] adopted the FL model. The
BRDF can be written as (there is an obvious misprint in Ref. [122], in
Equation (21) for BRDF; we provide the corrected formula from Ref. [10)]
in Ballico’s designation):

(O s 0 8) = (1 = 92D 4 (0,0, 2= OO G ED
7 sinf, cost;
where s is specularity degree and ¢ the Dirac’s delta-function,
1 —cosy|? 1 — cosl;|?
F(0,0,.n) = ncost; — cosy 1 |ncosy cosb; (112)
2 |ncost); + cosy 2 |ncosy + cosb);

sin y = (sin 0;)/n and n is the complex refractive index of wall’s material.

After ray tracing inside the nonisothermal cavity, the rays are sent
through the detection optics, and followed through multiple surface
reflections. The solid angle-weighted average of the surface radiances is
calculated where the rays are eventually absorbed. The effective emissivity
is given by the ratio of the detected power to that received by the
pyrometer from the same radiator, but having perfectly black walls. The
radiance temperature of a high-temperature graphite tube blackbody was
computed through its effective emissivity. The vignetting effect for a
pyrometer was also estimated. The Monte Carlo model employed in Ref.
[122] has one free parameter, the degree of specularity s of the surface.
A value of s was fitted using the best agreement between the computed and
the measured radiance temperatures as the criterion.

Hartmann and coworkers [123—125] described another Monte Carlo
ray-tracing algorithm for computing the spectral effective emissivity of
diffuse isothermal and nonisothermal cavities. They also used inverse ray
tracing and considered “photons”, which enter the cavity through the
aperture. Once the photon reaches the cavity wall, a random number
generator is used to determine the next process of the photon. With a
probability of 1 — ¢,(4), where ¢,(4) is the local emissivity of the cavity
wall, the photon is reflected from the surface in a randomly distributed
direction. The photon is traced until it is either absorbed or reemitted. The
effective emissivity &, for an isothermal cavity is equal to the ratio of
absorbed photons to the photons sent into the cavity. It depends only on
the geometry of the cavity and the local emissivity ¢, (1) of the cavity walls.
For the effective emissivity €,oni0, Of a nonisothermal cavity, every
absorbed photon is weighted by the spectral radiance according to Planck’s
law at a temperature T at the location where the photon is absorbed. The
spectral radiance L(4, T) assigned to a single absorbed photon is connected
to the spectral radiance Ly(4, T) of a blackbody at the same temperature by

LA, T) = e, (D)L, T) (113)



226 Alexander V. Prokhorov et al.

For the slightly different temperature T—AT in a nonisothermal cavity,
Equation (113) can be rewritten using Wien’s approximation for Planck’s
law as

L(%, T = AT) = 6,(2) [1 - ‘jATﬂ L(4,T) (114)
or, in equivalent form,
L(A, T — AT) = e,(Aear. (A, AT)LJ(2, T) (115)

where ear,,(4, AT) is the change in local emissivity due to a temperature
difference AT.
Thus, for the entire cavity:

1 .
Leaviso = 3 Z F(Q,)e,(A)L(2, T) (116)
and

1
Lcav,noniso = ﬁ ; F(Qﬂ)gw(}“)gAT,w()\-s ATVI)LS()W T) (1 17)

The emissivity of a nonisothermal blackbody is

1 N CzATn
Enoniso = N; F(Qﬂ)sw(ﬂ) (1 - ;LTZ )

(118)

where T'is the reference temperature (usually, the temperature of the cavity
bottom center).

Murthy et al. [126] applied the Monte Carlo method to computer
modeling of heat-flux sensor calibration using a high-temperature blackbody
and the cooled sensor placed inside the blackbody to achieve higher heat-flux
levels in a nearly hemispherical irradiation environment. The blackbody
radiator and an inserted heat-flux sensor differ widely in temperature. In
addition, the sensor’s surface partially reflects the radiation falling on it. The
computations make possible the determination of the optimum distance from
the sensor to the cavity bottom in order to attain the maximal value of the
effective emissivity and hence the maximal radiative heat flux.

Ishii et al. [127] performed ray tracing of blackbody cavities that serve as
the standard sources for calibration of infrared ear thermometers. Including
the effect of the background radiation, they obtained the following
expression for the spectral eftective emissivity:

N ky

6e(4) = %Z > aDp T (DR (4, T(n, k), To) + pH (AR, p(4, T, To)

n=1 | k=1
(119)
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where o(d) is the directional absorptance and p(4) the directional-
hemispherical reflectance of the surface given by p(1) = 1—0a(4) for an
opaque body. N is the total number of incident ray bundles, k, the total
number of reflections of the nth ray bundle inside the cavity, T(n, k) the
temperature at the location x(n, k), for which an nth ray bundle reaches the
cavity inner surface at the kth impact, R; (4, T(n, k), Tp) the blackbody
spectral radiance ratio at the wavelength 4 between the local temperature
T(n, k) and the reference temperature T, and T is the temperature of the
surroundings. The angular dependence of the effective emissivity of
nonisothermal cavities, with the shape of cylindro-cone and a cylinder with
an inclined bottom, which are suitable for the calibration of ear
thermometers with wide view angles, was investigated.

4.5. Modeling of direction-dependent optical characteristics

The SD model of reflection is sufficiently powerful to calculate the effective
emissivity of blackbody cavities in most practical cases. However, for some
situations and materials, the SD model cannot ensure the precision
necessary to satisfy modern metrological requirements. One of the major
advantages of the Monte Carlo method is the possibility to model optical
radiation transfer between surfaces with directionally dependent optical
characteristics, including random rough surfaces.

To model optical radiation transter between non-Lambertian surfaces
using the Monte Carlo method, it is necessary to generate random
directions of reflection using a distribution of the probability density that is
determined by the BRDF of the reflecting surface. Since measurements of
BRDF are usually carried out for a limited range of angles of incidence and
reflection, it is necessary to have a model of BRDF that reproduces the
measurement results with sufficient accuracy, has physically plausible
behavior within the entire domain of its definition, and has a directional-
hemispherical reflectance that depends on the incident angle in accordance
with experimental data.

Zaworski et al. [128] computed the spatial distribution of radiation
passed through a rectangular gap with rough walls. The polar and azimuthal
spherical coordinates for the reflection lobe were considered as Gaussian
variates with respect to the specular direction. Standard deviations of
Gaussian distributions were fitted to experimental data. However, a
significant discrepancy between the computed and measured resulting
distributions of radiation passed through the gap was obtained. The authors
suggested that the discrepancy is due to a lack of measured values of the
bidirectional reflectance at large incident angles and deficiencies of the
model adopted.

A better approach to modeling a random rough surface must have a
physical basis. Micro-facet based models represent a rough surface as a
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collection of planar mirror-like facets randomly tilted with respect to the
plane of the horizon. The size of the micro-facets must be small enough as
compared to an irradiated area for statistics methods to be applicable.
Torrance and Sparrow [129] proposed a one-dimensional micro-facet
model of a rough surface consisting of randomly oriented equilateral
V-grooves with random Gaussian slopes. Only the first reflection is
considered and the analytical expression is derived for a geometric
attenuation factor, allowing for masking and shadowing effects (partial
illumination of a facet shadowed by an adjacent one and the partial visibility
of a facet occluded by another). Although this model is very simple, it
predicts the peak shift in the BRDF at large incidence angles toward larger
reflection angles. These off-specular peaks are observable experimentally for
all rough materials. The Torrance—Sparrow model does have an intrinsic
defect: its directional-hemispherical reflectance depends on incidence angle
even when the facet’s reflectance is equal to unity. However, because of its
simplicity, the use of the Torrance —Sparrow model continues to spread in
the fields of computer graphics, remote sensing, and radiation heat transfer.

Zhou et al. [130] applied a modified Ward’s model of reflection [131] to
Monte Carlo modeling of the eftective emissivity of a rough silicon wafer.
Further modifications to the model may be necessary to obtain better
agreement of the incidence angle dependence of the directional-
hemispherical reflectance with experimental data.

Prokhorov et al. [132] and Hanssen and Prokhorov [133] described a
new model of reflection from rough surfaces, referred to as the TETRA
BRDF model that is also based on micro-facet theory and developed
within the framework of geometric optics. It employs the generation of
random tetrahedral pits (see Figure 14), whose walls reflect each ray
according to Fresnel’s law. Several arrangement types for the projection of
the lower tetrahedron vertex onto the tangent plane were considered: (R) a
random point uniformly distributed inside the base triangle, (G) the base
triangle centroid (center of gravity), (V) one of the vertices of the base
triangle, and (C) the circumcircle center.

The depth h of the tetrahedral pit is considered as a random variate
distributed according to the two-parameter Weibull probability density

defined as
B
p(h) = %h/‘_] exp [— (S) 1 , h>0 (120)

where >0 is the shape parameter and >0 is the scale parameter of the
distribution.

An incident ray undergoes one or several reflections from the
tetrahedron’s walls, and then continues to participate in the radiation
transfer on the macro-level. If a large number of rays are aimed at the same
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Figure 14 Tetrahedral pit with a triangular base in the surface tangent plane (from
Ref. [132]).

point of a surface along the same direction and the rays scattered by the
random tetrahedrons are registered, one can construct a resultant BRDF.

This procedural model of reflection has as a prototype the two-
dimensional model proposed by Torrance and Sparrow. The in-plane
sections of the TETRA-G, TETRA-V, TETRA-R, and TETRA-C
BRDFs generated for f = 2, # = 0.1, and incident angles of 0°, 30°, and
60° are shown in Figure 15. Three-dimensional plots of the TETRA-G
BRDF in spherical coordinates for f =2, n; =25, k; =2.0, and
A =10.6 pm and for three incidence angles are presented in Figure 16,
where all BRDF maxima are normalized to unity.

The local directional spectral effective emissivity of a cavity having an
arbitrary temperature distribution over a radiating surface can be computed
by the following equation:

— (2 &0, ©) o~
6l Tuer, B, 00) =~ .0 NS fo) ZZL; o (A Tl,)H p( & ) (121)

where @}, is the direction of the incidence of the ith ray onto the kth point,
& of reflection; & and @ are the viewing point and the viewing direction,
respectively, p is the directional-hemispherical reflectance, and Tj the
temperature at the point of the jth reflection of the ith trajectory.

As an example, the distributions of the local normal eftective emissivity
across the aperture were computed for a conical cavity with an apex angle
p = 30°, without a diaphragm and a cylindrical cavity with a diaphragm,
and with a radius of the bottom R, = 1, an aperture radius R, = 0.5, and a
length L = 4. Both cavities are assumed to be isothermal. The results of the
calculations are presented in Figures 17 and 18. It was assumed that the
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= 0.1, and incident angles of 0°, 30°, and 60° (from Ref.

B=2,1

In-plane TETRA-G, TETRA-V, TETRA-R, and TETRA-C BRDFs
generated for

Figure 15
[132]).

For comparison, calculations were also performed for various diffusities D

within the framework of the conventional SD model, in which the
reflectance p was chosen to be numerically equal to the Fresnelian reflectance

reflection from a tetrahedron’s facet obeys Fresnel’s law and that n, = 2.5

and k; = 2.0.

incidence. For each surface, the directional-hemispherical
reflectance for a set of incident angles is computed prior to ray tracing,
then, during ray tracing, interpolation is used.

for normal
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Figure 16 3D plots of the TETRA-G BRDF in spherical coordinates for three inci-
dent angles; f =2, n; = 2.5, k; = 2.0, and 4 = 10.6 um. All BRDF maxima are
normalized to unity (from Ref. [132]).

Figures 17 and 18 show significant differences in the distributions
obtained for the two models. None of the dependences computed for the
TETRA model can be approximated by the dependences computed for the
specular—diffuse one. In addition, the calculations performed for a
cylindrical cavity (Figure 18) using the TETR A model predict a significantly
greater nonuniformity of the distribution of normal effective emissivity over
the cavity aperture than that for the SD model.

5. NUMERICAL COMPARISON OF RESULTS OBTAINED BY
VARIOUS METHODS

Several computational techniques of the effective emissivity are in
current use. McEvoy et al. [134] compared calculations of the effective
emissivity performed with the help of several programs. The first was a
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Figure 17 Distributions of the local normal effective emissivity across the aperture
of an isothermal conical cavity with an apex angle of 30° computed for the TETRA
and specular—diffuse models of reflection plane (from Ref. [132]).

program written at the National Physical Laboratory (UK) [63] to calculate
the emissivity of an isothermal cylindrical cavity with a reentrant cone on
the back wall by de Vos’s method [57]. A correction term for
nonisothermal conditions was also calculated. The emissivity was also
calculated using a diftferent program, the commercially available, modeling
program, STEEP3 [106]. For a graphite wall with an emissivity ¢ = 0.92,
both programs gave an estimate for the total emissivity of the cavity, of
0.99998. This corresponds to a temperature correction at the Ag melting
point of 2mK at 4 =906nm. To assess the dependence of the cavity
emissivity on the value chosen for the wall emissivity, the calculation was
repeated for graphite walls with an emissivity of 0.81. In this case, the
estimated emissivity of the cavity was 0.99996, a temperature correction at
the Ag melting point of 4 mK at 4 = 906 nm.

To provide further verification of the validity of the software, the
emissivity of the cavity was calculated at the Physikalisch-Technische
Bundesanstalt (Germany) using their emissivity software [123—125]. It
calculates emissivities of isothermal and nonisothermal cavities based on a
Monte Carlo ray-tracing method. Assuming an isothermal cavity with wall
emissivities of 0.92 and 0.81 the cavity emissivities were found to be
0.99999 and 0.99997, respectively. The results from all three programs
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Local Normal Effective Emissivity

Figure 18 Distributions of the local normal effective emissivity across the aperture
of an isothermal cylindrical cavity with R. = 1, R, = 0.5, and H = 4 computed for
the TETRA and specular—diffuse models of the reflection (from Ref. [132]).

agreed to within 1 x 107> (which corresponds to the difference in radiance
temperature of 1mK at 950nm and 0.7mK at 650nm), providing
confidence in the validity of the software.

The time has perhaps arrived to conduct a more comprehensive
intercomparison of various software tools being used for the calculation of
effective emissivity with an aim to deduce their actual accuracy. Clearly, the
experimental verification must remain the wultima ratio in determining a
preference of one computational method over another.

6. CONCLUSIONS

Calibration of radiation thermometers is performed using blackbody
radiation sources. Radiation thermometry metrology is impossible without
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a reliable determination of the radiation characteristics of such sources.
Of primary importance is the effective emissivity. In most instances,
calculation is the only way to determine the effective emissivity. In order to
achieve the necessary accuracy, even the most advanced computational
method must be based on experimental data of temperature and optical
properties of the cavity’s walls.

In this chapter, we have considered both conventional (deterministic)
and stochastic (Monte Carlo ray tracing) methods for the effective
emissivity computational determination and made an attempt to show the
advantages of the stochastic methods. However, this is not to say that the
deterministic, especially, analytic (i.e., formula-based) methods must be
excluded from consideration. They allow investigation of the most general
dependences and trends, despite their limited accuracy or applicability.

Issues such as the numerical modeling of the temperature distributions
over a cavity’s radiating surface, polarization of the radiation emitted by a
blackbody cavity (which can be important especially for cavities whose
walls have a significant specular reflection), the scattering and refraction of a
cavity’s radiation, etc., remain beyond the scope of this chapter and require
additional discussion.
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