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The exact integral formulation in terms of the moments of intensity is developed for radiative transfer in a

three-dimensional, inhomogeneous medium with anisotropic scattering. Since the use of the present formulation in

radlatlon computation requires the integration only over spatial variables, it reduces the labor of computation.

Examples, including isotropic scattering and anisotropic scattering in a slab, and isotropic scattering in a

two-dimensional, rectangular medium exposed to collimated radiation, are presented to show the effectiveness of the

present formulation. The examples are solved by the Nystrom method. Numerical results for the one-dimensional,

isotropically scattering case show excellent agreement with available solutions reported in the literature. Graphic

results of both one- and two-dimensional examples are presented to show the effects of the space-dependent albedo.

Nomenclature 7, = optical thickness

A; = visible portion of the boundary exposed to TxsTysTz = optical coordinates

incident radiation @ = azimuthal angle
a, = expansion coefficient in the phase function o; = azimuthal angle of incident radiation
B;,C; = expansion coeﬁicxents in the space-dependent Q = 501_1d angle

albedo Q = unit vector along the path of a ray
I = intensity Q; =unit vector along the direction of incident
I, = Planck function for emission radiation
I = intensity of collimated radiation o = scattering albedo
ijk = unit vectors Wy = coefficient [see Eq. (31)]
M, M}, = moments of intensity Subscripts
My, = total intensity . -
M, = z component of the radiative flux : = incidence .
Mi = half-range flux in positive z direction xoyz = X,y,z components, respectively

- My = half-range flux in negative z direction

M, = x component of the radiative flux )
MY =y component of the radiative flux Introduction
N, = number of Gaussian quadrature points N the last three decades, interest in the multidimensional
n; = unit inward normal vector aspects of radiative heat transfer in scattering media has
Py = associated Legendre function increased greatly. This is because multidimensional scattering
4 = pha_se_functlon can be significant in the problem of energy transport in
q, = radiative heat flux pulverized-fuel-fired furnaces, metalized propellant plumes,
R = reflectance . waste-heat extraction, and planetary atmosphere. A compre-
ry’r” = position vectors (see Fig. 2) hensive literature survey of the radiative transfer investiga-
r; = location of the incident radiation tions has been presented by Crosbie and Linsenbardt! and
N = source function . Viskanta and Mengiic.2 A review of the literature survey
s = coordinate along a ray (see Fig. 1) reveals that most of the investigations have assumed the
So = coefficient fsee Eq. (31)] properties of the media to be constant to simplify analyses.
T = transmittance ) However, the radiation properties of the media in practical
v = visible portion of the medium applications depend strongly on location; thereby, in addition
X.3,z = coordinates . to scattering, the space dependence of the properties also
B = extinction coefficient plays an important role. Because consideration of variable
0 =polar angle L properties adds to the complexity of the problem, only a
0; = polar apgle of 1nc;dent radiation limited number of investigations have been done in the area
K = absorption coefficient of inhomogeneous scattering media.
K =cos 6 Some numerical results for one-dimensional, isotropic scat-
i = cos b; tering in a medium with space-dependent properties have
v = frequency ) been presented recently. Garcia and Siewert® applied the Fy
o = scattering coefficient o method to generate highly accurate solutions for isotropic
Ta = one-half of the optical size in x direction scattering in ' inhomogeneous plane-parallel atmospheres.
17 = one-half of the optical size in y direction Ozisik and coworkers used the Galerkin’s method to investi-

gate isotropic scattering in a slab* and in a sphere® with
space-dependent albedo. El Wakil et al.® solved the equation
of radiative transfer in an inhomogeneous, finite, plane-paral-
lel medium by a bivariational technique.

A few formulation works for multidimensional scattering in
inhomogeneous media have been presented in the literature.
Menguc and Viskanta’ presented a dlﬁ'erentxal approximation
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for three-dimensional scattering in inhomogeneous media and
results for radiative transfer in a homogeneous medium. Lin®
reported integral expressions for isotropic scattering and
solved special cases for homogeneous media. Lin and Tsai®
developed an integral formulation of anisotropic scattering in
an arbitrary inhomogeneous medium in terms of the intensity
and the source function, which are functions of location and
direction.

The purpose of this analysis is twofold. First, we use the
transformation of integration to develop integral formulation
in terms of the moments of intensity for radiative transfer in
a three-dimensional, absorbing, emitting, and anisotropically
scattering medium with space-dependent properties. Second,
computational examples for one- and two-dimensional media
with space-dependent albedo are presented to illustrate the
application of the present formulation.

The integral formulation in terms of the moments of inten-
sity is pioneered by Hunt.!? He used a complicated split-inten-
sity technique to derive the integral formulation. Recently,
Wu used a straightforward transformation method to derive
the integral formulation for linearly anisotropic scattering in a
three-dimensional medium with Fresnel boundaries!! and for
anisotropic scattering of arbitrary order.'? In this work, we
follow a procedure similar to that of Wu!*'? to derive the
integral formulation involving the space-dependent proper-
ties. Because the moments of intensity are independent of
direction, the present formulation reduces the labor of com-
putation, especially for anisotropic scattering cases.

As illustrations, we present the integral formulation for
anisotropic scattering in a three-dimensional, rectangular
medium exposed to collimated radiation and then solve the
one- and two-dimensional versions of the formulation. Gaus-
sian quadrature formula is used to transform the integral
equations into a system of algebraic equations. Three exam-
ples are considered. First, numerical solutions of one-dimen-
sional, isotropic scattering in a slab with space-dependent
albedo, for which accurate numerical results are available, are
presented to illustrate the validity and accuracy of the present
method. Second, linearly anisotropic scattering in a slab is
studied. Third, isotropic scattering in a two-dimensional
rectangular medium is considered. Graphic results are pre-
sented to show the effects of space-dependent albedo for
various optical sizes. No comparisons are made for the last
two examples, since to our knowledge, there are no published
results for those cases.

Fig. 1 Radiation intensity along a path in a general three-dimensional
geometry.
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General Formulation
The geometry and coordinates for the present formulation
are shown in Fig. 1. The radiative transfer equation for the
radiative intensity I along an arbitrary direction in an emit-
ting, absorbing, and scattering medium in local thermo-
dynamic equilibrium can be expressed as

dI(s,Q
D | pors) = KOSER) M

S is the source function defined by

()

S(s,€2) = [1 — (&) (s) +—— P(ﬂ’ ADI(s, ) 4 (2)

Here, w is the albedo defined by /8, I, is the Planck function
for emission, dQ’ is an element of solid angle, and
(0’ ,u,0) is the phase function approx1mated by a series of
spherical harmonics!?

N N
p(ﬂ'a(p’aﬂ’(p) = Z Z (2 - 50m)anmP;n(H,)
m=0n=m
x PR (u’) cosm(p — ¢")] (32)
where
_ =m .
a,, =4a, )l with g, = 1;
m<n<N; 0<sm<N (3b)
1 form=0
5 =
Om {0 otherwise B0
= cos(f) (3d)

The series is truncated after the Nth term for Nth-degree,
anisotropic scattering. The subscript v, which denotes the
spectrally dependent properties of the medium and the
bpundaries, is omitted to simplify the mathematical expres-
sions.

Substitution of Eq. (3) into Eq. (2) yields

S(spe)=[1— w(S)]Ib(S)+ Z Z (2= 80,2)m P7' (1)

m=0n=m

X [cos(Mm@)M.,.,.(s) + sin(mp)M ,,(s)] 4

where the moments of intensity are defined by

27 1
M,,.(s) =f f I(s,1’, 0P (1) cos(me’) du’ do’
0 =0 Ju=-1
ms<n<N; 0<m<N (5)

and

2r 1
M3, (s) = J f I(s,1",0" )P (n) sin(me”) dp’ do’
o =0Ju=—1

m=<n<N; 0<m<N (6)

For a given coordinate system, Eq. (4) may be expressed as

(r) al
SE) =[1 -l ) + = Y T (2 00m)anmPr ()

m=0n=m

X [cos(mp)M,,,,,(r) + sin(me)M},,(r)] @)
where r denotes the location of the point studied,

=@"—nfr"—r| 8)
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denotes the direction of the ray from r to r” (see Fig. 2), and
the trigonometric quantities sin me, cosme and p can be
expressed as the functions of the directional cosines

(1 —p?) P cos(p)=Q i 9
(1 —p?)sin(e) = Q- j (10)
p=Q -k (1)

The integration of Eq. (1) along the path of a ray yields a
formal solution of intensity. Substituting the formal solution
of intensity into Eqs (5) and (6) using Eq. (4) and transform-
ing the integrals in the resulting equations into surface inte-
grals and volume integrals,'> we can obtain the integral
equations for the moments of intensity as follows:

M, () =J. Ir; Q)P (1;) cos(mo;)

xexp{ J.ﬁ[r+§(r Pllr; rldf} r 3| 2 dy,

+ J Blr'1Py () COS(m(P’){[l —o(r ), (r')
|4

’ N
) § 5 (2= So)ayPhl)

4n k=0j=k

x [ cos(jo YMy,(r') + sin(jo )M ?;-(r’)]}

1
X exp{—'[
0

m<n<N,;

+

1
r'—l‘ldfl}rr—.'_—r—,lidl//

0<m<N (12)
M, (r) ='[ I(r;, 2P (1) sin(mo;)
A
! l) nl
X exp{-—-J; ﬂ[l' + é(l‘i - r)]|r,- —l’| df} —I——-r—"s—dA
+ J Blr 1P (u) Sin(mq"){[l — o(r)lL,(r')

14 5 S (2 - s)ay i)

47rk01k

x [ cos(kp )My (r') + sin(jo )M}, ("')]}

l ’ ’ s 7 1 4
xexp{——J; Blr + &' —nl|r’ —r| d¢ }F:r—,lde

‘m<n<N; 0<m<N (13)

where dA4; denotes an infinitesimal area about the incident
location r; with unit inward normal vector n,, dV’ denotes an
infinitesimal volume about the point ¢/,

Qi=(r—'i)/l""'il (14)

denotes the direction of the incident radiation on the
boundary,

Q=@r-r)r—r| (15)

denotes the direction of the ray from r’ to r (see Fig. 2), and
the trigonometric quantities sinme;, cosme,, sinme’,
cos mo’, u;, and p’ can be expressed as the functions of the
directional cosines

(1-pf)"2cos(e,) =, - i (16)
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Fig. 2 Position and direction vectors for the derivation of the integral
formulation.

(1—p})sin(p,) = Q; - j (17
m=;k (18)
(1—p?)2 cc;s{w’) =i (19)
(1—p?'2sin(ep)=Q' -j (20)
W= k (21

If the boundary is opaque, 4, and ¥ in Egs. (12) and (13) are,
respectively, the visible portions of the boundary and the
medium. For a concave medium enclosed by transparent
boundaries, the effects of re-entrant have yet to be accounted
for. Physically, the first four moments of intensity are of
importance. My, is the total intensity, whereas the radlatlve
flux can be expressed as

9,(r) = M, (V)i + MY,(1)j + Mok (22)

Equations (12) and (13) form a complete description of the
present problem, provided that the incident radiation is
known. Substitution of Egs. (14) and (15) into Egs. (16-21)
shows that all of the angular quantities can be replaced by
spatial quantities. Thus, the moments of intensity are the
dependent variables of the present problem, and they are the
functions of spatial variables.

In thermal radiation computation, once we obtain the
solutions of Eqgs. (12) and (13), we can use Eqs. (7) and (22)
to find the source function and the radiative flux, respectively.
Since the use of the present formulation requires the integra-
tion only over spatial variables, it reduces the labor of compu-
tation.

If we consider isotropic scattering, following a procedure
similar to that of Wu,'?> we can reduce Eqs. (12) and (13) to
the integral equation of the source function

()

Sr) =[1 - oL, (r) +—— 1('1'9“:’)

sl | g e '>1Ir—rldf}Ti|ﬁ“
Wﬁmmu

x exp{—J Blr + &' (" — )|’ —r| d&’ } dv’(23)
0

r—r
Equation (23) corresponds to Eq. (1) of Lin’s work.® This

result shows that the special case of the present formulation is
consistent with Lin’s formulation for isotropic scattering.®
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Computational Examples and Discussion
To illustrate the effectiveness of the present formulation, we
apply the formulation to scattering in rectangular media.
One- and two-dimensional versions of the formulation are
solved by an exact numerical method. For the purpose of
comparison with available solutions, the extinction coefficient
is assumed to be constant, and the spatial variation of albedo
is considered. Such special cases have been investigated by
several authors.?~¢
Here, we begin at the formulation for radiative transfer in
a three-dimensional absorbing and linearly anisotropically
scattering medium exposed to collimated radiation of inten-
sity I.. To simplify the formulation, only the incident radia-
tion at 7, =0 in the direction 8 = 6, and ¢ = ¢, is considered.
After defining the optical variables 7, = fx, 7, =fy, and
7, = Bz, we choose the optical coordinate system such that the
medium is bounded at 7, = +1,, 1,= +1,, and 7, =0, 1.
Then, Egs. (14) and (15) become '

Q, =sin(8;) cos(¢;)i + sin(8;) sin(e;)j + uk 24

Q =[G, — )i+ @, —1))j + @~k (25)
with

7, =[x — )2+ (1, —75)7 + (.~ 1) (26)

Using Egs. (12) and (13), we obtain the integral equations for
the present problem

MOO(‘tx’tya z) = Ic[tx -1, taﬂ(gi) COS((O;),

Ty — 1T, tan(e,-) Sin((p i )] exp( -1, /ut)
e (s Ta exp(—r,) (D(‘[;,T;,‘[;)
Moo(z5,75.,7;
+.[) j—r,, ,[_,a 72 4n 00(T%,T5,T2)

a .
+ p [(z; =1 )M\o(v 75,10 + (T — T My (T5,75,T2)
r

+(z, — ‘E;,)M’l'l(‘t;,‘t;,,‘c;)]} dr), dr;, dr; 27

Mlo(tx;tystz) = Icltx -1 tan(gi) COS((P,-),

1, — 7, tan(6;) sin(@;)y; exp(—7, /u)

fe [ [Ta exp(—7,
+ j f f ST ¢, )
0 —~Tp J—Ta T,

o(t),1,,7,
X ( x;ny’ z) {Moo(f;,ffv,’!;)

a
2L ~ M50 + (5 — TOM (o)
+(t, — 1, )M} (t;,t;,t;)]} dtf dr;, dr; (28)

Mll(rx!‘ryitz) = Ic[‘rx =1z t'an(ei) COS((P,-),
1, — 7, tan(6;) sin(e;)] sin(0;) cos(e;) exp( —1,/u;)

e 7o [Fa exp(—1,
+ f j f i Lk 2 Y
0 —Tp J—Ta Ty

w(t’,7.,,T, a

ALy Te) {Moo(r;,r;,r;)+—‘[(r,—r;)Mm<r;,r;,t;)
1 1,

+ (Tx - T;)Mll (T;,T;,‘t;)

+ (@, — MY (r;,r;,r;)l} dr, dv, de 29
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M?l (Tx:rystz) = Ic[‘[x -1 tan(gl) COS((P;),

T, — T, tan(0;) sin(p;)] sin(8;) sin(p;) exp(—1, /u;)

[ [ exp(—1,) ,
0 ~Tp J —Ta Ty

@(T5.,1,,T,
X ( x;ny’ z) {Moo(f;,t;,f;)

a,
o [(z. — e )M p(25,T5,t0) + (T — T )M, (25,75,T7)
r

+(t, — T )M (r;,t;,t;)]} def, drj dr; (30)

When the incident radiation and the albedo are independent
of t,, and the medium is unbounded in the 1, direction,
Eqgs. (27-30) can be simplified to their two-dimensional form.
Similarly, when I, and o are independent of 7, and 7, and the
medium is unbounded in +7, and +7, directions, we have
the one-dimensional version'of the present formulation.

Equations (27-30) or their one- or two-dimensional ver-
sions are the Fredholm integral equations of the second kind.
Highly accurate numerical solutions of the equations can be
obtained by using a number of methods, such as the finite
element methods,?%!4 the Galerkin’s method,'® and the Nys-
trom method!¢ with the removal of singularity.!”!® The accu-
racy of the Nystrom method with the removal of singularity
has been shown to be high for radiative transfer in homoge-
neous media.!”!® Thus, the method is adopted in the follow-
ing examples.

The first example considered is radiative transfer in an
isotropically scattering slab with an exponential variation of
albedo

o(t;) = wo exp(—7,/So) €2))

where 0 <@y <1 and s,>0. Table 1 shows the reflectance
and the transmittance of a slab exposed to unit collimated
radiation with y; = 0.9. The reflectance is simply M ;3(0), and
the transmittance M {};(z.). Excellent agreement of the results
by the present method with those by the Fy method® shows
the validity of the present formulation. It is found that the
number of quadrature points required to generate accurate
solutions increases with the optical thickness of the slab. This
conclusion has also been found in the problems for homoge-
neous media.!' Moreover, the present method generates a
numerically exact solution, provided that the number of
quadrature points is large enough.

In the second example, linear anisotropic scattering in a
slab with the albedo

K
aft,) = Y Gt (32)
k=

0

is studied. Here, the constants C, shall satisfy the requirement
that 0 < o(r,) < 1. The R-7, curves and the T-t, curves of a
slab with normal incidence and several different spatial varia-
tions of albedo, which have the same average value, are
shown in Figs. 3 and 4, respectively. The R-t, curves in Fig.
3 show a strong dependence of reflectance on the spatial
distributions of albedo, and the 7'z, curves in Fig. 4 show a
weak dependence -of transmittance on the distributions of
albedo. The same trends also appear in isotropically scatter-
ing cases.* The influence of the coefficient of anisotropic
scattering on reflectance is far stronger than that on transmit-
tance for all albedos considered. The same trend continues for
all optical thickness as shown in Figs. 3 and 4.

Finally, isotropic scattering in a two-dimensional, rectangu-
lar, inhomogeneous medium exposed to unit-normal incidence
at 7, =0 is considered. The spatial distribution of albedo is
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Table 1 The reflectance and the transmittance for a slab exposed to collimated
incidence (g; =0.9)

Reflectance Transmittance
g 5o This work  F, method®  This work  F, method®
a) 7, =01, N, =12
0.7 1 0.0330938 0.0330938 0.9275856 0.927586
10 0.0346827 0.0346827 0.9293223 0.929322
100 0.0348478 0.0348478 0.9295030 0.929503
1000 0.0348644 0.0348644 0.9295212 0.929521
© 0.0348662 0.0348662 0.9295232 0.929523
1.0 1 0.0498765 0.0498765 0.9442008 0.944201
10 0.0524177 0.0524177 0.9469669 0.944967
100 0.0526825 0.0526825 0.9472557 0.947256
1000 0.0527091 0.0527091 0.9472847 0.947258
© 0.0527121 0.0527121 0.9472879 0.947288
b)1,=10,N,=18
0.7 1 0.1150063 0.115005 0.3944458 0.394446
10 0.1684180 0.168417 0.4575467 0.457548
100 0.1770222 0.177022 0.4689095 0.468911
1000 0.1779373 0.177937 0.4701340 0.470135
] 0.1780396 0.178039 0.4702711 0.470272
1.0 1 0.1971058 0.197101 0.4421925 0.442193
10 0.3340147 0.334012 0.5960817 0.596084
100 0.3616798 0.361677 0.6306002 0.630603
1000 0.3647454 0.364743 0.6344744 0.634477
oo} 0.3650898 0.365087 0.6349102 0.634913
¢) 7,=10.0, N, =96
0.7 1 0.1188541 0.118853 0.0000170 0.0000170
10 0.1969864 0.196985 0.0000516 0.0000516
100 0.2167876 0.216786 0.0002105 0.0002105
1000 0.2192405 0.219239 0.0002801 0.0002802
© 0.2195206 0.219519 0.0002901 0.0002902
1.0 1 0.2051770 0.205174 0.0000185 0.0000185
10 0.4662703 0.466262 0.0001911 0.0001911
100 0.6984490 0.698436 0.0187668 0.0187701
1000 0.8284139 0.820402 0.1028043 0.102816
© 0.8619751 0.861963 0.1380242 0.138037
1.0 11— o 1.0 T 1T T T T T T
0.9 —memmem iy = — 1.0 — 09y TV o =-10
ca, = 0.0 0.8 @ =00
08T - — -, =10 . - oia=1d
0.7 + Liw=1- 0.7 l:w=1-1/1
0.6L 2w=05 - 0'6 2w=05 » 1

Reflectance

Optical Thickness ()

Fig. 3 Effects of anisotropic scattering and spatial variation of albedo
on reflectance of a slab exposed to normal incidence.

expressed as

J

K
oft,t)=Y Y BCtt (33)

j=0k=0

where B; and C, are constants and 0 < w(t,,7,) <1. This
problem is described by the two-dimensional version of Egs.
(27-30). The graphic results shown in Figs. 5-8 are obtained
by the application of 18 x 22 Gaussian quadrature points.

0.5L 3:w=rz/rc

Transmittance

0.4
0.3+
0.2
0.1+
0.0 ! ———

1
012345678910
Optical Thickness (7)

Fig. 4 Effects of anisotropic scattering and spatial variation of albedo
on transmittance of a slab exposed to normal incidence.

Figure 5 shows that the dependence of M 4(t,,0) (the “reflec-
tance™) on the spatial distribution of albedo is stronger than
the dependence of M {(z,,7.) (the “transmittance™) on the
distribution of albedo. This trend is the same as that found in
the one-dimensional results shown in Figs. 3 and 4. The very
strong dependence of M ¥ (1,,7,) on the variation of albedo in
the 7, direction is shown in Fig. 6. Figure 7 shows that the
dependence of the reflectance on the optical size is weaker
than the dependence of the transmittance on the optical size
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Fig. 5 Effects of spatial variation of albedo on the radiative flux
leaving the top and bottom surface of a rectangular medium
(z,=05,7.=1). :

0.08

0.06

bt (Tbv Tz)

0.04

0.02

4:w=02+027 + 0.61’22
0.00. -

1 ! !
0.0 0.2 0.4 0.6 0.8 1.0
z

Fig. 6 Effects of spatial variation of albedo on the radiative flux
leaving the side surface of a rectangular medium (r, = 0.5, 7, =1).
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Fig. 7 Effects of optical size on the radiative flux leaving the top and
bottom surface of a rectangular medium.

/%

Fig. 8 Effects of optical size on the radiative flux leaving the side
surface of a rectangular medium,

for various albedos. In Fig. 8, the curves for radiative transfer
in homogeneous media with @ = 0.5 shows that the variation
of M¥ (1,,7,) in the 7, direction increases with the increase of
the optical size, but the curves for radiative transfer in inho-
mogeneous media with @ =1,/t, does not show the same
trend. Because 0.5 is the average value of 7, /7., the qualitative
difference shown in Fig. 8 means that an albedo with strong
spatial variation cannot be approximated by its average value.

Concluding Remarks

The exact integral formulation in terms of the moments of
intensity is developed for radiative transfer in a three-dimen-
sional, inhomogeneous medium exposed to given incident
radiation. Results of the examples considered show that the
present formulation is valid at least for one- and two-dimen-
sional cases. To extend the present formulation to a medium
with specular boundaries, where the inward intensity is un-
known, we can apply the image technique.!! The exact inte-
gral equations in terms of the moments of intensity should be
developed for the generalized case.
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