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DEVELOPMENT OF A GENERALIZED ZONAL
METHOD FOR ANALYSIS OF RADIATIVE
TRANSFER IN ABSORBING AND
ANISOTROPICALLY SCATTERING MEDIA

W. W. Yuen and E. E. Takara

Department of Mechanical and Environmental Engineering,
University of California, Santa Barbara, California, USA

The generalized zonal methed (GZM) for the analysis of radiative heat transfer in
abserbing, emitting, and anisetropically scattering media is developed and implemented. It
is shown to be applicable both for media with arbitrary scattering phase function and
general nondiffuse reflecting surfaces. Mathematically, the GZM is a generalization of the
conventional zonal method (CZM). In addition to the exchange factors utilized by the CZM,
the GZM introduces scattering and reflecting exchange factors. These factors characterize
the scattering properties of the medium and the reflectivities of the bounding surfaces.
Expressions for the scattering and reflecting exchange factors are shown; their numerical
and analytical properties are identified. To illustrate the implementation of the GZM, cubic
enclosures in radiative equilibrium are analyzed. Based on numerical data, the effect of
anisotropic scattering on three-dimensional radiative heat transfer is assessed.

The importance of radiation heat transfer in many practical engineering
systems is well known. In furnaces, boilers, and other high-temperature systems,
radiation is known to be the dominant heat transfer mechanism [1-3]. In superin-
sulation systems, both conductive and convective heat transfer can be effectively
curtailed [4-6]. To optimize the performance of these systems, proper analysis of
radiation heat transfer is critical.

Due to the mathematical complexity of radiative heat transfer, a great deal of
effort has been directed toward the development of many approximation methods.
The applicability of these methods depends on the nature of the physical system,
the characteristics of the medium, the degree of accuracy required, and the
availability of computer facilities. Currently used methods include the multiflux
methods [7-11], moment methods [12, 13], spherical harmonics (P, approximation)
[14, 15], and the discrete-ordinate approximation [16, 171. To verify the accuracy of
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NOMENCLATURE
A; area element { Sgi net radiant absorption by volume
B percentage change in the bottom element {
wall heat flux due to scattering T percentage change in the top wall
in the example calculation heat flux due to scattering in the
E,; emissive power from volume example calculation
element § W, radiosity from volume element i
E; emissive power from area Wi i directional radiosity from volume
element ¢ element i to area element J
8i8; exchange factor between volumes Weigi directional radiosity from volume
Vi and ¥, Eq. (1) element i to volume element J
8iS; exchange factor between volume W, radiosity from area element i
V; and area A4, Eq.(2) W.; directional radiosity from area
He; average irradiation into volume element / to area element J
clement | W, i directional radiosity from area
H; average irradiation into area element | to volume element J
element { W, radiosity vector whose components
K, extinction coefficient _ are W, ;
L dimension used in example calculation W generalized radiosity vector whose
n; nit normal vector at area element § components are W,
q heat flux at the bottom wall in B forward-backward scattering
the example calculation parameter used in Eq. (40)
q; heat flux at area element i € emissivity of area element {
4, heat flux at the side wall in the ) scattering angle used in Eq. (40)
example calculation Pu,ij average reflectivities defined by
q, heat flux at the top wall in the Eq.(19)
example calculation Pek,i, 5 average reflectivities defined by
Q; heat transfer from area element i Eq. (20)
ri; distance between area (or volume) Per.ig;  Aaverage reflectivities defined by
element { and area (or volume) Eq. (21)
element j defined by Eq. (5) ¢ scattering phase function defined by
r; vector pointing from area (or volume) Eq. (24)
element i and area (or volume) D i average phase function defined
element j defined by Eq. (4) by Eq. (24)
5i8; exchange factor between areas &)si« gik average function defined
A;and 4;, Eq. (3) A by Eq. (25)
M percentage change in the side wall b, .;.gx average phase function defined
heat flux due 1o scattering in the by Eq. (26)
example calculation wy scattering albedo

these methods, benchmark numerical solutions generated by the CZM [18] and /or
the Monte Carlo method (MCM) [19, 20] are used.

However, both the CZM and MCM have limitations in generating benchmark
solutions. The CZM is not applicable for problems with anisotropically scattering
media and general nondiffuse surfaces. The MCM becomes computationally pro-
hibitive when the scattering albedo and surface reflectivity become high. The lack
of benchmark numerical solutions generated by established numerical procedures
has led to uncertainty in the accuracy of all approximation methods for this class of
problems. For example, most of the existing numerical predictions for practical
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furnaces {which generally contain highly anisotropically scattering combustion
products) have unknown accuracy. While some of these calculations were success-
ful in correlating experimental data [21], it is doubtful that they can be used
reliably as a basis for engineering design.

The need for benchmark solutions has been addressed to a certain extent by
the symposium on radiative heat transfer in the 1992 Heat Transfer Conference
[22]. The various methods presented there included the GZM [23], discretized
radiosity [24], YIX [25], a modified Monte Carlo method [26], and K distribution
[27]. Due to the nature of the symposium, detailed descriptions of the methods
were not given. While no method was clearly superior, the GZM showed promise.

In this article, a detailed development and implementation of the GZM is
presented. Mathematically, the GZM is demonstrated to be a vector generalization
of the CZM, based on a radiosity-irradiation approach [28, 29]. Next, the basic
conservation equations for the GZM are derived. The scattering and reflecting
exchange factors are introduced. They characterize the scattering property of the
medium and the reflecting property of the enclosed surface, respectively. The
analytical and numerical properties of these exchange factors are presented. Lastly,
cubic enclosures in radiative equilibrium are analyzed. Based on these results, the
effect of anisotropic scattering on multidimensional radiative heat transfer is
illustrated.

MATHEMATICAL FORMULATION

The Conventional Zonal Method (CZM)

Since the GZM is a generalization of the CZM, the basic concepts and
equations of the CZM are outlined here. The assumptions and details were
presented by Hottel and Sarofim [18] and will not be repeated. For an enclosure
with M volume zones and N surface zones, CZM utilizes three basic exchange
factors:

KZe X dV; dv,

8i8; = f,,; f,,;, wrizj @
K/(r;-n)e " dV, dA,
8is; = ‘[A.’fyi 'rrra- @
(rl'}' . ni)(r”. . nj.)e‘*Kr’U dA,- d/lj

-[4 r )

i ij
with
r; = (g —xi+ (y, — )i+ (z; - z)k (4)

Fijg = (x; _xj)z + (y; _yj)z + (2, — Z‘,‘)Z]l/2 (5)
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and
K, = extinction coefficient {assumed constant)
n; = unit normal at surface dA4,;
n; = unit normal at surface dA4;

g:g; is the exchange factor between volume zones V; and V;, g;s; is the exchange
factor between volume zone V; and area zone A, and s;s; is the exchange factor

between area zones A; and A;.

Radiative equilibrium in an enclosure is expressed in terms of the radiosity

and irradiation for each volume zone V; and area zone A;, Letting

W, = radiosity from A; (emission plus reflection)
E; = emissive power from A,

H; = “averrage” irradiation into A,

@, = net heat transfer from A,

€, = emissivity of surface A,

and

= outgoing radiosity from V; (emission plus reflection)
v
E,; = emissive power from V

! ¢

= “average” incoming intensity into V;
§.; = net radiant absorption by volume zone ¥;
w, = scattering albedo of volume zone V;

the energy balance at A4, and V; can be written as

W.=¢eFE, + (1 — ¢)H, i=1,N

i€

Q, =AW, - H) = (E; - W) i=1,N

f
]."'fi

and

W, = (1 — w)E, + wyH

1_0)0

Sgi = 4K1Vi(Hgi - ng) = 4KV,

](Wg,- ~E) i=1LM

g

{6)

n

(8)

(9)
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The overall energy balance at ¥, and A4; in terms of its exchange with the

¥
remaining zones can be written as

N M
AH = ¥ (sspW, + ¥ (s,g)W,, i=1,N (10)
j=1 j=1
N M
j=1 j=1

Equations (1)-(11) constitute the complete set of mathematical relations
required by CZM. In general, either @, (S,,) or E; (E,;) is specified on each
surface zone (or volume zone). Equations (6}~(10) can be readily combined to yield
the following matrix equation for the unknown enclosure radiosity vector W
W, W, ... . Wy, W, LW,2,... ., W, M)

W=XJ+ YW (12)

where X is an NM by NM diagonal matrix whose components are functions of ¢;,
wy, A;, and V¥, and Y is an NM by NM full matrix whose components are the
various exchange factors. J is a source vector composed of the specified emissive
powers or heat fluxes. The solution to Eq. (12) can be readily obtained. The success
of the CZM for enclosures with an isotropically scattering medium and diffusely
reflecting surface is well documented [3].

The Generalized Zonal Method (GZM)

The most severe limitation of the CZM is the assumption that the volume
radiosity, W,;, and surface radiosity, W,, are isotropic. This restricts the CZM to
diffuse /isotropic enclosures. In the GZM, this assumption is eliminated. The
directional dependence of radiosity (due to anisotropic scattering and nondiffuse
reflection) is included in the formulation. The radiosity of each zone is generalized
to become an vector with NM components. For example, W, ; and W, ,; are the
average radiosities from area A; to area A; and volume V). Likewise, W,; ; and
W,i.; are the average radiosities from volume V; to area A; and volume zone V..

The radiosity components are assumed to be constant in the exchange
calculation for each pair of zonal elements. As the number of zones increase the
directional dependencies of radiosity will be better simulated and the accuracy of
numerical results can be expected to improve. Mathematically, equations (10) and
(11) for CZM are now replaced by

N M
AH = ¥ (ss)W,, + ¥ (s.g)W,;,, i=1,N (13)
J=1 i=1

N M
4K, V:Hy; = El(gisj)m.gi + _zl(gigj)ng,gi i=1LM (14)
= i=
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Equations (7) and (9) become

N M
—

j=1

and

N
= Z (gzb )(I/Vgl i gr) + Z (g:g;)(u/gt 8j ”/g;’,g:') i = 11 M (16)
j=1 ji=1

The radiosity vectors W; and W,; are related by the scattering properties of
the medium and the reflective properties of the surfaces. The components of W,
the radiosity vector of surface zone A;, are written as

W“‘EE'*‘A‘EWk.Pk.,(SSk)'*' Z J;ﬁgi,i,j(sigf) J=1LN
i k=1 1! 1

an

and

N

w ~ -
W, = &b + 7 Y Wb 2 (8isi) + Z 1. Pot i, gi(5:81) I=1L,M
i k=1 :l 1

(18)
ﬁk',v,j, ﬁg,‘,v,j, and ,63,_,., gj are averaged reflectivities at surface A; given by
ﬁ,,:L[ffpn(r ¢ 9 ¢)6K( ey
ki (s5;5)(s,5,) Ja, /a, iv Oyir B> Oui» B
(r;- n,-)(r-,»n ) ry,; - n,-)(r S )
x — L , MK 4, dA, dA. (19)
2 4.4 k i J
ritki
A.
~ L= .y ”(l‘,, ” “B” ')g K ritr)
Pet i, (sig’)(sisj) Vrj:"i'[f’,p J ¢J [ ¢,
(l'ﬁ * n-)(r - ‘)(r“ . “i)
P K, dA. dA; dV, Q0
2,.3,.4 i i i )
li
A.
- S (e, By, dyis Bis e~ Kt
Poss = g Cong B, O s s s )

(r;; - m)ry; - m;) 3
XTK, dv,dA; dv, (21)
i
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p"(r;, 8 i ®ii» Oy, ) is the bidirectional reflectivity of A; at r; for radiation
incident in the (6, ¢;;) direction and reflecting in the (6, ¢,k) dlrectlon

i
Likewise, the components of W,;, the radiosity vector of volume zone V;, are

1k
W = e E -2 T W by (gis)
gi.J Wy gl 4K1V; =z k,gi “k,gij BiSk
4K V E [gi&)gl,gi,j(gigl) f = 1:N (22)
and
wq
”/gi,gj = (1 B wO)E 4K V Z Wk glq)k gi, gj(glsk)
w, M n _
+ aK,v, [Z:.:l u/gl,gicbgl,gi,gj(gigl) i=1,M (23)
CiJk'g,-‘j, (iJg,'g,.y,, and & o1, gi, gj ar€ averaged phase functions given by
- KV,
@ i —_ ®(cos 6, )e‘Kv(’f-"*"u)
ELT T (g5 gis)) fA,. fm fAk Tk .
(rj;-n)(rg;  n,)
X 72 K, dA, dV; dA; (24)
KV,
(I) =T~ (I)(COS B’i )e‘Kr(’ji+’!.)
gl.gi.j (g,8)(g, ;)fV:f [ jil
(r;-m;)
X 2231{ dV,dVdA (25)
T
and
. KV,

D, = P{cos 6 e it
R85 (g,8)(gi8;) V;fV.fV; "

1
———K} dV, dv, aV, (26)

T

X—=

®(cos 8;;,) is the phase function V; at r; for radiation incident in direction (6, ¢;;)
and bemg scattered into the (8,,“ ¢;.) direction. The detailed derivation of Egs.
(20) and (25) are presented in the Appendix. Development of Egs. (19), (21), (24),

and (26) is similar.
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Analogous to Eq. (12), Egs. (13), (14), (15), (16), (17), (18), (22), and (23) can
be rewritten as a generalized matrix equation for the generalized radiosity vector
W (composed of the vectors W, W, ..., Wy, W, |, W, ..., Wy, ):

W=XJ+YW @7
where X is a diagonal NM by NM generalized matrix with elements that are NM
by NM submatrices. The submatrix elements are functions of €, wgy, 4;,and V,. ¥
is a full NM by NM generalized matrix composed of NM by NM submatrices. The
submatrix elements of ¥ are composed of the GZM reflection factors or scattering
factors and the CZM exchange factors. J is a generalized source vector composed

of NM subvectors whose components are the specified emissive powers or heat
fluxes.

Numerical and Analytical Properties of the Average Scattering Phase
Function and Average Reflectivity

It is well known that the CZM exchange factors satisfy reciprocity and closure
relations:

88 = §;8; (28a)
5;8; = 5,5 (28¢)
N M
A= Y55+ Lsg (29a)
j=1 j=1
N M
4KV,= ¥ 8iS; + )y 8i8; (29b)
j=1 Jj=1

In a similar manner, the reflecting and scattering exchange factors also satisfy
reciprocity and closure relations:

Prik = Pr.i.; (30a)
ﬁgj,i,k = f’k,.‘,g,' {(30b)
Pej,ivgk = Pek,igj (30¢)
Aj‘gi,k = &)k,gi,j Gla)
hgj-gi.k = (’I\)k.gi,gj (31b)
&)ef.gi.gk = Agk.gi,gj (31c)
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and for a volume element V;,

N M
4KIV| Z (gls )q)k gi,J Z (gigl)q)k,gi,gl
i=1 I=1

!
1=

M
(gisl gk, gi.j Z 88 Py 4iv i (32)

j=1

for all surface elements A4, and volume elements V,.

While the numerical evaluation of the reflecting and scattering factors
appears to be quite complicated, the computation can be significantly simplified by
utilizing some commonly observed properties of surface reflectivity and phase
function. For example, the bidirectional reflectivity of many reflecting surfaces can
be expressed as a product function:

P” (rp ji» d’;n Bkn qbkt) =p (I", ji 3 ¢j!)p (l'” th’ ¢k|) (33)
Equation (19) becomes

. A L (dss)dss,) o
Prij— (sisk)(sisj) fAin,d; Pdi dA

i

where

dA;

(r; n)(r; n)
~ ~ ~K.(r jr n; Ji J
pj,di = pdl',j = dS S f (r:! Ji? (;b'u)e Kilrji) —

4
I

dA; (35)

J

Equation (19) initially requires a triple area integral, a sixfold integration. By using
Eq. (35), the integration in Eq. (19) is reduced to an area integral of the product of
area integrals (equivalent to three twofold integrations). This is a substantial
reduction in computational complexity. Similar simplification can be achieved for
Egs. (20) and (21).

The phase function of many scattering media can be expressed as a power
series in cos 6. The power series can be expressed in terms of the vectors
te = (X, Yo 2 and ;= (x5, 95 2,

d(cos 6,,) = ) C, cos"(8;,) = EC ( - )
n i Tik

xPyizl V f xP ye 2!
— ch E hyjnl jl]( lkyl:?(zlk] (36)

n prg+i=n Ut Fik
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Equation (24), the scattering exchange factor between A; and A, via V;, becomes

b, ;= O, (37)
n
with
Bl ;= ( )( )f 1Pl kw (38)
8i5x )\8iS; f
where
. . av, Ke Xi(r, -n))xfyfz,
o), =l = p+q§l=n G dg) o, ' T jiYji%; da; (39)

As in the case of the reflecting factor, the evaluation of <I>,c gi, 718 reduced from a
sevenfold integral to the sum of fivefold integrals. Equations (25) and (26) can be
similarly reduced.

In short, the numerical computation of the average reflectivity and average
scattering phase function has the same level of complexity as the evaluation of
conventional exchange factors. In comparison to CZM, the only mathematical
complexity introduced by GZM is the introduction of the concept of radiosity
vector,

IMPLEMENTATION

To demonstrate the effectiveness of the GZM, cubical enclosures of with a
range of optical thicknesses were analyzed. The specific geometry and coordinate
system are shown in Figure 1. The bottom surface (A4,) is black and hot with a unit
emissive power, while the remaining five surfaces are black and cold with zero
emissive power. The medium is at radiative equilibrium and has a linear anisotropic
scattering phase function given by

®(9) =1+ Bcos 0‘ (40

The number of zones used in the analysis was progressively increased in order
to prove convergence. The first analysis was with one volume zone (N, = 1) for the
entire medium and six surface zones, one for each wall. The next analysis used
eight volume zones (N, = 2; 2 X 2 X 2 grid) and 24 surface zones. The final
analysis used 64 volume zones (N, = 4; 4 X 4 X 4 grid) and 96 surface zones. It
should be noted that the complexity of the analysis grows quite rapidly. It will be
shown later that the one-volume-zone analysis could be done in closed form. The
eight-volume-zone analysis had 16 unknowns; the 64-zone analysis had 192 un-
knowns.

The presentation in this section will be in three parts. In the first section the
one-zone analysis will be presented in detail. This will illustrate some unique
features of the GZM. In the second section, grid size _convergence will be shown.
Lastly, numerical results will be presented.
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Figure 1. Geometry and area identifica-
tion for the cubical enclosure (the top
and bottom surfaces are removed for
L improved clarity in area identification).

One-Zone Analysis

In the one-zone analysis the entire medium is treated as a single volume zone
and each wall as a single surface zone. To simplify the notation, the subscript g is
used for the single volume zone. Since all surfaces are black, the radiosity on each
surface is known (1 for A, and 0 for the remaining surfaces). From Eq. (15), the
heat transfer at the six surfaces is given below.

Q= —(sgs) — (gs)W,, i=1,..5 (41a)
and

Qs=1- (gsﬁ)%,é (41b)

The radiosity components for the gas zone can be deduced from Eq. (22) to
yield

~ by, (g56) + ¢>g_gyj(gg)wg_g] j=1,...,6

Wy
4KV, |
(42q)
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and

W, = *-wO)E + —

494 [&)&g-g(gsﬁ) + (Dg g, g(gg)%‘g] (42b)

4KV,

E', the average emissive power of the medium, can be deduced by combining Eqgs.
(16) and (42b) to yield

(ss8)[1 — (wy/4K, V)(gg)[ 5.8.8 éﬁvs!g)]

g (43)
4KV, — (g8) + wolg)1 = B, , )

Equations (424) and (42b) illustrate that the components of the radiosity
vector, W, ;, are not identical in general. While this is expected for anisotropically
scattering media, it is true even for an isotropically scattering medium. This is a
direct contradiction of CZM intuition, which indicates that all components of the
radiosity vector should be equal. This contradiction can be explained both physi-
cally and mathematically.

Physically, the imbalance reflects the anisotropic nature of the boundary
conditions {unit emissive power at the bottom wall and zero emissive power
elsewhere). For a single volume zone, it is clear that the radiosity components to
the top wall and side walls cannot be equal.

Mathematically, the equations for radiosity components use the scattering
factors to show the effects of geometry and scattering phase function. Note that
even for an isotropic scattering medium, the scattering factor is unity only for a

differential volume element dV,;; that is,

(I)j.dgi,k = q)gj,dgi.k = q)gj,dg,"gk =1.0 44)

The scattering factors for a finite volume element, V,;, on the other hand, are

i
unequal and given by

(s; dg,)(Sk dg;) (45)

Prgioi = (g.sk)(g,s ),

The difference in exchange factors leads to the difference in the radiosity compo-
nents. The difference in isotropic results disappears as the number of zones taken
in the CZM and GZM analyses increases. But for the same number of zone, the
GZM is clearly an improvement over the CZM, even for isotropic analysis.

It is interesting to note that utilizing the appropriate summation rule for
exchange factors and scattering factors, Eq. (43), in the limit of a cubic enclosure,
is reduced to

g8

E - (46)
"6

This is the expected result from superposition and the same result as a one-zone
CZM analysis. This reaffirms that the difference between the CZM and GZM is in
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the treatment of scattering. From examining Eqs. (42a) and (42b), it is clear that
the CZM and GZM are identical if there is no scattering {(w, = 0).

Convergence

To illustrate their effect on radiative transfer, the optical thickness, scattering
albedo, and scattering phase function were varied. Runs were made for optical
thickness L = 0.1,0.5,1.0,2.0, 3.0; scattering albedo w, = 0,0.2,0.4,0.6,0.8, 1; and
linear scattering coefficient B = —1,0,1. In order to claim benchmark status for
these results, grid size convergence must be shown.

The bottom, side, and top wall fluxes q, = Q¢/L? q,= —Q,/L% q, =
—Q/L* for various grids are shown in Table 1. Results for w, = 1 were chosen
because they are “pure” GZM results; the results are entirely dominated by
scattering. The table shows that the fluxes have converged to within 5% for the
bottom and side walls and within 0.015 for the top wall (the top wall convergence is
slow because of the small dimensionless heat flux). for L = 0.1, an optically thin
case, only eight volume zones (n, = 2) are necessary for convergence. For all other
optical thicknesses, 64 volume zones (n, = 4) are required.

In Figure 2, the convergence behavior of a pure isotropic scattering (w = 1)
GZM solutions (N, = 1,2,4) is shown and compared to the corresponding CZM
results. These results represent numerical proof of the earlier statement that, given
the same number of zones, GZM solutions are more accurate than CZM. This
increased accuracy compensates for the increased effort required by the GZM.

Results

To illustrate the effect of optical thickness, geometry, and scattering phase
function on the heat transfer, the average heat transfer from the bottom, top, and
side walls are tabulated and presented in Table 2 and Figures 3, 4, and 5. In Table
2, the no-scattering results are presented for different optical thickness, L. In
Figures 3, 4, and 5, the percentage change in the three average fluxes, B, T, and S,
are defined by

[ g, (with scattering)
B=|2 e 1]100 47
{ g, (no scattering)

[ g, (with scattering)
s=|2 1100 (48)
| g, (no scattering)

[ g, (with scattering)

r= | g, (no scattering) - 11100 (49

In general, optical thickness, scattering albedo, and the forward /backward
scattering parameter, 3, have significant effect on heat transfer. The effect on the
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Table 1. Convergence Behavior of the GZM Solutions for Different Optical Thicknesses
and Scattering Parameters

(@ L =01 w =10

9 qs 4
B n, =1 n, = n,=1 n, = n, =1 n, =
-1 0.9808 1.0000 0.1990 0.2000 0.1866 0.2000
0 0.9890 1.0000 0.2000 0.2000 0.1890 0.2000
1 1.0000 1.0000 0.2017 0.2000 0.190% 0.2000
D)L =05 w, =10
qp qs 4
B n, =2 n, = n,=2 n,= n, =2 n,=4
-1 0.9016 0.8995 0.1964 0.1958 0.1299 0.1334
0 (.9300 0.9280 0.2004 0.1999 0.1422 0.1454
1 0.9590 0.9580 0.2045 0.2040 0.1552 0.1585
()L =10; wy =10
qp qs '/
B n, =2 n,=4 n, =2 n,=4 n,=2 n, =4
-1 0.8299 0.8248 0.1872 0.1873 0.0897 0.0917
g 0.8730 0.8691i 0.1943 0.1945 0.1046 0.1065
1 0.9171 0.9163 0.2014 0.2020 0.1208 0.1239
d)L=20,0=10
dp qs q;
B n, =2 n, = n, =2 n, = n, = n, =
-1 0.7390 0.7227 0.1722 0.1705 0.0537 0.0516
0 0.7938 0.7809 0.1829 0.1816 0.0666 0.0648
1 0.8497 0.8432 0.1935 0.1931 0.0810 0.0812
(&)L =30, wy =10
qb q: q(
B n, = n, =4 n, =2 n,=4 n,=2 n,=4
-1 0.6809 (.6553 0.1597 0.1573 0.0389 0.0341
0 0.7442 0.7174 0.1721 0.1702 0.0487 0.0442
1 0.7978 0.7834 0.1844 0.1836 0.0596 0.0571

bottom wall and side wall heat transfer is similar because, except for cases with
small optical thickness, most of the heat loss from the bottom wall is transferred to
the side walls. Specifically, for both the isotropic scattering ( 8 = 0) and backward
scattering (8 = —1) cases, heat transfer decreases with increasing albedo and
increasing optical thickness. The percentage change can be as high as 13% for the
case with”large optical thickness and large scattering albedo (e.g., heat transfer
from the bottom wall with L = 3.0, w; = 1.0, and B = —1). For the case with
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Figure 2. Convergence behavior for
3 4 GZM and CZM for the isotropic scatter-
N, ing results.

0.7

forward scattering (8= 1), on the other hand, heat transfer increases with
increasing albedo. The magnitude of change is smaller (maximum change is 5% for
L =20, wy=1.0) and does not increase monotonically as optical thickness
increases. The asymmetric effect of 8 on the heat transfer at the bottom wall and
side walls can be attributed to the combined effect of geometry and multiple
scattering. In an isotropic scattering and strongly backward scattering medium, an
increase in the scattering albedo redirects much of the emitted energy back to the
bottom wall, so the net heat transfer decreases. While the energy emitted by the
bottom wall is scattered forward in a forward scattering medium, much of the
energy is absorbed by the medium and reemitted back to the bottom wall. this
effect is particularly strong in a medium with large optical thickness and small
scattering albedo. This explains the relatively small effect of the scattering albedo
on heat transfer at the bottom and side walls in a forward scattering medium.
The forward /backward scattering parameter has a more symmetric effect on
the heat transfer to the top wall, as shown in Figure 5. Physically, a large fraction
of the heat transfer to the top wall is due to the reemission of the medium. The
directional effect of the scattering phase function is thus expected to have less
influence on the heat transfer. As shown by the no-scattering results in Table 2, the
magnitude of heat transfer to the top wall is relatively small, particularly in cases
with moderate and large optical thickness. This leads to the relatively large

Table 2, Heat Flux at the Top, Bottom, and Side Walls
for a Nonscattering Medium Predicted by GZM

L qp R 4

0.1 1.000 0,200 0.200
0.5 0.938 0.201 0.148
1.0 0.881 0.195 0.107
2.0 0.802 0.185 0.067

3.0 (.749 0.177 0.047
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5.0 T 0

0.0 Le0.8

-10.0

.15.0 1 1 1 1

5.0

0.0

B .5.0

-10.¢ L

-15.0 L 1 L 1

5.0

0.0

=10.0

Figure 3. Effect of optical thickness and
scattering on heat transfer from the bot-
@ ' tom wall,

-15.0 1 1 1 1

percentage change in the heat transfer to the top wall as the scattering albedo
increases.

CONCLUSION

The basic formulation for GZM has been presented and implemented.
Cubical enclosures in radiative equlibrium with varying optical thickness and
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scattering properties were analyzed. It was demonstrated that the GZM can be an
effective solution technique for two reasons. First, it is unigue in its ability to
model anisotrpic scattering. Second, by improving the modeling of scattering, a
smaller number of zones is required to reach a converged solution.

The results presented showed that the effect of anisotropic scattering on
three-dimensional radiative heat transfer is clearly important. Both geometry and
scattering parameters have significant influence on the overall heat transfer. These
effects cannot be simulated with a one-dimensional study.

5.0
2.0 ==13.0
p=1 -
0.0 L=0.5
5 .50 |
«10.0
_15.0 1 i 1 1
0 0.2 0.4 0.6 0.8 1
mﬂ
5.0
1.0
0.0 =03
]
S 5.0 p 3.0
-10.0 p=0
-15.0 1 L 1 L
0 0.2 0.4 0.6 0.8 1
mﬂ
5.0
0.0
S 5.0
-10.0
-15.0 1 L L L Figure 4. Effect of optical thickness and
0 0.2 0.4 ® 0.6 0.8 1 scattering on heat transfer to the side

0 wall,
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30.0

20.0

10.0

-10.0

-20.0

-30.0 1 1 1 L

30.0

20.0

10.0

T o0 L=0.5, 1.0

T
o
-3

-10.0

-20.0 - B=0
.30.0 1 1 1 1

30.0
20.0 -
10.0 |-

L=0.5
-10.0

.20.0 P! 9

]
=
(-]

-30.0 1 ] 1 ) Figure 5. Effect of optical thickness and
0 0.2 0.4 0.6 0.8 4 scattering on heat transfer to the top
0 wall.

While the applicability of the GZM has been demonstrated, its implementa-
tion can be improved. The number of scattering factors to calculate can become
truly daunting. Parallel computing should be considered to overcome this. Also,
other phase functions should be examined. A combined Monte Carlo GZM hybrid
can be used for the more difficult phase functions.
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APPENDIX

For the development of Eq. (20), consider a volume zone V; and two area
zones A;, A,, as shown in Figure Al. The net outgoing radiation from a differen-
tial volume dV/, reflected by a differential area dA; and intercepted by a differen-
tial area dA,, can be written as

3 . —KAr: .
Qi ik = 1y, i (0 p" (63, 65, iy Oy By de™ T

(r;; 0 )(ry; m)(r,; -n,)

3 4
Vil

K, dV; dA; dA, (A1)

‘.. can be written as

In terms of the net outgoing radiosity dW, g

the intensity {

jiir

aw,, ,
_ 81 (A2)

ks

3
Leji

Utilizing Egs. (1), (2), and (3), Eq. (A1) become

3 ﬂd%l‘-‘. "
d ng,i,k = TP (l‘f, Bﬁ, ¢'fi! Bki! le“‘)(dsr- dg;)(ds; dsk) (A3)

i

Figure Al. Geometry and notation used in the development of Eq. (20).
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Figure A2. Geometry and notation used in the development of Eq. (25).

In GZM, the radiosity from V,; directed toward A; is assumed to be constant.
Integrating over V,;, 4;, and A4;, Eq. (A3) becomes

T
ng,i,k = Ivng,i(sigj)(sisk)pgj,Lk (A4)

with p,;; , given by Eq. (20).

Equation (25) can be derived in a similar manner. Utilizing the geometry and
notations as shown in Figure A2, the net outgoing radiation from a differential
volume dV, reflected by a differential volume dV; and intercepted by a differential
area dA, can be written as

P{cos 6;,) T (r,; ;lk)

2
4 Fiilki

dani,gi,k = iy gi(r) wg K} dv;dv;dA, (AS)

In terms of the radiosity di¥,
(A5) becomes

i, ¢i and the various differential exchange factors, Eq.

w, dW,; .
0 27881 g (cos 0, )(dg; dg;)(dg; ds,) (A6)

3 =
4 Qusogiok = 4K, dV,

Integrating over the finite volumes and area, Eq. (A6) becomes

Cejogik = Vng.gi(gigj)(gisk)(i)gj,gj_k (A7

wy
4KV,

with f'bgj_ qi.x given by Eq. (25).
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