CHAPTER

17

THE METHOD OF
DISCRETE
ORDINATES
(Sn-APPROXIMATION)

17.1 INTRODUCTION

Like the spherical harmonics method, the discrete ordinate method is a tool to transform the
equation of transfer (for a gray medium, or on a spectral basis) into a set of simultaneous
partial differential equations. Like the Py-method, the discrete ordinates or Sy-method may
be carried out to any arbitrary order and accuracy, although the mathematical formulation of
high-order Sy-schemes is considerably less involved. First proposed by Chandrasekhar [1] in
his work on stellar and atmospheric radiation, the Sy-method originally received little attention
in the heat transfer community. Again like the Py-method, the discrete ordinates method was
first systematically applied to problems in neutron transport theory, notably by Lee [2] and
Lathrop [3,4]. There were some early, unoptimized attempts to apply the method to one-
dimensional, planar thermal radiation problems (Love et al. [5,6], Hottel et al. [7], Roux and
Smith [8,9]). But only during the past thirty years has the discrete ordinates method been
applied to, and optimized for, general radiative heat transfer problems, primarily through the
pioneering works of Fiveland [10-13] and Truelove [14-16].

The discrete ordinates method is based on a discrete representation of the directional vari-
ation of the radiative intensity. A solution to the transport problem is found by solving the
equation of transfer for a set of discrete directions spanning the total solid angle range of 47. As
such, the discrete ordinates method is simply a finite differencing of the directional dependence
of the equation of transfer. Integrals over solid angle are approximated by numerical quadrature
(e.g., for the evaluation of the radiative source term, the radiative heat flux, etc.).

Today, many numerical heat transfer models use finite volumes rather than finite differences.
Similarly, one may also use finite “solid angle volumes” for directional discretization. This
variation of the discrete ordinates method is commonly known as the finite volume method (for
radiative transfer), and enjoys increasing popularity. As a result of the relatively straightforward
formulation of high-order implementations, the discrete ordinates method (DOM) and its finite
volume cousin (FVM) have received great attention and are today probably the most popular
RTE solvers (together with the Pi-approximation), and some version of them is incorporated
in most commercial CFD codes. Detailed reviews of the capabilities and shortcomings of the
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DOM and FVM have been given by Charest et al. [17] and by Coelho [18]. The latter provides
the most complete description of the method for general geometries, far exceeding the details
we can provide in this book.

In this chapter we shall first develop the set of partial differential equations for the standard
Sny-method and their boundary conditions. This is followed by a section describing how the
method may be applied to one-dimensional plane-parallel media, and another dealing with
spherical and cylindrical geometries, and then its application to two- and three-dimensional
problems will be outlined. This is followed by the development of the finite volume method
and, finally, the chapter will close with a brief look at other, related methods.

17.2 GENERAL RELATIONS

The general equation of transfer for an absorbing, emitting, and anisotropically scattering
medium is, according to equation (10.21),

dl s(r)

— =8 VI(r,8) = x(®)Ip(r) — fOI(x,8) + — - I(r,8") O(x,8,8)dCY. (17.1)
4n

Equation (17.1) is valid for a gray medium or, on a spectral basis, for a nongray medium, and is
subject to the boundary condition

w)

I(rw/ 5) = e(rw)lb(rw Iy, S f A,l dQ’ (172)

where we have limited ourselves to an enclosure with opaque, diffusely emitting and diffusely
reflecting walls. The extension of equation (17.2) to more complicated boundary conditions is
straightforward.

Discrete Ordinates Equations

In the discrete ordinates method, equation (17.1) is solved for a set of n different directions
§i,1=1,2,...,n,and the integrals over direction are replaced by numerical quadratures, that is,

@0 =) wif6), (17.3)
n i=1

where the w; are the quadrature weights associated with the directions §;. Thus, equation (17.1)
is approximated by a set of 1 equations,

n
§;- VI(I‘, éz) = K(I‘) Ib(r) - ﬁ(r) I(I‘,éi) + 015_1(‘) Z‘ wi I(I’, §]) q)(r, §]', §,‘), i=1,2,...,n, (174)
j=1
subject to the boundary conditions
AN p(rs) ANIA A A A
I(ry, 8;) = e(ry) Iy(ry,) + i1(ry,8)) -8, fi-5;>0. (17.5)

A-§<0

Each beam traveling in a direction of §; intersects the enclosure surface twice: once where the
beam emanates from the wall (fi - §; > 0), and once where it strikes the wall, to be absorbed or
reflected (fi-8; < 0). The governing equation is first order, requiring only one boundary condition
(for the emanating intensity, fi-§; > 0). Equations (17.4) together with their boundary conditions
(17.5) constitute a set of n simultaneous, first-order, linear partial differential equations for the
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unknown [;(r) = I(r,8;). The solution for the I; may be found using any standard technique
(analytical or numerical). If scattering is present (o, # 0), and/or if the bounding walls are
reflecting, the equations are coupled in such a way that generally an iterative procedure is
necessary. Even in the absence of scattering and surface reflections, the temperature field may
not be known, but must be calculated from the intensity field if radiative equilibrium persists,
again making iterations necessary. Only in the absence of scattering and wall reflections, and if
the temperature field is given, then the solution to the intensities I; is straightforward (as is the
exact solution).

Once the intensities have been determined the desired direction-integrated quantities are
readily calculated. The radiative heat flux, inside the medium or at a surface, may be found
from its definition, equation (10.52),

q(r) = f4 I(r,8)84Q =~ Z w; I;(¥) 8. (17.6)
T i=1

The incident radiation G [and, through equation (10.59), the divergence of the radiative heat
flux] is similarly determined as

G(r) = f4 I(r,8) dQ ~ Z w; I(1). 17.7)
Tt i=1

At a surface the heat flux may also be determined from surface energy balances [equations (4.1)
and (3.16)] as

q - fi(ry) = e(ry) [1lp(ry) — H(rw)]
e(ra)(ml(re) = ) wili(re) 1A - 81). (17.8)

f1-8;<0

R

Equations (17.4) and (17.5) can be written in a somewhat more compact form if one limits the
analysis to linear-anisotropic scattering, i.e., to a scattering phase function of

D(r,8,8")=1+A(r)8 -8. (17.9)
Then, using equations (17.6) and (17.7) and/or equation (14.15) leads to
§i- VL + Bl = xI, + :—;(G+A1 q-8), i=12,...,n, (17.10)

with boundary condition

g 1-
=t o, -1 q.a a-8>0 (17.11)
T ETT

at the enclosure surface. Of course, radiative heat flux and incident radiation are unknowns
to be determined from directional intensities from the series in equations (17.6) and (17.7).
Equations (17.10) and (17.11) are convenient forms for the iterative solution procedure: For each
iteration values of G and q are estimated, and the 7 intensities I; are evaluated. The values for
G and q are then updated, and so on.

Selection of Discrete Ordinate Directions

The choice of quadrature scheme is arbitrary, although restrictions on the directions §; and
quadrature weights w; may arise from the desire to preserve symmetry and to satisfy certain
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conditions. It is customary to choose sets of directions and weights that are completely sym-
metric (i.e., sets that are invariant after any rotation of 90°), and that satisfy the zeroth, first, and
second moments, or

n
f dQ = 4x =Zw,-, (17.124a)
an i=1
n
f $dQ= 0 =Zwi§,-, (17.12b)
4 i=1
f 8840
47

where 0 is the unit tensor [cf. equation (16.30)]. Different sets of directions and weights satisfy-
ing all these criteria have been tabulated, for example, by Lee [2] and Lathrop and Carlson [19].
Fiveland [12] and Truelove [15] have observed that different sets of ordinates may result in con-
siderably different accuracy. They noted that (i) the intensity may have directional discontinuity
at a wall, and (ii) the important radiative heat fluxes at the walls are evaluated through a first
moment of intensity over a half range of 2r [equation (17.8)]. They concluded that the set of
ordinates and weights should also satisfy the first moment over a half range, that is,

4 n
?”5 - ; w:8;5;, (17.12¢)

f |ﬁ-§|dQ:f A-8dQ=1= Z wif- 8. (17.13)
n-§<0 n-§>0

S

n-§;>0

While it is impossible to satisfy equation (17.13) for arbitrary orientations of the surface normal,
it can be satisfied for the principal orientations, if fi = 1, j, or k. Sets of ordinates and weights
that satisfy (/) the symmetry requirement, (if) the moment equations (17.12), and (iii) the half-
moment equation (17.13) (for the three principal directions of fi)! have been given by Lathrop
and Carlson [19]. The first four sets labeled S,-, S4-, Se-, and Sg-approximation are reproduced
in Table 17.1. In the table the &;, 1;, and y; are the direction cosines of §;, or

§; = (éi . i)i + (éi . j)j + (§,‘ . R)R =&i+ T],j + p,R (1714)

Only positive direction cosines are given in Table 17.1, covering one eighth of the total range
of solid angles 4n. To cover the entire 47 any or all of the values of &;, n;, and y; may be
positive or negative. Therefore, each row of ordinates contains eight different directions. For
example, for the S;-approximation the different directions are §; = 0.577350(1 + j + R), 8 =
0.577350(i + § — k), ..., 8g = —0.577350(i + j + k). Since the symmetric S,-approximation does
not satisfy the half-moment condition, a nonsymmetric S;-approximation is also included in
Table 17.1, as proposed by Truelove [15]. This approximation satisfies equation (17.13) for
two principal directions and should be applied to one- and two-dimensional problems, from
which the nonsymmetric term drops out (as seen in Example 17.1 in the following section).
The name “Sy-approximation” indicates that N different direction cosines are used for each
principal direction. For example, for the Sy-approximation &; = +£0.295876 and +0.908248 (or 7;
or ;). Altogether there are always n = N(IN+2) different directions to be considered (because of
symmetry, many of these may be unnecessary for one- and two-dimensional problems). Several
other quadrature schemes can be found in the literature. Carlson [20] proposed a set with
equal weights w; (such as the S; and Sy sets in Table 17.1). Two more quadratures and a good
review of the applicability of all discrete ordinate sets have been given by Fiveland [21]. Other
publications documenting procedures for the generation of quadrature sets are those of Sinchez
and Smith [22] and El-Wakil and Sacadura [23]. A new family of quadrature sets, like the S,

1With the exception of the symmetric S;-approximation.
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TABLE 17.1
Discrete ordinates for the Sy-approximation (N =2, 4, 6, 8), from [19].

Order of Ordinates Weights
Approximation & n i w
Sy (symmetric) 0.5773503  0.5773503  0.5773503 1.5707963
Sy (nonsymmetric)  0.5000000 0.7071068  0.5000000 1.5707963
S4 0.2958759  0.2958759  0.9082483  0.5235987

0.2958759  0.9082483 0.2958759  0.5235987
0.9082483  0.2958759  0.2958759  0.5235987

Se 0.1838670  0.1838670 0.9656013  0.1609517
0.1838670  0.6950514 0.6950514 0.3626469
0.1838670  0.9656013  0.1838670 0.1609517
0.6950514 0.1838670 0.6950514 0.3626469
0.6950514 0.6950514 0.1838670 0.3626469
0.9656013 0.1838670 0.1838670 0.1609517

Sg 0.1422555  0.1422555 0.9795543 0.1712359
0.1422555  0.5773503  0.8040087  0.0992284
0.1422555  0.8040087 0.5773503  0.0992284
0.1422555  0.9795543  0.1422555 0.1712359
0.5773503  0.1422555 0.8040087  0.0992284
0.5773503  0.5773503 0.5773503 0.4617179
0.5773503  0.8040087 0.1422555  0.0992284
0.8040087  0.1422555 0.5773503  0.0992284
0.8040087 0.5773503  0.1422555  0.0992284
0.9795543  0.1422555  0.1422555 0.1712359

sets symmetric in 90° rotations, but with different arrangement of directions, have been given
by Thurgood and coworkers [24], and have been dubbed T, sets by the authors. These always
generate positive weights and are claimed to reduce the so-called “ray effect” (which will be
discussed a little later on p. 560). These sets have been further refined by Li and coworkers [25].
A comprehensive review of directional quadrature schemes, including an evaluation of their
accuracies, has recently been given by Koch and Becker [26]. None of the above ordinate sets
can treat collimated (i.e., unidirectional) irradiation accurately. To address this problem Li and
coworkers [27] developed the ISW scheme adding a single ordinate of “infinitely small weight”
to the regular quadrature set.

17.3 THE ONE-DIMENSIONAL SLAB

We will first demonstrate how the Sy discrete ordinates method is applied to the simple case of
a one-dimensional plane-parallel slab bounded by two diffusely emitting and reflecting isother-
mal plates. As in previous chapters we shall limit ourselves to linear-anisotropic scattering,
although extension to arbitrarily anisotropic scattering is straightforward. We avoid it here
to make the steps in the development a little easier to follow. If we choose z as the spatial
coordinate between the two plates (0 < z < L), and introduce the optical coordinate 7 with
dt = Bdz (0 < 7 < 1), equation (17.4) is transformed to

dl; - ,
izt = =) -1+ :’—n Y w1+ A+ & 4nmp)], i=12,.n (17.15)
j=1
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TABLE 17.2
Discrete ordinates for the one-dimensional Sy-approximation (N = 2, 4, 6, 8).

Order of Ordinates ~ Weights
Approximation u w’

S, (symmetric) 0.5773503  6.2831853

S» (nonsymmetric)  0.5000000 6.2831853

S4 0.2958759  4.1887902

0.9082483  2.0943951

Se 0.1838670  2.7382012

0.6950514  2.9011752
0.9656013  0.6438068

Sg 0.1422555 2.1637144
0.5773503  2.6406988
0.8040087  0.7938272
0.9795543  0.6849436

For a one-dimensional slab intensity is independent of azimuthal angle. Since for every ordinate
j (with a given y;) with a positive value for &; there is another with the same, but negative, value,
and since the intensity is the same for both ordinates, the terms involving &; in equation (17.15)
add to zero. The same is true for the terms involving 7;, but not for those with u; (since the
intensity does depend on polar angle 6, and y = cos 6). However, the terms involving u; are
repeated several times: Each value of i (counting positive and negative u-values separately)
shown in one row of Table 17.1 corresponds to four different ordinates (combinations of positive
and negative values for & and 7). In addition, a particular value of 4 may occur on more than
one line of Table 17.1. If all the quadrature weights corresponding to a single u-value are added
together, equation (17.15) reduces to

N

dI w , )

#id—T’ =(l-w)l-L+ = ijlj(l +Ar i), i=12,...,N, (17.16)
=1

where the w’; are the summed quadrature weights. For example, for u = 0.2958759 in the
S4-approximation the summed quadrature weight is w’ = 4 X (0.5235987 + 0.5235987) = 4m/3,
and so forth. The ordinates and quadrature weights for the one-dimensional slab are listed in
Table 17.2. Equation (17.16) could have been found less painfully by using equation (17.10)
instead of (17.4), leading directly to

yi% +h=(1-w)l,+ :)—R(G +Aiqu), i=1,2,...,N. (17.17)

Before proceeding to the boundary conditions of equation (17.17) we should recognize that, of
the N different intensities, half emanate from the wall at T = 0 (with y; > 0), and the other half
from the wall at T = 7, (with y; < 0). Following the notation of Chapter 14, we replace the N
different I; by

I, L, ... Iy, and I, L, ... Iy,
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Then equation (17.17) may be rewritten as

arr

-_i + - — 2 .
Hige + I' = -+ —(G+ A qu), (17.18a)
- _Il_ +I7 = (1- I, + _w G-A 17.18b
Hi j i ( CU) b 1 ( lqyi)r ( . )

i=1,2,...,N/2; u>0.

With this notation the boundary conditions for equation (17.18) follow from equations (17.5) or
(17.11) as

1—61

t=0: I'=i/n=1In- = q, (17.19q)
t=1: = hfn=lp+ —2g, (17.19b)
€T

i=1,2,...,N/2, ui>0.

(For the boundary condition at 7, the sign switches since fi points in the direction opposite to z.)
Radiative heat flux g and incident radiation G are related to the directional intensities through
equations (17.6) and (17.7), or

N/2

q = Zw wilF =17), (17.20a)
i=1
N/2

G = Zw;(lj +17). (17.200)

i=1

At the two surfaces the radiative heat flux is more conveniently evaluated from equation (17.8)
as

N/2
t=0: ¢ = g40)= el(Ehl - Z wi U Ii_), (17.21a)
i=1
N/2
=7 = —qn)= —eEn- Z w] i IF). (17.21b)

i=1

Example 17.1. Consider two large, parallel, gray-diffuse and isothermal plates, separated by a distance
L. One plate is at temperature T; with emittance €3, the other is at T, with €;. The medium between the
two plates is a gray, absorbing/emitting and linear-anisotropically scattering gas (n = 1) with constant
extinction coefficient f and single scattering albedo w. Assuming that radiative equilibrium prevails,
determine the radiative heat flux between the two plates using the S;-approximation.

Solution
For radiative equilibrium we have, from equation (10.59), I, = G/4n and g = const; equations (17.18)
and (17.19) become

dIy . 1
‘uld_’f +Il = E(G+A1wy1q),

a; 1
—,111%4'[1 = E(G—Alwqu),

t=0: If=J/n, t=pL=1: I =]/n

For the S;-approximation we have only a single ordinate direction y; (pointing toward 7, for I], and
toward 0 for I7), where y; = 0.57735 for the symmetric Sy-approximation, and y; = 0.5 for the non-
symmetric Sp-approximation [which satisfies the half-range moment, equation (17.13)]. For the simple
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S;-approximation the simultaneous equations (only two in this case) may be separated. We do this here
by eliminating I} and I} in favor of G and q. From equation (17.20), with w] = 2,

G
q

2n(IF +17),
2rw(dy - I7).

Therefore, adding and subtracting the two differential equations and multiplying by 27 leads to

“.6-¢
drt - o

dq
el

d_G+i A d_G—_(i_A )
#1dT qu— 1wp1q, or ar Hf 1w )q-

The first equation is simply a restatement of radiative equilibrium, while the second may be integrated
(since g = const), or

1
G=C (= - Al
H

This relation contains two unknown constants (C and g), which must be determined from the boundary
conditions, that is,

t=0: If= i(G+q)=h/77,

m

4
e = Yoo 4)-
T=7: I = 4n( ‘ul)—]z/ﬂ,
or
T=0: 4= G+ =C+L,
Ha H1
T="1: 4]2:G—i:C—(l2—A1w)qu—i.
H1 Hy Hi
Subtracting, we obtain,
q 2th

4

h=-12 1+ (1/;1? - Ala)) ,u1TL/2,
from which the radiosities may be eliminated through equation (14.48). For the symmetric S,-approxi-
mation, u; = 0.57735 =1/ \/3, and with isotropic scattering, A; = 0, this expression becomes
-
V3/2+31,/4

On the other hand, for the nonsymmetric S;-approximation (u; = 0.5), also with isotropic scattering,

\Psymmetric =

1

\yr\onsymmetric = m

The S;-approximation is the same as the two-flux method discussed in Section 15.3, and the nonsym-
metric Sp-method is nothing but the Schuster-Schwarzschild approximation. Results from the two
S;-approximations are compared in Table 17.3 with those from the P;-approximation and the exact solu-
tion. It is seen that the accuracy of the S;-method is roughly equivalent to that of the Pi-approximation.
The nonsymmetric S-approximation is superior to the symmetric one, since the symmetric S, does not
satisfy the half-moment condition, equation (17.13), and causes substantial errors in the optically thin
limit.

As a second example for the one-dimensional discrete ordinates method we shall repeat

Example 16.4, which was originally designed to demonstrate the use of the P3-approximation.

Example 17.2. Consider an isothermal medium at temperature T, confined between two large, parallel
black plates that are isothermal at the (same) temperature T,,. The medium is gray and absorbs and
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TABLE 17.3
Radiative heat flux through a one-dimensional plane-parallel medium at radiative equilib-
rium; comparison of S;- and P;-approximations.

V=g/(Ji-]2)
T Exact Sp (sym) S, (nonsym) P,
0.0 1.0000 1.1547 1.0000 1.0000
0.1 0.9157 1.0627 0.9091 0.9302
0.5 0.7040 0.8058 0.6667 0.7273
1.0 05532 0.6188 0.5000 0.5714
50 0.2077 0.2166 0.1667 0.2105

emits, but does not scatter. Determine an expression for the heat transfer rates within the medium using
the S, and Sy discrete ordinates approximations.

Solution
For this particularly simple case equations (17.18) reduce to

dIi+
pig- +hi=1,

ar;
_yiE +1; =1

Since I, = const, these equations may be integrated right away, leading to

I} = L +Cre™m,

I} = I,+C et

The integration constants C* and C~ may be found from boundary conditions (17.19) as
t=0: I=1Iw=L+C", or C'=Ily-I

t=1: I7=In=L+C e, or C =y —I)e ™.

Thus,

~
s
1]

Iy + (o — Ip) /¥,
Iy + (Ipp = Ip) e™ @785,

o
[

The radiative heat flux follows then from equation (17.20) as

N/2
q = Z w: zui(Ibw_Ib) (eiT/“l - ei(TLiT)/H") ’

i=1
or, in nondimensional form,

q 1 N/2
Y- 1T - W e*f/p; _ e*(TL*T)/,Uai .
n2o(TA-T4 = ; i i ( )

For the nonsymmetric S-approximation we have w] = 2t and y; = 0.5, or

—27 _ e—Z(TL—T) .

“IISZ =e

For the S4-approximation, w} = 4m/3, w), = 2r/3, w3 = 0.2958759, up = 0.9082483, and ¥ w; u; = 7, so
that

‘Ps4 = 0.3945012 (3—7/0.2958759 _ e—(TL—T)/O42958759) +0.6054088 ( 6—1/0.9082483 _ e—(IL—T)/0‘9082483).
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The results should be compared with those of Examples 16.2 and 16.4 for the P;- and P3-approximations.
Note that the Sy-method goes to the correct optically thick limit (7, — oo) at the wall, i.e., ¥ — 1 [if the
half moment of equation (17.13) is satisfied]. The Py-approximations, on the other hand, overpredict
the optically thick limit for this particular example.

It should be emphasized that this last example—dealing with a nonscattering, isothermal
medium—is particularly well suited for the discrete ordinates method. One should not expect
that, for a general problem, the S;-method is easier to apply than the P3-approximation.

A number of researchers have solved more complicated one-dimensional problems by the
discrete ordinates method. Fiveland [12] considered the identical case as presented in this
section, but allowed for arbitrarily anisotropic scattering. Solving the system of equations by a
finite difference method, he noted that higher-order Sy-methods demand a smaller numerical
step At, in order to obtain a stable solution. Kumar and coworkers [28] not only allowed
arbitrarily anisotropic scattering, but also considered boundaries with specular reflectances as
well as boundaries with collimated irradiation (as discussed in Chapter 19). To solve the set
of simultaneous first-order differential equations they employed a subroutine from the IMSL
software library [29], which is available on many computers. Stamnes and colleagues [30, 31]
investigated the same problem as Kumar and coworkers but also allowed for variable radiative
properties and a general bidirectional reflection function at the surfaces. They decoupled the set
of simultaneous equations using methods of linear algebra and found exact analytical solutions
in terms of eigenvalues and eigenvectors that, in turn, were determined using the EISPACK
software library [32]. Other examples of the use of the one-dimensional discrete ordinates
model as a tool to solve more complex problems may be found in [33—42].

174 ONE-DIMENSIONAL CONCENTRIC
SPHERES AND CYLINDERS

Applying the discrete ordinates method and taking advantage of the symmetries in a one-di-
mensional problem is considerably more difficult for concentric spheres and cylinders than for
a plane-parallel slab. The reason is that the local direction cosines change while traveling along
a straight line of sight through such enclosures.

Concentric Spheres

Consider two concentric spheres of radius R; and Ry, respectively. The inner sphere surface has
an emittance €1 and is keptisothermal at temperature T, while the outer sphere is at temperature
T, with emittance €,. If the temperature within the medium is a function of radius only, then
the equation of transfer is given by equation (14.69),

ol 1-u*al B
[JE + ; % + ‘BI = ﬁS, (1722[1)
or, alternatively,
BO o 19 7q_ 2 _
53,D+ 5 [ - 1] +p1=s, (17.22b)

where 1 = cos O is the cosine of the polar angle, measured from the radial direction (see Fig. 14-5).
S is the radiative source function,

1
S = A=+ § [ 16,000 d (17.230)

or
Strop) = (1—w)ly + ﬁ(c + A1 qu), (17.23b)
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172 FIGURE 17-1
Directional discretization and discrete ordinate values for one-dimensional
problems.

if the scattering is limited to the linear-anisotropic case. The additional difficulty lies in the fact
that equation (17.22) contains a derivative over direction cosine, i, that is to be discretized in
the discrete ordinates method. Applying the Sy-method to equation (17.22), we obtain

pid, , 1(4 » .
= L)+ -5 |1-p)I +BLi=BS;, i=12,...,N, 17.24
A Pl (el A e N (17.24)
where S; is readily determined from equation (17.23) (and is independent of ordinate direction
unless the medium scatters anisotropically). Equation (17.24) is only applied to the N principal
ordinates since, similar to the slab, there is no azimuthal dependence. Since the direction vector
u is discretized, its derivative must be approximated by finite differences. We may write

i L Y, = ,*_1211'_12
T e (172

0 W !
H p=pi i

which is a central difference with the I;,1, evaluated at the boundaries between two ordinates,
as shown in Fig. 17-1. Since the differences between any two sequential ; are nonuniform,
the geometrical coefficients @ are nonconstant and need to be determined. The values of a
depend only on the differencing scheme and, therefore, are independent of intensity and may
be determined by examining a particularly simple intensity field. For example, if both spheres
are at the same temperature, then I; = I;» = I, = const, and also I = I, = const. This then leads
to

J
Qi — iy, = W, [a(l - yZ)] ==2w/y;, i=12,...,N. (17.26)
p=ti

This expression may be used as a recursion formula for a;,1,, if a value for a1, can be determined.
That value is found by noting that I, is evaluated at u = —1 (Fig. 17-1), where (1 — y*)I = 0 and,
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therefore, a1, = 0. Similarly, Iy, is evaluated at u = +1 and also ay,1, = 0. The finite-difference
scheme of equations (17.25) and (17.26) satisfies the relation [4]

+1 +
[ g la-@ia=a-wif -

1
N N
B Z‘ {3 [ 1= I]} - Z (“i+1/zli+1/z - ai—l/zli-l/z)
i=1 =

Li i=1
= 0(3/213/2 0(1/211/2 +(JY5/215/2 a3/213/2+ — aNJrl/ZIN_,_VZ—(XNJ,ZIN_l/Z
=0.

Finally, the intensities at the node boundaries, I;.1,, need to be expressed in terms of node center
values, I;. We shall use here simple, linear averaging, i.e., I;;1, = %(I,- + I;+1). Equation (17.24)
may now be rewritten as

/.11‘ d (Xi+1/211'+1 + (OCH_]/Z - 0[1‘_1/2)1 aj_ 1/2 i-1
(L) +

- 3. I - ir
r2 dr 2rw, B pSi

or, carrying out the differentiation and using equation (17.26),

Hl 0(1+1/211+1 - Q- 1/2 i-1
I = 17.27
Ivll d 21’7/01. +B ﬁsu ( a)
iy, = &y, — Zw,’ Wi,  Qy, = Ay, = 0, i= 1, 2, e ,N. (1727b)

Equations (17.27) constitute a set of N simultaneous differential equations in the N unknown
intensities I;, subject to the boundary conditions [cf. equation (17.19)]

N N

r=Ry L= i/m = Iy — elql, i= 5+, 42N (>0), (17.28a)
1 4 N

r=R, : I —]2/7'(—Ibz+ qz, l=1,2,...,5(y,‘<0). (1728b)

As for the one-dimensional slab the radiative heat flux and incident radiation are evaluated [cf.
equations (17.20) and (17.21)] from

N
G() = Y w/ L), (17.29)
i=1
N
q0r) = Y w] L), (17.295)
i=1
and
N/2
gR) = g1 =ex(Bn + ) ] pily), (17.29¢)
i=1
(pi<0)
N
—qR2) = g2 = €2(Eb2 - Z w; Hz’li)- (17.29d)
i=N/2+1
(pi>0)

Example 17.3. Consider a nonscattering medium at radiative equilibrium that is contained between
two isothermal, gray spheres. The absorption coefficient of the medium may be assumed to be gray
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and constant. Using the S;-approximation determine the radiative heat flux between the two concentric
spheres.

Solution

From equation (17.27) we find, with N = 2, that ay, = a5, = 0, az, = —2w| y; = 2w} up = 4y (since
Uz = —p1 > 0; we keep i = yi» as a nonnumerical value to allow comparison between the symmetric and
nonsymmetric S;-approximations). For a gray, nonscattering medium at radiative equilibrium we have
B =xand V- q =0, and the source function is, from equations (10.61) and (17.39), S = I, = G/4n.

i=1: —‘u%—gll+§lz+ll=%=%(11+12),
i=2: ,u%+%12—%11+12=%(11+12),

While addition of the two equations simply leads to a restatement of radiative equilibrium (as in Example
17.1), subtracting them (and multiplying by w! = 2r) leads to

d
“Ho [2n(ly + )] +2n(ly — o) = 0,

or
dG ¢ g 1

ar w22
Since for a medium at radiative equilibrium between concentric spheres Q = 4rr2g = constand, therefore,
72q = const, the incident radiation may be found by integration,
2q

G(1) = 7

Al

+C,

where the two constants (2) and C are still unknown and must be determined from the boundary
conditions, equations (17.28):

L(t1) = hi/n, hL(t)=]2/n.
Using the definitions for g and G, equations (17.29),

g =2nu(-I) and G=2n(l+1),

_ 1 (~_1 _ 1 1
b= 4ﬂ(G #)’12_4H(G+#)’

or

the boundary conditions may be restated in terms of 4 and G as

T=11: 4]1:G+ﬂ:Tl—Zl+C+q—1:T—j(l+ﬁ2)+C,
IS u I o N S
2
remy pmG-LoDBRL o B TYL M) o
I u I A )

Subtracting the second boundary condition from the first we obtain
g 1

Y= = .
2h- 1 ™
! —(1+—;)+i(1—ﬂ)




554 17 THE METHOD OF DISCRETE ORDINATES (Sy-APPROXIMATION)

For the symmetric S;-approximation, with y =1/ V3, this equation becomes

1
72 ’
EE T

2
4 T5 T2

\ysymmetric =

and for the nonsymmetric approximation with u = 0.5,

1

\I]nn mmetric = .
onsy etric 1 T% o
-
2 w T2

The accuracy of the S;-approximation is very similar to that of the Pi-approximation, for which

1
3T1 ( T1 )
ity [ I
) * 4 T2
Note that the method is very accurate for large 7; (large optical thickness) but breaks down for optically

thin conditions (k — 0), in particular for small ratios of radii, R1/R;. In the limit (x — 0, Ry/R, — 0) we
find Wp, = Ws, nonsym — 2, while the correct limit should go to Weyaet — 1.

vV, =

Py

=N

1 T
§@+T

NN

Numerical solutions to equations (17.27), allowing for anisotropic scattering, variable prop-
erties, and external irradiation, have been reported by Tsai and colleagues [43] using the Sg
discrete ordinates method with the equal-weight ordinates of Fiveland [12]. The same method
was used by Jones and Bayazitoglu [44,45] to determine the combined effects of conduction and
radiation through a spherical shell.

Concentric Cylinders

The analysis for two concentric cylinders follows along similar lines. Again we consider an
absorbing, emitting, and scattering medium contained between two isothermal cylinders with
radii R; (temperature T;, diffuse emittance €;) and R, (temperature T,, emittance €;), respec-
tively. For this case the equation of transfer is given by equation (14.88),

0 1,[1(91 sin @sini gl
sinfcostp— — ———— —
ar r oY

where polar angle 0 is measured from the z-axis, and azimuthal angle 1 is measured from the
local radial direction (cf. Fig. 14-6). S is the radiative source function and has been given by
equation (17.23). Introducing the direction cosines £ =§-&, = cos 6, u = §-&, = sin O cos 1, and
n=25§-8&, =sin0Osiny, we may rewrite equation (17.30) as

+pl=pS, (17.30)

B 10

(D)~ ;w(nl) +pl = BS. (17.31)

For a one-dimensional cylindrical medium the symmetry conditions are not as straightforward
as for slabs and spheres. Here we have

I(r,0,y) =1(r,m—0,¢) =I(r,0, ). (17.32)

Therefore, the intensity is the same for positive and negative values of &, as well as for positive
and negative values of 1. Thus, we only need to consider positive values for &; and n; from
Table 17.1, leading to N, = N(N + 2)/4 different ordinates for the Sy-approximation, with
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quadrature weights w!” = 4w;. Equation (17.31) may then be written in discrete ordinates form
as

i d 1f0
&—(rli) anb  +pL =S, i=12,...,N.. (17.33)
rdr Em _—
As for the concentric spheres case the term in braces is approximated as
iy livy, — aoy I
{ (TII)} ~ SHBR T TERER G210, N;, & fixed. (17.34)
lp w:EUz wi

In this relation the subscript i + 1/, implies “toward the next higher value of ;, keeping ¢&;
constant.” The value of N; depends on the value of ;. For example, for the S;-approximation
we have from Table 17.1 N; = 4 for &; = 0.2958759 (four different values for y;, two positive and
two negative) and N; = 2 for &; = 0.9082483. In the case of concentric cylinders the recursion
formula for a, by letting I = S = const in equation (17.31), is obtained as

iy, — Ay, = ZUZ/" @ = ZUZ/" Wi, i= 1 2 Nlr 51 fixed. (1735)
Y=y

Again, ay, = 0 since at that location ¢, = 0 and, therefore, 7 = 0. Similarly, a, .1, = 0 since
Yy, = and n = 0. Finally, using linear averaging for the half-node intensities leads to

0(‘ 1 I 1 a;_1 1 )
/"z dr ‘”z I i+l 1+27w1 i— /2 i- +pLi=pS;, i=12,...,N,, (17.36a)
iy, = oy, + wl’,’ Wi, g, =aya, =0, i=1,2,...N;, &; fixed. (17.36b)

Equation (17.36) is the set of equations for concentric cylinders, for the N, = N(N+2)/4 unknown
directional intensities I;, and is equivalent to the set for concentric spheres, equation (17.27). The
boundary conditions for cylinders and spheres are basically identical [equations (17.28)], except
for some renumbering, as are the expressions for incident intensity and radiative heat flux
[equations (17.29)], that is,

r=Ry: L= Lo_ Iy — 1_61 a1, i:%+1,%+2,...,NC (i >0), (17.37a)
r=Ry: I;= ];2 —Ibz-i- 1 qz, i=1,2,...,%(#,‘<0), (1737b)
= Z w! I(r), (17.37c)
i=1
N,
9ir) = Y wl’ (), (17.37d)
and i=1
N./2
qR1) = q1 = €1(Eb1 + Z wy i L‘), (17.37¢)
(,Ux‘:<0)
Nc
~(Ra) = g2 = ex(Era = Y w0/ i) (17.37f)
i=N_/2+1
(pi>0)

An example of the use of the discrete ordinates method in a one-dimensional medium is
the work of Krishnaprakas [46], who considered combined conduction and radiation in a gray,
constant property medium with various scattering behaviors.
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A general two-dimensional control volume.

17.5 MULTIDIMENSIONAL PROBLEMS

While the discrete ordinates method is readily extended to multidimensional configurations, the
method results in a set of simultaneous first-order partial differential equations that generally
must be solved numerically. As for one-dimensional geometries, the equation of transfer is
slightly different whether a Cartesian, cylindrical, or spherical coordinate system is employed.
We shall first describe the method for Cartesian coordinate systems, followed by a brief descrip-
tion of the differences for cylindrical and spherical geometries.

Enclosures Described by Cartesian

Coordinates
For Cartesian coordinates equation (17.4) becomes, using equation (17.14),

ol; ol; dl; e
51‘%*"71@4‘#1& +pLi=pS;, 1=12,...,n, (17.38)

where §; is again shorthand for the radiative source function
W n
s,-=(1—a))1b+Eijq>,-j1j, i=1,2,...n (17.39)
=1

Equation (17.38) is subject to the boundary conditions in equation (17.5) along each surface. For
example, for a surface parallel to the y-z-plane, withfi=fand fi-§; = §; -1 = &;, we have for all
i with &; > 0 (n/2 boundary conditions)

1-€
I = /Tt =€y Ipy + p L ZZUJI] |(S]| (17.40)
§j<0
(n/2 values)

Although the numerical solution to equation (17.38) may be found through standard finite dif-
ferences, the first order of the equations necessitates backward differencing with large truncation
errors. Consequently, it is more common to employ the finite-volume approach of Carlson and
Lathrop [4] described below.

Two-Dimensional Problems

For clarity, we shall develop the method here for a two-dimensional geometry (i.e., for dI/dz = 0).
For such a problem the intensity is the same for positive and negative values of y;. Thus, we
need to consider only positive values of u; (and double the quadrature weights w;). A general
volume element is shown in Fig. 17-2. The volume element has four face areas Aw and Ag
(in the x-direction), and As and Ay (in the y-direction). In a simple rectangular enclosure one
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s FIGURE 17-3
Enclosure corner, used as starting point for discrete ordinates calcula-
tions.

would have (per unit length in the z-direction) Aw = Ag = Ay, As = Ay = Ax, and V = AxAy.
The finite-volume formulation of equation (17.38) is obtained by integrating it over a volume
element. For example, the term JI;/dx transforms to

al;

—dV = f L‘ dAE - f Ii dAW = IEiAE - IWiAWI (1741)
)4 (9x Ar Aw

where If; and Iy; are average values of I; over the faces of Ap and Ay, respectively. Operating
similarly on the other terms changes equation (17.38) to

Ei(AElEi — Awlwi) + ni(AnIni — Aslsi) = —pVI, + VS, (17.42)

where [,; and S; are volume averages. The number of unknowns in equation (17.42) may be
reduced by relating cell-edge intensities to the volume-averaged intensity. Most often a linear
relationship is chosen, i.e.,

Li = yyIni + (1 = yy)lsi = yalei + (1 = y2)lwi, (17.43)
in which y, and y, are constants 1 < y,,7, < 1, and the scheme is known as “weighted
diamond differencing” as proposed by Carlson and Lathrop [4]. To date most investigators
have employed y, = y,, = 1, simply known as the diamond scheme.

For any point on a surface, boundary conditions are given for all directions pointing away
from the surface. Therefore, the numerical solution of equation (17.38) customarily proceeds as
follows: First, the surface radiosities, J,, and internal radiative source terms, S;, are estimated
(usually by neglecting reflected surface irradiation and volume in-scattering during the first
iteration). Next, the lower left corner (corresponding to minimum values of x and y, as indicated
in Fig. 17-3) is chosen as a starting point. From that point all outgoing directions lie in the first
quadrant (i.e., both direction cosines ¢&; and 7; are positive). The West and South faces of the
control volume in that corner are part of the enclosure surface and, therefore, their intensities
Iw; and Ig; are known from the boundary conditions. For any discrete ordinate i, the volume-
averaged intensity, I,;, of the corner control volume can be calculated by eliminating Ir; and Iy;
from equation (17.42) with the help of equation (17.43). Thus,

Vx(Aelgi — Awlwi) = Aelyi = [(1 = yo)AE + yxAw] Iwi,

etc., and S N )
VSpi + EiApwlwi/yx + MiANsIsi
Ipi=ﬁ pi + SIAEWIwi [ Yx + NiANsIsi[yy (17.44)
BV + &iAE/yx + NiANTYy
where
Apw = (1= y0)Ae + 72 Aw, (17.45a)

Ans = (1 —yy)ANn +yyAs, (17.45D)
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are averaged face areas. Once I,; has been calculated, Ir; and Iy; are readily determined from
equation (17.43), and are equal to the West and South intensities for the adjacent control volumes
(for increasing x and y); thus, one by one, the first-quadrant intensities can be calculated for all
finite volumes in the enclosure. The procedure is then repeated three times, starting from the
remaining three corners of the enclosure, covering the remaining three quadrants of directions.
For example, for &; < 0, the intensity at the East face of the control volume is known, and the
West face intensity must be eliminated from equation (17.42), to be determined after I,; has been
found. Thus, we may rewrite equations (17.42) and (17.43) for general (positive or negative)
values of &; and ), as

|5z| (Ax@IxHi - Ainx,i) + |T]z| (Ayl,lygi - Ayilyii) = _ﬁVIpi + ﬁvsi/ (1746)

Li = yxLei+ (L= ya) Li = yy Lyi + (1= ) Ly, (17.47)

where A, is the x-direction face area where the beam enters (= Aw for & > 0, and = Ag for
& < 0), Ay, is the x-direction face area through which the beam exits (= Ag for & > 0, and
= Ay for &; < 0), I,; and I,,; are the corresponding y-direction face intensities, and so on. Then
equation (17.44) may be generalized to

_ ﬁVSpi + |éi|Ax1x,-i/Vx + milAny,'i/Vy

i = 17.48
P TRV A &l Ax fyx + T Ag S Yy (17:48)

h
where Ay = (1= y)Ay +72As, (17.490)
Ay = (L= Ay, +VyAy. (17.49b)

If all walls are black and in the absence of scattering, all unknown quantities can be calculated
with a single pass, since all wall radiosities, |, and all internal sources S,; = (Iy),; are known
a priori (if the temperature field is given or assumed). If the walls are reflecting and/or the
medium is scattering, iterations are necessary. After a pass over all directions and over all
finite volumes has been completed, the values for the wall radiosities and the radiative source
terms are updated, and the procedure is repeated until convergence criteria are met. And finally,
internal values of incident radiation and radiative heat flux are determined from equations (17.6)
and (17.7), while heat fluxes at the walls may be calculated from equations (17.8). For highly
reflecting walls (€, < 1) and strongly scattering media (1 — w < 1), the discrete ordinates
method will become extremely inefficient. As pointed out by Chai and coworkers [47], the
number of iterations caused by scattering can be reduced by removing forward scattering from
the phase function, and treating it as transmission. This can be done in equations (17.38) and
(17.39) by defining a modified extinction coefficient and a modified source as

O
Bmi = p— ﬁwiq)ii/ (17.50)
n
Spi = (1— @)y + ﬁ Y wiwgl;, i=12,.,n 17.51)
j=1
J#i

This leads to faster convergence, particularly if the phase function has a strong forward peak
(as is often the case for large particles; see also the discussion in Section 12.9).

Spatial Differencing Schemes

Expressing unknown intensities in terms of upstream values, such as defining Iy; and Ig; in
terms of I;, Is;, and Iy; in equation (17.43) for &;, n; > 0, is known as spatial differencing (of
intensity). Many different schemes have been proposed over the years. We give here only a
brief description of the most basic and popular ones.
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Step Scheme The step scheme is the simplest differencing scheme, setting y, = y, = 1,
which leads to In; = I; and Ig; = I; for &;, n; > 0, etc. Akin to a fully implicit finite difference of
a first derivative, it has the largest truncation error of all methods, but is the only one that never
produces unphysical results.

Diamond Scheme This is the most popular differencing scheme, in which the interpolation
factors are set to y, = y, = 3. However, already Carlson and Lathrop [4] noticed that this may
lead to physically impossible negative intensities at the control volume faces (i.e., Iy; and Ig; for
&i, mi > 0, etc.). While they simply suggest setting negative intensities to zero and continuing
computations, this may lead to oscillations and instability. Fiveland [13] showed that such
negative intensities may be minimized (but not totally avoided) if finite volume dimensions are
kept within

|Ei|min milmin
A —, A _— 17.52
By M Ba-y (172

Therefore, higher-order Sy-approximations (with their smaller minimum value for &; and 7;),
as well as optically thick media (large ), require finer volumetric meshes. However, Chai and
coworkers [48] have demonstrated that a fine mesh does not guarantee positive intensities, but
may in fact cause negative intensities. They further noticed that the diamond scheme may result
in “overshoot,” i.e., predicting unphysically high intensity (intensity leaving a control volume
larger than intensity entering plus internal emission).

Exponential Scheme The exponential scheme [4] is generally regarded to be more accurate,
particularly for one-dimensional geometries. Here

1 1 Ax A
= _T_si, s=Xxory, ij:‘BcS—i, T}/i:‘l%.

Vs = (17.53)
Since equation (17.53) leads to interpolation factors less than unity, this method also can lead to
physically impossible intensities.

Other relatively simple differencing schemes have been proposed, such as the positive
scheme (Lathrop [49]), a variable-weight scheme (Jamaluddin and Smith [50]), an upstream
tracing scheme (Chai and colleagues [48]), and a hybrid scheme (Kim and Kim [51]). These
methods are somewhat more complex, and have smaller truncation error. However, unlike the
simple step scheme they all can lead to unphysical results.

CLAM Scheme The CLAM scheme is a second-order method and, therefore, does not obey
equation (17.43). The method is a bounded scheme originally developed for fluid flow problems,
and was first applied to radiative heat transfer by Jessee and Fiveland [52]. The intensity exiting
the control volume at face f (where f = W,N,E, or S) is expressed in terms of I, and center
values of adjacent volume elements in the upstream (I,) and downstream (I;) directions:

L +ola-1), 0<¢p<1,
Ir= {Ipr otherwise, (17.54)
L, -1
where ¢ = P 1755)
I;—-1,

In the context of Fig. 17-2 for the given direction §;, intensity exits the N face (with d being the
volume element above N, and u the volume element below S) and the E face (with d being the
volume element to the right of E, and u the one to the left of W). Intensity entering the S face
exits the N face of the volume element below and equation (17.54) is applied to that element,
etc.

Since high-order schemes, such as CLAM, make the set of equations nonlinear, the intensity
propagating along a single direction can no longer be evaluated in a single sweep, even in the
absence of scattering and/or wall reflection. The equations must be linearized and a solution
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is found through iteration, mostly using the “deferred correction” procedure [18]. For the nth
iteration equation (17.54) is modified to

In

=Lt -, (17.56)

i.e., the first term on the right-hand side is treated implicitly (using the step scheme, y, =y, = 1),
while the remainder is explicit (taking values from the previous iteration, provided 0 < ¢"~ < 1).
This way equation (17.48) remains in effect, but includes additional source terms stemming from
the explicit terms in equation (17.56).

The CLAM scheme belongs to the class of bounded, high-resolution interpolation schemes
based on the Normalized Variable Diagram (NVD) formulation proposed by Leonard [53]. The
CLAM scheme is known to be stable and fairly economical and, while other NVD schemes can
be more accurate, they also tend to be more time consuming. More detail on spatial differencing
schemes may be found in [18,52, 54]

False Scattering

One of the more serious shortcomings of the discrete ordinates method is false scattering, which
is a consequence of spatial discretization errors, and is akin to “numerical diffusion” in CFD
calculations. If a single, collimated beam is traced through an enclosure by the discrete ordinates
method, the beam will gradually widen as it moves farther away from its point of origin. This
unphysical smearing of the radiative intensity, even in the absence of real scattering, is known
as false scattering and can be reduced by using a finer mesh of control volumes.

Ray Effect

Another serious drawback of the method is the so-called “ray effect,” which is a consequence
of angular discretization. Consider an enclosure with a very small zone (volume or surface
area) with very high emission. Intensity from this zone will be carried away from it into the
directions of the discrete ordinates. Far away from the emission zone these rays may become
so far apart that some control volumes and/or surface zones may not receive any energy from
this high-emission zone, leading to unphysical results. Clearly, the ray effect can be reduced by
increasing the size of control volumes and surface zones. Therefore, when using a finer spatial
mesh to reduce false scattering, this should be accompanied by an increase in the order of the
method (i.e., a finer angular quadrature). More discussion on ray effects and how to mitigate
them may be found in [55-58].

Example 17.4. A gray, absorbing/emitting (but not scattering) medium is contained within a square
enclosure of side lengths L. The medium is at radiative equilibrium and has a constant absorption
coefficient such that kL = 1. The top and both side walls are at zero temperature, while the bottom
wall is isothermal at temperature T, (with constant blackbody intensity I,); all four surfaces are black.
Calculate the local heat loss from the bottom surface using the discrete ordinates method.

Solution
For the illustrative purposes of this example we shall limit ourselves to the simple nonsymmetric S,-
approximation, with the crude nodal system indicated in Fig. 17-4. For the nonsymmetric S,-approxi-
mation (without dependence in the z-direction) we have to consider four discrete ordinates whose
direction vectors (projected into the x-y-plane) are §; = i + n;j = £0.5( + §), as given by Table 17.1.
The quadrature weight for each direction is, after doubling because of the two-dimensionality, w; = 7.
For radiative equilibrium in a gray, nonscattering medium V - q = 0, and the source function is, from
equations (10.61) and (17.39), S = I, = G/4mn, which is not a function of direction.

We will first solve the problem with the popular diamond spatial differencing scheme, i.e., yx =y, =
%. Since all nodal surface areas are A = L/2, all |§;| = |;] = 0.5, and fV = ®(L/2)? = 0.25kL? = 0.25L,
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Square enclosure for Example 17.4.

equation (17.48) becomes

1 1 1
gS,, + leﬂ‘ + ZIW
1 1 1

gtita

I = = 1(Sp + 2l + 21:).

We start in the lower left corner with all directions for which &; > 0 and 7; > 0 (i.e., a single direction for
the S;-approximation). For this direction x; = West and y; = South. To distinguish among the different
nodes we attach the node number after the W, etc. For example, Iiyy1 is the intensity at the West face of
volume element 2, pointing into the direction of ;.

i=1 [8 = 0.5 +7)]: For all nodes
Ip]'/] = % (Sp] + ZIW]'/] + 215]',1),
Igjn = 2Ipj1 — Iwja,
Injg = 2L = Isjn, j=1,2,3,4.

Starting at Element 1 we have Iwi,1 =0, Isi,1 = Iy, and

Ing = & (Spl + ZIbw)r

Ipy =210 = Iwap, Inuy = 2011 — Ipw = Is31;

Ipy = % (sz +2Iwa1 + 2152,1) =3 (sz + 4l + ZIbw) ,

Inot = 2001 = Inw = Isa1;
Iy = % (Sp3 + 2153,1) =1 (Sps + 411 — 2Ihw)/
Iesy = 2Lp31 = Twa;
Iyg = % (Sp4 +2Iwgq + 2154,1)
= 1(Spa +4l51 + 401 — 2.
i=2 [8 = 0.5(-1+j)]: Inaproblem without symmetry we would start in the lower right corner, scanning

again over all elements. However, in this problem we can determine the intensities right away through
symmetry, as

L2 =i, Lo = Ina, Lep = Tay, Ipap = Ipsp-
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i=3 [83 = —0.5(1 +§)]: Starting in the upper right corner, we have, for all nodes,

ij,;; = % (Sp]' + 2[};1‘,3 + 2[1\]]‘,3),
Iwjs = 2Lyi3 — Iwes,

IS]',3 = ZIPj,3 — IN]'/3.
Starting at Element 4 with Irs3 = Ina3 = 0, we find

1
Ipas = 55p4,

Isss = 2lpa3 = In23, Iwas = 2043 = IE33;
sz =1 (Sp?) + 21153,3) =1 (5p3 + 4Ip4,3) ,
Iss3 = 2lp33 = IN13;
L3 = (5p2 + 2Ny 3) =1 (sz + 4Ip4,3)/
Iwzz = 2L3 = Ip13;
1}7173 = % (Sp] + 2[51/3 + ZINl,S) = % (Sm + 41;,2/3 + 4Ip3,3) .

Also
Isi3 = 2I3 = Inis = 2(Ip13 — L133),
Isaz = 2l3 —In2s = 2(Ip23 — [143),

which will be needed later for the calculation of wall heat fluxes from equation (17.8).
i=4 [84 =0.5(-7)]: Again, by symmetry it follows immediately that
Ina =1ns, Ina =g, Ipsa = T, s = Ipaa,

and also
Is14 = Isz3, Ispq = Is1 3.

Summarizing, we have

Ipl,l = Ip2,2 = % ( p1 t Zlbw)
Loy = Inp=1 ( 2+ 4l + ZIbw)
Ip3,1 = Ip4,2 = % (Sp3 + 4Ip11 ZIbw)
Iyg = Ippp =1 (5p4 + 4l + 4l - 21bw)
Ip1,3 = IPZA = % (Spl + 4Ip23 + 4Ip3 3)
Lps = Ina= %( 2 +4Ip43)
1
5

(Sp3 + 41;,4/3) ,

_1
Ipas = Ipza = 5Sp,

Lz = lpa

Isi3 = Isza =2(Ln3 — Ips3),

Iszz = Isia =2(Io3 — Ipa3)
The source functions are readily evaluated from equation (17.7) and symmetry as
St = Spp =L+ Lo+ s+ L),
Sps = Spa = 21 + Lsp + Las + Iz ).

Since the equations are linear, one could substitute the relations for the S pj into the above equations and
solve for the unknown I,;; by matrix inversion. However, in general one would have many more, and
much more complicated, equations, which are best solved by iteration. We start by setting all S,; = 0,



17.5 MULTIDIMENSIONAL PROBLEMS 563

TABLE 17.4
Nodal intensities of Example 17.4 as a function of iteration, normalized by I;,.

Iter. Ip11 N3 I3 1 Ipan I3 Ins Iss Ipa3 Sp1 Spa

Diamond scheme
1 0.4000 0.7200 0.0000* 0.1760 0.0000 0.0000 0.0000 0.0000 0.2800 0.0440
2 0.4560 0.8208 0.0000* 0.2654 0.1191 0.0630 0.0158 0.0088 0.3647 0.0725
3 0.4729 0.8513 0.0000* 0.2955 0.1615 0.0846 0.0261 0.0145 0.3926 0.0840
>9 04815 0.8667 0.0037 0.3148 0.1852 0.0963 0.0333 0.0185 0.4074 0.0926

Step scheme
1 03333 04444 01111 0.1852 0.0000 0.0000 0.0000 0.0000 0.1944 0.0741
2 0.3981 0.5309 0.1574 0.2541 0.1001 0.0730 0.0329 0.0247 0.2755 0.1173
3 04252 0.5669 0.1808 0.2883 0.1442 0.1049 0.0521 0.0391 0.3103 0.1401
>10 0.4459 05946 0.2027 0.3198 0.1802 0.1306 0.0721 0.0541 0.3378 0.1622

“negative values set to zero

finding values for the I,;;, updating the S,;, reevaluating the I,;;, and so on, until convergence has been
reached. The changing values of the intensity (normalized with Ij;,) as a function of iteration are given in
Table 17.4. Values accurate to ~ 5% are reached after three iterations, and fully converged values (to four
significant digits) are obtained after nine iterations. The converged intensities are used to determine the
net radiative heat flux from the bottom wall at x = L/4 and x = 3L/4. From equation (17.8) we have

4
Tt
q(x=0425 L) = q(x=075 L) = nlbw — Z w; 151,,' |171| = T(Ibw - 5(151,3 + 151,4),
i=3
or

_ Do G Ins —Ipss + Los — Ipas — 07704,
Epw Epw T

For comparison we will work this example also with the simpler, but more stable step differencing
scheme, i.e., ¥y = , = 1. Then we obtain from equations (17.47) and (17.48)

1
Ipi = g(sp + Ly + Iy;z')/ Iy

o

i =1Iyi = Iy

Then, following the same procedure we obtain (a little more easily)

i = 5(Sp1 + 0+ L) = Lo
Ipg = 3(Sp2 + g + ) = In2
Ip31 = 5(Sp3 + 0+ Ip11) = Ipap
Ipag = 3(Spa + Izp + Ipo1) = s

Ip4,3 = %(SW; +0+ O) = lp3a

Ipzs = 5(Sps + Ipas +0) = Lpss

Los = %(Sp2 + 0+ Lu3) = Lna

Ing = 3(Sp1 + Lns + 1p33) = Lna

The formulas for the source functions and heat fluxes remain the same, but the nondimensional flux
becomes, after substituting for Is = I,

Lng + I
\P—I—wa = 0.844.
The iteration results for the step scheme are also included in Table 17.4. Results for the nondimensional
heat flux from both schemes are shown in Fig. 17-5 along with exact results reported by Razzaque and
coworkers [59], and with S;- and S4-calculations of Truelove [15] (for a much finer mesh). Truelove’s
results demonstrate the importance of good ordinate sets, at least for low-order approximations: The S}
and S results were obtained with sets that do not obey the half-moment condition of equation (17.13) (as
used by Fiveland [11] in a first investigation of rectangular enclosures), while the S, and S4 results were
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Nondimensional distance, x/L Nondimensional heat flux along the bottom wall of the
square enclosure of Example 17.4.

obtained with the sets given in Table 17.1 (using the nonsymmetric ordinates for S,). Not surprisingly, the
diamond scheme (similar to a Crank—Nicolson finite differencing scheme) is more accurate than the step
scheme (similar to fully implicit finite differencing). The step scheme shows a smoother distribution for
the I, and S, and is always stable. The diamond scheme, on the other hand, gives nonphysical negative
intensities for ;31 during the first few iterations, which were set to zero.

Ray effects, while present, are not apparent in this example because of the large cells used to allow
for hand calculations. They become very noticeable when repeating this example with a fine mesh, as
will be done in the context of the finite volume method, the subject of the next section (see Example 17.7).

In his early calculations Fiveland [11] applied the S,-, S4-, and S¢-approximations to purely
scattering rectangular media (w = 1), and to isothermal, nonscattering media bounded by cold
black walls. Truelove [15] repeated some of those results to demonstrate the importance of
good ordinate sets, and gave some new results for radiative equilibrium in a square enclo-
sure. Jamaluddin and Smith [50] applied the Sy-approximation to a rectangular, nonscattering
enclosure with known temperature profile. Kim and Lee investigated the effects of strongly
anisotropic scattering, using high-order approximations (up to S16) [60], and the effects of colli-
mated irradiation [61]. Finally, combined conduction and radiation in a linear-anisotropically
scattering rectangular enclosure has been studied by Baek and Kim [62]. They also investigated
the influence of radiation in compressible, turbulent flow over a backward facing step, using
the same method (gray constant properties, here without scattering) [63]. Finally, radiation in
two-dimensional packed beds, together with conduction and convection, was studied by Lu and
coworkers [36]. While they also assumed gray properties, they allowed them to vary locally;
for scattering, they used the large diffuse sphere phase function, equation (12.85). Other appli-
cations of the two-dimensional Cartesian form of the discrete ordinates method can be found
in [64-67], all dealing with combined-mode heat transfer. Particularly noteworthy here is the
study of Selguk and Kayakol [68], who compared the performance of the 54 method with that of
the related discrete transfer method [69] (see p. 575), finding the methods to have comparable
accuracy, while the S4 solution required three orders of magnitude less computer time.

Three-Dimensional Problems

The method can be extended immediately to three-dimensional geometries by giving the control

volume Front and Back surfaces, Ar and Ag, and rewriting equation (17.48) as
o ﬁvspi + |éi|AxIx,i/7/x + |7]i|Anyl1’/Vy + |Hi|AzIzii/Vz

i = 17.57
v BV + 1E1An s Tl Ay 17y + i A7 (17.57)
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where
Ay = (L=yy) Ay, +yx Ay, (17.58a)
Ay = 1=y)A, +y,Ay, (17.58b)
Ay = (=) Az + 724z, (17.58¢)

and the sub-subscript i again denotes the face where the beam enters, and e where it exits,
as explained in the context of equation (17.48). A three-dimensional Cartesian enclosure has
eight corners, from each of which %N (N + 2) directions must be traced (covering one octant
of directions), for a total of N(N + 2) ordinates. Some such calculations have been performed
by Jamaluddin and Smith [70] (nonscattering medium with prescribed temperature), and by
Fiveland [13] and Truelove [16] (both studying the idealized furnace of Mengti¢ and Viskanta
[71], considering a linear-anisotropically scattering medium with internal heat generation at
radiative equilibrium), by Park and Yoon [72] (combined conduction and radiation, using inverse
analysis to determine constant, gray values for x and o, for given temperature profiles), and
Lacroix and colleagues (radiation in a plasma formed by the laser welding process) [73], and
others. Also, Gongalves and Coelho [74] have shown how the discrete ordinates method can
be implemented on parallel computers. Fiveland and Jessee [75] discussed several acceleration
schemes for optically thick geometries, for which the discrete ordinate method is known to
converge very slowly (or not at all). An extensive review up to the year 2000 of the discrete
ordinate method from a computer science point of view, emphasizing convergence rates and
multigrid and parallel implementations, has been given by Balsara [76].

Multidimensional Non-Cartesian Geometries

A few investigations have dealt with the application of the discrete ordinates method to two- and
three-dimensional cylindrical enclosures, and more recently the method has also been applied
to irregular geometries. A two-dimensional axisymmetric enclosure was first considered by
Fiveland [10], who calculated radiative heat flux rates for a cylindrical furnace with known
temperature profile. A very similar problem was treated by Jamaluddin and Smith [70] who,
a little later, also addressed the case of a three-dimensional cylindrical furnace [77,78]. Kim
and Baek [79] investigated fully developed nonaxisymmetric pipe flow with a gray, constant
property, absorbing/emitting and isotropically scattering medium. Kaplan and coworkers [80]
modeled an unsteady ethylene diffusion flame, treating soot and combustion gasses as gray
and nonscattering, but with spatial variation. Ramamurthy and colleagues [81] investigated
reacting, radiating flow in radiant tubes, using a more sophisticated model for the spectral
behavior of the combustion gases, and a molten glass jet was studied by Song and coworkers [82].
All of these used the S4-method in two-dimensional, cylindrical geometries, although the Si4-
scheme was used by Jendoubi et al. [83] to evaluate different scattering behaviors.

Complex three-dimensional geometries are difficult to treat with the standard discrete ordi-
nates method. This was attempted by Howell and Beckner [84], who used “embedded bound-
aries” to simulate irregular surfaces, and by Adams and Smith [85], who modeled a complex
furnace. Their results clearly demonstrate the ray effect: using a coarse ordinate mesh (up to
Sg) together with a very fine spatial mesh, their calculated radiative fluxes undergo very strong
unphysical oscillations. Sakami and colleagues [86,87] showed how spatial differentiation can
be done across unstructured, triangular, two-dimensional meshes. They trace back each ray
through each cell, integrating over the entire cell using a finite-element Galerkin scheme. A
somewhat similar approach was suggested by Cheong and Song [88-91]. Through careful spa-
tial differencing, they showed how the standard discrete ordinates method can be applied to
unstructured grids and irregular geometries. This method was also further refined by Seo and
Kim [92].

Discretization of equation (17.4) for, both, rectangular Cartesian and irregular structured or
unstructured grids may also be carried out using the finite volume approach of Patankar [93],
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(a) (b)

FIGURE 17-6
Spatial and directional discretization in a two-dimensional domain: (a) finite volume elements with nodes at the centers
of the elements, (b) typical subdivision of all directions into solid angle elements.

as is done in the “finite volume method” (for radiation) described in the following section. This
can then be combined with any spatial differencing scheme [18]. Alternatively, equation (17.4)
can be solved using the finite element approach (e.g., [94,95]), meshless methods (e.g., [96]), etc.

17.6 THE FINITE VOLUME METHOD

The discrete ordinates method, in its standard form, suffers from a number of serious drawbacks,
such as false scattering and ray effects. The fact that half-range moments, equation (17.13), must
be satisfied for the accurate evaluation of surface fluxes makes it very difficult to apply the
method to irregular geometries. Perhaps the most serious drawback of the method is that it does
not ensure conservation of radiative energy. This is a result of the fact that the standard discrete
ordinates method uses simple quadrature for angular discretization, even though generally a
finite volume approach is used for spatial discretization, as outlined in the previous sections.
Thus, it was a logical step in the evolution of the method to move to a fully finite volume
approach, in space as well as in direction. This was first proposed by Briggs and colleagues [97]
in the field of neutron transport. The first formulations for radiative heat transfer were given by
Raithby and coworkers [98-101]. Slightly different schemes have been proposed by Chai and
colleagues [102-104]. A good review has been given by Raithby [105].

The finite volume method uses exact integration to evaluate solid angle integrals, which is
analogous to the evaluation of areas and volumes in the finite volume approach. The method is
fully conservative: exact satisfaction of all full- and half-moments can be achieved for arbitrary
geometries, and there is no loss of radiative energy. The angular grid can be adapted to each
special situation, such as collimated irradiation [102].

Two-Dimensional Formulation

As in the development of the standard discrete ordinates method, for clarity we will limit our
development to two-dimensional geometries; extension to three dimensions is straightforward.
However, in view of the finite volume method’s ability to easily accommodate irregular geome-
tries, we will consider a general two-dimensional domain with irregularly-shaped finite volumes
as depicted in Fig. 17-6a. The quadrilateral volumes follow “practice B” of Patankar [93], the
ones used by Chai and coworkers [104] (i.e., nodes are placed at the center of each finite volume).
However, other finite volume schemes may be used, as well. Similar to the spatial domain, the
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directional domain of 4n steradians is broken up into n solid angles Q; (i = 1,2,...,n), which
exactly fill the directional domain without overlap. This can be done in many ways, and without
restrictions, but it is usually easiest to define the (); as the areas on a unit sphere defined by
lines of longitude and latitude, as shown in Fig. 17-6b.

The starting point for the analysis is again equation (17.1) together with its boundary condi-
tion, equation (17.2). For each volume element, such as the one surrounding point P in Fig. 17-6a,
equation (17.1) is integrated over the volume element and over each of the solid angle elements
Q;. The volume integration over JI/ds is the same as in equation (17.41), but is now for an
element of arbitrary shape, for which we obtain

ﬂz7lV f§-VIdV=fV-(§I)dV=f1§~ﬁdl", (17.59)
v 0s v v r

where I is the surface of the volume element consisting of four (two-dimensional) or six (three-
dimensional) faces and fi is the outward surface normal as indicated in the figure. In equa-
tion (17.59) the unit direction vector § can be moved inside the spatial V-operator since direc-
tional coordinates are independent from spatial coordinates. Conversion to a surface integral
in the last step follows from the divergence theorem [106].

Thus, integrating equation (17.1) over the volume element V and solid angle €; leads to

ffls AdTdQ = ff(xlb—ﬁl)dVdQ+ffv Ln NdQY dVdQ. (17.60)

In the simplest implementation of the finite volume method it is assumed, for the term on the
left-hand side, that the intensity is constant across each face of the element as well as over
the solid angle €);. Similarly, it is assumed for the volume integrals that values are constant
throughout and equal to the value at point P. Equation (17.60) then becomes

Yl AL = By(Si— L)V, (17.61a)
k
w n
NN
Spi = (1 —awp)ly + E}Z_;IW'CDU' (17.61)
by =+ f f §,8)d0Y dO, (17.61¢)
Qj
s; = f 8dQ, (17.61d)
Q;

where subscripts k and p imply evaluation at the center of the volume’s faces Ay (as indicated
by an x in Fig. 17-6a) and element center P, respectively; subscript i denotes a value associated
with solid angle Q;. The radiative source S; is similar to the one in equation (17.39), but now
has an analytically averaged phase function ®;;. Finally, the s; is a vector (of varying length
indicative of the size of Q;) pointing into an average direction within solid angle element Q;.
Of course, the forward-scattering term in S,; can, and should, be removed as was done in the
standard discrete ordinate formulation [cf. equation (17.50)].

What remains to be done is to relate the intensities at the face centers, I;, to those at volume
centers, I,;. There are many different ways to do this. Raithby and coworkers [98], in particular,
have developed schemes of high accuracy. However, such sophisticated schemes require sub-
stantial analytical and computational overhead. In light of the stability considerations discussed
by Chai and colleagues [48], the simple step scheme has generally been preferred. Therefore,
similar to equation (17.43) with y = 1, we assume that for intensities leaving control volume P
(ie., for s; - fiy > 0) Iy = I;. All incoming intensities (s; - iy < 0) are assigned the value of the
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element center from which they came. Substituting Ii; = I; for s; - fiy > 0 into equation (17.61)
then leads to the final expression

BpSyiVQi+ Z IiiIs; - fig] Ay

k,in

BpVQi+ Y. (si- fig)Ax

k,out

Ii =

(17.62)

where the “in” and “out” on the summation signs denote summation over volume faces with
incoming (s; - fiy < 0) or outgoing (s; - fix > 0) intensities, only. Lately, the CLAM scheme has
become popular (e.g., [58,107]), requiring an iterative approach as discussed in Section 17.5.

The boundary conditions are developed in a similar manner, except that—for diffusely
emitting and reflecting surfaces—it is advantageous to make an energy balance to ensure con-
servation of radiative energy for surfaces not lined up with the solid angles ();. Multiplying
equation (17.2) by fi - § and integrating over all outgoing directions gives an expression for
surface radiosity as

]Z,,zfIﬁ-édQ:fewlbwﬁ-édQ+(l—ew) fllﬁ-éldQ. (17.63)

1-8>0 -8>0

In finite volume form, integrating over a surface element such as Ag shown in Fig. 17-6a, and
making the standard assumption of constant intensities across Ag leads to

Ip Y si-BgAg =egliy Y si- g Ag+(1—eg) Y Lylsi - fg| Ag (17.64)
i,out i,out iin
or
Lo = €glpg + (1 - Z Li[si - g /Z (si - fiy), (17.65)

1,out

where I is the diffuse intensity leaving boundary element Q (same for all outgoing directions
Q; with s; - fig > 0), i, is the unit surface normal at Q pointing out of the boundary (but into the
adjacent volume element R). The I; are intensities leaving the adjacent volume element R going
into boundary element Q. Using the step scheme we can set I; = Ig; for s; - fi; < 0.

Once all internal intensities I,; and boundary intensities I;; have been determined, internal
values for incident radiation and radiative flux are found from

Gp=) 1O  q,=) s (17.66)
i i
while wall fluxes are given by
G =€ (Evg = Hy) = €| Ty Y s = Y Iyi[si - g . (17.67)
i,out i,in

Note that, for arbitrarily oriented surfaces, the sums of |s; - fi;| may not add up to 7 (for either
incoming or outgoing directions); therefore, for consistency, the finite volume rendition for Ej,
given in the right-most part of equation (17.67) is preferred.

Example 17.5. Repeat Example 17.1 for the finite volume method, using the upper and lower hemi-
spheres as solid angle ranges.

Solution
The governing equation is, as before,

w
‘Ud— +I=1-w)l, + E(G+A1q‘u)

If we want to apply the finite volume method in a similar fashion as in Example 17.1, i.e., to obtain a
differential equation for each solid angle range, then we need only integrate the governing equation
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over these solid angles, not over volume. Assuming a constant intensity I* over the upper hemisphere,
and I~ over the lower one, we obtain with I, = G/4n

oot odr 1
upper hemisphere:f f [H_ +I"=—(G+ A1qu)] dudy,
0 0 dt 4n

2m 0 —
. . dl _ 1
lower hemlsphere.j; j:l [y it +I" = i (G +A1qu)] dudy,
or
+

dl 1 1
nd_’l' +2nlt = §G+ ZAlwq’

dl _ 1 1
_HE +2nl” = EG - ZAla)q.

From the definitions for heat flux and incident radiation we have again

G m f“ {1} {2n (I* + 1-)}
= Idudy = s
{q} fo PR e a EE
as in Example 17.1. Thus adding and subtracting the equations for the upper and lower hemispheres
we obtain

4 -_ dq _
E +G=G or E =0,
1dG 1 G
EE + 2q EAla)q or E =-4-Aw) q.

For the boundary conditions, equation (17.65), we need to first calculate the s;:
2n /2 A )
s1 = f f (sin O cos i + sin O sin ¢ + cos Ok) sin 04O dip = nik,
0 0
2n b4 ) )
sy = f f (sin 8 cos i + sin O sin i + cos k) sin 6 dO dyp = —7ik.
0 /2

For the bottom boundary we have fi = k and s; -l = —s, - i = 71, so that at
7=0: I"=elp +(1—e)l.
Subtracting (1 — €1)I*, using the definition for g, and dividing by €; leads to
7=0: I+:]1/n:Ib]—1€;—n€1q,
which is, of course, the same as for Example 17.1 (and for any diffuse surface). Similarly, at the top wall
T="1: I =]/n.
The solution is then found immediately from Example (17.1) (setting 1/u? = 4) as

q 1

T T T

which is the same as the answer from the nonsymmetric S;-approximation. More importantly, the
analysis in this example shows that the Schuster-Schwarzschild (or two-flux) approximation is simply
the lowest-level finite volume method.

Example 17.6. Repeat Example 17.4 using the finite volume method, by splitting the total solid angle
into four equal ranges.

Solution
As in Example 17.4 we will put the z-axis perpendicular to the paper in Fig. 17-4, from which the polar
angle 0 is measured. Because of the two-dimensionality, it is best to assign each Q; the entire range of
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polar angles, and a quarter of the azimuthal range. Thus, breaking up by quadrant we choose

Q1 o$¢<g, 0<0<m,
Q,: gSlP<T[, 0<0<m,
Qs : n§1p<37n, 0<0<m,
Qy: 3%£1p<2n, 0<H<m.

The solid angle vectors s; are obtained with § = sin 0 cos Y11 + sin 0 sin {j + cos Ok as

s; = f f §sin9d6d1//=f [Ecos¢i+zsin1pj+0f< dy
Ay Jo Ay L2 2
mw . . T ~
= (E sin i 2 cos#}})wi,
or m m m m
si=5@0+), s=-50-)) ss=-7@+)), si=750-7),

which are identical to the directions in Example 17.4, except for the factor 7 (which gives the total solid
angle of the (;), and the fact that the §; in Example 17.4 were projections in the x-y-plane, while the s; in

2
this example actually lie in the x-y-plane. Now, with Ay = 1L, BV =« (lL) = 1L, and Q; = 71, we obtain

2
from equation (17.62)

TLiSp1 + It Isy - (DI 3L + Isy [s1 - (<)
Qi (i=1): I,=+" 2 |

1
5L

p=1234,
tLm+s;-i3L+s1-§5L P
and similarly for the other three directions. Evaluating the dot products and simplifying this may be
written in general form for all nodes and all directions as

1 .
Ipi = E(Sp + Ipxi,i + Ipy,',i)r p,r= 1,2,3,4,

where I, ; is the intensity entering volume p across the x = const face in the s; direction, and similarly
for Iy, ;. Thus

1 1
Iy = g(spl + w1 +Is10) = 5(5;71 +0+ Lw),

1 1
Ip1 = g(spz +Iwz1 +1Is21) = 5(5;72 + I + low),

ey

which is exactly the same as the S;-approximation together with the step scheme. This is to be expected
since (i) the finite volume method—as applied here—uses the step scheme, and (ii) the S;-approximation
satisfies all half-moments for this very simple case. The strength of the finite volume method lies in
the fact that it is easily applied to irregular geometries, and that it conserves radiative energy. As in
Example 17.4 ray effects are not obvious because of the coarse spatial mesh.

Appendix F includes program FVM2D. f, developed by Chai and colleagues [102-104], which
solves equations (17.62), (17.65) and (17.67) for arbitrary rectangular enclosures.

Example 17.7. Repeat Example 17.6 using program FVM2D.f to allow for fine grid and ordinate
resolution. In particular, consider the case where only a part of the bottom strip, —0.1 < x < +0.1, is
heated.

Solution

As in Example 17.4 we will put the z-axis perpendicular to the paper. We will use N X N cells in the
x-y-plane, and discretize the total solid angle into 4 X M subangles, limiting ourselves to 4 polar angles
because of the two-dimensional nature of the problem. Results obtained by FVM2D. f for irradiation
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FIGURE 17-7
Irradiation of top surface in a square enclosure with heated strip at bottom wall: (a) effects of directional discretization,
(b) effects of spatial discretization.

upon the top surface, for an optically intermediate case of 7, = kL = 1, are shown in Fig. 17-7. The
answers are compared with exact results from the Monte Carlo method (see Chapter 21), and also
with those obtained from the P;- and P3-approximations described in the previous chapter. Note that,
for radiative equilibrium of a gray medium with isotropic scattering, the solution only depends on
extinction coefficient (regardless of what fraction is scattered or absorbed/reemitted), and the present
example is identical to the case presented in Fig. 16-11 (except for the partially heated strip considered
here). Figure 17-7a shows the effects of directional discretization for a fixed 10 X 10 spatial grid. It is
observed that accuracy improves as we go from 4 x 4 to 4 X 8 directions, but deteriorates for much finer
directional spacing. Ray effects are even more obvious in Fig. 17-7b for a fixed directional discretization
of 4x8: as the spatial grid becomes finer, more and more cells away from the heated wall receive no direct
radiation along the chosen ordinates. Clearly, for a (relatively coarse) 4 x 8 directional discretization
a (coarse) 10 x 10 spatial grid gives the most accurate answer, with rapidly diminishing accuracy for
finer grids. Note that in the finite volume approach ray effects are less pronounced than in the standard
discrete ordinates method (with its discrete directions as opposed to averaged solid angles), which is
therefore expected to perform even worse for the present case.

In comparison, the Py answers are relatively accurate, because they do not suffer from ray effects,
and their answers are independent of spatial discretization (beyond a minimum N X N discretization to
avoid noticeable truncation errors). In this particular example, P; actually outperforms P3. This does
not mean that the Py-approximations are superior to the discrete ordinates approach, (or that P; is better
than P3), as seen from the additional results given in Fig. 16-11 and the direct comparison between Py
and FVM given in [108] for this and several other problems.

Murthy and Mathur [109-111] pointed out that, in general, equations (17.62), (17.65), and
(17.67) incur errors due to solid angle overhang. For example, for face k of volume element P
part of solid angle Q; with s; - fix > 0 (pointing out of volume element) may actually overlap into
the element. Similarly, it is unlikely to have solid angle boundaries lined up perfectly with the
solid boundaries everywhere. They improved the accuracy of the method through pixelation,
i.e., by breaking up Q; into smaller pieces, to determine overlap fractions. Also, noting that
the standard line iteration method leads to unacceptably slow convergence in optically thick
situations, they introduced a new scheme, which updates all directional intensities within a
cell simultaneously, leading to convergence rates essentially independent of optical thickness
[111,112]. Hassanzadeh and coworkers [113] also developed a method to accelerate convergence
for optically thick media by carrying out iterations in terms of mean intensity, G/4m, as opposed
to all directional intensities. Several other improvements to the method have been suggested.
Kim and Huh [114] noted that most researchers broke up the total solid angle of 4 into N X N
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segments of equal polar angles 6 and azimuthal angles ¢. This makes the €); very small near
the poles (6 = 0, ), and large near the equator (6 = m/2). They suggest that, for n different
polar angles 0;, one should pick fewer azimuthal angles near the poles, namely a distribution
of 4,8, ...,2n — 4,2n,2n,2n — 4, ..., 8,4 with growing 0;. This results in n(n + 2) different solid
angles (equal to the number of ordinates in the standard S, scheme), with all Q; being roughly
equally large. Finally, Liu and coworkers [115] have shown how the finite volume method with
unstructured grids can be parallelized using domain decomposition. The method has also been
employed in a number of combined heat transfer problems [116,117] and is included in several
important commercial CFD codes, such as FLUENT [118].

Comparison with Standard Discrete Ordinates
Method

The radiative transfer equation (RTE), equation (17.1), is a five-dimensional integro-differential
equation, with three spatial and two directional coordinates. For a numerical solution both,
spatial and directional dependencies must be discretized. Various methods of discretization are
available, such as finite differences, finite volumes, finite elements, etc., and one or the other
may be applied for the spatial and for the directional discretization. Originally, for the standard
discrete ordinates method finite differences were used for both. As the method has evolved
to more general geometries, different spatial discretization schemes have been employed, but
directional discretization has remained in finite difference form. In contrast, in the original
form of the finite volume method finite volumes were used for both spatial and directional
discretization. However, recently other spatial discretization schemes have also been used,
e.g., Cui and Li [119] and Grissa et al. [120] employed the finite element method. Therefore,
the one defining difference between the standard discrete ordinates method and the finite
volume method is the fact that the standard discrete ordinates method uses finite differences
for directional discretization, while the finite volume method employs finite volumes.

Liu and coworkers [121] have expressed the RTE in general boundary-fitted coordinates
[122], and applied both the standard discrete ordinates method and the finite volume method to
anumber of two- and three-dimensional problems. They found both methods to require similar
amounts of CPU time, while the finite volume method was always slightly more accurate.
Similar conclusions were drawn by Fiveland and Jessee [123] and by Kim and Huh [124],
noting that the finite volume (FV) method outperforms standard discrete ordinates particularly
in optically thin media, since it is less sensitive to ray effects. Coelho and coworkers [125]
compared the performance of the FV method with that of the discrete transfer method [69]
and, like Sel¢cuk and Kayakol [68], found the FV method to be much more economical. Major
advantages of the finite volume method are greater freedom to select ordinates, and the fact that
the FV method conserves radiative energy. In addition, treatment of complex enclosures comes
more natural to the FV method. For example, Baek and colleagues [126-128] used boundary-
fitted coordinates to investigate radiation in several three-dimensional enclosures with gray,
constant-property media.

17.7 THE MODIFIED DISCRETE
ORDINATES METHOD

It was noted in Section 17.5 that the discrete ordinates method (in its standard or finite volume
form) can suffer from ray effects, if directional discretization is coarse compared to spatial
discretization, and if the medium contains small sources of strong emission (from walls or from
within the medium). This prompted Ramankutty and Crosbie [129,130] to separate boundary
emission from medium emission, as is done in the modified differential approximation of Section
16.8, i.e., letting

I(r,8) = I,(r, 8) + I,,(x, 8). (17.68)
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The wall-related intensity field can be solved by any standard method as outlined in Section 17.5,
while the RTE and boundary conditions for I,, become

dl,, s Osf
Sl — BLa@) + = | L@)DE,8)dQ + = | L) DE,8)dY, 17.
== pL® + o [ LE0E 900+ [ 1LE)09 (17.69)
A 1-€ A’ A Al ’
In(tw,8) = f 1,8) A - §'1dQY. (17.70)
s A-§'<0

Again, equations (17.69) and (17.70) are valid for a gray medium or, on a spectral basis, for a
nongray medium, in an enclosure with opaque, diffusely emitting and diffusely reflecting walls.
Comparing with equations (17.4) and (17.5) it is apparent that the modified equation for I,, can
be solved in the same manner by replacing the emission term, «I;, in equation (17.4) by

n
Os ~ A A
Kl + in ;1 w; I,(8)) D(8,8).

For a given temperature and radiative property field the wall-related intensity is calculated
once and for all, and does not require reevaluation during the iterations required for I, in
the presence of scattering, wall reflections, or higher-order spatial schemes. Alternatively,
equations (17.69) and (17.70) can also be solved with the finite volume method by adding the
I,-related scattering source to Sy; in equation (17.61b). Ramankutty and Crosbie applied the
modified discrete ordinates method to boundary-emission dominated rectangular enclosures
with black walls, using analytical solutions for I,. For such problems, when using lower-order
Sn-techniques with fine spatial meshes, the standard discrete ordinates method shows strong
ray effects, which are completely mitigated by the modified discrete ordinates approach. Sakami
and colleagues [131,132] and Baek and coworkers [128,133] investigated irregular geometries
with this modified discrete ordinates method, the latter employing a straightforward Monte Carlo
scheme for the wall emission part, giving excellent accuracy even with extreme boundary source
terms.

However, like the modified differential approximation, the modified discrete ordinates
method cannot improve the accuracy of the underlying standard method if strong, isolated
emission sources are located within the medium. Coelho [56] and Li and Werther [134] extended
the method by associating all emission (walls and medium) with I,, and only scattered radia-
tion is calculated by discrete ordinates. While this mitigates all ray effects, it is not clear what
is gained by this approach (since solution for the emission-related intensity is essentially as
involved as the full problem).

17.8 EVEN-PARITY FORMULATION

The directional RTEs that are solved for the standard discrete ordinates method, equation (17.4),
or the finite volume method, equation (17.61), are first-order partial differential equations with
hyperbolic character, which canlead to unphysical results (negative intensities) and may display
strong ray effects. Converting them into second-order boundary value problems eliminates
unphysical results and could potentially mitigate ray effects. In the heat transfer field this
was first attempted by Song and Park [135]. A second-order formulation may be obtained by
defining even- and odd-parity intensities, involving both forward § and backward —§ directions
along a line:

¢(r/ §) = (1‘, §) + I(I‘, _é)/ (1771)
(x, 8) = I(r,8) — I(x, —8). (17.72)
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In the following discussion we will limit ourselves to the simpler case of isotropic scattering.
Under those conditions, adding and subtracting the RTE (17.1) for both directions § and —§ leads
to

-Vo(r,8) = —B(r)(r, 8) + 2x(r) Iy(x) + ZS:)

- Vi(r, 8) = —BX)(x, 8). (17.74)

Note that integration over all directions now encompasses only 27 (half a unit sphere). Using
equation (17.74) the odd-parity term is easily eliminated, leading to a parabolic, second-order
partial differential equation,

>

W(r,§')dQY, (17.73)
2n

>

2(75(1‘)

. ¢( 1,8)dCY, (17.75)

A 1 a a — S -
5.V (%s VY, s)) = BP(x, 8) - 2x(x) I(x) -

which requires a boundary condition at each end (boundary intersection) of the dual-direction
ray. Substituting equations (17.71) and (17.72) into (17.2) gives

P(l‘w)

P (e, 8) + P(ry, 8) = 2e(ry)p(ry) + [Y(re,8") — P(ry,8')]10-8'1dQY, H-8§>0. (17.76)

-8’ <0

Because of the dual-directional nature of ¢ and ¢, the boundary condition must also be applied
in the —8§-direction, or

P(l‘w)

Y(tw, 8) — P(ry, 8) = 2e(ryp)p(1y) + [Y(re,8") + P(ry,8')]10-8'1dQY, H-8§<0. (17.77)

f-8'<0

These two differ only with the sign of fi - §; they are readily combined and ¢ is eliminated giving
the proper boundary conditions at both ends of a ray described by equation (17.75) as

P(ty, §) — sign(h - §)%§ - Vi(, 8)

= 2c(r)lre) + L2

|1p(rw, §') + sign(f - §)‘$§ -Vy(r,8)| Ia-8'1dQY. (17.78)
In the even-parity formulation directional discretization is only over 2m or a half-sphere, i.e.,
only half as many ordinates are required and, instead, second-order partial differential equations
need to be solved. Spatial discretization may be done by central differences [135], by finite
volumes [136,137], or by finite elements [94,123,138,139]; directional discretization has generally
been done according to the standard discrete ordinates method, with the exception of Becker and
coworkers [139], who employed finite elements also for directional discretization. Liu et al. [137],
Fiveland and Jessee [123], and Kang and Song [138] compared the standard implementation
of the discrete ordinates method to the even-parity formulation and found, in general, that
the accuracy was similar, but the even-parity model required more CPU time, particularly in
optically thin situations.

A Al

f-8'<0

17.9 OTHER RELATED METHODS

The difficulty caused by the directional nature of radiation has prompted a number of researchers
to develop various approximate schemes to discretize directions (similar to the standard discrete
ordinates method) or to average over solid angle ranges (akin to the finite volume method). We
will here briefly discuss the most important of these related models.

Flux Methods. We have already seen in Example 17.5 that the two-flux or Schuster-Schwarz-
schild approximation is nothing but a crude implementation of the finite volume method. The
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two-flux method has been applied to one-dimensional problems by a number of investigators,
usually in situations where the accurate determination of radiative fluxes is not crucial [140-145].
Noting that the accuracy of this method is more or less limited to one-dimensional problems
without anisotropic scattering, Chin and Churchill [146, 147] developed the six-flow method,
primarily to deal with strongly anisotropic scattering in the presence of collimated irradiation.
In this method the intensity is broken up into a forward, a backward, and four (usually equal)
sideways components. How these components are broken up or averaged over the total solid
angle of 47 is arbitrary. The method has been applied by various researchers to several two-
and three-dimensional problems [147-150].

Discrete Transfer Method. The discrete transfer method (DTM) was developed by Lock-
wood and Shah [69], several years before serious development of the discrete ordinates method
(DOM) began. The discrete transfer method is similar to the discrete ordinates method inasmuch
as discrete directions are chosen. It is also related to the Monte Carlo method (see Chapter 21),
since rays of intensity are traced from surface to surface. In essence, nodal points are established
on the enclosure’s boundary, from which rays are sent out into predetermined directions. The
ray is then traced as it traverses through internal finite volumes, and this interaction is recorded
(weakening of the ray by depositing energy in the volume, strengthening by emission and in-
scattering), until it hits another surface. The method is very similar to the standard DOM and
carries its disadvantages (nonconservative, susceptible to ray effects, needs iterations for non-
black walls and/or scattering), but uses much more cumbersome beam tracing (equivalent to the
exponential scheme). A solid angle “pencil” is established at the emission point, causing inaccu-
racies as the beam passes through internal volumes. The ray tracing is very similar to that of the
Monte Carlo method. While the DTM avoids the statistical scatter of the Monte Carlo method,
it is less efficient because each ray carries a single piece of statistic (given location, direction,
wavelength), while a statistically chosen bundle in a Monte Carlo simulation carries multiple
statistics (particularly important in nongray, reflecting and/or scattering environments). Still,
the method enjoys some popularity because of its early arrival, its early ability to deal with
irregular geometries, and because it has been incorporated into several important commercial
CFD codes. Cumber [151,152] has offered several improvements for the method, Coelho and
Carvalho [153] presented a conservative formulation of the DTM, and Versteeg and cowork-
ers [154,155] have quantified the errors inherent to the method. Two- and three-dimensional
calculations have been performed by several researchers, mostly for furnace and other combus-
tion applications [156-163]. Several comparisons between the DTM and other methods have
also been made. Selguk and Kayakol [68] compared DTM and S, solutions for two-dimensional,
rectangular geometries and found that the S, method gave results of comparable accuracy at
three orders of magnitude less computer time. Similarly, Coelho and coworkers [125] solved
the radiation problem in two-dimensional enclosures with obstacles, using DTM, DOM, FVM,
Monte Carlo, and the zonal method (see Chapter 18); they found DOM and FVM to be the
most economical. Finally, Keramida and colleagues employed the DTM and six-flux methods
to model natural gas-fired furnaces [150], finding the six-flux method to be superior.

YIX Method. In this method, first developed by Tan and Howell [164], the radiative transfer
equation is expressed in integral form [see, for example, equation (10.28)], i.e., incident radiation,
G, and radiative flux, g, can be evaluated at any point (inside the medium, or on the boundaries)
as a triple integral (in distance away from the point, and in solid angle). Integration away
from each point (along discrete ordinates) involves certain geometric functions, which can be
predetermined. While this method has the potential to be more efficient than the DOM and the
FVM, setup work for each problem is significant and generalization is difficult. The method
appears to have been used only by the group that developed it [165-169].
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1710 CONCLUDING REMARKS

The finite volume method, because of its general applicability, and the ability to generate high-
accuracy solutions with fine meshes, is today probably the most popular method to solve the
RTE in complex situations. To be sure, the method also has its weaknesses: it always requires
an iterative solution in the presence of scattering and/or reflecting walls, and for optically thick
media these iterations tend to converge very slowly, if at all. In addition, the discrete ordinates
method is prone to ray effects and can suffer from false scattering. However, the DOM and FVM
are the only methods (aside from the statistical Monte Carlo method) that, through refinement
of the spatial and directional grids, can be carried to arbitrary levels of accuracy without adding
to its mathematical complexity.

The discrete ordinates method is related to the zonal method of Chapter 18, which was
the preferred RTE solution method until the 1960s. The zonal method also performs poorly in
optically thick media, but it does not suffer from ray effects and false scattering. However, it
cannot be used in the presence of anisotropic scattering, and it is difficult to apply to irregular
geometries. The P;-approximation, on the other hand, is much easier to apply and solve,
and gives very accurate results for optically thick media (where DOM and FVM are difficult
to apply), as well as for hot, radiating media in cold surroundings. But this method fails in
optically thin media surrounded by radiating walls and/or subject to directional irradiation.
Importantly, higher orders of the Py-approximation are mathematically difficult to formulate.
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Problems

17.1

17.2

17.3

17.4

17.5

Consider a gray, isothermal and isotropically scattering medium contained between large, isothermal,
gray plates at temperatures T; and T, and emittances €; and €, respectively. Determine the radiative
flux between the plates using the S;-approximation.

Consider a large, isothermal (temperature T,), gray and diffuse (emittance €) wall adjacent to a
semi-infinite gray absorbing/emitting and linear-anisotropically scattering medium. The medium is
isothermal (temperature T,,). Determine the radiative flux as a function of distance away from the
plate using the S;-approximation.

Consider parallel, black plates, spaced 1 m apart, at constant temperatures T; and T,. Due to pressure
variations, the (gray) absorption coefficient is equal to

K =K1 +x1x; Ko =0.01 cm™Y; %7 = 0.0002cm~2,

where x is measured from plate 1. The medium does not scatter radiation. Determine, for radiative
equilibrium, the nondimensional heat flux ¥ = q/o(T‘l‘ - T‘Z‘) by the exact method, and the S,-
approximation.

Black spherical particles of 100 um radius are suspended between two cold and black parallel plates
1m apart. The particles produce heat at a rate of 77/10 W/particle, which must be removed by thermal
radiation. The number of particles between the plates is given by

Nr(z) =No+ANz/L, 0<z<L; No = AN =212 particles/cm3.

(a) Determine the local absorption coefficient and the local heat production rate; introduce an
optical coordinate and determine the optical thickness of the entire gap.

(b) If the Sy-approximation is to be employed, what are the relevant equations and boundary
conditions governing the heat transfer?

(c) What are the heat flux rates at the top and bottom surfaces? What is the entire amount of energy
released by the particles? What is the maximum particle temperature?

Two infinitely long, concentric cylinders of radii R; and R, with emittances €; and €, have the same
constant surface temperature T,,. The medium between the cylinders has a constant absorption
coefficient x and does not scatter; uniform heat generation Q" takes place inside the medium.
Determine the temperature distribution in the medium and heat fluxes at the wall if radiation is the
only means of heat transfer, using the S;-approximation.
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17.6 Aninfinite, black, isothermal plate bounds a semi-infinite space filled with black spheres. Atany given
distance z away from the plate the particle number density is identical, namely, Nt = 6.3662x 108 m3.
However, the radius of the suspended spheres diminishes monotonically away from the surface as

/L

a=a,et; 4, =10"*m, L=1m.

(a) Determine the absorption coefficient as a function of z (you may make the large-particle as-
sumption).

(b) Determine the optical coordinate as a function of z. What is the total optical thickness of the
semi-infinite space?

(c) Assuming thatradiative equilibrium prevails and using the S;-approximation, set up the bound-
ary conditions and solve for heat flux and temperature distribution (as a function of z).

17.7 Consider two parallel black plates, both at 1000 K, that are 2 m apart. The medium between the plates
emits and absorbs (but does not scatter) with an absorption coefficient of x = 0.05236cm™! (gray
medium). Heat is generated by the medium according to the formula

Q" =CoT*,  C=6.958x10"*cm™},

where T is the local temperature of the medium between the plates. Assuming that radiation is the
only important mode of heat transfer, determine the heat flux to the plates using the (symmetric)
S;-approximation.

17.8 A furnace burning pulverized coal may be approximated by a gray cylinder at radiative equilibrium
with uniform heat generation Q”" = 0.266 W/cm®, bounded by a cold black wall. The gray and
constant absorption and scattering coefficients are, respectively, 0.16cm™ and 0.04 cm™!, while the
furnace radius is R = 0.5m. Scattering may be assumed to be isotropic. Using the Sy-approximation:

(a) Set up the relevant equations and their boundary conditions.
(b) Calculate the total heat loss from the furnace (per unit length).

(c) Calculate the radial temperature distribution; what are the centerline and the adjacent-to-wall
temperatures?

(d) Qualitatively, if the extinction coefficient is kept constant, what is the effect of varying the
scattering coefficient on (i) heat transfer rates, (ii) temperature levels?

17.9 Estimate the radial temperature distribution in the sun. You may make the following assumptions:

(i) The sun is a sphere of radius R.

(if) As a result of high temperatures in the sun, the absorption and scattering coefficients may be
approximated to be constant, i.e., k,, B, = const # f(v, T, r) (free—free transitions!).

(ifi) As aresult of high temperatures, radiation is the only mode of heat transfer.

(iv) The fusion process may be approximated by assuming that a small sphere at the center of the
sun releases heat uniformly corresponding to the total heat loss of the sun (i.e., assume the sun
to be concentric spheres with a certain flux at the inner boundary r = r;).

(a) Relate the heat production to the effective sun temperature Tei = 5777 K.

(b) Would you expect the sun to be optically thin, intermediate, or thick? Why? What are the
prevailing boundary conditions?

(c) Find an expression for the temperature distribution (for r > r;) using the S,-approximation.
(d) What is the surface temperature of the sun?

17.10 Repeat Problem 17.9 but replace assumption (iv) by the following: The fusion process may be ap-
proximated by assuming that the sun releases heat uniformly throughout its volume corresponding
to the total heat loss of the sun.
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17.11

17.12

17.13

17.14

17.15

17.16

17.17

17 THE METHOD OF DISCRETE ORDINATES (Sy-APPROXIMATION)

Consider a sphere of very hot dissociated gas of radius 5cm. The gas may be approximated as a
gray, linear-anisotropically scattering medium with x = 0.1cm™}, g; = 0.2ecm™!, A; = 1. The gas
is suspended magnetically in vacuum within a large cold container and is initially at a uniform
temperature T, = 10,000 K. Using the S;-approximation and neglecting conduction and convection,
specify the total heat loss per unit time from the entire sphere at time t = 0. Outline the solution
procedure for times ¢ > 0.

Hint: Solve the governing equation by introducing a new dependent variable g(7) = 7(4ntl, — G).

Consider a gray, isothermal, isotropically-scattering medium contained between large, cold, black
plates. Determine the local radiative heat flux using the S4-method. To this purpose, set up the ana-
lytical solution using the method of successive approximations, i.e., guess a radiative source function,
5(t), which is to be improved by successive iterations. Carry out one successive approximation.

Reconsider Problem 17.12 for a similar medium at radiative equilibrium contained between isothermal
black plates at temperatures T; and T, respectively.

A hot gray medium is contained between two concentric black spheres of radius R; = 10cm and
Ry = 20cm. The surfaces of the spheres are isothermal at T; = 2000K and T, = 500K, respectively.
The medium absorbs, emits with n = 1,k = 0.05cm™, but does not scatter radiation. Determine
the heat flux between the spheres using the Ss-approximation. Compare your results with those of
Table 14.2.

Note: This problem requires the numerical solution of four simultaneous simple ordinary differential
equations.

Repeat Problem 17.2 using the finite volume method. Use the upper and lower hemispheres as solid
angle ranges.

Repeat Problem 17.10 using the finite volume method. Use the upper and lower hemispheres as solid
angle ranges.

Repeat Problem 17.12 with the finite volume method, using a total of four solid angle ranges.

(a) Use the solid angle ranges of Example 17.6.

(b) Alternatively, let the z-axis point from plate to plate (with polar angle 6 measured from it) and

choose:
Q: 0s¢<g, 0<0<m,
Q,: §S¢<n, 0<0<m,
Qs ns¢<?’?n, 0<6<m,
Qy: 3—n§1,1)<271, 0<O<m.



