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In this paper a moment method for radiative transfer equations is considered which
has been developed and investigated using different approaches. Problems appearing
for this moment system for boundary value problems using Maxwell-type bound-
ary conditions are described. A new method based on the consideration of positive
and negative half fluxes is developed and shown to overcome the above problems.
Moreover, a numerical scheme and numerical results for the new moment system are
presented. (© 2002 Elsevier Science (USA)

Key Words: moment methods; entropy minimization; half fluxes; Maxwell bound-
ary conditions.

1. INTRODUCTION

Radiative transfer equations are used in many applications, for example to describe the
cooling of molten glass or heat transfer in gas turbines. For most of these applications ex-
tensive computation time is needed to solve the equations. Therefore, approximate methods
have been developed. Approximate equations can be derived from the full transport equa-
tions by asymptotic analysis or simply by taking suitable moments and closure relations.
Examples are diffusion or Rosseland equations, the Py equations, and moment equations
closed by the entropy minimization principle [2, 6, 8-10, 12]. The latter have turned out to
describe certain physical situations, i.e., solutions of the full transport equation, much better
than diffusion-type equations (see [6, 12]). For restrictions see [4, 8]. In the following we
give an example where these equations give nonphysical results and suggest a new set of
moment equations without these difficulties.

We consider the equations for radiative heat transfer in a simplified setting. It should
be stressed that the present simplification is not essential for the method. Other physical
situations can be considered and are discussed at the end of the paper.
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More exactly we consider equations for the radiative intensity /(x, ., v, t), where space,
angular direction, and frequencies are denoted x € [0, 1], w € [—1, 1], v € [0, 00),

€I + nd, I = é(B(I) — D, (1)

where

15 V3

< with ¢ = (1)~"/4,
m* exp(cv) — 1

B(I) =

with the definition

We note that

V3 174
/ dv =
exp(cv) — 1 15¢*
0

and therefore
(B(I)) = (I).

Boundary conditions are, for example, given by prescribing the ingoing fluxes at x =0 and
x=1:

Ib|x:0,u>07 Ib|x:1,p,<0~

The simple choice of the boundary conditions is not important for the approach presented
in the following. More-complicated wall models like reflecting boundary conditions can be
treated as well.

Moment systems have been obtained for these equations by multiplying the equations,
for example, with m(p) = (1, w), i.e.,

<[€8t1 + oyl — 2(3(1) - 1)]m(ub)> =0, 2

and closing the equations with an entropy minimization principle, [2, 6, 9, 10]. The mini-
mization principle yields the distribution function

3
B=12 k , )
 exp(ra(l + B — 1

with

| Bav=
0 (a1 + Bp)’
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and the parameters o and 3 are determined by fixing the first two moments

E = (11),
F = (uI).

This gives B = B(E, F). Using this distribution function to close the moment equations
gives the closure

(W?I) ~ P = (p’B) = X E,

with the Eddington factor

F
. fel=-1.1]

X = x()s fZE

and
34452 {1 }
X=——+——¢€|-,1[|.

5+42/4-3f2 |3

The moment system (2) reads finally

€ed,E+ 0, F =0,
X )
€, F+ 0o, xE=—-F.
€

We note that the above closure has to be considered carefully, Restrictions of this equilibrium
closure are mentioned, for example, in [4, 8].

It can be shown that the absolute value of the relative flux f is always bounded by 1.
The eigenvalues of the system are easily evaluated and found to have absolute values also
bounded by 1. One finds two negative eigenvalues for f below some critical value — fc,
where fc is equal to %5 Moreover, one obtains one negative and one positive eigenvalue
for f € [—fc, fc] and two positive eigenvalues for f above fc¢ (see, for example, [6]).

We use the Maxwell procedure, i.e., equalizing ingoing half range fluxes at the boundary,
to find boundary conditions for our moment system. For x = O they are

/0 /Mlhm(M)deVZ/O /MBm(u)dudv, %)

w>0 >0

withm = (&). One proceeds analogously for x = 1 with w < 0. Depending on the number
of ingoing characteristics for system (4) zero, one or two conditions are prescribed on each
side.
We consider an example with equilibrium boundary conditions
15 v?
=———F+— —— 6

— exp(vd-1/4) — 1 ©

with
+o00

/Ibdv=8.

0
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For the following discussion we consider at x = 0 the above boundary data withd =8, = 0.
For x = 1 we choose 8 = 8, = 1. The numerical results show for the full transport solution
that the relative flux f = % for this problem is always in the subcritical range [— f¢, fc]
(see Section 3). In this case one boundary condition has to be imposed for the moment
system on the left side of the computational domain. Using the first Marshak condition we

get for x = 0 (where & was equal to 0)

/ /pf)’dudv:O.
0

n>0

Looking at the exact form of the distribution function 5 (compare [6]), one observes that
this can only be true for f = —1. In this case B is singular at p. = —1. Obviously, this
contradicts the assumption that the relative flux is in [— f¢, fc]. The moment system with
these conditions is obviously inconsistent with the solution of the full transport equation.

The difficulty discussed here can be partially avoided by using an approach similiar to
kinetic schemes (see, e.g., [11]). The kinetic boundary conditions can be included in the
numerical solution of a full space moment model in different ways. One can either restrict
the kinetic approach to the boundary and use a upwind scheme based on Roe solvers,
etc., or use a kinetic scheme in the whole computational domain (see [1, 7, 13] for such
approaches). We will show that the new approach presented in the following includes the
boundary condition in a natural way in the model and, moreover, is more accurate than the
approach described above.

We note that considering the transport or the moment equations as € tends to 0, one obtains
the diffusion approximation. The Maxwell procedure gives in this case the so-called slip
boundary conditions. These conditions yield well-known reasonable approximations of the
full transport solution. They are used for comparison in the numerical examples below.
More exactly one obtains the limit equations

1
8,E—8f§E=0. (7

The distribution function to be used in the Maxwell procedure (5) is a polynomial expansion,
given by expanding the full transport solution or the function B (noting that f, F are of
order €):

Bespanded = E — €Oy E 4 -+ - )
We note that in this simple case the diffusion equation with slip boundary conditions is

equivalent to the P, approximation with Maxwell boundary conditions.

2. ANEW MOMENT SYSTEM BASED ON HALF FLUXES

To be able to include correctly the kinetic boundary conditions in the moment model we
use half fluxes instead of full space moments as the basic quantities of our moment system
(see, for example, [3] and references therein for a similiar approach in gas dynamics). We
use the moments m = (17, 17, ™, w™), where

1" = 1|M<05 1" = 1|}L>07

pE=1n pm=1"p
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Using the entropy minimization principle, fixing the half space moments, the distribution
function, instead of (3), is now given by

_ 15 v
Tt expa— (17 4+ Bop) +ap (1T + Brpt) — 1)

Note that

+00 |
/ B dv == 47
/ (0—(17 +B-p7) + (I 4+ Bypt))
where the parameters
B_<1, Byr>—-1, a->0, ar>0

are given by fixing the half space moments

E_=(171),
E, = (1*]),
Fo=(u1),
Fy = (P«+1)-

We have B=B(E_, E,, F_, F,) and

E=(I)=E.+E_,
F=(ul)=F,+F._.

Using the above distribution function to close the moment equations gives the closure

(I(WH?) ~ Py = (B(wH?) = x+E4,
(I(w)*) ~ P- = (B(w")*) = x-E_,

with
(In?) ~ P = (WB) = Py + P_
and
X+ =x+f+) fi= % €10, 1],
X-=x-(/2), f-= F: € [-1,0],
g £2
A 12ff+— T
X- = 82 e [0, 1].

14+/1-12f —12f2—6f_



MOMENT METHOD FOR TRANSFER EQUATIONS 589

We consider the transport equation as before and integrate to obtain the balance equations

<[I, + pl — é(B(I) - I)]m> =0,
with
m={0",n", 1T, |.L+).

Note that (B(I)) = E + E_ = (I). The system reads finally

1TE E_
eMZ+@F:++—E},
el 2
1 E E_
€, F_ +0,x_E_ = —|—— tE- F_}
€| 4
1TE, +E ©)
WE, +0,F, = | ———"— _E.|,
€0 by + O by el 2 +}
1|EL+ E_
68;F++8XX+E+ = E + 4 — +:|

The eigenvalues associated with the first two variables are always negative, and the other
two always positive. We use again the Maxwell procedure to find boundary conditions for
our moment system,

/ /Mlbm(u)deV=/ /MBm(M)dev,
0 0

w>0 w>0

with m = (:L). This gives at x = 0, where two boundary conditions are needed according
to two positive eigenvalues of the system,

F+ — +I ,
(W b2> (10)
P = ((W")L),
and at x = 1
F~ = (n_1),
(11)
P™ = (W) 1).

In case of the above example with equilibrium boundary conditions we have at x = 0
Ft=0, P"=0,

andatx =1
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Obviously the number of boundary conditions is fixed and does not depend on the special
physical situation, as in the case of the full moment method.

An asymptotic expansion E; = Eﬂ’r + eElr + - - -, etc., for the continuous model
1Ef+E_
€ E O Fr=—|—— — ,
tEx + 0l s{ ) x}
1| E E_
€0 Fy 4+ 0, Py = — [;L - F%
€ 4
gives to order 0
0 0 0
B0 — EL+E. _E
¥ 2 27
0 0 0
FO _ El+E- _ E
¥ 4 4’
1
0 _
f:F - :F§7
and
0 oygo _ Lo
Py =X/ Ex = gEJF
or
U
3
To order 1 it yields
o _ _Ei+EL
Py =7F 2 - FL.
By summing these two equations we get
3P’ =—F'
Order 2 yields
1[E% + E?
0 1 _ + — 2
OEL+ 0 F = c [2 — EJ.

By summing,
RE '+, F' =0
or

1
9, E® — 0, <3Z)XEO> =0.

That means we have obtained again the classical diffusion equation.
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3. ANUMERICAL METHOD AND NUMERICAL RESULTS

We discretize the equations using a simple and straightforward upwind scheme. The
discrete quantities at t, =nAt and x; =i Ax we denote E}, etc. Due to the sign of the
eigenvalues one obtains

At At [E"  + E" .
H — +, —,
EO - Bt (Pl = Fl) = g | = Eij’
At At EY.+E",
+1 " n
P —Fi E(X’Eﬁ”l —X-EL;) = €2 __# - Fn,i],
At At [EL, +E",
! ! — ' +, -
BBt (P = Fl) =g | = Ei,z}’
At AtTE" . + E".
+1 , , 3 " J
Fer =Rt eAx (X+ELi = Xx+Efin) = €2 _# - FL}‘

As boundary conditions, Fy and P, = x4 E are described on the left hand side of the
boundary and F_ and P, on the right hand side. An asymptotic expansion E” ; = ES'; +
8E1_'f + ein’f; + -+, etc., gives to order 0

E" 4+ E®" EM"

0n __ J _ b
Bu=—m =
EY"+ E*  EM
O0n __ +,i —i
R e
Moreover,
1
0.n __
Fi o :FE
and
0,
PO,n lEz !
:F,i 3 2

To order 1 the equations are

1,n 1,n
Ei+EZ: pln

l n n
:F_(P:%.i - P:%,i:l:l) =7 2 i

Ax

Since
1,n 1,n _
E,+EZ; =0,

we obtain

1

1 ;
:FA*X(P%; — Pyiy) = :F@(E?'n - Efy) = —Fi.
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Order 2 yields
1 0,n+1 0,n 1 1,n 1,n 1 1,n 1,n
E(Ei -k )+E(F—,i+l_F—,i)+E(F+,i —F7)=0
or

1 n N/ 1 N \n N N/
E(Ezo - Ezo ) - @((Ezoﬁ - E?+1> - (Elo+l - Ezo ))

1
Q,n _ EQ’”

 6Ax2 ((E; i) = (E?’—nl - E?inz)) =0,

which is equivalent to

1 n n 1 1 1 n n n
(B0 = 507 = 22 (G (B = 200+ 1)

1 n \n n
+13 (EX" —2EX" + E?z)ﬂ =0.

This is up to O(Ax?) an approximation of the time discretized diffusion equation.

In the first four figures we show the solutions of the different models for a stationary
situation using the example described in the text with equilibrium boundary conditions (6)
and 8 =9, at x = 1 and & = §; at x = 0, respectively. In the first four plots we show only
the sensitive boundary region x € [0, 0.1] and not the full domain of computation.

Figure 1 shows the comparison of the densities for the case §; = 0,8, = 0, and e = 0.1.
Figure 2 shows the comparison of the relative fluxes f. The half space moment expansion
(9) with boundary conditions (10, 11) is compared with the diffusion solution with slip
boundary conditions derived from the Maxwell procedure with the distribution function (8)
and the full transport solution. Moreover, the solution of the full moment model is plotted.
According to the discussion in the introduction, the boundary conditions are inconsistent
with these equations. To circumvent this problem we use a kinetic scheme that includes the
kinetic boundary conditions directly in the numerical method. See [1, 7, 13] for similiar
approaches and the discussion above.

Figures 3 and 4 show the comparison of the relative fluxes for §; = 0.02 and again
8, = 1.0. We include for comparison the solution of the full space moment method. In these
cases the first Marshak condition can be used as boundary condition for the full moment
equation. Since the relative flux is in this case in the subcritical domain, this fits to the
required number of boundary conditions for the full moment system. The results for the
full moment model obtained with a standard method are in these cases the same as those
obtained with the above-mentioned kinetic scheme.

Figure 5 shows the results of an extension of the above equations to the case with
absorption. We consider an example with two beams. Equation (1) is considered in the form

1
€0, +pdd = _(BU) = 1) = gel. (12)

The boundary conditions are & =3, =1, € =0.02, and o,e> = 1. The corresponding ap-
proximate equations are easily deduced. For further comparison of the results we refer
to [1].
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FIG.1. Density E,e=0.1,8=0,8,=1.
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FIG. 2. Relative flux f,e=0.1,4,=0,5,=1.
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FIG. 3. Relative flux f,e=0.1,8,=0.02,5, =1.
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FIG. 4. Relative flux f,e=1,8,=0.02,8, =1.
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FIG. 5. Density E,e=0.02,5, =3, =1,and o,€’=1.

One observes that the density and the flux are in all cases considered here much better
approximated by the half space moment method than by the diffusion equation with slip
boundary coefficients or by the full space moment method. This is true not only for boundary
regions, but also for problems like the two-beam problem discussed in the last experiment.
In this case interior numerical shocks created by the full moment method are observed

(see [1]).

4. SUMMARY

e A half space moment method based on entropy minimization is developed for a one-
dimensional simplified model.

e The results show that the solution fits in the cases considered here nearly perfectly
well with the solution of the full radiative transfer equation.

e Connections and differences to kinetic schemes including kinetic boundary conditions
in the numerical solution of the full space moment model are discussed.

e The extension to cases with absorption is straightforward and has been treated in the

paper.

5. EXTENSIONS

e The above model is easily used in combination with a heat transfer equation and
general radiative mean absortion coefficients [5]. For example, one may consider the
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equations

€20, = €*kd>T + (I) — (B(T)),
€29,1 +epd ] = B(T)— 1,

with

15 V3

T with c =714,
w* exp(cv) — 1

B(T)=

e More-complicated wall models like reflection boundary conditions can be included

into the model numerically.

e Frequency dependence of the coefficients, for example piecewise constant absorption

coefficients, can be taken into account by considering the relevant frequency bands sepa-
rately. However, the model has to be closed numerically in this case. For an example for a

fu

to

10.
11.

12.
13.
14.

11 moment closure including frequency bands, we refer the reader to [14].
e Extensions to multidimensional cases are based on directional splitting. The extension
several dimensions will be investigated in a following paper.
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