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Abstract

Approximate equations for radiative heat transfer equations coupled to an
equation for the temperature are stated and a comparative numerical study
of the different approximations is given. The approximation methods con-
sidered here range from moment methods to simplified Py—approximations.
Numerical experiments and comparisons in different space dimensions and
for various physical situations are presented.
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1 Introduction

During the last years the interest in numerically tractable approximations to the
radiative heat transfer equations drastically increased, for example because of the
fact that simulation tools for modern gas turbine combustion chambers need to
predict accurately the load of the walls due to thermal radiation.

In this paper we consider the radiative transfer equations stated on a bounded
domain D C R3 in the form

e20,T + e®u - VT = >V - (kVT) + / / k(I — B)dQ dv (1.1a)
vo 52
Y >y, Qe S?: 5Q~V[+(a+m)[:4i/ I1dQY + kB (1.1b)
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supplemented with boundary data

Vo
5kn-VT:h(Tb—T)+a7r/ B(Ty,v) — B(T,v) dv (1.1c)
0
forn-Q<0: I(Q)=pIl(Q)+ (1—p)B(Tyx)) (1.1d)
In these equations, I(x,(2, v, t) denotes the specific radiation intensity for fre-

quency v at point z € D travelling in direction € S? at time ¢ > 0. B denotes
Planck’s function

B.T) = Ljf( hpv )1

erBT — 1
c

for black body radiation, which involves Planck’s constant hp, Boltzmann’s con-
stant kp and the speed of light in vacuum ¢. T'(x,t) denotes the material tem-
perature and T} is the exterior temperature on the boundary. vy denotes the
boundary of the opaque part of the spectrum. The equations contain the absorp-
tion and scattering parameters k(v,T) and o(v,T). ko is the heat conduction
coefficient. The outside radiation is assumed to be known for the ingoing direc-
tions (i.e. n- £ < 0) on the boundary, where we denote the outward normal on
OD by n. The reflected angle is Q' = Q — 2(n - Q)n. p = p(2) denotes the part
of the radiation which is reflected. Finally, ¢ denotes a dimensionless parameter
describing the distance from an optically thick medium.

1
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where x,.; and k. are reference length scale and reference absorption rate re-
spectively.

Hierarchies of models approximating (1.1) have been derived by various authors,
(14, 9, 11, 10, 7] and many others. They range from moment methods closed by
entropy principles to diffusive methods like the SPy—equations. Clearly, these
models will differ in their accuracy and numerical complexity. They are usually
faster than direct solution methods for (1.1), but less accurate.

2 Approximate equations

In this section we briefly describe different approximate models for the RHT
equations.

2.1 Diffusive Approximations

The following approximations are obtained by an asymptotic procedure, see [11].
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2.1.1 P,—Approximation

The first approximation yields a well known model approximating the transport
equation (1.1) to O(g?). The classical P, equation reads

o 1
AT +u-VT =V - (kgVT) + / v (mwb) dv, (2.1a)
1
>y =’V [ — =K(4 .
Vv >y eV <3(0 iy V@) + k® = k(47 B), (2.1b)

where ® ~ [ g2 1dS2 is the total incident radiation. System (2.1) is supplemented
with Robin—type boundary data:

14 3ry 2e
1—=2r3(k+o0)

Yo >y P(x) + ( ) n-V&(x) =4rBy(z), (2.2)

where By(z) = B(v, Ty(z)). The boundary condition for the temperature is the
same as before. r; are values depending on the reflectivity p, see [11].

2.1.2 SP,—Approximation

The second approximation to O(g*) is

oT o 1
il T =V. T - 2.
8t+u \Y V- kV —1—/110 \Y 3(0+/<;)V€dy’ (2.3a)
3
Yv > —SQV . me + /ig = /1(47TB>, (23b)
where
4
E=d+ g(q) — 47 B). (2.4)
The boundary conditions are
1+3ry 4e
> : .
Y > 1 §(m)+(1_4T35<K+0>>n Vé(x)
— 4B + (L2200 [4nBy(x) — 47 B(z)].  (2.5)
= 4T 1 47“3 5 T Dy 7 . .



2.1.3 SP;—Approximation

The third approximation is the SP; equation:

8tT +u - VI =V- (koVT) -+ / V- ( V(aqul -+ CLQ\IJQ)> dl/, (26&)

" (0 + r)
2
Yo >y —e?V- (ﬁv\lﬁ) + k¥, = k(47 B), (2.6b)
2
Yo >y —e?V- ((Ulfli)v\h) + kWy = k(47 B). (2.6¢)

® is found as linear combination of ¥; and W,. System (2.6) is supplemented
with Robin-type boundary conditions.

Ozﬂbl(x) + Zn . V1/11<I> = —52¢2(ZE) + nle, (27&)

oo () + Zn Vs(2) = —Biibr (x) + 12 By (2.7h)

i, a;, v, B, m; are appropriate constants, see again [11]. These equations approx-
imate the full RHT equations with order O(e®). For details see [9, 11]. We note
that — based on the S Py equations — one can derive frequency averaged equations.
We refer to [10] for an example.

2.2 Entropy-Moment Approximations

These approximations are based on moment methods where the closure relation
is obtained by entropy maximization.

2.2.1 Full Space Entropy-Moment (EM) Approximation

The Levermore entropy approach [14, 5] for radiation yields the following system
for the frequency independent case k = constant and vy =0 :

20,T + &®u - VT = >V - (kyVT) + k(® — 47 B(T)) (2.8a)
eV - F+kr® =41B(T), (2.8b)
eV - (D(f)®)+ (k+0)F =0. (2.8¢)

Here B(T') denotes the frequency averaged Planck function B(T) = [° B(T, v)dv
aT*. The relative flux is given by f = F//® and the Eddington factor is

3x — 1 f 34

1 —
X]+ nen, n=-_——  x= .
I 5oy fa—app1°

D(f)=D =
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Here, ® approximates the frequency averaged incident radiation fooo J g2 I dQdv
and F is an approximation for [ [., QI dQdv. A model including frequency
dependence can be found in [17]. Related models can be found in [16, 12, 2, 15, 1].
A more general approach is described in the next subsection.

2.2.2 Partial Space Entropy-Moment (PSEM) Approximation

For a function g = g(v, ), where v denotes frequency and €2 denotes direction,

we define
<g>A:// g(v, Q)dvdQ.
A Juyy

Here, A denotes the set of the angular integration. For example for a half space
moment model we have A € {82 ,82}. Here, 87 = {Q € 8?:Q, >0} is the
positive half sphere and S? is defined analogously. We define the corresponding
moments by

4= ()4
Fy=(QI)a
Py = <(Q (2 Q)j>A
where [ = T (®4, Fy) is an approximation of I found by entropy minimization.

Let A be a partition of the unit sphere S?. Then the moment system reads for
the case of constant k:

0T + - VT =’V - (kVT) + k(Y ®a— < B(T) >g)

A'eA
EVFs+ (k+0)0y = ~—(1)4 > b+ k(B(T))a
47
A'cA
o
EVPs+ (5 +0)Fa=—(Q)a ) Qa+5(QB(T))a
AeA

for all A € A. Note, that the above is a hyperbolic system with relaxation
terms as before. For a derivation in the one-dimensional case we refer to [7].
Further investigations can be found in [6, 8]. Different approaches to partial
space methods can be found for example in [4]. In the computations below we
use a quarter space method in 2D, dividing the angular space into 4 quadrants.
Models including frequency dependence can be developed along the same lines as
in the full moment case.



3 Numerical Comparisons for fixed temperature

3.1 One-dimensional situation

We specify a test configuration to compare the different models. First, we consider
a fized temperature profile in 1D, where the temperature increases linearly from
1000 K to 1800 K. The 1-band case is assumed with ¢ and k constant. Thus, we
consider in D = [0, 1] the following equations:

1

i+ o+ 01 =5 [ e+ kB(ET(),

1

where
B(T) = aT*, T(z) = 1000 + 800z, T}(%) = T(z), p = 0.

We compare in Figure 5.1-5.2 the different approximate equations for the cases
c=1,k=1and 0 =0.1, Kk = 0.01 with the transport solution, i.e. the solution
of the RHT equations. In the case considered here, especially the half moment
method gives very accurate results.

A comparison of the CPU times for the solution of the full radiative transfer equa-
tion and for the solution of the approximate equations depends on the method
used for the elliptic equations and on the number of angular discretizations for
the full radiation problem. To solve the radiative transfer equations we have used
a multi level method, compare [3]. For the solution of the diffusive equations we
use a standard method. A kinetic scheme combined with a Newton iteration is
used for the half space moment method. Roughly the solution of the SP; equa-
tions takes about twice as much time as the solution of the P, equations. The
solution of the half space moment model takes about 10 times as much time and
the solution of the full transport problem is between 2 and 3 orders of magnitude
slower as the P; solution.

3.2 Two-dimensional situations

3.2.1 Constant coefficients

In the second numerical test we fix the temperature profile in the 2D unit square.
We consider D = [0, 1] x [0, 1] and the equations

ol ol T
Ho + "5y +(c+r) = % / / I(z,y, ', )sing'dp'dn’ + kB(T(z,y)),
0 0

where B(T) = aT*, T(x,y) = 1000 + 400(z + v), T(Z,9) = T(z,9), p = 0.



The comparison of the direct solution with the results of the different approximate
models for the case ¢ = 1, kK = 1 can be found in Figure 5.3. The case ¢ = 0.1,
r = 0.01 along the diagonal x = y and along y = 0.5 is shown in Figure 5.4 and
Figure 5.5, respectively.

For these computations we have used for the partial space moment approximation
a quarter space method and again a kinetic scheme combined with a Newton iter-
ation to solve the resulting nonlinear system of equations. The diffusive equations
are solved using standard methods.

3.2.2 Discontinuous coefficients

The second two-dimensional testcase is a situation with spatially dependent dis-
continuous absorption coefficents k. We consider a problem with D = [0, 1] x
0,10], Dy = [0.45,0.55] x [4.5,5.5]. B(T) = aT* with T'(xz,y) = 1000K in Dy and
T(x,y) = 1800K in D\ Dy. Ty(Z,y) = T(2,9),p = 0. k = ko in Dy and k = K,
in D\ Dy.

Again the solutions of the different approximate equations are compared with the
direct solution of the RHT equations. We choose ¢ = 1 and consider the cases
ko =3, k1 = 1 and kg = 1, Ky = 0.1, see Figure 5.6 and 5.7.

4 Numerical Comparisons for the full heat trans-
fer equations

In this section we consider the radiative transfer equations as above. However,
the temperature is here not fixed, but determined by the heat transfer equation
described in the beginning.

4.1 One-dimensional situation

As before we consider as a first step a 1D situation, D = [0, 1]. The equations are

0o 1
e20,T + *ud,T = €’kOp, T + 27 / / k(I — B)du dv
0 -1

epdI + (o + k)1 = %/_1 I(z,1)dy + kB(T((x)).

B(T) = aT*.
We consider 0 = 0, u = 0, kg = 1 and € = 1. & is chosen equal to 1 and 0.1,

respectively. Here we choose Dirichlet boundary conditions: I(u) = B(T,), > 0
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and T' = T, with T, = 1000K at the left boundary x = 0. I(u) = B(T}),n < 0
and T' = T, with T, = 1800K on the right boundary z = 1.

A comparison of the solutions of the different approximate equations with the
RHT equations can be found in Figure 5.8 - Figure 5.9 for the cases k = 1 and
k= 0.1.

A comparison of the CPU times for the solution of the full radiative transfer equa-
tion and for the solution of the approximate equations depends on the method
used for the elliptic equations and on the number of angular discretizations for
the full radiation problem and gives results as in the previous section.

4.2 Two-dimensional situations

In the second numerical test the 2D unit square D = [0, 1] x [0, 1] is considered.
The equations are

00 ™ 2m
20,T+e*u-VT = V- (kgVT) + (/ / / I(z,y,u',n)sing'dp/dn’ — 47 B)dv
12 0 0

J) ™o
o T, (o +r) = %/ﬁ /0 I(z,y, 1, n)sing'dp'dy’ + £ B(T' (2, y)).

Boundary conditions are Dirichlet as before. The boundary temperature T} is
chosen as a linearly increasing function from 1000 K to 1400 K on the boundaries
x = 0 and y = 0 of the square and from 1400 K to 1800 K for the boundaries

r=1and y=1.

The results along y = 0.5 for the different approximate models can be found in
Figure 5.10-5.11. We consider again an optically thicker and an optically thinner
case: kK = 1 and k = 0.1. o is chosen equal to 0 for both computations. The
other parameters are chosen as in the 1D case.

4.3 Coupling with Navier Stokes

Finally, we also consider the full moment model. In the last test we couple this
system to the Navier-Stokes equation and simulated a flame-like flow in 3d. The
computed temperature can be found in Figure 5.12. The solution is compared
with simulations relying on the Pj—equations (2.1). While there is no visible
difference in the computed temperatures, we depict in Figure 5.13 the norm of the
relative flux |f|. Note, that the P; solution gives physically unreasonable results,
i.e. |f| > 1. This is well known, see for example [13] and true for all diffusive
approximations. In contrast the moment method gives a physically reasonable
result. The bound |f| < 1 is fullfilled for all moment methods constructed here.



5 Conclusions

All approximate models give reasonable results in situation which are sufficiently
diffusive. Partial space moment models give accurate approximations even in
optically thinner regimes. The numerical effort for all approximations is in general
smaller than the time needed for the solution of the full RHT even if a fast iterative
method is used for the later equations. A comparison and combination of these
approximate methods with efficient multigrid methods for the full radiative heat
transfer equations is currently under investigation.
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Figure 5.2: Incident radiation of the different models for a fixed temperature
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Figure 5.8: Incident radiation of the different models for the coupled equations
in 1D with x = 1.
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Figure 5.9: Incident radiation of the different models for the coupled equations
in 1D with x = 0.1.
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Figure 5.10: Incident radiation of the different models for the coupled equations
in 2D for k = 1. Plot along y = 0.5.
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Figure 5.12:

Temperature

1000

ano

Temperature distribution for a flame-like flow

3 T T
M1 model
— — P1 model
251 I i 1
1 I
" 1
I I
I Il
2 I Il
[ P!
I P
[ P
— [ [
= L 4
=15 /o LA
/ | | \
/ \ | \
/ | \
/ ! \
1L , \ I \ J
VARREN ! [ PR
/77 | | AN
/7 AN | // NI
// Y \\‘ J/ N \\
L 4 \ N 4
0.5 s, ) // R \\
nd \ / NN
s ! ! NN
s [ /Y ~ N
o ~N
P (BN /0 ~ _|
o= I I I N 1 N I I I —
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
X

Figure 5.13:

Norm of the relative flux

17



