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ABSTRACT

The ideas Ln the Galenkin method for the sofution of nadiative trhansfon Ln plane-
paaallel panticipating media are extended fo alfow fon both speculfarly and diffusely
ac5£ec£¢nq boundandes. The tfechnique L4 Fhen utilized fo solve the transversal heat
thansfen in muliilagen fnsulations (HLT) fon aenvspace applications. The nrefative i
aceunacy of desigr-ype, approximate fornufee are then established, and tha effects oﬂ

speculanity ahe criticabey o eXAMENEL e e s e o

'THTRODUCTION T - l
A multilayer insulation (MLI) for aerospace l
applications consists of several layers of reflecting |
shields separated by spacers, that can be made from [
materials such as nylon, dracon, silk or rayon mets, ]
carbon fiber paper, or sometimes fiberplass batt. Such !
spacers are designed to scrve the purpese of m1n1m1z1ng,
conductive heat transfer across the MLI; however, they
‘lmight also play an important Tole in the radiative heat!
exchange between neighboring shields, characterizing a
radiative transfer problem in plane-parallel
participating nedia with specularly and diffusely
reflecting boundaries. Therefore, the accurate evaluation
of total heat transfer rates across ithe insulation isof
major intecrest, related to cost and weight optimizaticn
needs. This typical, one-dimensional, radiative heat
transfer problem has beea treated quite extensively im
the literature. Among the nioneerinpg works that made
use of approximate solution technigues, we list those
by Viskanta & Grosh [1], Glaser [2], Yove & Grosh {3 4
Usikin & Sparrow [ 4], and Viskanta . These and |
related works have in comnon the fact that specular .
reflection at the boundaries was not considered., Amang
the most recent contribution that introduced formal and |
accurate solution technigues for this linear transport |
equation, we refer to those by Maiorino et al. |6}, on'!
the Fy method, Benassi et al. [7], on the P, method, E
Yener ¢ Ozisik (8} and Cengel et alli [9], on the I
|
|
!
|

Calerkin method. The first two contributions included
both diffuse and specular reflective boundaries, but

had the drawback of reguiring particular solutiom to

the nonhomogeneous transport eguation. The Galerkin
method of [_8,9 |, en the other hand, accomodates quite
ieasily any functicnal form for the source term, but was,
irestricted to diffuse reflection at the boundaries.
Quite recently, however, the Galerkin method, coupled
'with a collocation scheme, was utilized to solve a

|two -dimensional radiative transfer problem in a .
rectangular enclosure with transparent boundaries [101
‘broadening up the ranpe of applications that can be
‘handled through extensions of the merhod. Therefore,
‘based on such aspects, and since studies on both :
transversal and longitudinal heat exchange in MLI's,
‘allthough yet guite limited, are now becoming available,
Eit applies that the Galerkin method might be the basic
‘tool for future developments. Tn such a context, the
preseut contribution deals with the extension of the
ideas in references [ 8,9 ], so as to allow for specularly
reflecting boundaries on radiative transfer in plane-
rparallel participating media. Then, the method is ;
‘applied to predict heat tramsfer rates in the most
‘common confipuration of MLL, under the quite well
appl!cable assumption of radiative equilibrivm, and
pumcrlcal results are critically compared with those

:
§
!
§

Fobtained From a couple of & approx1mate, design-type™

formusla, wostl of tc@)referenced in heat transfer manuals
of Spacecraft Companies [11]

MRALYSTS

We consider radiative transfer in an absorbing,
emitiing, isotropically scattering, plane-parallel,
gray medium of optical thickness a, enclosed between
two infinite surfaces, Sy and S, , with emissivities
&£, & €2, specular ref]ectiviesp? & p¥, diffuse
reflectivities pY & p%, and prescrihed temperatures
Ty & Tz. In addition, the participating medium is
tharacterized by a thermal conductivity k, singie
scattering albedo w, and an extinction cecefficient B,
which defites the optical wariable x = Bz, vhere z is
Lthe physical coordinate. Under steady-state condition,
the heat conductioh equation to this one-dimensional
problem is given by:

2 r
g 9510z .3% 20 , 0<z<1, 1)
dz? :
where qr is the radiative heat flux and T(z) is the

temperature distribution im the medium.

Radiative heat transfer is then poverned by the
transport equation in the optical variable, x, given
as:

8l {x .
u My, T(x,u) = G(x) + 85(x),~1gu <l
ax 4
in 0 «<x <a, (2.a)
‘where &
N .
2 Yoo -
S(x) = IL—%E;Lfl (1-w) is the source term, (2.b) !
§
1
G(x) = ar I I(x,n) du is the incident radiation,
1 i
(z.e) 1
and I(x,4) is the radiation intensity, while n is the1

¥

wr:tten as:

'
|
1
1
i
H
i

index of refraction of the medium,
The appropriate boundary conditions at surfaces |
51 and S,, including specular reflection, are then

1
I{0,u) = F(O) + 2p,J 1(0,-w)dyu + p} T(0,-u),(2.d)

0
1

I{a, w)du + p5 Ia,u },(2.8)

0 e e e e mamt

|
|
1
!

I(a,-u)= F{a} + ZDgJ
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'{ £10n0T) epn<cTy l
| F(0) = ————  F(a)= — : (2.£,0)]
7 w f
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Equation 2.a is now solved formally for the
forward and backward radiation intensities, as described,
in reference E 12 |, to yield:

i - X -
C ) = 140, pye ¥ M J e O M5y 4
i 0

c(£) Jdt. (3.2)

41

I(x,-w) = I(a, -we” &0 /1 r E(E_X)NES(E) +
W 0
+ o G(B)]aE .

(3.m)

These formal solutions, following the procedure
in the development of the integral equation for the
g1nc1dent radiation, G(x), are substituted back intop égf
‘the definition of G(x), eq. {(2.¢), as shown in \1
ITn order to allow for the inclusion of specular
‘reflection at the boundaries, we proceed by
‘substituting the formal solutioms (3.a,b) into the
tboundary equations (2.d,e) as well, resulting in the
!followlng system of algebraic equatioms for the incoming
‘radiation intensities at the boundaries:

I(0,u) = p? I(a,-me /¥ & F; , (4.a)
I(a,-u) = p‘z‘ I(0,u) e_ahJ + Py ? (4.b)
where
expl [+ G-1)a) /1) e

=0} LES(E’) + 260

a . r
2} A+ J B+ & cols (DM E-Da) gl ,
a

1
[W1Gt-v, 0, i,

i=1,2, (4.c,d}

Ai = (4.e,f)
function.

and E,{x) is the exponential integral
yield:

System (4) is readily solved to

-afp Fz_'_ngle—a/]J
; I{a,~4)= ———rmrm— ,

1-pSps e—Za/H

Fl“‘p?er
L{0,u} =
1-p o8 o-2a/u
| A

(5.a,b)

The expression above, together with the formal
‘solutions are now introduced into the definition

of the incident radiation to yield the following
‘integral equation for G{x), besides two additionai
.equations for the quantities Ai's.

{ . ;
sHy(x & p ow) »qu,[f,cza - % +£ u) + u,{2a -E+x,uﬂ

1)

(3¢ 1

: {
o s 100 s
\
1} afdu + 27 [REEY By fx -r,]d
}

W (2a-b- %,
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1 3 [ a
* 4ﬂp$ {! Wp (x,)dn + p) [ W(2a - x,U)dU} 1! REEIE2 (a-ENAE +

L :

+ () + 2 o 42

. '] I fa
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A Ee ’ [ W02 - ai + -D%e,u) R (ddu +
! q4°0
W3{a,u)du

: . 4 a .
F{2a - 2,i) + 29:—1 Ayt 2 p?_i J Ea((-1) e + :

[ g
]
+ 2a - a.d S o8 -
a - a.i) R (£} de *07 o2 JWZ(a +oair (‘l)ﬁé)ﬂ () dedu +

s [! o s N
+ Ps_i W {2a,u)du yF(a.i=a) + 2 pg At 2[,‘1 Ez2(a. 1_n+[. l)lu £
(]

R(f) 12 (6.b)
o
Hhetre .
(e} W &M ui™®
R = - ——
e s{g) - G(e), ui(x‘") =W N (6.c,d)

By Py

The Galerkin method is now applied to equations
(6.a-c), with G(x) represented as a polynomial
expansion in the form:

N
6lxy = (7

whetre W; ara the unknown expansion coefficients.

Equation (7) is substituted back imto euuat&ons
{6.a-c), vhile eq. (6.2} is operated on with Ia x dx,

&
m=0,1,...,N ko vield a system of (N+3) algebraic
linear equations, that are solved for the (N+1)
expansion coefficients and A,'s, i = 1,2,

Once ¥n's and A,'s have'been obtained, the
quantities ¥.'s are &valuated to yield the forward and
backward radiation intensities, T{x,u) and I{x,-u),
from egs. (4.a,b) and (3.a,b). Besides, the radiative
heat £lux, q'{x), is then readily obtained from its
definition

q'(x) =

1 |

] [ [ Lz udpdy =]  I(x,-pudp |,
h 0 )

(8.a)

Then, substitution of the expression for I(x,u)
and I (x,¥) into eq. (8.a) vields the following working
formula for the radiative heat flux inside the medium!?

l.a
q(x)=[ f R(e) psl; t12(5+x,u)+pfp§h'2(23—- etx,u)~
070
s
Py {2a-x-g,u)

-p Tp ng (2atg-x,u} jdedu

1 1
{_pgj( Way{2a-x,u)du +f Wa(x,u)du

a 0 X

—J Va{a—x,u)du +

F(0) +

d [?
+2014; + 2p) ] E,(e)R{e)de
0 L %
1
+Gf I W3 (x+a,u)du
Q

F(a) + ij &y +
A L
25§ J Ep(a-e)R(e)dey + | fe= [ el/v sontuocrrerae

0

9°0 {8.b)

Also, the divergence of the heat £lux, which

appears in the heal couduciion eyudtion, s readily
obtained from:

= (l-w)ElmzaTl‘(x) - G(x)) (8.1:)3
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As shown in references L 12 13 T, provided the
‘conduction-to-radiation parameter (&ﬁioT3/KB) is
sufficiently large, the conductive and radiative
trﬁ?sfer phenomena can be decoupled, requiring that

/dx = 0, which characterizesa radiative
equilibrium situation, Besides, such a situation is
also attained by a purely scattering medium, i.e,, :
w=l. In MLI's due to the very low thermalconductivities
and single scattering albedos very close to unity, the 1
assumption of radiative equilibrium is indeed quite
reasonable and suffices for most practical purposes,
Therefore, this radiative transfer problem can be
readily solved by setting w=l in the expressions
‘above, resulting in a uniform radiative heat flux
“distribution,
!
-RESULTS AND DISCUSSION

i
I
i
¢
H
1
i
1
[

Based on the expressions above, a computer code
;was developed for the calculation of radiation
intensities, incident radiation and radiative heat f£lux
distributions. All the related integrals were performed
analytically, except for the calculation of integrals
in the variable p invelving the functioms W,'s, when
an adaptive numerical quadrature routine was utilized.
The results that follows were obtained with ¥ <12.
Higher order expansions would involve convergence
difficulties due to the ill-conditioning of the matrix
iin the linear system of equations, for the simple
polynomial basis here chosen. The computer code was
thoroughly validated against the results in reference
9 1 and, for the cases of specular reflection,

against results from the Py-method computer code
developed in reference 7

From the data avai able in reference [ 11 ] the
most usual fibrous materials for spacers are listed in
table I below, together with the relevant data for
the radiative transfer calculations that follows.

Table 1. Relevant data of most usual MLI spacers

CASZ | MATERTAL [CONSILEELD L ELAESS IEXTINGTLE CORFYECLENT § ALBFDO | a | TMERAIIRA g
1 Dexlplase 7.6% v 107F 1,91 % 1ot 0,952 200006 LT
2 Tluavglas 15.2 x to75 268 % 16 0,989 %076 500
a Tisruplas 15.2 x 1075 2.92 z 10‘ 0,9521 4522 (23]
[ Felrpail A=IDO 9.83 x 1073 & x 10t 0,95 0,1912 00
5 Refrazil B-100 4.81 & 1073 3.1 x 107 [ % T 0,169 50
3 FIbra do Crrbona Jalnx 105 389 x ll]" 0.390 1.167 a 3.8% 5000

In addition, we examine the accuracy of a couple
of approximate, design-type formulas, that were
developed respectively, by Glaser L.i] and Deissler

lﬁtl for the radiative heat flux across the MLI,
given by:

9 = » (Ref.2) (9.a)
[ s« Loy 1 -1
€1 €2
(i3 -~ ™Hn?a
ap = *(Ref.14) (9.b)
; [0.75a + ——+ 1 1] J
: g1 €2

Therefore, in table IT we list the results far
the heat flux obtained form eq. (8.b), compared to
the approximate ones from eqs.(9), for the MLI's
listed in table I. Apparently, the results fromGlaser's
ITormuia L.UﬂblbL.L.llLLy underestimates the radiative heat
flux, while Drissler.overestimates it but provides
better results than Glaser's. Both, however, in the
ite wall such simple,

wolil S

nnnnnnnn

F o . e Y e e ]
MLI & iuvestigaccd, performed gui

] .
S Table 2. Results for Radlatlve heat flux in the i

MLI's of table I i
[
k] q [y q9-4p -
i 2 PLE € (mpam > G l x 100 q_.q_qé 3100
1950 0.9 0.6 0,04 D08 ERT 2,901 0.25 o.n
! 2081 0.9 006 0.0 9,06 9.00 893 0.15 0.78
K 2,14 a9 a.06 0,04 5,05 .08 $.98 [ %1 .81
H 4076 0.9 D06 U04  A.80 #.82 8.65 (RT3 L7
¥ 4432 0,49 D.06 0,04 a,7& B.78 2.69 0.23 1.88 ¢
01013 5% 006 0.0F 9.3 2,35 234 0,07 0.01 i
1951 67 el 0.2 PLNY 439 4.8 L0 LH3
281 67 01 0.2 43.0 4.3 4Ls o5 3.2
211 0.7 01 0.2 Az.9 i35 aLa 15 aa
8976 0.7 0. 0.2 a7 8,1 3.2 1.6 2.3
5.432 .7 0.1 o.2 16.9 7.3 .2 o9 8.0
01933 07 01 0.2 50,1 0.2 50,0 0.1 a2
1950 0B 0.1 gt 2.3 1.4 2.3 0.5 18
2,081 08B 0.1 ¢ 01 2.1 a3 0.8 .68 1.4
Lyl 08 01 0. 22.1 22,3 217 0,58 2.0
-
40160 0.8 01 0.1 20,7 20.8 19.9 .48 4.0
4,43 @3 b DX 20,5 0.5 1.6 o5 [
01923 eE 03 0.1 .0 2,0 1.9 0.1 0.09

Alsc of interest is the inspection of therelative
jimportance of the specular reflectivity on heat transfer
rates, and the effects on the assumption of purely,
diffusely reflecting boundaries instead. Therefore, in
table TII we list heat flux results for a few
combinations of reflectivities and emissavxty obtained
from eq. {8.b) with ps # 0 and p = 0{p <+ pa+ps),and
those obtained from Deissler's approximate formula,

Table 3. Effect of specuTar reflect1v1ty - fw=l , T)=

300°K; Ta= 0°K)
1

4 o . (Eq.8.5) ]

a Cdi=loul imloul £ psi#d ps=0 B
2,080 0.9 0.06 0.04 9.06 9,07 9,08
2,141 0.9 0.06 0,04 9,05 2,06 9,03
1.951 0.9 0.06 0.04 2,08 a,09 9.0
4.0736 ©.9 0.06 0,04 8.80 8,81 3,82
4,432 0.9 0.06 0,04 8,76 8,77 8,77
© 2,480 0.7 0.1 0.2 43,0 43,2 43,5
F2.141 0.7 0.1 0.2 42.9 43.0 43.3
1.951 0.7 0.1 0.2 43,4 53,6 43,9
4. 0726 0.7 0.1 0.2 .7 1.9 8.1
4,432 0.7 a.1 0.2 36,9 an1 7.3
2,080 0.4 0.1 0.5 " 99,3 95.48 100,7
2,141 0.4 0.1 0.5 94,3 97.8 99,7
1.951 0.4 0.1 0.5 161,4 160.9 1029
. 0736 0.& 0.1 0.5 75.0 4.4 75.8
4.432 0.4 0.1 0.5 72.0 71.6 72.6

It appears that when the total reflectivity is
very larvge (close to unity) for the MLI's investigated,
the effect of disregarding specular reflection at the
surfaces is not so significant, inecreasing in
importance as the total reflectivity decreases.
Therefore, depending on the shield materials being
used, the effects of specularity might be neglected for
the purposes of studying the transversal heat transfer.
However, the effects of specular reflection are expected
to play some role when the two-dimensional analysis,
for the determination of lomgitudinal heat lesses, is
.performed.
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