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Theoretical Analysis of Infrared Radiation
Shields of Spacecraft

David L. Shealy*
University of Alabama in Birmingham, University Station, Alabama

For a system of V diffuse, gray body radiation shields which view only adjacent surfaces and space, the net
radiation method for enclosures has been used to formulate a system of linear, nonhomogeneous equations in
terms of the temperatures to the fourth power of each surface in the coupled system of enclosures. The coef-
ficients of the unknown temperatures in the system of equations are expressed in terms of configuration factors
between adjacent surfaces and the emissivities. As an application, a system of four conical radiation shields for a
spin stabilized STARPROBE spacecraft has been designed and analyzed with respect to variations of the cone

half angles, the intershield spacings, and emissivities.

Nomenclature
a; =absorptivity of surface i
A; =total area of surface i
dA; =element of area of surface /
D;_;; =axial spacing between adjacent shield
surfaces i—1and i
E,; =the total black body emissive power

density of surface i, o T
=the fraction of energy emitted by surface
i and incident upon surface j (con-
figuration factor)
G, =the irradiation of surface i, the power per
unit area incident upon surface i

F.

i—j

J; =the radiosity of surface /, the power per
unit area leaving surface i

M(i,j),N(i) =coefficients in Eq. 5

Qi (1),Q0u (1) =the total power incident upon and
leaving surface i

(ri,®:2;) =cylindrical coordinates of surface /

T; =temperature of surface i

Zy; =axial intercept coordinate for the apex of
shield surface /

o =cone half angle of shield surface /

€ =emissivity of surface i

0; =reflectivity of surface i

g =Stefan-Boltzmann constant, 5.67 x 108
w/m? K*

Introduction

ECENTLY there - has been considerable interest in

sending an unmanned spacecraft, known as
STARPROBE, to a distance of a few solar radii from the
sun.!® During the past few years, a mission-option study for
STARPROBE has been carried out. Reference 4 presents a
detailed overview for the scientific objectives, trajectory, and
mission design for STARPROBE.

In order for the spacecraft to survive the near solar en-
vironment of four solar radii from the center of the sun at
perihelion, STARPROBE will require a radiation shield
system which is capable of withstanding solar thermal fluxes
about 3000 times higher than outside the atmosphere of the
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Earth, and which also prevents the bulk temperature of the
spacecraft payload from exceeding 55°C (328°K). The
fundamental configuration of the radiation shield system
consists of a primary thermal shield and one or more
secondary infrared shields. The primary thermal shield should
be capable of withstanding the high solar flux, and will cast a
shadow over the secondary shields and payload. As a result of
the large angular diameter of the sun (approximately equal to
28.96 deg) at perihelion, the primary shield’s shadow will be
conical in shape. The outer diameter of the primary shield is
currently limited by the launch vehicle (4.06 m for the cargo
bay of the Space Shuttle). Reference 5 provides a detail
specification of the design requirements for the primary
thermal shield of STARPROBE.

The primary thermal shield can accommodate the high
thermal fluxes during the solar encounter by reflection or
emission, rather than storage. However, a major problem
with reflective systems is the uncertainty of the effects of the
solar winds on the specular properties of the reflectors.5’
Also, surface changes due to displacement damage at high
temperatures tend to lower the total reflectances. Normally,
materials which can withstand such high temperatures have
reflectances of the order of 0.6 or less (see Table 1). Various
authors®!® have investigated the feasibility of using an
emissive system for the primary thermal shield which would
be in thermal equilibrium with the solar flux and the
reradiation of the incident energy back into space.
Preliminary studies indicate that the primary thermal shield
would have a temperature in the range of 1900 to 2500°K,
depending on the geometry and material used.

For the present study, it is assumed that an emissive based
primary thermal shield has been designed and has a specified
shape, emissivity, and equilibrium temperature. However, it
is recognized that in practice the radiative heat transfer
between the primary and secondary shields is a coupled
process, preventing specification of a surface temperature.
The primary sheild temperature has been assumed to be fixed
in this study within realistic limits in order to simplify the
analysis of the secondary shield system. The purpose of this
work is to demonstrate a solution technique for evaluating
secondary shield configurations for which the temperature of
the payload remains less than 55°C during solar encounter
and to determine the temperature levels and emissivities for
each secondary shield and payload. In order to obtain a
solution of this problem, the net-radiation method''""* has
been formulated for the STARPROBE spacecraft, assuming
all surfaces are diffuse, gray body emitters in equilibrium
such that Kirchhoff’s law holds at each surface.
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It is conventional to design a system of radiation shields
based on the assumption that each shield is an infinite
plane,'#!5 thus reducing the complexity introduced by con-
figuration factors. Reference 8 reports a design technique for
the heat shields of STARPROBE, assuming all surfaces are
black body radiators and the secondary shields are coaxial
disks which are spaced such that the ratio of the radius of a
disk to the spacing between disks is constant. The general
formulation of the net-radiation method for the thermal
analysis of the gray body secondary shields of the spacecraft
in this study depends upon the configuration factors between
adjacent surfaces. Thus, the formulation of the net-radiation
method presented is applicable to the design of an arbitrary
system of gray body secondary radiation shields. Specific
application of these general results is given for a spin
stabilized STARPROBE spacecraft with conical shaped
radiation shields with arbitrary apex angles and axial
spacings.

Net Radiation Method for Radiation Shields

For the present analysis, the secondary shields and
spacecraft payload are considered only as reradiative sur-
faces. That is, the net power flow to each secondary shield
and the spacecraft payload is zero

Qnet(i)zQin(i)_Qout(i)=0 (1)

where i=1,2,...,N for the secondary shields and i=N+1 or
SC for the spacecraft payload. A symbolic diagram of the
spacecraft heat shield system is given in Fig. 1.

In heat transfer calculations at surface i, it is important to
recognize that for gray surfaces, a portion of the incident
radiation is reflected and must be accounted for in the energy
balance. Also, for diffuse gray surfaces in equilibrium, the
surface emissivity is equal to its absorptivity (Kirchhoff’s
Law, Ref. 12). So, for an opaque surface i, one has

ai=¢=1-p; (2
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Fig. 1 Symbolic diagram for a cross-section of the STARPROBE
spinner spacecraft.
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If surface i is assumed to be infinitely thin (neglecting con-
ductivity) and to be at a constant temperature, then the energy
balance at surface i is given by

A G (H)G () ]=[J,(+)+J: (=) 14, (3)
where G;(+) and G;(—) are the irradiations of the upper
and lower side for surface i. J;(+) and J;(—) are the
radiosities for the upper and lower sides of surface i and are
given by

Ji(+)=€Ey+0,Gi(+) 4a)
Ji( =) =€Ey+p,G; () 4b)

An implicit assumption, which has been made in Eqs. (4a) and
(4b), is that

e(+)=¢(-) =g (40)
Equation (4c) is consistent with a thin secondary shield
surface model where neither side of the surface has been
coated.
Imposing the energy balance, Eq. (3), at each surface gives
a system of N+1 linear, nonhomogeneous equations in E);
for the N secondary shields and the spacecraft surface
M(L1E,; +M(1,2)E,, =N(1)E,ys
M2, 1)Epy +M(2,2)E, + M(2,3)Ey; =0

+M(3,2)Eb2 +M(3,3)Eb3 +M(3,4)Eb4 =0

+M(N,N=1)Epy_, + M(N,N)Epy
+M(N,N+1)Eys¢ =0
+M(N+INYE,n+M(N+ I N+1)E;5o =0 %)
See Appendix A for a derivation of Eq. (5) and explicit ex-
pressions for the coefficients M (i,j) and N(1). The system of

Eq. (5) can be solved by conventional matrix téchniques' for
the N+ 1 unknown emissive powers. Then the temperatures

Table 1 Emittance as a function of temperature

Hemispherical
Material Temperature (°K) emittance
Tantalum 500 0.10
1200 0.15
1700 0.21
2200 0.25
2900 0.30
Tungsten 1000 0.10
1600 0.21
1900 0.25
2400 0.30
3000 0.33
Titanium 500 0.180
800 0.225
1200 0.275
1400 0.300
1800 0.340
Incone 673 0.504
773 0.547
873 0.584
1073 0.643
1273 0.690




MAY-JUNE 1984

£11(0,Z0,2)
g
6.z, , )

X

Fig. 2 Positive x-z cross-section of the radiation shield surfaces §,
and Sz .

for each surface is given by
T;=[Ey/01",i=12,...,N,SC ()

Equations (5) and (6) provide deterministic relationships
between shield temperatures and the emissivities, geometrical
shape, and orientation parameters for the shield surfaces.
These results can be used to generate parameétric curves of the
surface temperatures vs the design parameters for arbitrary
shield shapes and orientations, provided the heat shields view
only adjacent surfaces and space. The shield configuration
factors, F;..;, have been neglected in this analysis, since ad-
jacent surface configuration factors, F;_;, are much larger
than the self view configuration factors, F,;, due to the close
proximity of adjacent shield surfaces. It should also be noted
that the present work is an extension of the conventional N
body enclosure problem!”'® to that of N+1 coupled four
body enclosures, since it has been assumed that adjacent
shield surfaces only view each other and space. As an ap-
plication, Eqgs. (5) and (6) have been programmed for N
conical secondary .shields for the STARPROBE spinner
spacecraft system such that when the design parameters are
varied, the temperatures for each secondary shield surface
and the spacecraft are obtained.!®

Application to STARPROBE Spacecraft -

In order to illustrate how Eq. (5) is used to design the
secondary heat shields of a spacecraft, assume that the
primary and secondary heat shield surfaces for a STAR-
PROBE spinner spacecraft are conical and satisfy the
equation of the surfaces

Z=7Z,+rcota @)

where Z, specifies the apex location, « gives the cone half
angle of the surface measured from the positive Z direction,
and r is the radial distance from the symmetry axis to a point
on the surface. Figure 2 displays the positive X-Z section of
the primary heat shield, which is labeled by the subscript 1,
and of the first secondary shield, which is labeled by the
subscript 2. In the present model, «,; for the primary shield is
fixed at 60 deg, and the cone half angles; «;, for the secondary
shields can vary from 0 to 180 deg.
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Fig. 3 Secondary heat shield and payload temperatures vs D; ; for
Tys =2100°K, E;=E,=E;=0.1, Dyg=5 cm, oa;=100°K, o, =
105°, a3 =110°.
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Fig. 4 Secondary heat shield and payload temperatures vs «; for
Tus=2100°K, ¢;=€;=¢3=0.1, Dyg,=D;,=D,;=AD, )=
a;+5°%, a3=a; +10°,

In order to evaluate the coefficients in Eq. (5), it is
necessary to e¢valuate the configuration factors between
adjacent shield surfaces. Appendix B presents formulas for
the necessary configuration factors. With these results,
numerical integrations over the radiation shield surfaces are
performed in computing the configuration factors between
adjacent surfaces. The linear, nonhomogeneous system of Eq.
(5) are then solved for the emissive power density of each
surface. During the deisgn process, these calculations are
repeated many times for different variables. Therefore, it is
desirable to use numerical algorithms which are as fast as
possible while providing the necessary accuracy. It has been
found!® that the double precision, !6-point Gaussian
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quadrature, DQG16,% yields temperature values to within a
few percent accuracy.

Now, consider the spinner STARPROBE spacecraft
illustrated in Fig. 1 with three secondary shields and defined
by the system parameters

Primary Shield
rHS=O.711m aHS=60deg
Rys=2.032m Tys =2100° K
Hys=0.762m eps =0.8 (8a)

Primary Shield to Payload Distance

Dys_sc=0.965m (8b)
Payload
ree=1.105m
Rs-=1.435m
Hg-=0.508 m (8¢)

As a first step in the design of the secondary heat shield
system, the cone half angles, «;, and the shield spacings, D, ;
were assumed to have the values

a;=100,105,110deg Dy, =S5, 10, 15, 20, 30 cm

o, =105, 110, 115 deg D, ,=5,10,15,20,30cm

a3 =110, 115, 120 deg D,;=5,10,15,20,30cm (9a)
The emissivities for each secondar shield surface were
assumed to be equal and vary as follows

e=¢;=€,=€;=1,2,...,8 (9b)

The emissivities for the spacecraft payload were assumed to
be given by

€sci = €scr = €scy = €504 =0.015 (99

The purpose of the variation defined by Eqgs. (92) to (9¢) is
to analyze the effect of each design variable (D;;; «;; ¢;) on
the temperature levels of each secondary heat shield surface
and those of the spacecraft payload and to locate an optimum
geometrical configuration for the secondary system within
this region of parameter space. Then realistic values for the
emissivities for each secondary heat shield surface are
determined. It should be noted that additional cooling of the
spacecraft payload can be obtained by requiring larger values
for €sc3 and €scq -

In Fig. 3, the temperature levels for the three secondary
heat shield surfaces and the payload are given as a function of
the spacing D, ; between shield surfaces S, and S; as plotted
on the abscissa and of the spacing D, , between S; and S, as
plotted as different curves on the graph. From Fig. 3, one
concludes that 7, and T, are almost independent of D, ;; T;
decreases by approximately 20% when either D, , or D, is
increased from 5 to 30 cm; 7; decreases by 33% when D, ,
and D, ; are both increased to 30 cm; and T decreases by
15% when either D, , or D, ; is increased to 30 cm. Also T
decreases by 35% when both D, , and D, ; are increased to 30
cm. Carrying out similar calculations as presented in Fig. 3
when Dy, is increased to 15 and 30 cm, one notes that the
general dependence of T,, T3, and Tg- on D, and D, is
similar to that displayed in Fig. 3, except the temperature
levels are slightly reduced when Dyg,; is increased and 7,
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decreases by 5% when Dyg; is increased, from 5 to 30 cm,
whereas for given D,;, and D,;, the temperature of the
payload, T, is not significantly affected by increasing
Dy, ;. These results suggest the optimum intershield spacings
are

Dy, <10cm, D,, and D,;=20cm  (10)

Figure 4 gives the temperature levels T, T,, T3, Tgc as a
function of the cone half-angle «; of S, along the abscissa
and of the intershield spacing AD(=Dyg,;=D,;,=D,;)
plotted as different curves. The cone half-angles of S, and S;
are constrained to be given by

o, =0, +5deg, oz =o;+10deg an
The general observations from Fig. 4 are that 7, decreases by
6% when «,; is increased from 100 to 110°, with
corresponding increases in «, and «;, whereas T, decreases
only by 3% when AD increases from 5 to 15 cm. Also, 75, T3,
and Ty are stronger functions of AD for small «; than as a
function of «;’s. From similar graphs as Fig. 4, except when
«, and oy are the abscissa, one further concludes that the heat
shield temperature 7; is affected most when «; (i=2,3) is
varied, and 7 is a stronger function of AD than «;.

Examining the numerical data of the temperatures vs the
system variables defined by Eq. (9) yields the lowest T when

o; =100 deg; o, =105 deg; a3 =120 deg; é=0.1;
Dys;=10cm; D; ;=30cm; D, ;=20 cm (12)

The temperature levels for this ‘‘optimum case’’ geometry are
plotted as a function of € in Fig. 5. It is evident from Fig. 5
that T,, T;, T are strong functions of €, with minimum 7,’s
occuring for minimum é&’s. It should also be noted from the
temperature vs system variables data that the geometrical
configuration resulting in minimum 7y~ is unaffected by
specific values of ¢/, €,, €;.

Having designed a system of three secondary heat shields
defined by Eq. (1), realistic values for the emissivities ¢;, €,
€; are determined by interpolating the temperature levels of
each secondary shield from Fig. 5 with the emissive vs tem-
perature data for several candidate shield materials given in
Table 1. Based on the data given in Table 1, tantalum will be a
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Fig. 5 Secondary heat shield and payload temperature for ‘‘op-
timum case’’ configuration defined by Eq. (12) vs é#¢; =¢; = €3.
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suitable thermal material to construct the secondary heat
shields and the emissivities of secondary shields for
Tys =2100°K are given by

e;=0.19, €, =0.135, e;=0.1 (13)
It should be noted from Table 1 that emissive data for
tungsten at temperatures less than 1000°K are not given, but
could be extrapolated to be less than the emittance values of
tantalum. This suggests that tungsten would, in fact, provide
lower secondary shield temperatures than tantalum and
represent an attractive thermal material for making the
secondary heat shields.

After analyzing the functional dependence of the tem-
perature levels of the three secondary heat shields and of the
spacecrafit payload on the design variables «;’s and D, ;’s and
determining realistic emissivity values for S;, S,, and S;, it is
desirable to expand the range of variation in the «;’s as
follows

a;=68°t0112°, a,=76"1t0120°, o;=84°t0128° (14)

while the D;; are given by Eq. (12). Figure 6 displays the
temperature levels of S,, S5, S;, and Sgc as a function of «;
where the shaded area indicates the range of temperature
variations as a function of «, and o; at a given «;. It is
evident from Fig. 6 that T, is strongly dependent upon «,,
with large values of ¢, yielding smaller T,. It should also be
noted that using smaller «,, such as 80°, yields lower tem-
perature levels of T,, T; and T~ when compared to Fig. 5.
For constant «;, one also concludes that minimum T occurs
for maximum difference (o3 —a,); minimum 7; occurs for
(0; —o3) = (o, — o ); minimum 7, occurs for maximum
difference (o, —o;); and minimum 7 occurs for maximum
«;. It should also be noted there is a 60% reduction in Tg-
when ege; = €504 =0.85 with smaller variations in 7, T, and
T; (1,2, and 6%, respectively).

The general conclusion from this analysis of the system of
three secondary heat shields is that the temperature levels of
each surface are gradually increasing or decreasing functions
of the design variables without any well defined ‘‘true
minima,’’ and thus, a design tradeoff of the STARPROBE
spinner spacecraft as a whole must be considered before an
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Fig. 6 Optimum case secondary heat shield and payload tem-
peratures for configuration defined by Eqgs. (12,13) vs «; when «,
varied in the range of [76° -120°] and o; varied? in the range of
[84° ~128°].

THEORETICAL ANALYSIS OF INFRARED RADIATION SHIELDS 297

optimum secondary heat shield system can be determined.
Since Tge is less than 200°K for many cases under con-
sideration, an analysis of the feasibility of using two
secondary heat shields is suggested.

Conclusions

A net-radiation method has been formulated such that the
temperature levels of N secondary heat shields and payload of
a spacecraft can be calculated in terms of the emissivities and
the configuration factors between adjacent surfaces when the
primary heat shield temperature is specified. For the case of
conical secondary heat shields, a limited parametric study has
been carried out when the cone half-angles, the intershield
spaces, and emissivities are varied for systems of three
secondary heat shields.

The general conclusion of the investigations is that tem-
perature levels less than 300°K for the three secondary heat
shield systems are, in fact, achievable. Using parametric
thermal data for the secondary heat shield system, design
tradeoff studies for the STARPROBE spinner spacecraft are
required in order to establish an optimum secondary heat
shield system. It should be further noted that in a real
situation one would be unable to specify the primary shield
temperature as has been assumed in this work. Rather, the
problem is coupled in that the primary shield temperature
would depend upon the incident radiation, its material, and
its configuration as well as that of the secondary shields and
the spacecraft. Also, in a more complete analysis, the thermal
conductivity of the shield surfaces and the possibility of
different emissivities on each side of a shield surface should be
considered.

Appendix A
In this Appendix, a derivation of Eq. (5) will be given.
Consider the symbolic diagram of the spacecraft heat shield
system shown in Fig. 1 where the secondary shields view only
adjacent surfaces and space. The energy balance equation at
S, is then given by

2Ey;=G;(+)+ G, (—) (A1)
where

Jrs = ensEpns + prsGus (Ala)

Gus=Fys-.;J; (+) (Alb)
Ji(+)=¢€,Ey+0,G,(+) (Alc)

G, (+)=F,_psus (Ald)
Ji(=)=€Ey+p,G,(—) (Ale)
G,(—)=F,_,J,(+) (A1)

S (+)=eEn+0,G(+) (Alg)

Gy (+)=F,_;J,(—) (Alh)

Recall, that F;_; is the configuration factor between S, and S;
and is the fraction of energy emitted by S; and incident upon
S;.

Combining Eqs. (Ala) and (Ald) and solving for G, (+)
yields

F; ysEpps+ F _ gsFus_ 1 E
G,(+)=€Hs 1—~HSEbHS T €1P st 1~ HST HS—1Ep1 (A2a)

I—p,0usF_usFrs—;
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Similarly, combining Egs. (Ale) and (A1h) yields

€2F; Epy +e,0,F_ 2 F, By

G, (=)= (A2b)
! 1—pp,F; 5F,
Therefore, Eq. (Al) can be written as
M(LDE, +M(1,2)E,,=N(1)Epys (A3)
where
M1y =2— e10usFi-nusFus—; _ _€1P2F1-2F>
I=p;ppsFi-psFus.; 1 =P1p2F1-2F>
(A3a)
‘ —eF,_, X
M(2y=— """ (A3b)
1—p102F; 5F).
F,
N(I) €ust’ )~ HS (A3c)

1—=p104sF 1 psFrs—1

Applying the energy balance condition at each surface i for
i=2,3,...,Nyields N—1 equations of the form

Mi—DEy,_+M(LDEy+M(Li+1)Ey ;=0 (Ad)
where for2<i<N-1
.. € 1Fii_g
My,i—-1)= -
I1—p;1piFii Fii
0. F. . F._ ., .
M(l,l)=2— (75 ¥ oF Sy § oy iy
I—=p; 10iFi 1 Fi_ )i
€0 1 FiciviFriiy (Adb)
1=pipisiFi o1y
-, F._.
M(ii+1)= bl SA (Adc)
I=0ipiv1Ficiv1Fivri
and fori=N
: —en_1Fnon_;
M(N,N=1)= (Add)
I—pnoN—1Fn-N_1FN-i-N
€ i Fnon_1Fn_
M(N,N)=2— NPON— 1T N-N-1L'N-]-N (Ade)
I—pnoN_ 1 Fnon—1FN_ =N
__ enlesarfscr-nEn-sci + V] (A4f)

1—pnlpsciFsci—nEn-sci T V]

M(N,N+1)=— LesciFn—scr +escabin-scz + €sc2 UFsca—sc2 ]
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I—pnloscrFsci-nFn-sci + V]

(Adg)

- osc2Fn_sc2 (Adh)
I =psc2Fser—se

V= UFSCZ—'N (A4l)

Equations (A3) and (A4) are N linear equations in N+1
unknowns. The remaining equation follows from the energy
balance condition at the spacecraft:

4
esc1AsciOscr +escaAscr Gscz = [ E GSCiASCi]EbSC

i=1

(AS)
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Equation (AS) is not exact, since the irradiation Gg¢; has been
assumed small in comparison with Gg; or Gge,, and, thus,
neglected. Eliminating Ggo; and Gge, from Eg. (AS5) in a
similar manner as was done for G, (<) in Egs. (A1) and (A3)
gives the result for energy balance condition at the spacecraft
payload

M(N+ LLN)Eyny+M(N+1,N+1)E (A6)

where
M(N+I,N)=exW (A6a)
M(N+ 1N+ 1)=pyWlesciFn_sci +€sc2Fv-scz

4 2
€tc2Asc2Fsca—sca
teéeser UFscy—sc21+ [— E escidsci + ———F——-

i=1 I —psc2Fsca-sc:
X {1—pnlosciFsci-NFn-sci +V1} (A6D)
escrAserFsea.
W= ESCIASCIFSCI—N+w (A6c)
1=pscsFscr-sca

Appendix B

In this Appendix, a brief summary of some important
properies of configuration factors is given. Formulas for the
configuration factors between the primary and secondary heat
shields and the payload are then given. ‘

1) Configuration factor between a finite, diffusely emitting
area A, and a finite receiving area A4,

IS S cosB,cosB,
Ay JA

FI—'2=_ 2
wS4,

3 d4,d4,

(B1)

where 8, and §, are the angles between the surface normals
and the line connecting dA4; and dA4,. S;; is the distance
between dA; and dA4,. ‘

2) Reciprocity relationship
AF;_;=AF;

JE i

(B2)

3) Enclosure relationship for the general case of N surfaces
within the enclosure

N
Y Fy=1
i=1

The term F;_; is included in the summation of Eq. (B3) for a
concave surface which can ““see” part of itself. For a con-
vexed surface i, F;_; =0.

Now consider the STARPROBE spinner spacecraft, conical
heat shield system shown in Figs. 1 and 2. Assuming S, and S,
are arbitrary, adjacent shield surfaces, the configuration
factor, F,_, is defined by Eq. (Bl). As a result of azimuthal
symmetry of the heat shield system, the element of area dA4;
can be fixed at (r;,0,Z;), where the origin of the coordinate
system is on the symmetry axis at the base of payload. The
coordinate of dA, are (r,,¢,,Z,). Equation (B1) can then
be written

i=12,..,N (B3)

nu n2u 2 cosf3; cosp
F1_2=CIS r,dr1§ rzerS d¢2+2 (B4)
1L 2L 0 S7,
where
C = 4
" W(’%U"?L)Siﬂaz
83, =[r,cosp,—r;1? +risin’e,
+[(20,2—20,1)4—(r;cotaz—-r,cota])]z (B4a)

]
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1 .
COSG} =§— {COSO{I (r2COS¢2'—r1 ) —Sanll [(ZO,Z_ZO,])
12

+ (rycota, —r;cote;) 1} (B4b)

1 .
cosf3, =S— {cosa, (ry —r;cosg,) —sina, [(Zy,—Z, ;)
12

+ (rycota, —r;cotoy) 1) (B4c)

when §; is the primary heat shield, r;, and r;;, are the inner
and outer radii of the primary shield and are given by

ryp=rys 0.711 m. (28in.)
riy=Rys 2.032m. (80in.) (BS)

On the other hand, if S; is a secondary heat shield, then r,;,
r,;y are determined such that S; remains within the shadow
cone of the primary heat shield. In order to determine r;; and
r;yy for the ith secondary shield surface, it is necessary to solve
simultaneously the equation of §; with the equation of the
inner and outer shadow cones respectively

ri1L [1+7C0t0{i_1 ] _T[Zo,i_ZO,i—I]
R =

B6
I —rcotoy; (B6)

and

_rigyll—rcotey 147125~ Zp; ]
I—TCOtai

riu

(B7)

where 7=tan@,, and r;_,, are known. Now evaluate the
angular limit of integration over S,. If S, is the primary heat
shield, then ¢% for a given r, is determined by the loci of
points of the intersection of the tangent plane to dA4; and the
surface S,:

(Z,,’Z—Zo,,)+r2co+oz2] (BS)

¢3 =arccos [
rycotoy;

If on the other hand, S, is a secondary shield, then ¢3 is
determined such that a vector from dA4, to dA, is per-
pendicular to the normal vector at dA4,:

(B9)

(Zy;—Zy;) +rcota; ]

¢3 =arccos [
r; COtaz

Equations (B4) through (B9) are used to compute the
configuration factors between adjacent shield surfaces. The
coefficients in Eq. (5) are also expressed in terms of the
configuration factors between the last heat shield Sy and the
payload surfaces Sg-; and Sgq,. Figure Bl illustrates the
geometry under consideration. Using the same technique
which gave Eq. (B4), it follows that the configuration factor
between Sy and Sg¢; is given by

'NU
Fosa=Cu | rfr)dry  (B10)
'NL
where
c 2 (B102)
= a
N w (P =)
2n ¢ Rsc cosfncosBsc;
=7 ardose, (B10b)
rsc N-SC1
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2 _ . .
Sh-sc1 = [rscsindsc; —ry17 + récsin? e,

H{Zser—Zn(ry) 1?2 (B10c)
cosfiy = {cosa, [FrscCo8Pge; —ry]
N--SCI
—sinay [Hse — Zn1) (B10d)
cosBsc; = [Zn(rn) —Hsc1/Sn-sci (B10e)

and the configuration factor between Sy and S, is given by

NU
Fasc=2rscCy | rg(r)dry ®11)
NL
where
Hs ¢7  cosB4cosBsc
gr=| " | g0z, @Bl
0 Jyscz  Sh-sc

2 _ 242 a2
Sti—scz2 = [FscC08dsc; —rn 17+ r5esin dge;

+1{Zse = Zn(rp) 17 (B11b)
cos@y = fcosay [rgccosdse, —ry]
N-SC2
~sinay [Zse, = Zy(ra) 1} (Bllo)
€08Bscy = [rsc —rncosdsc; 1 /Sn_scz (B11d)

The angular limit ¢g,* is determined empirically by a ray
tracing technique such that no blockage of S5, due to Sg¢;
occurs when dA g, is viewed from dA .1 Varying ¢, from
180 to 0 deg in small increments, the radial intercepts R, with
plane Z=Hg~ of a line connecting d4, and dAg., are
evaluated. The lower angular limit ¢%., is the largest value of
¢sc; for which R, is greater than 7.

The remaining configuration factor, Fse_gc, needed to
solve the system of Eq. (5) is given by

1 Hsc
Frcrscr=—g— |, h(Z))dz, (B12)
SC

where

Hge 27 rie (1 —cose,)?de,
hZ,)=
0 So go [2r%c(1—cosp,) +(Z,—Z,)?]

5 (B13)

Using the reciprocity relationship given by Eq. (B2), one can
evaluate the remaining configuration factors required to
specify all the coefficients in Eq. (5).

z
N™ Secondary
Radiation Shield dA
e Ty e N
|
dAger oo Re o
Spacecraft dAsce HT
Payload SC
e £GC e .

Fig. Bl Symbolic view of the x-z cross-section of the /Nth secondary
radiation shield and the payload.
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