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Thermal Simulation of Large Rotating Solar Arrays

Werner Lorenz*
ERNO Raumfahrttechnik GmbH, Bremen, W. Germany

The simulation of the thermal impact of large solar arrays on the spacecraft often presents problems. This
paper discusses a new method of thermal simulation of large rotating solar arrays. The analytical basis of the
method is described and its application to solar simulation testing of the European Orbital Test Satellite (OTS) is

presented.

Nomenclature

= area

small area

functions, defined by Egs. (25) and (26)

= view factor

= integral, defined by Eq. (4)

= length of cone generatrix

= length of truncated cone generatrix

= surface normal

= radius

= radii difference

radius

= connecting vector between two area subelements

= temperature

= coordinates

= solar array thickness

= angle between solar array plane and radius vector
r; of aradiator area subelement

= half cone angle

= emissivity

= angle between radius vector r; of a radiator area
subelement and radius vector r, of a truncated
cone subelement

AN = reduced length of truncated cone generatrix

Ap = reduced small radial length

Subscripts and Superscripts

1 = related to solar array area 4

2 = related to area A ,, see Fig. 2

3 = related to radiator area ring element dA4 ;

4 = related to truncated cone area element dA ,

a,b = indicates subsections of solar array area

c = related to wall thickness

e = exterior
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= interior
= indicates area subelements

Introduction

ARGE solar arrays are difficult to simulate ther-

mally because the dimensions of available solar
simulation test facilities usually do not allow a full-size
spacecraft to be tested in flight configuration. Stub panels are
often used to simulate thermally the infrared heat radiated
from the full-size solar arrays to the spacecraft body. Ob-
viously, stub panels can account for the total amount of heat
only and not for the correct local distribution of heat radiated
from the full-size solar arrays to the spacecraft body.

Modern, 3-axis-stabilized, geosynchronous communication
satel.lites, such as for instance OTS (Fig. 1), are particularly
sengltive to irradiation from the solar arrays. Thermal control
radiators on this type of spacecraft are usually positioned on
spag:ecraft surfaces, which receive a minimum of solar
radiation, but, have a rather large view angle to the rotating
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solar arrays (one revolution per day). Therefore, a correct
simulation of heat locally irradiated from the solar arrays to
the spacecraft is required.

It is usually sufficient to simulate the average amount of
heat per unit time, irradiated by the rotating solar arrays, as
the thermal capacities of the satellites are generally high
enough to avoid significant temperature cycling. Further,
steady state temperatures conditions are preferred in the
analytical evaluation of mathematical models. This has led to
the use of an electrically heated truncated cone for the thermal
simulation of rotating solar arrays.. A truncated cone with its
axis in the solar array axis of rotation and with its imaginary
apex on the spacecraft radiator would agree in one essential
point with the local distribution of heat irradiated by a
rotating solar array. Assuming that the truncated cone shell
and the solar array are infinitely thin, it is obvious that no
heat is irradiated by either configuration (indicated in Figs. 2
and 3) to the central point where the axes of cone or solar
array, respectively, penetrate the spacecraft radiator.
Following this idea, it was presumed that it should be possible
to adapt the local heat distribution generated by the truncated
cone to that generated by the rotating solar array by proper
choice of the cone angle, the generatrix length and the mean
radius.

Analysis

The radiative heat exchange between a radiator area
subelement dA% and the solar array area A ; (see Fig. 2) can be
determined by applying view factor derivations available in
standard literature.! The following definitions are
established. The solar array area A, consists of its partial
areas A ;, and A4 ,,, whereas the rectangular area 4 , between
solar array and radiator area is divided into the partial areas
A,, and A ,,. The coordinates of these areas and of d43 are
Z5 Z Y5 r3 and B, as depicted in Fig. 2. The view factor
fromdA%$toA,,+A,,is found to be

(y,/r3) —cosB

1
Foag— a4 a5 = or [arctan sinB

sinB
[[(z;/r;)]1%+sin?B11 "

(y,/r;) —cosp ]

X arctan

[[(z,/r;)12+sin?B11 "

Fig.1 Model of the OTS satellite.
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Fig.2 Geometry of radiator ring element d4 ; and solar array 4 ;.

Fig. 3 Geometry of radiator ring element dA4; and truncated cone
element dA 4.

The view factors Faay—a,,+4,,), Fdaj—A4,,, and Fda3-4,,can
be determined accordingly. Finally, the view factor Faa3-4,
from the radiator subelement to the solar array can be derived
from

FdA§~AI :FdA3~ (Aja+Azg)

tF sy apraz ~Faag—ay,~Fasy-ay @

and subsequently

Fuay—a,=1/1271) [G(2,B) —G(z2,,8)] 3)
with
) —si Zi_ 124602 T%
G(z;, B) smB[[ ' 17 +sin B]
x arctan 2(y,/r3) [z;/r5]? +5in2B] % @

[2;/r;12+1—1y,/r;]?

where j=1 and j =2, respectively, is obtained. The view factor
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from the radiator ring element dA ; to the solar array is then
found by integration; i.e.,

1 *
Fogy ;= dA, SdA3 Faay-a, dA3 (5)

or, employing Eqgs. (3) and (4),

Faryon= 5 |1, 0Gopas-{ Gnmas | @

s 0

As the solar array panel has a certain thickness Ax, the lower
edge area A, of the solar array with its normal in —z direc-
tion shall be taken into account, too. The view factor from
dA ;;, an area subelement of A, located at (0,y,2,), to the
circular area A ; with the radius r; can be found e.g., in Ref.
1, to be

Y24z,2—ry2 y o
2 2_, 272 |
[P +z,°—r3?) P+ 42,r;]

FdA,g—Ajzl/z [1-—

From Eq. (7) the view factor from dA ,; to the circular ring
element dA ; can be derived by differentiation, i.e.

AF 44,0 a4y = (OF ga, a4,/ 0r3)dr; ®)
which yields
dFdA,é-dA_;:Z z,°r;

y2+z22+r32
[(y2+222_r32)2+4 z22r32]3/2

dr; ®

“Applying the reciprocity law for view factors,

z,%-dx
dFdA3-dA,5= T
yi+zyi+ry?

d 10
[(y2+z22—r32)2+4z22r32]3’2 Y ( )

is obtained.

Admitting a small panel thickness Ax and a corresponding
finite area A4, in place of the differentials dx and dA .,
respectively, the view factor from ring element dA; to the
lower edge area of the solar array is finally found by in-
tegrating Eq. (10),

27,°Ax
FdA_;—AIC: ;_
I, TS dy ()
0 [(y2+z22__r32)2+4z22r32]3/2

The sum of Fua, 4, [Eq. ©)], and Fuq,_a,. [Eq. (1D)]
represents the total view factor for irradiation from a solar
array, identified by y,, z,, 2, and Ax, to a radiator area ring
element and can be numerically determined in dependence of
the radius r; of the ring element.

The view factor Fy4,_44, between the outer surface of a
truncated cone element dA4 ,,, defined by radius r,, half cone
angle v and the length of generatrix d/, (see Fig. 3), and a
radiator area ring element dA; can be derived by vector
algebra. Vectors r; r, and z, describe the locations of
subelements dA% and dA 4 in the coordinate system indicated
in Fig. 3. The connecting vector from dA4 , to dA %is

rycosy—r;
rsiny (12)

iy



344 W.LORENZ

and the surface normals are

(=]

n;= 0 (13)

—

and
cosy cosy

ny= siny cosy (14)
—siny

The view factor between dA% and dA ;s can be calculated by

n-8S3ng-Sg
= dA 15
AF 443 dag 7S, y: 15)
and, finally, with
dA g=r,dy dl (16)
c=Val(r r;) (1+cot?y) +(ri/ry)] 17
and
cotzy .
Cn= 477, - siny (18)
1
dFdA§—dA4é =C”dl |: m

cr
* (cosy—c,)? ]d\// {19

Integration of Eq. (19) leads to view factor dF 4, $—dAgy which
for symmetry reasons is identical with view factor dF 54,4,
thatis

y=7/2

dFdA3~dA4e=2S¢___0 dFdA;—dA4; (20)
and, explicitly,
2¢ ,dl
dF 4a;-aa,,= , 2” [1 +2[c,2=11-

-arctan[ ’+1 ]V] (D

View factor dF 44,44, from the radiator area ring element
dA ; to the inner surface of the truncated cone element dA
can be derived analogously by taking into account that for the
surface normals of the truncated cone subelement

ng;=—ng (22)
holds. Thus,
dFdAj—dAﬁ: =2 cydl
y== 1 c; ]
X + d 23
S\p:w/[ cosy—c; (cosy—c;)? v (@3)
and, finally,
2¢,dl ,
AF 44, s, = Tz"— 1:1+2[C, 11"
) [arctan[ o+l ju_ T ] ] 4)
c;—1

is obtained.

Equa}tions (21) and (24) are also applicable to a truncated
cone with the finite generatrix length Al, if A <S;, holds.
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The view factor froma subelement dA 4 of the lower edge
element area dA4 , of the truncated cone, the normal of which
is pointing in — z direction, to the ring element area dA ; can
be taken from Eq. (9) and is expressed by

dF 4p-aa3=2 24?13

r402+z402+r32
dr 25
[(r402+z462—r32)2+4z402r32]3/2 3 (25)
where r . and z,,. are found from
re=ry—Al/2 siny (26)
and
z4c = r4c/tan7 (27)
For symmetry reasons,
AF ga,—aa;=AF 442 —aa; (28)
2 2 2
Vg +Z4c +r3 dl‘4c (29)

[(re?4242—r32)2+4 2,.%r;7137

is found. Providing the difference between outer and inner
radius Ar,, of a finite ring area AA, is small, in particular
Ar <83, Eq. (29) is applicable to these geometries, too. By
solving the equation

Fanyon,(rs) +Fyay_na, (13)
=Fuay_aa,,(r3) ¥ Faa;_na,; (r3s) +Faa;-aa, (rs)  (30)

for v, ry, Al and Ar,, at four different radii r;, an agreement
between the total view factor of the solar array and of the
truncated cone at these four radii r; can be accomplished.

An even better approximation of the heat irradiated to the
radiator area in an interesting range 0<r;=< R; can be
achieved, if v, r,, Al, and Ar . are determined by employing a
computer program, taking into account that the total amounts
of heat irradiated from the solar array or from the truncated
cone, respectively, to the radiator area, are identical, that is

r3=Rjz
S13=0 (Faa;—a;+Faag_aa, 1dA;

r3=R3
= Sr3=o [Fay-sagt Fang-sa;+ Faaz-an,1dAs B

and that the local adjustment of irradiated heat is optimized,
that is

r3=R3
Sr3=0 (Faag_a,+Faay—an,, —Faaz-aa,,

_FdA3—AA4,~—-FdA3-AA4C]2'r32dr3=Min! (32)

Numerical solution of Eq. (32) also leads to the relatively best
approximation achievable, if additional constraints, as for in-
stance test chamber dimensional constraints, have to be regar-
ded.

Assuming ‘‘gray’’ surface—which is tolerable, as only
radiation within a narrow infrared range is under con-
sideration—the dimensions of the truncated cone can be
reduced from Al to AN and from Ar,. to Ap,,., respectively,
the heat input to the radiator ring element remaining un-
changed, if

ANAI=0p,JAr=¢,T,*/e,T* 33)

is observed, where e stands for emissivity and T for tem-
perature.

Thermal Simulation of the OTS Rotating Solar Array

For the OTS spacecraft two solar arrays, the dimensions of
which are: z,=3903 mm; z,=9%41 mm; y,=637 mm; and
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Fig. 4 Truncated cone A4, adapted to spatial constraints of test
facility.

Fig. 5 Design of heated truncated come: a=aluminum frame;
b = heater mat, bonded to frame; and ¢ = multilayer insulation.

Ax=18.6 mm, have to be thermally simulated. The spatial
restrictions of the SIMLES solar simulation test facility of
CNES, Toulouse, are presented in Fig. 4.

The truncated cone thermally simulating one of the solar
arrays has to remain within a spherical envelope—radius 2000
mm—in order to avoid interference with the gimbal system of
the test chamber. Furthermore, shadowing of the radiator A4 ;
by the truncated cone A4, has to be avoided, when the
simulated solar light is impinging on the radiator area A ; at
an incident angle of 66.5°. In order to obtain a light and yet
rigid truncated cone for OTS, it was decided to employ
radiation from the outer surface A, only and to insulate the
inner surface A , (see Fig. 5). The aluminum truncated cone
frame is equipped with a heater mat on the inside and coated
black on the outside. The frame is supported by four thin,
thermally decoupled struts with highly reflective coating,
which are mounted to the spacecraft at the solar array
latching points. The ratio ¢,7,%/¢,T,* is chosen to be 0.6,
which for a solar array temperature of 7, =60°C leads to a
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Fig. 6 Comparison of view factors from radiator ring element to
solar array and truncated cone, respectively.

truncated cone temperature of approximately 7,=95°C,
(¢;=0.8;¢,=0.9).

With regard to the aforementioned restrictions and design
data, the numerical evaluation of Egs. (31) and (32) resulted
in AA=114+0.05 mm; Ap,=5.54+0.1 mm; r,=464.78
+1mm;z,=682.62+1 mm;and y=34.25+0.2°.

The view factors from a radiator ring element area dA4 ; to
a truncated cone of nonreduced dimensions and to the
OTS solar array, respectively, are plotted vs r; in Fig. 6. Up to
R ;=700 mm, the difference between the two view factor fun-
ctions is nowhere higher than 5.5% of the actual maximum
value (see Fig. 6). The total view factor from A ; to the trun-
cated cone deviates by only +0.06% from the total view fac-
tor from A ; to the solar array.

Summary

A method of thermally simulating large rotating solar
arrays is developed. The view factor functions for the
geometries radiator/solar array and radiator/truncated cone,
respectively, are derived. For the OTS spacecraft these func-
tions are evaluated and compared, and the specific truncated
cone design features are determined and described. The
heated truncated cone is found to be adaptable to spatial
restrictions of the test facility and yet to be able to sufficiently
accurately simulate the local and the total heat irradiation
from the OTS solar array to the OTS thermal control
radiator.
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