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Abstract 

I n  r e c e n t  yea r s ,  i n t e r e s t  i n  l a r g e  deployable space antennae has  l e d  t o  
the development of the 15-meter hoop/column antenna. This  scaled down 
vers ion  of a proposed ope ra t iona l  antenna concept can be used for both 
ground and on-orbit  t e s t i n g .  This paper examines the thermal environment 
t h e  antenna is expected t o  experience du r ing  o r b i t  and determines t h e  
temperature d i s t r i b u t i o n s  l ead ing  t o  r e f l e c t o r  surface d i s t o r t i o n  e r r o r s .  
Two f l i g h t  o r i e n t a t i o n s  corresponding t o  1 )  normal ope ra t ion  and 2 )  use f n  a 
Shut t le -a t tached  f l i g h t  experiment are examined. A reduced element model 
was used t o  determine element temperatures a t  16  o r b i t  p o i n t s  f o r  both 
f l i g h t  o r i e n t a t i o n s .  The temperatures ranged from a minimum of 188 K t o  a 
maximum of 326 K. Based on t h e  element temperatures,  o r b i t  p o s i t i o n s  
l ead ing  t o  p o s s i b l e  worst  case surface d i s t o r t i o n s  were determined, and t h e  
subsequent temperatures were used i n  a s t a t i c  f in i te -e lement  a n a l y s i s  t o  
quant i fy  surface con t ro l  cord de f l ec t ions .  The pred ic ted  changes i n  t h e  
c o n t r o l  cord l e n g t h s  were i n  the sub-millimeter ranges ;  however, t he  
s e n s i t i v i t y  of the reflective surface t o  c o n t r o l  cord l e n g t h  changes can 
r e s u l t  i n  l a r g e  s u r f a c e  d i s t o r t i o n  e r r o r s .  

In t roduct ion  

Over the p a s t  decade, i n t e r e s t  i n  l a r g e  space s t r u c t u r e s  has increased  
dramatically. One ca tegory  of la rge  space structures that  has been under 
s t u d y  and development i n  the recent p a s t  is l a r g e ,  space-based, deployable 
antennae. Poss ib l e  missions for such antenna concepts have ranged from 
mobile communication missions t o  Earth observa t ion  missions w i t h  antenna 
diameters ranging i n  s i z e  from 20 t o  200 meters El] .  
of the proposed antenna concepts have c rea t ed  d i f f i c u l t i e s  i n  p re - f l i gh t  
v e r i f i c a t i o n  because of t h e  i n a b i l i t y  t o  adequately test t h e  complete 
s t r u c t u r e  on t h e  ground. To t h i s  end, development and c o n s t r u c t i o n  of a 
v i ab le  antenna concept which could be used f o r  both ground and f l i g h t  t es t  
a r t ic les  was i n i t i a t e d  i n  t h e  early 1980's C2l. One result  of t h i s  program 
was a 15-meter-diameter hoop/column antenna. This  antenna is a scaled down 
ve r s ion  of a 120-meter quad-aperture system proposed f o r  use i n  t h e  Land 
Mobile S a t e l l i t e  System (LMSS) C31 mission. 

The l a r g e  dimensions 



The 15-meter hoop/column antenna w i l l  allow adequate ground t e s t i n g  and 
on-orbit  Ver i f ica t ion  and still provide the  s t r u c t u r a l  and ope ra t iona l  
characteristics (i .e.,  s t r u c t u r e s ,  s t r u c t u r a l  dynamics, r a d i o  frequency (RF) 
performance, deployment, e tc .  ) tha t  are inhe ren t  i n  t h e  proposed l a r g e  
antenna concepts. Upon completion of ground t e s t i n g ,  t h e  antenna has been 
proposed t o  be upgraded f o r  use i n  one of t he  f l i g h t s  of t h e  Control of 
F l e x i b l e  Structures (COFS) experiments which w i l l  u t i l i z e  the  S h u t t l e  as a 
tes t  bed for  dynamic and f l e x i b l e  body con t ro l  experiments C41. 
antenna a l s o  has poss ib l e  a p p l i c a t i o n  as a working microwave radiometer 
antenna after t e rmina t ion  of the experimental  t e s t i n g .  

The 

The majority of p a s t  r e sea rch  and t e s t i n g  has focused on t h e  s t r u c t u r a l  
a spec t s  of the antenna: 
management, e tc .  The s t u d y  descr ibed i n  t h i s  paper examines the on-orb i t  
temperatures t ha t  t h e  antenna is expected t o  encounter,  which can then be 
used as a focal po in t  f o r  p o s s i b l e  upcoming thermal t e s t i n g  i n  a thermal 
vacuum fac i l i t y  and/or used i n  e s t ima t ing  t h e  s u r f a c e  d i s t o r t i o n  tha t  could 
occur on-orbit. The r e s u l t s  presented i n  t h i s  s tudy  are der ived  from a 
f i r s t - o r d e r  thermal a n a l y s i s  of t he  antenna based on p o s s i b l e  ope ra t iona l  
and/or experimental environments and a l s o  inc lude  poss ib l e  worst  case 
cond i t ions ,  by means of con t ro l  cord d e f l e c t i o n s ,  f o r  s t a t i c  r e f l e c t o r  
su r f  ace d i s t o r t i o n s .  

s t a t i c  and dynamic t e s t i n g ,  s t a t i c  s u r f a c e  mesh 

Antenna Concept 

The 15-meter hoop/column antenna is a t e n s i o n - s t a b i l i z e d ,  c e n t e r f e d ,  
quad-aperture sys tem w i t h  an e f f e c t i v e  f o c a l  l eng th  over diameter r a t i o  of 
0.62. (See Fig .  1 . )  I t  is composed of a t r i a n g u l a r  t r u s s  column fabricated 
of graphite/epoxy ma te r i a l  and 4 8  hollow graphite/epoxy t u b e s  which, when 
jo ined  together w i t h  aluminum end f i t t i n g s ,  form t h e  o u t e r  hoop of the 
antenna. The tens ion  elements underneath t h e  r e f l e c t i n g  s u r f a c e  are 
g raph i t e  cables and are used f o r  management of the r e f l e c t i n g  surface 
(through t h e  use of t h e  96 con t ro l  cables attached t o  t h e  bottom of the  
column and the control surface). The cables connecting the  hoop t o  t h e  feed 
are f a b r i c a t e d  of q u a r t z  material t o  provide minimal i n t e r f e r e n c e  w i t h  the  
RF performance of the antenna. The r e f l e c t i n g  surface of the antenna i s  
gold-plated molybdenum wire mesh. The o r i g i n a l  hoop/column antenna was 
designed t o  operate i n  the  50- t o  100-CHz frequency r eg ions ,  which r e s u l t  i n  
f a i r l y  s t r i n g e n t  RF d i s t o r t i o n  requirements [ roo t  mean square  ( R M S )  Surface 
roughness on the order of 3 cm]. T h i s  paper addresses one p o t e n t i a l  
con t r ibu t ion  t o  s i g n i f i c a n t  d i s t o r t i o n  e r r o r s ,  
on-orbi t .  

tha t  of thermal d i s t o r t i o n  

Thermal Analysis 

Thermal Analysis Program 

To determine t h e  temperature d i s t r i b u t i o n s  t h a t  t he  antenna w i l l  be 
expected t o  encounter on-orb i t ,  t h e  Thermal Analyzer (TA)  Program module i n  
the  I n t e r a c t i v e  Design and Evaluation of Advanced S p a c e w a f t  ( I D E A S )  program 
[5] is used. (For a more detailed d i scuss ion  of program c a p a b i l i t i e s  and 
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l i m i t a t i o n s ,  s e e  Garrett C61.1 
each element of a f in i te -e lement  model of a s t r u c t u r e  i n  Ea r th  
o rb i t .  
HowelI of the  General Dynamics Corporation, Convair Divis ion,  from the  
o r i g i n a l  work of Bal l inger  and Christensen C71. Heat sources  a r e  s o l a r  
r a d i a t i o n ,  Ear th  albedo, and E a r t h  thermal r a d i a t i o n .  The t r a n s i e n t  thermal 
response of each member is determined from an i n t e g r a t i o n  of energy absorbed 
from the three heat sources  and r e rad ia t ion  of energy from the member t o  
deep space. The pos i t i on  of t h e  members r e l a t i v e  t o  t h e  Sun and t h e  Earth 
is varied a t  36 i n t e r v a l s  i n  t h e  o r b i t .  
a l s o  included. The a n a l y s i s  assures  no r a d i a t i o n  exchange or  conduction 
between members and no shadowing of members by other members. 
thermal analyzer  inc lude  t h e  thermal p rope r t i e s  of the s t r u c t u r a l  members, 
t h e  f in i te -e lement  geometry and mass per unit area information,  and o r b i t a l  
and o r i e n t a t i o n  da ta  f o r  Sun/Earth/spacecraft  geometry computations. 

This program w i l l  p r e d i c t  the  temperature of 

Technical c a p a b i l i t i e s  f o r  t he  TA program were developed by G. A .  

Effec t s  of E a r t h  shadowing are 

Inputs  t o  the  

Thermal Model 

The a n a l y t i c a l  model used f o r  t h e  thermal a n a l y s i s  i n  t h i s  report is 
no t  t h e  fu l l -o rde r  f in i te -e lement  model t h a t  was used for the  dynamic 
a n a l y s i s  performed on t h e  antenna [81 because of element number l i m i t a t i o n s .  
(The fu l l -o rde r  model contained over 7400 elements.)  The reduced-order 
model was composed of 756 elements and accounts for only  t h e  major elements 
of t he  s t r u c t u r e .  ( A  l e s s  de t a i l ed  model of the  c o n t r o l  su r f ace  t i e  system 
is used.)  Figure 2 i l l u s t r a t e s  the reduced-order model. The use of t he  
reduced'model w i l l  not  a f f e c t  an accurate determinat ion of t he  element 
temperatures because each element temperature is determined independently of 
t h e  o the r  elements. Therefore, a l t b u g h  some of the less e s s e n t i a l  elements 
a r e  e l imina ted ,  t h e  temperatures of t h e  major s t r u c t u r a l  elements (such as 
the  96 sur face  c o n t r o l  cab le  elements) a r e  not  d i f f e r e n t  from those  obtained 
u s i n g ' t h e  f u l l - o r d e r  model. 

The p rope r t i e s  (both p h y s i c a l  and ma te r i a l )  were obtained from Ref. 9 
and David But ler  of NASA Langley Research Center. A summary of the  thermal 
p rope r t i e s  ise shown i n  Table 1 .  The major thermal c h a r a c t e r i s t i c s  t h a t  a r e  
r equ i r ed  by the  Thermal Analyzer program a r e  t h e  ma te r i a l  s p e c i f i c  hea t ,  
e m i s s i v i t y ,  and solar absorptance.  Because t h e  a n a l y s i s  does not  include 
conduct iv i ty  c a l c u l a t i o n s ,  those  proper t ies  are not  presented.  

Thermal Cases 

To determine the element temperature d i s t r i b u t i o n s  t h a t  t h e  hoop/column 
antenna could experience during normal opera t ion  o r  a s  p a r t  of t h e  t e s t i n g  
t o  be done i n  t h e  COFS program, two d i f f e r e n t  a n a l y s i s  cases  were performed. 
The cases dea l  wi th  two Earth-oriented f l i g h t  paths  which are a s  follows: . 
( 1  ) Earth o r i en ted ,  nadir-point ing (normal mission opera t ion  o r i e n t a t i o n ) ,  
and (2) Earth-or iented,  po in t ing  i n  the  d i r e c t i o n  of the  f l i g h t  path (COFS 
conf igura t ion) .  The cases  incorporated Shuttle-compatible o rb i ta l  
parameters ( o r b i t  a l t i t u d e  of 463 km and 28.5 degree i n c l i n a t i o n ) ,  and only 
the  s p a c e c r a f t  o r i e n t a t i o n  i n  t h e  o r b i t  was var ied .  For t h e  two Earth 
o r i e n t e d  cases, element temperatures were ca l cu la t ed  a t  16 d i f f e r e n t  po in ts  
i n  t h e  o r b i t .  
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Thermal Analysis Resul t s  

TO a i d  i n  t h e  explanat ion of t h e  thermal r e s u l t s  f o r  each case  
analyzed, t h e  discussion of temperatures w i l l  be l imi t ed  t o  only  two 
quadrants of the antenna. The first quadrant,  quadrant X (see Fig.  31, has  
i ts  c e n t e r l i n e  i n  the dir 'ection of the  geometr ical  x-axis ,  and the  second 
quadrant,  quadrant Y ,  is i n  t h e  d i r e c t i o n  of t h e  y-axis.  The antenna rays 
i n  t he  quadrants are numbered as shown i n  t he  f i g u r e .  The elements tha t  a r e  
of i n t e r e s t  i n  each ray a r e  t h e  four  g raph i t e  surfaoe cont ro l  Cords (cords 
1 - 4 ) ,  the graphi te  hoop support  cab le ,  and t h e  two quar tz  hoop support  
cables. The other  elements of major i n t e r e s t  a r e  the  hoop, column, and r ay  
surface elements. These elements are shown i n  Figure 4.  Figure 5 
i l l u s t r a t e s  t he  two f l i g h t  o r i e n t a t i o n s  wi th  r e spec t  t o ' t h e  Earth. For t h e  
two o r i e n t a t i o n s ,  temperature v a r i a t i o n s  for the  elements over t h e  orb i t  
were determined and p l o t t e d ,  and these  graphs are presented i n  t h e  
Appendix. Selected results w i l l  be presented here and discussed i n  d e t a i l .  
Similar  fnformation can be obtained from the  add i t iona l  d a t a  presented i n  - 

t h e  Appendix. 
angle  of t he . spacec ra f t  as it f l i e s  through its p resc r ibed  o r b i t  t o  i d e n t i f y  
t he  antenna 's  o r i e n t a t i o n  r e l a t i v e  t o  the  Earth and Sun. A t  t h e  i n i t i a l  
o rb i t  pos i t i on  of zero degrees and a t  a zero degree ascending node, t h e  
antenna is located d i r e c t l y  between t h e  Earth and Sun. 

The results presented a r e  i n  terms of t h e  o rb i t  pos i t i on  

I n  general ,  it is expected t h a t  maximum d i f f e rences  i n  temperatures 
between the  elements l ead  t o  maximum su r face  d i s t o r t i o n s  o r  RMS su r face  
e r r o r .  Also, from previous research  involving shape ee t imat ion  of t h e  
r e f l e c t i v e  sur face  [ l o ]  it was found t h a t  t h e  RMS su r face  e r r o r  was more 
s e n s i t i v e  t o  changes' in length  of the ou te r  con t ro l  cords  than t h e  inner 
ones. I n  p a r t i c u l a r ,  con t ro l  cord 3 had the  greatest e f f e c t  on RMS su r face  
d i s t o r t i o n  and was used a s  t h e  f o c a l  point  for determining the  thermal 
environment leading t o  poss ib l e  worst case d i s t o r t i o n s .  Because of t h e  
nega t ive  coe f f i c i en t  of thermal expansion, t h e  con t ro l  cords  c o n t r a c t  a t  
tempwatures  higher than the 290 K re ference  temperature and expand a t  
temperatures below 290 K. 
occur when t h e  majori ty  6f the  tens ion  cords a re  a t  t h e  highest or a t  t h e  
lowest temperature. The lowest temperatures occur when t h e  antenna is i n  
t h e  shadow. A determinat ion of w h e e  t h e  maximum temperatures  ( i .e. ,  
COntraCtiOns) occur is n o t  as s t r a igh t fo rward ,  so a number of anaIyses  were 
run as described below t o  e s t a b l i s h  t h i s  boundary. 

Consequently, maximum d i s t o r t i o n s  a r e  expected t o  

Nadir Orientat ion 

For one of t h e  o r i e n t a t i o n s  examined, the spacecraft w i l l  f l y  i n  a 
nadir-point ing o r i e n t a t i o n  (z-axis  point ing toward the  E a r t h ' s  Center) 
quadrant X i s  d i rec ted  i n  t h e  f l i g h t  pa th ,  and quadrant Y is perpendicular  
t o  t h e  o rb i t  plane ( P O P ) .  The combined o r i e n t a t i o n  of the  antenna i n  its 
orb i t  and t h e  o r i e n t a t i o n  of t h e  s t r u c t u r a l  elements i n  t he  antenna w i l l  
r e s u l t  i n  d i f f e r e n t  temperature p r o f i l e s  f o r  each element. The elements of 
pr imary concern for f i g u r e  d i s t o r t i o n  of t h e  r e f l e c t i v e  s u r f a c e  are the  four  
c o n t r o l  cords, t h e  graphite hoop support  cord, the qua r t z  hoop support  
Cords, t h e  hoop, and t h e  column. 

Figures 6 and 7 r ep resen t  t h e  temperature  v a r i a t i o n s  of t h e  a fore-  
mentioned cable elements for r ays  4 and 10 (see Figure 31, as well as the  
hoop and column elements.  From t h e  r e s u l t s  of t h e  s tudy ,  c o n t r o l l e r  cable 4 
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and t h e  g r a p h i t e  hoop suppor t  cable exh ib i t ed  e s s e n t i a l l y  the  same 
temperature v a r i a t i o n ;  t h e r e f o r e ,  on ly  the  temperature v a r i a t i o n  f o r  
c o n t r o l l e r  cable 4 is presented .  The element temperatures ranged from 189 
t o  326 K. An examination of t h e  temperature f l u c t u a t i o n s  shows t h a t  t h e  
c o n t r o l l e r  cord elements i n  r a y  4 w i l l  r each  a peak temperature near  t h e  
337.5 degree o r b i t  p o i n t ,  whereas the  qua r t z  element reaches a peak near  
22.5 degrees.  This  is  due t o  t h e  o r i e n t a t i o n  of t h e  elements re la t ive  t o  
t h e  incoming-so lar  f l u x .  (Ea r th  thermal hea t ing  and a lbedo  hea t ing  are n o t  
determining f a c t o r s  because t h e  elements are a t  a cons t an t  o r i e n t a t i o n  
r e l a t i v e  t o  t h e  Ea r th  f o r  t h e  nadi r  f l i g h t  o r i e n t a t i o n . )  A t  these p o i n t s ,  
the  c o n t r o l l e r  cords are n e a r l y  perpendicular t o  t h e  incoming f l u x  which 
r e s u l t s  i n  the higher temperatures. An examination of the temperature 
v a r i a t i o n s  f o r  the elements i n  ray-10 shows t h a t  t h e  o u t e r  g r a p h i t e  cord 
elements (cords  3 and 4 )  reach t h e i r  maximum temperature near  t h e  zero 
degree o r b i t  angle. During t h e  time these ou te r  elements are i n  v iew of t he  
Sun, s l i g h t  v a r i a t i o n  i n  the temperature i s  detected because t h e  o r i e n t a t i o n  
of r a y  10 t o  t h e  Sun leads t o  reduced changes i n  t h e  o r i e n t a t i o n  of the  
elements wi th  r e s p e c t  t o  the incoming s o l a r  f l u x .  The inne r  cords ,  however, 
do e x h i b i t  temperature f l u c t u a t i o n s  because of t he  d i f f e r i n g  o r i e n t a t i o n s  
from those of the ou te r  cords. The decrease  i n  element temperatures dur ing  
a p a r t  of t h e  time the  antenna i s  i n  t h e  Sun is due t o  t h e  elements becoming 
parallel to  the s o l a r  f l u x ,  which reduces t h e  amount of a r e a  of each element 
exposed t o  t h e  Sun. 

The major decrease i n  temperatures f o r  both rays occurs  from e n t r y  i n t o  

As t he  antenna proceeds' through the  shadow, 
t h e  Earth 's  shadow a t  an o r b i t  pos i t i on  of 112 .5  degrees. E x i t  from the  
shadow occurs  a t  247.5 degrees.  
t he  elements cool down t o  a minimum temperature leve l  i n  the 190 K range. 
The s t r u c t u r a l  elements do n o t ,  however, reach  an  equ i l ib r ium-  temperature,  
which would be ev ident  by a constant temperature over a range  of o r b i t  
ang le s .  Upon e x i t i n g  t h e  shadow, the  elements heat r a p i d l y  because t h e i r  
re la t ively low thermal i n e r t i a  allows r a p i d  changes i n  temperature. 

To determine t h e  o r b i t  pos i t ion  where large su r face  d i s t o r t i o n s  may 
occur  from con t rac t ion  of t he  cont ro l  co rds ,  t h e  l a r g e s t  temperature 
d i f f e r e n c e  (occur r ing  above t h e  re ference  temperature) between t h e  c o n t r o l  
co rds  and the  other hoop, coiumn, ana quarcz eiements mus t  be found. T h i s  
can be seen  from the temperature p l o t s  t o  occur a t  approximately the 337.5 
degree  d r b i t  angle.  As was s t a t e d  e a r l i e r ,  t h e  la rges t  s u r f a c e  d i s t o r t i o n s  
due t o  element e longat ion  w i l l  occur a t  t h e  c o l d e s t  po in t  i n  t h e  shadow (o r  
an  o r b i t  ang le  of 247.5 degrees) .  From t h e  temperature p r o f i l e s  f o r  these 
two cases, a s t a t i c  a n a l y s i s  of the s i m p l i f i e d  f in i te -e lement  model of the 
hoop/column was performed f o r  es t imat ions  of t h e  d e f l e c t i o n s  of t he  
e lements ,  and t h e  resul ts  are presented la ter .  
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F1 igh t  Path Orient a t  i on 

The o t h e r  f l i g h t  o r i e n t a t i o n  of the antenna examined cons i s t ed  of a 
negat ive  90 degree r o t a t i o n  from the  nad i r  o r i e n t a t i o n  about t h e  POP ax is  
which results i n  t h e  column being a l igned  a long  the negat ive  d i r e c t i o n  of 
t he  f l i g h t  path and the c e n t e r l i n e  of t h e  X quadrant po in t ing  i n  the  nad i r  
d i r e c t i o n .  Temperature p l o t s  f o r  the  same elements that  were used i n  t h e  
nad i r  o r i e n t a t i o n  d iscuss ion  are shown i n  F igures  8 and 9. For t h i s  
o r i e n t a t i o n ,  the element temperatures ranged from 188 t o  326 K .  The 
temperature range d i d  not  v a r y  s i g n i f i c a n t l y  from t h a t  found i n  t h e  nad i r  
o r i e n t a t i o n .  The major d i f f e rence  i s  i n  t h e  temperature v a r i a t i o n s  between 
elements a t - t h e  same o r b i t  po in t s .  The v a r i a t i o n s ,  aga in ,  are due e n t i r e l y  
t o  t he  o r i e n t a t i o n  of t h e  elements t o  the  incoming heat f l u x  from the  
va r ious  sources  of heat. The c o n t r o l l e r  c a b l e s  i n  ray 4 reach maximum 
temperatures fo r  orbi t  angles  ranging from 22.5 t o  67.5 degrees wi th  t h e  
qua r t z  element temperatures a t  a l o c a l  minimum. A s  was the  case f o r  t h e  
n a d i r  o r i e n t a t i o n ,  t h e  elements reach  minimum temperatures when i n  the 
shadow. 

The o r b i t  po in t s  which w i l l  l e ad  t o  p o s s i b l e  worst case surface 
d i s t o r t i o n s  f o r  t h i s  f l i g h t  o r i e n t a t i o n  are a t  a 45  degree o r b i t  angle  ( f o r  
maximum con t rac t ion )  and a t  the  c o l d e s t  p a r t  of the  shadow period ( f o r  
maximum e longat ion) .  The maximum con t rac t ion  of the  con t ro l  cables w i l l  
Occur a t  45 degrees because t h e  c o n t r o l  elements are near their  maximum 
temperatures (cont ro l  cord 3 has i t s  maximum a t  45 d e g r e e s ) ,  while  t he  
qua r t z  elements a r e  a t  a l o c a l  minimum a t  t h i s  o r b i t  angle  and the  hoop and 
column elements a r e  decreas ing  i n  temperature.  A l l  these f a c t o r s  combined 
should lead t o  t h e  maximum con t rac t ion  of t h e  c o n t r o l  cab le s  ( i n  p a r t i c u l a r  
con t ro l  cable 3 ) .  Again, a s t a t i c  a n a l y s i s  of the  f in i t e - e l emen t  model 
us ing  these temperature p r o f i l e s  was performed f o r  e s t ima t ions  on d e f l e c t i o n  
l e n g t h s  of the  elements. 

S t a t i c  Analyses 

A number of f in i te -e lement  s t a t i c  ana lyses  were performed us ing  the 
previous ly  determined element temperatures t o  estimate con t ro l  cord l e n g t h  
changes which w i l l  r e su l t  i n  r e f l e c t i v e  surface d i s t o r t i o n s .  Two s t a t i c  
ana lyses  were performed f o r  each f l i g h t  o r i e n t a t i o n :  t h e  f irst  corresponds 
t o  the o r b i t  point where t h e  pred ic ted  maximum c o n t r a c t i o n  of the  c o n t r o l  
cords w i l l  occur, and the  second is the  po in t  i n  the  o r b i t  where p red ic t ed  
maximum elongation w i l l  occur. Because t h e  f in i t e - e l emen t  model used i n  the  
a n a l y s i s  was a reduced-order model, an accurate estimate of t h e  s u r f a c e  
d i s t o r t i o n s  i s  not poss ib l e .  Therefore,  f o r  t h i s  a n a l y s i s ,  a t t e n t i o n  was 
paid p r imar i ly  t o  t h e  e f f e c t s  of on-orb i t  temperatures on t h e  changes in 
l e n g t h  of the surface con t ro l  cords.  These l e n g t h  changes can then ,  i n  
t u r n ,  be used later i n  a su r face  contour program C113 t o  determine estimated 
surface d i s t o r t i o n s .  . .  
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The resu l t s  of the four s t a t i c  analyses (two cases for each 
orientation) a re  shown i n  Tables 2 ,  3 ,  4 ,  and 5. Distortions of the control 
cords i n  a l l  24 rays of the antenna are  presented for  a better understanding 
of overall distortions and for  direct use i n  the aforementioned surface 
estimation program. The f irst  two figures correspond to  the nadir 
orientation. 
maximum control cord temperatures because of the larger deviation from the 
reference temperature. The elongations of control cord 3 reached a maximum 
of 0.326 mm, and t h e  contractions reached a maximum of -0.0721 mm. 
Therefore, the thermal loads resulted i n  sub-millimeter changes i n  cord 
length. 
largest  changes i n  length occurred when the control cords were a t  the i r  
coldest temperature. The maximum elongation of control cord 3 was 0.326 mm, 
and the maximum contraction was -0.082 mm. 
contraction d i d  not vary significantly from those of the nadir orientation. 
A t  f i rst  glance, the resu l t s  would seem t o  indicate that  the thermal e f fec ts  
do not seem significant because the length changes are Small. 
based on preliminary estimates of the  effects on surface dis tor t ions [I1 1, 
these s l i gh t  changes i n  cord l e n g t h  can be magnified i n  the surface 
dis tor t ion errors.  ( A t  some points on the antenna, the 0.326-mm change i n  
cord length can resu l t  i n  surface dis tor t ions as high as 1 . 3  mm--a 4 t o  1 
magnification.) Because of t h e  antenna surface sens i t iv i ty  to  changes i n  
control cord length and the reflective surface shape accuracy that  is 
required for  t h i s  concept, further s t a t i c  analyses of the surface 
dis tor t ions are recommended. 

The maximum changes i n  length occur a t  minimum rather than 

The resu l t s  are  very similar for the f l i gh t  path orientation. The 

The maximum elongation and 

However, 
. . 

Conclusion 

A thermal analysis of the 15-meter hoop/column antenna was performed. 
The expected on-orbi t temperatures were determined a t  various points 
throughout the orb i t  for two at t i tude orientations corresponding to  a normal 
f l i g h t  operation orientation and the proposed Control of F l e x i b l e  Structures 
program orientation. 
188 K ,  occurring when the antenna is i n  the Earth's shadow, t o  a maximum of 
326 K .  
to  determine s t a t i c  distortions due t o  the thermal environment. For each 
orientation, two s t a t i c  analysis cases were performed, using the element 
temperatures corresponding t o  the two o rb i t  positions where possible worst 
case surface dis tor t ions w i l l  occur. The first is due t o  contraction of the 
surface control cords, and the second, t o  elongation of the control cords. 
The resul t ing changes i n  length of the control cords were i n  the sub-  
millimeter region. However, because of the sens i t iv i ty  of the re f lec t ive  
surface to  changes i n  the length of the control cords, these small length 
changes can manifest themselves i n  large surface root mean square errors.  
Further, more detailed s t a t i c  analyses are required t o  obtain a better . 

understanding o f ' t he  complete thermal environment e f fec ts  on the antenna and 
its performance. 

The element temperatures ranged from a minimum of 

The element temperatures were then used i n  a finite-element analysis 
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Table 2. Contro l  Cord D e f l e c t i o n s  Caused by H o t  P o i n t  i n  O r b i t  i n  
Nadir O r i e n t a t i o n  (+ e longa t ion ) .  

RAY COR0 1 (mm) ------- ------------------ 
1 -1.137E-02 
2 - 1.439E-02 
3 -1.598E-02 
4 - 1.227E-03 
5 -1.598E-02 
6 - 1.439E-02 
7 -1.137E-02 
8 -7.371E-03 
9 -1.588E-03 
10 5.30 1E-03 
11 1.335E-02 
12 2.31 6E-02 
13 3.394E-02 
14 4.39 5E-02 
15 5.194E- 02 
16 5.561E-02 
17 5.194E-02 
18 4.39 5E-02 
19 3.39 4E- 02 
20 2.316E-02 
21 1.335E-02 
22 5.301E-03 
23 - 1.588E-03 
24 -7.371E-03 

CORD 2 (mm) CORD 3 (mm) ................................ 
-3.942E-02 -6.044E- 02 
-4.195E-02 -6.228E-02 
-4.310E-02 -6.220E-02 
-2.054E-02 -7.207E-02 
-4.310E-02 -6.225E-02 
-4.195E-02 -6.228E-02 
-3.942E-02 -6.044E-02 
-3.521E-02 -5.724E-02 
-2.851E-02 -5.045E-02 - 1.9086-02 -3.99 5E-02 
-6.378E-03 -2.478E-02 
1.002E-02 -4.935E-03 
3.056E-02 2.119E-02 
5.449E-02 5.232E-02 
7.907E-02 8.592E-02 
9.659E-02 1.llOE-01 
7.907E-02 8.592E-02 
5.449E-02 5.232E-02 
3.056E-02 2.119E-02 
1.002E-02 -4.935E-03 

-6.378E-03 -2.478E-02 
-1.908E-02 -3.99 5E-02 
-2.85 1E- 02 -5.045E-02 
-3.521E-02 -5.724E-02 

CORD 4 (mm) ---------------- 
-1.248E-02 
-1.528E-02 
-1.506E-02 
-8.857E-03 
-1.506E-02 
-1.528E-02 
-1.248E-02 
-8.298E-03 
-2.565E-04 
1.204E-02 
2.893E-02 
5.234E-02 
8.338E-02 
1.210E-01 
1.646E-01 
1.886E-01 
1.646E-01 
1.210E-01 
8.338E-02 
5.234E-02 
2.893E-02 
1.204E-02 

-2.565E-04 
-8.298E-03 

Table 3 .  Cont ro l  Cord D e f l e c t i o n  Caused by Cold P o i n t  i n  O r b i t  i n  
Nadir O r i e n t a t  i on  (+ e l o n g a t  ion).  

RAY CORD 1 (mm) CORD 2 (mm) CORD 3 (mm) CORD 4 (mm) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
1 2.220E-01 2.533E-01 3.221E-01 5.994E-01 
2 2.216E-01 2.532E-01 3.2 19E-01 5.971E-01 
3 2.221E-01 2.537E-01 3.231E-01 6.005E-01 
4 2.512E-01 2.998E-01 3.044E-01 6.163E-01 
5 2.221E-01 2.537E-01 3.231E-01 6.005E-01 
6 2.216E-01 2.532E-01 3.219E-01 5.971E-01 
7 2.220E-01 2.533E-01 3.221E-01 5.994E-01 
8 2.2 18E-01 2.531E-01 3.213E-01 6.000E-01 
9 2.221E-01 2.532E-01 3.215E-01 6.017E-01 
10 2.249E-01 2.533E-01 3.2 18E-01 6.050E-01 

3.222E- 01 6.066E-01 11 2.225E-01 2.536E-01 
12 2.223E-01 2.537E-01 3.225E-01 6.090E-01 
13 2.227E-01 2.545E-01 3.2 39E- 01 6.130E-01 
14 2.227E-01 2.545E-01 3.239E-01 6.139E -0 1 
15 2.229E-01 2.552E-01 3.252E-01 6.160E-01 
16 2.230E-01 2.554E-01 3.256E- 01 6.176E-01 
17 2.229E-01 2.552E-01 3.252E-01 6.160E-01 
18 2.227E-01 2.545E-01 3.239E-01 6.139E-01 
19 2.227E-01 2.545E-01 3.239E-01 6.130E-01 
20 2.223E-01 2.537E-01 3.225E-01 6.090E-01 
21 2.225E-01 2.536E-01 3.222E-01 6.066E-01 
22 2.249E-01 2.533E-01 3.2 18E-01 6.050E-01 

2.532E-01 3.215E-01 6.017E-01 23 2.221E-01 
24 2.218E-01 2.531E-01 3.213E-01 6.000E-01 
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Table 4 .  C o n t r o l  Cord D e f l e c t i o n s  Caused by H o t  P o i n t  i n  O r b i t  i n  
F l i g h t  O r i e n t a t i o n  (+ e longa t ion ) .  

RAY CORD 1 (m) CORO 2 (m) ......................................... 
1 -4.568E-02 -6.005E-02 
2 -4.697E-02 -5.9 13E-02 
3 -4.758E-02 -5.772E-02 
4 -2.314E-02 -8.369E-03 
5 -4.758E-02 -5.772E-02 
6 -4.697E-02 -5.913E-02 
7 -4.568E-02 -6.005E-02 
8 -4.382E-02 -5.954E-02 
9 -4.084E-02 -5.712E-02 

10 -3.69 1E-02 -5.133E-02 
11 -3.151E-02 -4.007E-02 
12 -2.495E-02 -2.533E-02 
13 -1.845E-02 -7.653E-03 
14 -1.292E-02 1.199E-02 
15 -8.631E-03 3.086E- 02 
16 -7.727E-03 4.002E-02 
17 -8.631E-03 3.086E-02 
18 - 1.29 2E-02 1.199E-02 
19 -1.845E-02 -7.653E-03 
20 -2.495E-02 -2.533E-02 
21 -3.151E-02 -4 A07E-02 
22 -3.691E-02 -5.133E-02 
23 -4.084E- 02 - 5.7 12E-02 
24 - 4.38 2E- 02 -5.954E-02 

CORD 3 (mm) 

-7.380E-02 
-6.881E-02 
-6.436E-02 
-8.202E-02 
-6.436E-02 
-6.881E-02 
-7.380E-02 
-7.631E-02 - 7.5 17 E-02 
-6.873E-02 
-5.391E-02 
-3.290E-02 
-4.488E-03 

3.014E-02 
6.795E-02 
9.319E-02 
6.795E-02 
3.0 14E-02 

-4.488E-03 
-3.29 OE-02 
-5.391E-02 
-6.873E-02 
-7.517E-02 
-7.631E-02 

CORD 4 (mn) 

r2.896E-02 
-2.487E-02 
-1.760E-02 
-2.736E-03 
-1.760E-02 
-2.487E-02 
-2.896E-02 
-3.243E-02 
-3.124E-02 
-2.254E+ 01 
-5.304E-03 

2.107E-02 
5.825E-02 
1.044E-01 
1.569E-01 
1.844E-01 
1.5696-01 
1.044E-01 
5.825E-02 
2.107E-02 

-5.304E-03 
-2.254E+ 01 
-3.124E-02 
-3.243E-02 

Table 5. Con t ro l  Cord Def l ec t ions  Caused by Cold P o i n t  i n  O r b i t  i n  
F l i g h t  O r i e n t a t i o n  (t e longa t ion ) .  

RAY CORO 1 (mm) CORD 2 (mm) CORD 3 (mm) CORO 4 (mm) . ........................................................................ 
1 2.129E-01 2.473E-01 3.197E-01 6.029E-0 1 
2 2.137E-01 2.493E-01 3.224E-01 6.041E-01 
3 2.148E- 0 1 2.510E-01 3.254E-0 1 6.103E-01 
4 2.460E-01 3.016E-01 3.0 60E-0 1 6.281E-01 
5 2.148E-01 2.510E-01 3.254E-01 6.103E-01 
6 2.137E-01 2.493E-01 3.224E-01 6.041E-01 
7 2.129E-01 2.4?3E-01 3.197E-01 6 ~ I 2 9 E - 0 1  
8 2.117E-01 2.443E-01 3.147E-01 5.988E-01 
9 2.114E-01 2.423E-01 3.115E-01 5.963E-0 1 

10 2.1 1OE-01 2.413E-01 3.097E-01 5.974E-01 
11 2.11 4E-01 2.423E-01 3.115E-01 6.005E-01 
12 2.11 7E-0 1 2.442E-01 3.147E-01 6.067E-01 
13 2.126E-01 2.469E-01 3.197E-01 6.149E-01 
14 2.131E-01 2.487E-01 3.223E-01 6.191E-01 
15 2.138E-01 2.504E-01 3.252E-01 6.233E-01 
16 2.141E-01 2.511E-01 3.262E-01 6.256E-01 
17 2.138E-01 2.504E-01 3.252E-01 6.233E-01 
18 2.131E-01 2.487E-01 3.22 3E-0 1 6.191E-01 
19 2.126E-01 2.469E-0 1 3.197E-0 1 6.149E-01 
20 2.1 17E-01 2.442E-01 3.147E-01 6.067E-01 
21 2.11 4E-01 2.423E-0 1 3.115E-01 6.005E-01 
22 2.110E-01 2.413E-01 3.097E-0 1 5.974E-01 
23 2.114E-01 2.423E-01 3.115E-01 5.963E-01 
24 2.117E-01 2.443E-01 3.147E-0 1 5.988E-01 
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F i g u r e  1. Hoop/Column Antenna. 

F i g u r e  2. Reduced-Order Hoop/Column Model. 
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F i g u r e  3 .  Hoop/Column Q u a d r a n t s  and  Rays. 

column 

Surface Control Cords 

F i g u r e  4 .  Hoop/Column Ray Elements.  

F i g u r e  5 .  F l i g h t  O r i e n t a t i o n s  Examined i n  S tudy-  
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F i g u r e  9 .  Element Temperature V a r i a t i o n  fo r  Ray 1 0  
i n  F l i g h t  Or ien ta t ion .  
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APPENDIX. ELEMENT TEMPEdlATURE VARIATIONS (CONT.) 
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APPENDIX. ELEMENT TEMPERATURE VARIATIONS (CONT.) 
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APPENDIX. ELEMENT TEMPERATURE VARIATIONS (CONT.) 
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APPENDIX. ELEMENT TEMPERATURE VARIATIONS (CONT.) 
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