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'6.  Abstract 

The design and development of high temperature antennas f o r  the Space Shut t le  Orbiter a r e  
discussed. 
antenna requirements. 
(L-Band) a l i nea r  s l o t  (C-Band), and a horn (C-Band). 
an RF window, which provides thermal protection, with an off-the-shelf antenna. 
antenna window materials were reviewed and compared, and the materials most compatible with the 
design requirements were selected. 
mployed a high temperature d i e l e c t r i c  material  and a low density insulation material, and the 
other an insulat ion material  usable for  the o rb i t e r  thermal protection system. 
were formulated and integrated i n t o  the o rb i t e r  structure.  
of window configurations, were constructed and tes ted.  
a r e  used t o  determine the required configurations f o r  the respective antenna designs. 
integrat ion studies were supported with detai led thermal and strength analyses. 
drawings, with detai led thermal and strength analyses. 
dimensions, a r e  given for each of the f i n a l  antenna designs. 
the f i n a l  antenna system designs a re  given and show t h a t  high temperature antenna systems 
consisting of off-the-shelf antennas thermally protected by RF windows can be designed fo r  the 
Space Shut t le  Orbiter. 

Four antenna system designs were completed which apply t o  three specified orbi ter  
The antenna designs were based on three antenna types,an annular s l o t  

The design approach was based on combining 
Available 

Two antenna window design approaches were considered: one 

Preliminary designs 
Simple E lec t r i ca l  models, with a s e r i e s  

The r e s u l t s  of these tests a re  given, and 
Structural  

Layout type . 
Layout type drawings, with pertinent 

The r e s u l t s  of tests and analyses fo r  
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Propagation constant i n  media 
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Mechanical ex te rna l ly  applied loads 

Thermally induced loads 

Margin of s a f e t y  

Permeabili ty of f r e e  space 

Total  number of d i e l e c t r i c  shee ts  

t n  

Angle measured from i n  plane antenna axis, 0' t o  360' 

Angular frequency 

Reflect ion c o e f f i c i e n t  

Algebraic sum of loads 

Power transmission coe f f i c i en t  

Loss tangent 

x i i i  



- 
t 
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OJ 

uR 

VSWR 
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ZI 

Equivalent thickness 
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Angle of incidence 

Angle of propagation i n  d i e l e c t r i c  shee t  number J 

Applied 

Applied 

Vo 1 t age 

s t ress /a l lowable  stress i n  t h e  r a d i a l  d i r ec t ion  

s t ress /a l lowable  stress i n  the  t angen t i a l  d i r e c t i o n  

standing wave r a t i o  

Charac t e r i s t i c  impedance 
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shee t  number J 

x i v  



INVESTIGATION OF HIGH TEMPERATURE ANTENNAS FOR SPACE SHUTTLE 

By E. A. Kuhlman 

MCDONNELL DOUGLAS ASTRONAUTICS COMPANY-EAST 

The purpose of t h i s  program w a s  t o  examine problems assoc ia ted  with the  
design of high temperature antennas f o r  t he  Space Shu t t l e  Orbi ter .  
ive w a s  t o  design, develop, and test three  (3) d i f f e r e n t  high temperature 
antenna i n s t a l l a t i o n s  which are compatible with Space Shu t t l e  Orbi te r  require- 
ments. It w a s  a l s o  a goal  t o  obta in  simple designs which would: 1) allow 
access t o  the  antenna and window f o r  i n s t a l l a t i o n ,  test, and maintenance; 
2) be simple t o  f a b r i c a t e  and inspec t  f o r  good q u a l i t y  cont ro l  and low cos t s ;  
and 3) minimize refurbishment and maintenance costs .  The th ree  antennas 
s tud ied  are an L-band annular s l o t  antenna, a C-band horn antenna, and a C-band 
l i n e a r  s l o t  antenna. The antenna design approach is based on t h e  use of 
standard antennas ( i . e . ,  e s s e n t i a l l y  off-the-shelf)  thermally pro tec ted  by an 
RF t ransparent  antenna window. The s p e c i f i c  antennas se l ec t ed  f o r  t h i s  
program correspond t o  Orbi te r  avionics  system performance requirements. 
thermal, s t r eng th  and s t r u c t u r a l  requirements were determined by nominal antenna 
loca t ions  on the  underside of t he  Orbi ter .  

The object-  

The 

The requirements f o r  t h e  PlcDonnell Douglas Corporation (MIX) Orbi te r  (as  
proposed f o r  t he  Space Shu t t l e  Orbi te r  competition) were used because much of 
t h i s  study w a s  conducted p r i o r  t o  the  award of t h e  Orbi te r  contract .  However, 
t h e  requirements used are not  unique t o  one Orbi te r  design. 
study r e s u l t s  are d i r e c t l y  appl icable  t o  the  North American Roclcwell Corporation 
(NR) Orbi te r ;  modifications of the  design d e t a i l s  w i l l  most probably be required 
p r i o r  t o  using the  designs.  

Therefore, t he  

Two antenna window design approaches w e r e  considered. One employs a high 
temperature d i e l e c t r i c  material and a low dens i ty  in su la t ion  material and i s  
i d e n t i f i e d  as a mult iple- layer  window. The o ther  employs a bas i c  in su la t ion  
material usable  f o r  t he  Orbi te r  thermal pro tec t ion  system (TPS) and is iden t i -  
f i e d  as a s ingle- layer  window. Both the  multiple-layer and the  s iqgle- layer  
window design approaches were appl ied t o  the  L-band antenna, while  only the  
s ingle- layer  window design approach w a s  applied t o  t h e  C-band horn and s l o t  
antennas . 

After  e s t ab l i sh ing  the  b a s i c  antenna system designs t o  pursue, t he  candi- 
da t e  window materials w e r e  reviewed and the  materials most compatible with the  
design requirements w e r e  se lec ted .  
boron n i t r i d e  (HD-0092) and Dynaquartz are the  b e s t  materials f o r  t h e  nu l t ip l e -  
l aye r  window design, and LI-1500, a reusable  sur face  in su la t ion ,  is  the  b e s t  TPS 
material f o r  t h e  s ingle- layer  window design. 
formulated and in t eg ra t ed  i n t o  the Orbi te r  s t ruc tu re .  Preliminary hea t  tFansfer 
ca lcu la t ions  w e r e  made t o  determine window material thicknesses  required f o r  
thermal p ro tec t ion  of t h e  antenna. 

The r e s u l t s  of t h i s  review indica ted  t h a t  

Preliminary designs were then 

Using these  preliminary r e s u l t s  as a base,  



simple electrical models were constructed and t e s t ed .  
t i ons  w e r e  var ied  t o  determine t h e  window configurat ion(s)  which r e su l t ed  i n  
the b e s t  r ad ia t ion  p a t t e r n s  and impedances and which were compatible with 
Orbi te r  system requirements. The r e s u l t s  of t hese  tests w e r e  then appl ied t o  
the  preliminary designs and more formal designs generated. 
and s t r eng th  analyses  w e r e  made on these  designs, The antenna system designs 
and electrical models w e r e  then revised (as required)  and the  models were 
t e s t e d  t o  v e r i f y  electrical performance. 
nent dimensions'; were prepared f o r  each of f i n a l  antenna system designs. 

The physical  configura- 

Detailed thermal 

Layout type drawings, with a l l  pe r t i -  

The test r e s u l t s  and design analyses f o r  t he  L-band antenna system show 
t h a t  t he  s ingle- layer  window approach is much s impler ,  lower i n  weight, and 
has less e f f e c t  on t h e  antenna impedance than t h e  multiple-layer window approach. 
Good r e s u l t s  w e r e  a l s o  obtained f o r  the  C-band horn and s l o t  antennas using the  
s ingle- layer  window approach. 

Nr. E. A. Kuhlman, Study Manager, w a s  respons ib le  f o r  o v e r a l l  t echnica l  
d i r e c t i o n  of t h i s  study. Other members of t he  McDonnell Douglas engineering 
s t a f f  who contr ibuted t o  t h i s  study are, J .  C. Blome, F. R. LeTrello,  
P. B. Stones, 17. M. Gerler, B. M. Kavanaugh, J. C. Reeder, J. M Romberg, and 
R. F. Sorensen. The electrical  tests were supported by var ious members of the  
Antenna Laboratory. 

Physical  q u a n t i t i e s  defined i n  t h i s  r epor t  are given i n  both the  
In t e rna t iona l  System of Units (SI) and t h e  U.S. customary u n i t s .  

Background 

Early i n  the  %Donne11 Douglas Space Shu t t l e  design study program the  
development of high teEperature  antennas w a s  i d e n t i f i e d  as one of t he  more 
c r i t i ca l  design problems. 
o r b i t a l  f l i g h t ,  and en t ry  phases,included a e r o f l i g h t  and landing phases. Most 
of the  avionics  systems used f o r  communication and navigat ion were programmed 
f o r  use during a e r o f l i g h t  and landing and w e r e  s i m i l a r  t o  those used f o r  
commercial and m i l i t a r y  a i rp l anes  r a the r  than e n t r y  vehicles .  Consequently, 
most high temperature antennas developed f o r  e n t r y  vehic les  are not  d i r e c t l y  
appl icable .  In  addi t ion ,  these  high temperature antennas w e r e  designed f o r  

one shot" operat ion and, therefore ,  probably would not  m e e t  t he  r e u s a b i l i t y  
requirements (100 missions) of t he  Space Shut t le .  The en t ry  times were a l s o  
longer which produced a higher  t o t a l  hea t  even though the  heat ing rates were 
less severe than f o r  o the r  en t ry  vehicles .  

The Space Shu t t l e  mission, i n  addi t ion  t o  launch, 

11 

Two b a s i c  technica l  approaches f o r  solving the  Space S h u t t l e  high tempera- 
t u r e  antenna problem w e r e  considered i n  e a r l y  1fDC s tud ies .  
development of a high ter-iperature antenna which could be mounted d i r e c t l y  i n t o  
the  Orbi te r  su r f ace  with the rad ia t ing  aper ture  exposed d i r e c t l y  t o  high su r face  
temperatures. The o the r  used a low temperature antenna with a d i e l e c t r i c  window 
t h a t  provided thermal pro tec t ion  f o r  t h e  antenna and good RF transmission pro- 
p e r t i e s  f o r  the  rad ia ted  energy, while maintaining the  essential c h a r a c t e r i s t i c s  

One required the  

_. -._ 
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of the  antenna r a d i a t i o n  pa t t e rns .  A f t e r  considering the  t radeoff  of such 
things as material requirements and proper t ies ,  p roduc ib i l i t y ,  physical  i n t e -  
g ra t ion  i n t o  the  Orbi te r  s t r u c t u r e ,  and r e u s a b i l i t y ,  t o  name a few, the  lat ter 
approach w a s  s e l ec t ed  f o r  f u r t h e r  study. 

Early Orbi te r  design s t u d i e s  by EDC w e r e  ba-sed on a metallic thermal pro- 
t e c t i o n  system (TPS); a coated r e f r ac to ry  metal s k i n  backed by a low dens i ty  
f ibrous  in su la t ion .  Using t h e  p rope r t i e s  of materials such as s l i p  cast fused 
s i l i ca  and boron n i t r i d e ,  thermal ca lcu la t ions  showed t h a t  antenna windows 
13.97 cm (5 .5 i n . )  t h i ck  would be required t o  obta in  a backface temperature 
of 533'K (500OF). Analysis of these  resu l t s  ind ica ted  several p o t e n t i a l  prob- 
lems: 1) degraded antenna performance due t o  a t tenuat ion ,  r e f l e c t i o n s ,  and 
e x c i t a t i o n  of higher  order  modes; 2)  excessive weight; and 3)  a v a i l a b i l i t y  
of th ick  materials. To so lve  these problem,  a qu l t ip l e - l aye r  window w a s  
devised t h a t  employed a t h i n  ou te r  l a y e r  of a high temperature d i e l e c t r i c  
material and inner  l aye r s  of low dens i ty  materials which are good thermal 
in su la to r s .  The advantages of t h i s  type of antenna window s t r u c t u r e  w e r e  
considered t o  be: 1) 
antenna aper ture ;  2) optimizat ion of o u t e r  l a y e r  thickness f o r  maximum 
transmission a t  higher  f requencies;  3) reduced window thickness  t o  minimize 
the  p o t e n t i a l  f o r  higher  order  mode exc i t a t ion ,  and reduced weight - about 85% 
compared t o  a s l i p  cast fused s i l ica  window. 

i s o l a t i o n  of high d i e l e c t r i c  constant material from the  

The f e a s i b i l i t y  of using a multiple-layer antenna window with a me ta l l i c  
TPS w a s  inves t iga ted  using an off-the-shelf L-band annular s l o t  antenna. 
Results of p a t t e r n  measurements f o r  a window 8.636 cm (3 .4  in . )  th ick  and 
22.86 cm ( 9 . 0  i n . )  i n  diameter showed exce l l en t  pa t t e rns  ( re f .  1). However, 
the  VSWR increased from a maximum of 2 : l  t o  about lO:l, ind ica t ing  more work 
w a s  required t o  achieve an acceptable impedance match. These test r e s u l t s  
demonstrated the bas i c  f e a s i b i l i t y  of covering an off-the-shelf antenna wi th  
a window which could provide thermal pro tec t ion .  

Jus t  p r i o r  t o  beginning t h i s  study, t h e  Orbi te r  metallic TPS w a s  replaced 
with TPS cons is t ing  of an ex te rna l  reusable  sur face  in su la t ion  (RSI) covering 
an aluminum primary s t r u c t u r e .  This TPS approach provided a d i f f e r e n t  s t ruc-  
t u r a l  environment f o r  t h e  antenna systems and gave rise t o  some new probiems. 
For example, t h e  RSI  over t h e  sur face  of Orbi te r  i s  equivalent  t o  a d i e l e c t r i c  
shee t  over a ground plane t h a t  can support  sur face  wave propagation and could 
cause r a d i a t i o n  p a t t e r n  degradation. Therefore, t h e  primary emphasis of t h e  
work described i n  t h i s  r epor t  is based on the  design and in t eg ra t ion  of antenna 
systems €or  use with RSI TPS. 

SPACE SHUTTLE REQUIREMENTS 

This s e c t i o n  g ives  t h e  d e t a i l s  of t he  Space Shu t t l e  Orbi te r  antenna 
s t r u c t u r a l ,  thermal, and s t r eng th  requirements used i n  t h i s  study. 
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Antenna Requirements 

The Orbi te r  antenna system requirements are summarized i n  t a b l e  I. The 
antenna types given w e r e  determined by the r a d i a t i o n  p a t t e r n  and frequency 
requirements of t h e  r e spec t ive  av ionics  system funct ions.  
many of t h e  Orbi te r  av ionics  systems are l i k e  those used on commercial and 
m i l i t a r y  a i rp l anes  r a t h e r  than en t ry  vehic les .  These systems are used f o r  
landing comunica t ions  and navigat ion a f t e r  en t ry  when the  Orbi te r  is i n  a n  
a e r o f l i g h t  mode. Consequently, most of t h e  high temperature antennas developed 
f o r  en t ry  vehic les  are not  d i r e c t l y  appl icable  t o  the  Orbi te r  avionics  systems. 
I n  addi t ion ,  t hese  antennas w e r e  designed f o r  "one shot" operat ion and, there- 
fo re ,  do not,  i n  general ,  m e e t  t h e  Space S h u t t l e  requirement f o r  reuse.  

It may be  noted that 

TABLE I 
ANTENNA REQ U IREMENTS 

GAIN 

- 
OMNl 
TYPE 

POLARIZATIOI REMARKS 
ANTENNA 

TYPE 
SELECTED 

ANTENNA 

ANNULAR 
SLOT 

TACAN USED DURING AERO- 
FLIGHT ONLY 

'VERTICAL 

VERTICAL 

PULSE DIRECTIONAL 

AEROFLIGHT (!xo-izzo TOTAL RANGEL I 
OMNI- 
DIRECTIONAL 
IN PLANE OF 
AEROFLIGHT 

ANNULAR 
SLOT 

USED DURING AERO- 
FLIGHT ONLY. SAME 
ANTENNA AS USED FOR 
TACAN 

AIR TRAFFIC CONTROL 
TRANSPONDER 

OMNl 
TYPE 

11 dB 

- 
OMNl 
TYPE 

OMNI 
TYPE 

4 dB 

- 

3 dB 
T Y  P) 

- 

(WORST CASE) 

(WORST CASE) 
PATTERN 
DIRECTED 
PERPENDICULAR 
TO PLANE OF 
AEROFLIGHT 

USED DURING LANDING 
ONLY 

RADAR ALTIMETER HORN 

MODIFIED 
PARTIAL 
SLEEVE 

LINEAR 

VERTICAL PRIMARILY USED OURINI 
AEROFLIGHT. USED IN 
BACKUP VEHICLE - 
GROUND LINK DURING 
ORBITAL FLIGHT 

100 WATT CW OMNI- 
(WORST CASE) DIRECTIONAL 

IN PLANE OF 
AEROFLIGHT 

VHF COMMUNICATIONS 

S-BAN0 COMMUNICATIONS 
USAF RENDEZVOUS 
NASA RENDEZVOUS . USAF GROUND 

e NASA GROUND 
. COMMUNICATIONS 

COMMUNICATIONS 

RIGHT 
HAND 
CIRCULAR 

CAVITY 
BACKED 
HELIX 

USED DURING A L L  
MISSION PHASES 

20 WATT CW 3 ANTENNAS 
(WORST CASE) PROVIDE 

SPHERICAL 
COVERAGE 

VERTICAL USED DURING FINAL 
FLARE AN0 LANDING 

SLOT 
WAVE GUlD 
CUT ON 
TAPER) 

SLOT 

FOLDED 
MONOPOLE 
OR FOLDEI 
DIPOLE 

RECEIVE 

FORWARD 

(WORST CASE) 

MICROWAVE LANDING 
SYSTEM (Ku-BAND) 

USEO DURING APPROACI 
AN0 LANDING 

USEO DURING APPROACI 
AN0 LANDING FOR 
FERRY FLIGHTS ONLY. 
ANTENNAS PROTECTED 
BY NOSE RADOME 

VERTICAL 

HORIZONTAL 

MICROWAVE LANDING 
SYSTEM (C-BAND) 

INSTRUMENT LANDING 
SYSTEM, LOCALIZER 

HEMISPHERE 
INSTRUMENT LANDING 
SYSTEM, GLIOE SLOPE - 

Figure 1 shows the  loca t ions  se lec ted  f o r  each of t h e  Orbi te r  antennas.  
The r e spec t ive  loca t ions  w e r e  se lec ted  t o  ob ta in  t h e  bes t  r a d i a t i o n  p a t t e r n  
f o r  the antenna types se l ec t ed .  

4 



RADAR ALTIMETER 

,OB / e, n n r t . ,  n m r  3) LOCALIZER ATC TRANSPONDER 
(BOTTOM) 

(FERRY KIT) b 

w i u t x u r t  - --+7 
S-BAND. y L  L TACAN (BOTTOM) 

(BOTTOM) MICROWAVE LANDING 
SYSTEM (6) 
(BOTTOM) 

ANTENNA LOCATIONS 
Figure 1 

The TACAN and a i r  t r a f f i c  con t ro l  transponder antennas are loca ted  on t h e  
bottom of the  Orbi te r .  This l o c a t i o n  is  prefer red  f o r  b e s t  p a t t e r n  coverage 
during a e r o f l i g h t ,  since t h e  Orbi te r  causes less RF, s i g n a l  shadowing f o r  t h i s  
l oca t ion  than f o r  o ther  antenna loca t ions .  No TACAN and a i r  t r a f f i c  con t ro l  
(ATC) transponder antennas are located on t h e  top of t h e  Orbi te r  because: 
1) with an  i n e r t i a l  system f o r  primary navigat ion continuous TACAN coverage is  
not  required during banking; and 2) t h e  ground a i r  t r a f f i c  con t ro l  radar  w i l l  
continue t o  s k i n  t r ack  t h e  Orbi te r  should air  t r a f f i c  con t ro l  transponder RF 
s i g n a l s  be temporarily blocked due t o  banking of t h e  Orbi te r .  The TACAN is, 
however, required t o  update t h e  i n e r t i a l  system pos i t i on  a f t e r  en t ry  from o r b i t .  
Separate antennas are used f o r  each TACAN and ATC transponder. 
approach, antenna switches are not  required and RF i s o l a t i o n  is  achieved between 
each L-band set (TACAN and ATC transponder) by antenna separat ion.  

With t h i s  

The radar  altimeter antennas are loca ted  s l i g h t l y  forward of t h e  main 
landing gear  wheels. This l oca t ion  allows t h e  a l t i t u d e  of t he  main landing 
gear  wheels t o  be  d i r e c t l y  and accura te ly  determined without co r rec t ing  the  
a l t i t u d e  measurement €or  Orbiter p i t ch  angle.  However, the  antennas are 
spaced f a r  enough from the  main landing gears  t o  preclude s i g n i f i c a n t  a l t i t u d e  
e r r o r s  due t o  r e f l e c t i o n s  from t h e  landing gears .  

5 



One VHF antenna i s  loca ted  on the  top  and one on t h e  bottom of tne 
Orbi ter .  The bottom antenna is  i n  the prefer red  loca t ion  f o r  use during aero- 
f l i g h t  s ince  t h e  Orbi te r  is seldom between t h e  antenna and the ground a i r p o r t s  
and a i r  t r a f f i c  con t ro l  cen ters .  However, at  t h e  VHF frequencies t h e  top 
antenna loca t ion  w i l l  a l s o  provide a good coverage t o  t h e  sZdes, f o m a r d ,  and 
45 t o  60 degrees down from the  forward d i r e c t i o n  due t o  RF wrap around. 
use of both top and bottom loca t ions  provides f o r  b e t t e r  Orbi te r  t o  Earth 
coverage f o r  backup VHF communications. 

The 

S-band antennas, one bottom, one upper l e f t  s ide ,  and one upper r i g h t  s ide ,  
provide 360" r o l l  coverage. The placement of t h e  S-band antennas forward on 
the  Orbi te r  provides improved forward coverage f o r  S-band rendezvous ranging 
with somewhat reduced coverage t o  the  rear of t h e  Orbi ter .  
are loca ted  on the bottom f o r  redundancy and t o  allow the  simultaneous operat ion 
of two S-band sets, when required,  f o r  max imum communications capaci ty  between 
the Orbi te r  and t h e  Earth. 

Two S-band antennas 

The microwave landing system (MLS) antennas are loca ted  forward, on the  
bottom and near  the  avionics  bays t o  provide good forward coverage f o r  landing 
and reduce cable  and waveguide lo s ses  a t  the  higher  llLS frequencies.  
Orbi te r  bottom is  approximately t e n  f e e t  from the  ground. This is bel ieved t o  
be adequate f o r  receiving good NLS s i g n a l s  f o r  automatic r o l l o u t  a f t e r  landing. 

The 

Both the  l o c a l i z e r  and g l i d e  s lope antennas are i n s t a l l e d  behind a nose 
radome, which i s  t o  be i n s t a l l e d  f o r  f e r r y  f l i g h t s  only. Landing from o r b i t  is  
accomplished using the  XLS System. This approach allows standard a i r c r a f t  
off-the-shelf g l i d e  s lope  and l o c a l i z e r  antennas t o  be  used. The forward posi- 
t i o n  f o r  t h e  g l i d e  s lope and l o c a l i z e r  antennas provides good rad.iation pa t t e rn  
coverage. Also, i nves t iga t ion  r e l a t e d  t o  p i l o t  cues ind ica ted  t h a t  t h i s  g l i d e  
s lope antenna loca t ion  should provide similar p i l o t  cues from g l i d e  s lope 
generated d isp lays  and out-of-window viewing by the  p i l o t .  
s lope antenna loca t ion  should o f f e r  s a f e t y ,  p i l o t  acceptance, and proper Orbi te r  
a l t i t u d e  a t  threshold f o r  f e r r y  f l i g h t  landings. 

That is, t h i s  g l i d e  

The antennas se l ec t ed  f o r  t h i s  study correspond t o  t h e  Orbi te r  avionics  
system as follows: 

Antenna Type Avionics Sys t e m  Frequency 

Annular S l o t  
Horn 
Linear S l o t  

TACAN/ATC Transponder 
Radar Altimeter 
Microwave Landing System 

S t r u c t u r a l  Requirements 

L-band 
C-b and 
C-band 

The Space Shu t t l e  Orb i t e r  s t r u c t u r a l  configurat ion cons i s t s  of an a l l  
aluminum, semi-monocoque, s t i f f e n e d  s k i n  s t r u c t u r e  covered with a reusable  
sur face  in su la t ion  (RSI) which serves as the  thermal pro tec t ion  system (TPS). 
A t yp ica l  s ec t ion  through the  bottom sur face  of t h e  center fuselage,  as shown 
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i n  f i g u r e  2a, cons i s t s  of 0.051 cm (0.020 in . )  t h i c k  aluminum sk ins  r ive t ed  t o  
f o r e  and a f t  running s t r i n g e r s ,  a t tached between bulkheads. 
head spacing are 10.16 cm (4.00 in . )  and 50.80 cm (20.00 in . )  respec t ive ly .  A 
s l i g h t l y  d i f f e r e n t  s t r u c t u r a l  approach proposed f o r  t he  forward fuselage 
sec t ion ,  which contains  t h e  pressurized cabin,  is shown i n  f i g u r e  2b. I n  t h i s  

S t r inge r  and bulk- 

(a) Center Fuselage 

STRUCTURAL 
SKIN 

INTEGRALLY STIFFENED 
PRESSURE WALL 

RS I 

INTEGRALLY STIFFENED 
PRESSURE WALL 

(b) Forward Fuselage 

PRIMARY STRUCTURE/TPS CONCEPTS Figure 2 
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area a n  i n t e g r a l l y  s t i f f e n e d  aluminum pressure  w a l l  is  submerged approximately 
17.78 c m  (7.00 in . )  i n s i d e  the  aerodynamic moldline. 
s t i f f e n e d  panels are used t o  support t h e  TPS. For these  approaches t h e  R S I  
tiles, i n  the  form of f l a t  o r  contoured surfaces ,  are bonded t o  t h e  s k i n  of 
the primary s t r u c t u r e  o r  t o  the  TPS support panel by way of an  intermediate  
s i l i c o n e  sponge s t r a i n  i s o l a t o r .  

Frame members and 

A s i l i c o n e  sponge, 6.35 mm (0.250 in.)  average thickness ,  w a s  used as a 
mechanical s t r a i n  i s o l a t o r .  
head rivets f o r  t he  primary s t ruc tu re ,  thereby minimizing s t r u c t u r a l  weight 
and f ab r i ca t ion  cos ts .  
are i n s t a l l e d  on the  s k i n  by bonding with RTV 560 adhesive. 
is appl ied t o  the  aluminum sur faces  and allowed t o  hydrol ize  before  the  adhesive 
i s  appl ied.  
t i le,  and the  s t r a i n  i s o l a t o r  and the  s k i n  is approximately 0.25 mm (0.010 in.)  
thick.  Although bonding w a s  s e l ec t ed  f o r  a t tach ing  t'me RSI t i les on the  base- 
l i n e  Orbi te r  configurat ion i t  should be noted t h a t  mechanical f a s t ene r s  are 
being s tudied  f o r  a t tach ing  e i t h e r  ind iv idua l  t i les o r  l a r g e  panels. 
p resent ly  under cont rac t  t o  NASA (NAS9-12854) t o  study and test mechanical 
attachments f o r  i n s t a l l i n g  RSI  t o  the primary s t ruc tu re .  

This permits using buckling sk ins  and protruding 

The s i l i c o n e  sponge s t r a i n  i s o l a t o r  and the  RSI t i les  
A s i l i c o n e  primer 

The adhesive l aye r  between both the s t r a i n  i s o l a t o r  and t h e  RSI 

MDC is  

The base l ine  TPS c o n s i s t s  of both R S I  and s i l i c o n e  elastomeric  abla- 
t o r s .  
would be  covered with ab la to r .  
t he  wings and f i n ,  and the  upper sur face  of t h e  wing. 
surface of t he  wings does not  char s ince  t h e  sur face  temperatures are below 
555OK (600'F). 
of t h e  sur face  area is covered with RSI. RSI  i s  used i n  t h e  Orbi te r  areas 
where antennas are i n s t a l l e d ;  therefore ,  the study emphasis w a s  on antenna 
systems f o r  i n s t a l l a t i o n  i n t o  a s t r u c t u r e  thermally protected by R S I .  

It w a s  an t i c ipa t ed  t h a t  approximately 22% of the  Orb i t e r ' s  sur face  area 
These areas include the  nose,  leading edge of 

The ab la to r  on t h e  upper 

The a b l a t o r ,  therefore ,  funct ions as R S I .  The remaining 78% 

The primary material candidates f o r  RSI include Lockheed's LI-1500, 
General E l e c t r i c ' s  REI and PlcDonnell Douglas' HCF. 
f i b e r  base while t h e  REI and HCF have a m u l l i t e  base. A l l  t h r ee  materials 
u t i l i z e  an inorganic  binder and, therefore ,  are reusable  a t  high tenperatures .  
These materials are r i g i d  and have r e l a t i v e l y  low mechanical s t rengths ,  there- 
fore ,  a f l e x i b l e  s i l i c o n e  sponge is  required t o  provide s t r a i n  i s o l a t i o n .  An 
inorganic,  oxide based coat ing i s  appl ied t o  a l l  t he  materials t o  provide a 
waterproof sur face  s ince  these materials absorb water. A- pigment is  added t o  
the coatings t o  provide a high emittance sur face  i n  order  t o  minimize sur face  
temperatures during en t ry  heat ing.  

The LI-1500 has a s i l i c a  

Thermal Requirements 

The thermal requirements f o r  t he  Space Shu t t l e  Orbi ter  antenna systems 
are influenced by the l o c a l  TPS design and the l o c a l  thermal environments. 
The TPS design a t  t h e  var ious  antenna loca t ions  is  described i n  the  sec t ion  
on S t ruc tu ra l  Requirements above. 
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The l o c a l  thermal environment i s  defined by t h e  Orbi te r  missions,  vehic le  
configurat ion and t r a j e c t o r i e s ,  and s p e c i f i c  antenna loca t ions .  The most severe 
thermal environment r e s u l t s  from Orbi te r  Mission 3, a s ingle-orb i t  de l ivery  o r  
retrieval of a 18 000 kg (40 000 l b )  payload. Charac t e r i s t i c s  of Mission 3 
include a south polar  launch, a 187 km (100 n.mi.) c i r c u l a r  o r b i t  and r e t u r n  t o  
the  Western T e s t  Range. 
t i o n  i n t o  a 93 x 185 km (50 x 100 n.mi.) po lar  t r a n s f e r  o r b i t .  
t r a j e c t o r y  shown i n  f i g u r e  4 is more severe than t h e  ascent  t r a j e c t o r y  as i t  
causes maximum temperatures and t o t a l  hea t  loads.  This en t ry  t r a j e c t o r y  pro- 
v ides  maximum crossrange of 2037 km (1100 n.mi.) and maximum downrange maneuv- 
e r ing  margin of 370 km (200 n.mi.). 
f o r  deorb i t ,  atmosphere, guidance and navigat ion,  and wind dispers ions.  Tra- 
j ec to ry  shaping opt imizat ion w a s  used t o  minimize RSI  TPS thickness.  A f i n a l  
approach and landing t r a j e c t o r y  w a s  added t o  the  en t ry  t r a j e c t o r y  shown i n  
f i g u r e  4.  

The ascent  t r a j e c t o r y  shown i n  f i g u r e  3 is  f o r  inser-  
The en t ry  

Downrange maneuvering is used t o  compensate 
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O r b i t a l  environments employed w e r e  0.37 albedo ( r e f l e c t i v i t y ) ,  a s o l a r  
constant of 1395 W/m2 (444  Btu/hr-ft2) and an e f f e c t i v e  e a r t h  temperature of 
252°K (-6'F). 
used f o r  t h e  landed environment. 

Surface f r e e  convection and sky r ad ia t ion  t o  300°K (80°F) w e r e  

The ex te rna l  sur face  temperature h i s t o r y  during ascent  is shown i n  f i g u r e  5. 
In te r fe rence  heat ing induced by t h e  mated ex te rna l  tank is included. 
temperatures are shown i n  f i g u r e  6. 
during en t ry  f o r  t h e  e n t i r e  veh ic l e  and t h e  Orb i t e r  antenna loca t ions  are shown 
i n  f i g u r e  7. The antenna loca t ions  on the  fuse lage  bottom have t h e  most severe 
thermal environment. 
temperature antennas, t he  l o c a l  thermal environnent f o r  t h e  rear L-band antenna 
w a s  se lec ted .  The rear L-band antenna is loca ted  o f f  cen te r l ine  wi th in  the  
2.16 x 108 J / m 2  (19 000 Btu/f t2)  region on the  fuse lage  bottom. 
sur face  temperature h i s t o r y  f o r  t h i s  l oca t ion  is shown i n  f i g u r e  8. 
thermal environments are based on the  aerodynamic hea t ing  methodology developed 
by PlDC during the  S h u t t l e  Phase B Study. 

Entry 
In tegra ted  t o t a l  heat  load d i s t r i b u t i o n s  

Thus, t o  assure  a v a l i d  antenna design f o r  a l l  high 

An ex te rna l  
These 
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Since thermal conduct ivi ty  of RSI materials is a func t ion  of pressure as 
w e l l  as temperature, t he  l o c a l  s t a t i c - su r face  pressures  (at edge of l o c a l  
boundary layer )  are shown i n  f i g u r e s  9 and 10 f o r  ascent  and en t ry ,  respect ively.  

Strength Requirements 

The antenna systems w e r e  designed t o  withstand loads developed during the  
launch and en t ry  phases of t h e  Orb i t e r  mission. The sources of t he  loads are 
d i f f e r e n t i a l  p ressures ,  fuselage bending and thermal gradients .  Strength re- 
quirements imposed on the  antenna systems are described i n  t h i s  sec t ion .  
minimum f a c t o r  of s a f e t y  of 1.4 w a s  appl ied t o  t h e  sum of the  expected loads.  
Mechanical loads and thermally induced loads w e r e  combined t o  determine u l t imate  
loads according t o  equations,  given below: 

A 

KILexternal -t K2Lthermal - > 1.40(CL) 
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Figure 10 

where 

K1 = 1.4 f o r  boost condi t ions when the  t e r m  i s  add i t ive  t o  the  
a lgebra ic  sum, E L  

K1 = 1.5  f o r  entry,  atmospheric c ru i se ,  and landing when t h e  
t e r m  i s  a d d i t i v e  t o  t h e  a lgeb ra i c  sum, C L  

K2 = 1.5 when the  term is a d d i t i v e  t o  t h e  a lgebra ic  sum, C L  

= mechanical ex te rna l ly  appl ied loads Lext e r n a l  

= thermally induced loads thermal 

Z L  = a lgebra i c  sum of loads 

Design pressures  are shown i n  f igu res  11 and 12. In  order t o  ensure t h a t  
the  antennas w i l l  be s t r u c t u r a l l y  adequate f o r  i n s t a l l a t i o n  a t  any fuselage 
loca t ion ,  t h e  maximal u l t ima te  pressures  were used f o r  design and are summarized 
below: 

Mission Phase P r e s  s u r e  Type Factor of Safety 

ASCENT 73 085 N/m2 (10.6 p s i )  C o 1 l a p s  e 1 . 4  
ASCENT 9 653 N/m2 (1.40 p s i )  Burs t 1.4 
ENTRY 4 137 N/m2 (0.60 p s i )  C o l l a p  s e 1.5 
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These pressures  were assumed t o  act  a t  any t i m e  during ascent  o r  en t ry .  

U l t i m a t e  design loads f o r  fuselage s t r i n g e r s  and associated e f f e c t i v e  sk in  
f o r  var ious loca t ions  on the Shut t le  
chosen f o r  antenna design are: 

Tension 175 
Compression 4 3  

These are representa t ive  of loads  on 
region of antennas and occur at  room 

are shown i n  f i g u r e  13. The ultimate loads 

000 N / m  (1000 Ib / in . )  
700 N / m  (400 l b / in . )  

t h e  bottom sur face  of t he  Shu t t l e  i n  the  
temperature. The loads  are considered 

typ ica l  and, therefore ,  s t r u c t u r e  designed t o  withstand these loads w i l l  be 
representa t ive  of a t y p i c a l  antenna i n s t a l l a t i o n .  
loads  are condi t ions which do no t  peak simultaneously. 

Pressure loads  and running 
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Figure 11 
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HIGH TEMPERATURE ANTENNA DESIGN APPROACH 

The high temperature antenna design approach used i n  t h i s  study combines 
an antenna window with a conventional antenna. Throughout t h i s  r epor t ,  the  
antenna and antenna window, when combined, are r e fe r r ed  t o  as an antenna system. 
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The antenna window provides thermal pro tec t ion  f o r  the antenna and a means f o r  
t ransmi t t ing  RF energy outs ide  the  vehicle. 
separa tes  the  high temperature problems from the  electrical  design problems 
of t he  antenna by l i m i t i n g  t h e  antenna peak temperatures t o  4 2 2 " ~  [30f)"F), 
Therefore, t h e  antenna is  no t  subjected t o  high temperatures where dimensional 
changes, d i f f e r e n t i a l  expansion, material property changes, oxidat ion,  and 
similar e f f e c t s  occur. 
of some antenna types and r e s u l t  i n  unacceptable system c h a r a c t e r i s t i c s ,  
sever ly  l imi t ed  reuse c a p a b i l i t i e s ,  o r  both. Further ,  t he  pro tec ted  antennas 
may be f ab r i ca t ed  using s tandard techniques and materials now used f o r  
commercial and m i l i t a r y  a i rp lanes .  The antenna window materials w i l l  undergo 
some changes i n  d i e l e c t r i c  constant  and loss tangent due t o  high temperature 
exposure (e.g., 533 t o  1589°K (500 t o  2400°F)). However, t h e  e f f e c t s  of these  
changes on antenna system performance w i l l  be minor compared with e f f e c t s  due 
t o  the  antennas being d i r e c t l y  exposed t o  these high temperatures. 

This approach e s s e n t i a l l y  

These e f f e c t s  may d r a s t i c a l l y  change t h e  performance 

The i n i t i a l  approach w a s  t o  provide conducting metallic window edge en- 
c losures  which provide d i s t i n c t  window edge boundaries. 
terminating the antenna i n  a d i e l e c t r i c a l l y  loaded c i r c u l a r  waveguide and ex- 
tends the  antenna aper ture  t o  the TPS sur face .  
v ides  some rad ia t ion  pa t t e rn  shape con t ro l  and i n  some cases may reduce 
pa t t e rn  d i s t o r t i o n  by reducing sur face  wave exc i t a t ion .  
w e r e  used because both thermal stresses and higher  order  mode exc i t a t ion  are 
minimized. 

This i s  equivalent  t o  

The window edge enclosure pro- 

Circular  aper tures  

Two antenna window configurat ions w e r e  considered. One w a s  a mult iple-  
l aye r  design which consis ted of a t h i n  ou te r  l a y e r  of high temperature d i -  
e l e c t r i c  and an inner  l aye r  of a low dens i ty  in su la t ion  material as shown in  
f i g u r e 1 4 .  
t i o n  material as shown i n  f i g u r e  15. The multiple-layer approach provides a 
hard ou te r  surface which would resist r a i n ,  and runway sand and grave l  erro-  
s ion.  
and thickness  of the window, s ince  t h e  ou te r  l a y e r  of high temperature di-  
electric material, i n  general ,  w i l l  have a high dens i ty  and r e l a t i v e l y  high 
thermal conduct ivi ty .  The s ingle- layer  approach does no t  provide a hard 
o u t e r  sur face ,  bu t  t h e  material has both a low densi ty  and thermal conduct ivi ty  
and would have mechanical p rope r t i e s  equivalent o r  i d e n t i c a l  t o  the  TPS 
material t h a t  i s  i n s t a l l e d  over most of t he  Orbi te r  sk in .  Both approaches 
w e r e  designed and t e s t e d  f o r  the  L-band annular s l o t  antenna. 
l a y e r  approach w a s  used f o r  the two C-band antennas. 

The o the r  w a s  a s ingle- layer  design using the  Orbi te r  TPS insula-  

The inner  l aye r  of low dens i ty  in su la t ion  serves t o  minimize the  weight 

Only the  s ingle-  

The antennas used f o r  t h i s  study were off-the-shelf hardware with the  
exception of the  C-band l i n e a r  s l o t  antenna, which w a s  simulated with an open 
ended C-band waveguide. 
Antenna (Transco Products, Inc.  P a r t  No. 22135) designed f o r  operat ion a t  temp- 
eratures t o  478°K (400°F). The C-band horn antenna (Transco Products, Inc. 
P a r t  No. 01-34-04551) w a s  designed f o r  operat ion t o  394°K (250°F). 
c h a r a c t e r i s t i c s  of these  antennas simply mounted i n  a 0.91 x 0.91 m(3 x 3 f t . )  
ground plane were used as t h e  design s tandards o r  reference configurat ions.  

The L-band annular s l o t  antenna w a s  a AT-740/A 

The 
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The material requirements for Space Shuttle Orbiter antenna windows are 
more severe than those for previous entry vehicles, for example, (1) longer 
heating periods, (2) 100 mission reuses and (3) larger antenna window sizes. 

As a result of longer heating periods, the antenna window must provide 
good thermal insulation in order to keep the thickness and weight within prac- 
tical limits while limiting the window and antenna interface temperature to 
422°K (300OF). This limit was used for the antennas because it is compatible 
with the structural aluminum skin tempersture limitations as discussed in the 
section on Thermal Requirements. 
the materials are in an air atmosphere, the selection of materials is further 
limited to those which are also oxidation resistant. 

Since the longer heating times occur while 
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The requirement f o r  100 mission cycle  reuse precludes t h e  use of many 
antenna window materials which are adequate f o r  one-tine use. 
must survive the  high temperature environment and provide thermal p ro tec t ion  
f o r  t he  antennas, hu t  must n o t  undergo s i g n i f i c a n t  changes i n  t h e i r  thermal, 
mechanical, o r  electrical proper t ies .  

The material 

Larger antenna window s i z e s  are required because the  aper tures  required 
f o r  Orbi te r  avionics  system antennas are, i n  general ,  l a r g e r  than those of 
previous en t ry  vehic les .  This a l s o  restricts candidate materials because of 
f ab r i ca t ion  l i m i t a t i o n s  i n  both area and thickness .  

Both high and low dens i ty  window materials w e r e  s tudied.  For the  high 
dens i ty  window material, fused s i l ica ,  boron n i t r i d e ,  b e r y l l i a ,  s i l i c o n  n i t r i d e ,  
and o the r s  w e r e  considered. 
reusable  su r face  i n s u l a t i o n  (RSI), m u l l i t e  RSI, ab la to r s ,  s i l i c a  in su la t ion ,  and 
s i l i ca  foam materials w e r e  considered. 

For the  low dens i ty  window materials, s i l i ca  

Tradeoff cri teria f o r  the  s e l e c t i o n  of window materials included t h e  
following: 

High temperature recyc l ing  capab i l i t y .  

Low temperature recyc l ing  capab i l i t y .  

Thermal and mechanical p rope r t i e s  a t  high and low temperatures. 

Chemical s t a b i l i t y  a t  high and low temperatures. 

Chemical s t a b i l i t y  under high vacuum. 

Moisture r e s i s t ance .  

Rain and dus t  e ros ion  r e s i s t ance .  

Electrical p rope r t i e s  a t  high and low temperatures ( d i e l e c t r i c  
constant,  l o s s  tangent ,  e t c . ) .  

Commercial a v a i l a b i l i t y .  

Design cons t r a in t s  f o r  candidates.  

Compatibility with o the r  materials. 

Refurbishment c a p a b i l i t i e s .  

cos t  

Material p rope r t i e s  were compiled t o  assist i n  t h e  t r ade  s t u d i e s .  These 
proper t ies  are tabula ted  i n  t h e  following sec t ions  i n  order  t o  g ive  an over- 
v i e w  of the  proper t ies  of t h e  candidate materials f o r  both the  high and low 
dens i ty  windows. 
a Space Shu t t l e  antenna materials test program conducted by NASA LaI2.C. 

Nany of t h e  electrical  p rope r t i e s  l i s t e d  w e r e  obtained from 
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High Density Materials 

The p rope r t i e s  of commonly used high dens i ty ,  high temperature antenna 

More d e t a i l e d  material p rope r t i e s ,  which w e r e  
window materials w e r e  t abula ted  and used i n  a t radeoff  study. 
summary of those proper t ies .  
used i n  thermal and s t r eng th  analyses ,  are l i s t e d  i n  Appendix A. 
materials t e s t i n g  w a s  beyond the  scope of t h i s  program, t h e  a c c e p t a b i l i t y  of 
each candidate material w a s  based on ava i l ab le  data .  The tradeoff  criteria 
and evaluat ion r e s u l t s  are l i s t e d  i n  t a b l e  111. Some of t h e  more important 
cri teria which w e r e  considered are: 
erties as a func t ion  of temperature (room temperature t o  1533'K (2300'F); 
recycl ing capab i l i t y ;  thermal shock r e s i s t ance ;  and moisture res i s tance .  

Table I1 is  a 

Since 

electrical, mechanical and physical  prop- 

Selected high dens i ty  material - The material se l ec t ed  f o r  t h e  high dens i ty  
window is  h o t  pressed boron n i t r i d e  (BN), grade HD-0092, manufactured by 
Union Carbide. 
ava i l ab le  materials. The low oxygen content grade, although s l i g h t l y  more 
cos t ly  than conventional ho t  pressed grades,  has  t h e  advantage of improved 
r e s i s t ance  t o  hydrat ion and has more uniform mechanical proper t ies .  
electrical p rope r t i e s  of HD-0092 are reasonably constant  as a funct ion of 
temperature. The mechanical p rope r t i e s  a t  room temperature are acceptable  and 
improve as temperature increases .  The high thermal conduct ivi ty  of boron 
n i t r i d e  n e c e s s i t a t e s  t he  use of an e f f i c i e n t  thermal in su la t ion  between it  and 
the antenna, which i s  a l s o  compatible with t h e  e l e c t r i c a l  requirements of t he  
antenna. 
paragraphs. 

This grade of BN has a lower oxygen content  than previously 

The 

The i n s u l a t i o n  f o r  t h i s  app l i ca t ion  is  discussed i n  t h e  following 

Antenna window i n s u l a t i o n  - The thermal i n s u l a t i o n  se l ec t ed  f o r  use behind 
the BN ou te r  window is  Dynaquartz, 160 kg/m3 (10 l b / f t 3 )  dens i ty ,  produced by 
Johns-Manville. 
s i l i c o n  dioxide f ibrous  b a t t  material t h a t  has  a low thermal conductivity.  It 
a l s o  has  modest load bear ing capab i l i t y  and is  reasonably s t a b l e  dimensionally 
t o  temperatures of 1533'K (2300'F) o r  more. The electrical proper t ies  have been 
determined up t o  1473OK (2192'F) and are exce l len t .  Other material proper t ies  
considered are summarized i n  t a b l e  I V Y  and the  d e t a i l e d  material p rope r t i e s ,  
which w e r e  used i n  t h e  thermal and s t r eng th  analyses ,  are l i s t e d  i n  Appendix A. 
The commercial s i l i ca  foams are suggested as poss ib l e  backup materials. 

Dynaquartz i s  a semir igid,  u l t r a  high p u r i t y ,  hea t  t r ea t ed ,  

All s i l ica  i n s u l a t i o n  materials are porous and are permeable t o  moisture. 
Therefore, the hygroscopic nature of these materials must be  considered-in an 
antenna design, s i n c e  entrapment of moisture can a f f e c t  electrical performance. 

Low Density Materials 

Low dens i ty  thermal i n s u l a t i o n  materials considered f o r  reusable  su r face  
i n s u l a t i o n  (RSI) were a l s o  considered f o r  use as an antenna window, both behind 
the  high dens i ty  o u t e r  antenna window and as a s i n g l e  material antenna window. 
In  bohh cases, good RF t ransmission c h a r a c t e r i s t i c s  are required.  A waterproof 
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MATERIAL 

ALUMINA 
(A12031 
AD-99 
(COORS) 
BERY L L l A  
(Be01 
BD-98 
(COORS) 

PYROCERAM 

CERAMIC) 
(GLASS- 

SLIP CAST 
FUSED SILICA 

CLEAR 
VITREOUS 
SI LI CA 

ISOTROPIC 
PYROLYTIC 
BORON 
NITRIDE (IPBN) 

ANI SOTROPI C 
PYROLYTIC 
BORON 
NlTRl DE 
(BORALLOY) 

BORON 
NITRIDE 
HD0092 (UNION 
CARBIDE) 

SILICON 
NITRIDE 
(REACTION 
SI NTEREDl 
3-D SI LI CA 
COMPOSITE 

TABLE I I  
HIGH DENSITY ANTENNA WINDOW MATERIAL PROPERTIES 

I __ 
98 2850 6.6 0.0006 ROOM 10 000 

7 -6 0.0008 1073 (1472) 10 000 

90-99,5 3420 9.5 0.000 1 ROOM 9315 
10.8 0.0001 1283 (1850) 9375 

- 
>99"5 1220 3.01 0.0015 ROOM 10 000 

3.01 0.0006 1473 (2192) 10 000 

> 99.5 

- 
98.5 

- 
98.0 

- 
98.5 

4000 
4000 

4000 

4400 
4500 

10 000 
10 000 

8000 
8000 

- 
1680 TO 2.9 0.01MAX ROOM 8520 
1710 2.9 0.008 1272 (1830) 8520 

NOT DRIED BEFORE TEST 

YOUNG'S MODULUS, 
N/M2 (PS I) 

3.45 x 1011 (50 x 106) 

3.38 x 1011 (49 x 106) 
AT  810°K ( 1000°F) 

3.10 x 1011 (45 x 106) 

'2.07 x 1011 (30 x 106) 
1.72 x 1011 (25 x 106) 
AT 810oK (1OOOOF) 

1.24 x 1011 (7 x 106) 

4.83 x 1010 (10 x 106) 

6.89 x 1010 (10 x 106) 

x 1 0 1 0  (1.75 x 106) 

2.07 x 1010 (3 x 106) 
(I TO PD) 

4.83 x 1010 (7 x 106) 
(I1 TO PD)' 

1.39 x 1 c O  :lob) 

1.72 x 1011 (2.5 x 106) 
(I1 AND 1 TO RADIALS) 

Table Continued on Next Page) 
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TABLE I I  (Continued) 
HIGH DENSITY ANTENNA WINDOW MATERIAL PROPERTIES 

TENSILE STRENGTH 

(Table Continued on Next Page) 
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TABLE I I  (Concluded) 
HIGH DENSITY ANTENNA WINDOW MATERIAL PROPERTIES 

29.3 (203) 
6.3 (44) 

A T  1073'K (1472'FI 
205.0 (1422) 

25.1 (174) 
AT 1073'K (1472') 

42.3 (300) 

3.3 (23) 

9.4 (65) AT  1366'K (ZOOO'F) 

NOTES: 
1. ND = NO DATA 
2. A L L  PROPERTIES AT ROOM TEMPERATURE UNLESS OTHERWISE NOTED; 
3. THE MELTING TEMPERATURE DOES NOT IMPLY MAXIMUM USETEMPERATURE. THE MAXIMUM USE 

4. EST= ESTIMATED 
5. N A =  NOT APPLICABLE 

6. I1 = PARALLEL,  1 = PERPENDICULAR 
7. P D =  PRESSING DIRECTION 

TEMPERATURE WILL BE LESS AND IS AFFECTED BY SEVERAL FACTORS SUCH AS PURITY, 
PROCESSING AND CONFIGURATION OF THE MATERIAL 

25 



- - 
5, 
E W  L -  ;E 
- 4  
U 3  3 0  - 
- 
c 
Urn B W  

5s 
U z  =-4 u a  a o  

- 
- 
L uv) I W  

5 ;  
u z  > 4  
Y 3  a 0  

- 

W 

4 

4 > 4 

d 
=! 

- 
W J 

4 

4 > 4 

m 
=! 

W -1 

4 

4 

m 
1 
2 - 
W J 

4 

4 > 4 

m 
LLI 

- 
W J 

4 

4 > 4 

m 
1 

- 
W -I 

4 

4 > 4 

m 
I' 

- 

W J 

4 

4 > 4 

m 

=! 

- 

W J 

4 
m 

LLI 
5 
4 - 

k- z 
W 
J 
J 
W 
O x W 

0 
k- 
0 0 

$3 

4, 

n 
W k- 

-1 
J 4 

.- 

W 

3 3 

3 
3 3 

3 

2 3 

3 - 

3 3 

9 4 z z 
W 
I- z 
4 
). 

v, z 
W 

S u 
I 

t 

n 

- 

Y z 
D z 

3 

3 

- 

a 
3 
3 

0 
W I- 4 

z 
5 

II 
I- 
W 
- 
Y 
k- 0 z 

26 



TABLE IV  
ANTENNA WINDOW/THERMAL PROTECTION SYSTEM MATERIALS PROPERTIES 

I- 

NOTES: 

DIELECTRIC CONSTANT 
DENSl'gy 

140 +_ 15 I 1.20 I0.002 
1.28 0.062 

16.5 1.06 (EST) 
1.06 (EST) 

60 1.11 
1.12 
1.13 

i6 1.06 
(U N COM- 
PRESSED) 

l lRGlN 232 1.30 
:HAR 128 

0.0001 (EST) 
0,0002 (EST) 

0.0006 
0.003 
0.007 

0.0027 
(U NCOMPRESSED 

0.0083 (VIRGIN) 

JlRGlN 250 1 1.31 
:HAR 188 

I0.005 (VIRGIN) 

'05-800 < 0.0005 

1. ND= NO DATA; EST= ESTIMATED; N A =  NOTAPPLICABLE. 
2. A L L  PROPERTIES A T  ROOM TEMPERATURE UNLESS OTHERWISE NOTED. 
3. THE MELTING TEMPERATURE DOES NOT IMPLY MAXIMUM USE TEMPERATURE. T H E  MAXlMUM USE 

TEMPERATURE WILL BE LESS AND IS AFFECTED BY SEVERAL FACTORS SUCH AS PURITY, PROCESSING 
AND CONFIGURATION O F  THE MATERIAL. 

(Table Continued on Next Page) 
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TABLE IV  (Continued) 
ANTENNA WINDOW/THERMAL PROTECTION SYSTEM MATERIALS PROPERTIES 

COMPRESSIVE 
STRENGTH 
NAN2 (PSI\ 

TENSILE STRENGTH 
NAV? (PSI) 

COEFFICIENT OF 
THERMAL EXPANSION MODULUS OF RUPTURI 

N B 2  (PSI) I MATERIAL 

6.89 x 105 (loo) (EST) 
~ ~~ 

5.4 x lo4 (3.0 x lo4) 

(STRAIN TO FAILURE 

1.70 x 10' (247) I 1  
7.31 x lo5 (106) 1 

ND ND 5.4 x lo4 (3.0 x lo4) (ES1 

;1- 2.55 x 10 (37) 1 1.7 x 10 (25) 1 
4.14 x lo5 (60) (EST) 5.2 x (2.9 x 

7.93 105 (115) 0.54 x (0.3 x 7.9 105 (115) II 

(STRAIN TO FAILURE = 0.12%) 

@ 1.86 x lo6 (270) I I  
1.2 x l o 5  (18) 1 3.24 105 (47) I 

NA I NA 
INA 0.54 x lom6 (0.3 x 10-6)(EST 

ND 0.54 x loT6 (0.3 x 10d)(EST 3.45 x 105 (50) (EST) 
WITH DEFLECTION 

NA NA N /A 

ND 29.5 x lo4 (16.4 x 

ID' '1.1 x (11.7 x 

1 6 . 8 9  x IO6 (1000) 1.45-5.17 x lo6 (500-750 1.54 x (0.3 x IOU6) 

.39-2.07 x 106(200-300 1.54. x (0.3 x ND > 3.45 x lo6 (500) 

NOTES CONTINUED: 
4. TEN = TENSION 
5. COMP = COMPRESSION 
6. II = PARALLEL = NOTED STRESS APPLIED P A R A L L E L  TO THE LONG AXES OF THE FIBERS. 

(Table Continued on Next rage) 
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TABLE IV (Concluded) 
ANTENNA WINDOW/THERMAL PROTECTION SYSTEM MATERIALS PROPERTIES 

THERMAL 
CONDUCTIVITY 

WA°K 
(BTU-IN/FT*-H R-0 F) 

0.384 (2.66) 
AT1366PK (200O'F) 

0.303 (2.1) (EST) 
AT  1366'K (200O'F) 

iI.101 (0.7) 
AT 533'K (500'F) 
0.387 (2.7) 
AT  1366'K (20OO'F) 

1.225 (1.56) 
AT 1366'K (20OOOF) 

0,120 (0.83) 
4 T  811°K (IOOO'F) 

0,095 (0.68) 
A T  811'K (100O'F) 

0.098 (0.68) 
AT 811'K (lOOO°F); 

0.063 (0.44) 
AT  444'K (340'F) 

taO79(a55) ViRGIN (EST 

0.202 (1.4) 
AT 811'K (100O'F) 

0.144 (1.0) 
A T  811'K (1OOo'F) 

A T  1422'K (210O'F) 

/Na 9.63 x l o 2  (0.23) EST 1866 (2900) IN PILOT PLANT PRODUCTION I 1  
6.82 x 10' (0.163) 0.65T010.75 ND - 
A T  255'K (OOF) 
1.34 x l o 3  (0.32) 
A T  922'K (1200'F) 

1.34 x IO3 (0.32) 
AT 1366'K (200O'F) 

0.85 1978 (3100) PRODUCTION MATERIAL 
0.95 AT  
1366 (2000) 

SEMIRIGID 99'0 Si03 SHRINKAGE 
i978 (3100) d % A T  17830K(27500F)FOR24 10.81 I I HOURS: DEFLECTION 8'oAT 

1.13 x l o 3  (0.27) 
AT  811 OK (1000) OF) 

9.63 x l o J  (0.23) 
AT 811'K (lOOO°F) PURlTY -Y 

-..POROSITY 

AT 811'K (lOOO°F) POROSITY 
9.63 x l o 3  (0.23) > 0.8 1978 (31ooj pC$b!F 

I > 0.8 11978 (3100)i - COMMERCIALLY _ _  AVAILABLE 
-8.5% Si02 (MINIMUM) 
-63 TO 68%. OPEN CELl 
IALLY AVAILABLE 
8.5% Si02   MINIMUM^ 
-80 TO 84%, OPEN CELl 

NOTES CONCLUDED: 
7. 1 =PERPENDICULAR = NOTED STRESS APPLIED PERPENDICULAR TO THE LONG AXES O F  THE FIBERS. 
8. "EVALUATION O F  NONMETALLIC THERMAL PROTECTION MATERIALS FOR THE MANNED SPACE 

SHUTTLE," VOLUME V, BATTELLE,  MEMORIAL INST, 1 JUNE 1972. 
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coat ing is  required t o  prevent t h e  absorption of water s i n c e  these low dens i ty  
RSI materials are h ighly  porous and r ead i ly  absorb l i qu ids .  Table I V  is a l ist  
of t he  materials and an overview of t h e  material p rope r t i e s  which w e r e  considered 
i n  t h i s  study. 
and s t r eng th  analyses ,  are l i s t e d  i n  Appendix A. 
evaluat ion r e s u l t s  are l i s t e d  in  t a b l e  V, 

The d e t a i l e d  material p rope r t i e s ,  which were used i n  t h e  t h e m a l  
The trade-off criteria and 

Selected low dens i ty  material - The low dens i ty  material se l ec t ed  f o r  an 
RSI type antenna window is  Lockheed's LI-1500. 
material wi th  an inorganic  binder  and a waterproof sur face  coating. 
coat ing is a silicate material which is  compatible with the  low thermal expan- 
s ion  c o e f f i c i e n t  of the  LI-1500. The RSI  i s  f ab r i ca t ed  i n t o  small 15.24 x 
15.24 t o  30.48 x 30.48 cm (6 x 6 t o  1 2  x 1 2  in . )  t i les  and the  recessed j o i n t s  
f i l l e d  with FI-600 s t r i p s .  The FI-600 is less dense and more r e s i l i e n t  and 
compressible (without crushing) than the  LI-1500 material. The FL-600 is a l s o  
s i l ica  f i b e r  based and i s  impregnated wi th  a s i l i c o n e  r e s i n  f o r  waterproofing. 

This is a si l ica f i b e r  based 
The sur face  

The loss tangent of t h e  LI-1500 is considerably lower a t  e leva ted  tempera- 
t u re s  than t h a t  of e i t h e r  of t he  o the r  two RSI candidates (GE REI and MDC HCF) 
while  t he  d i e l e c t r i c  constant  is comparable as shotim i n  t a b l e  I V .  Therefore, 
LI-1500 can be expected t o  g ive  t h e  b e s t  RF Transmission c h a r a c t e r i s t i c s .  

Attachment materials - I n  order  t o  a t t a c h  the  RSI  materials t o  the  Orb i t e r  
s t r u c t u r e  and provide an PtF t ransparent  window, add i t iona l  materials are 
required.  These include adhesives,  s t r a i n  i s o l a t o r  sponge, and an RF trans-  
parent  s t r u c t u r a l  panel. The F.SI material (LI-1500) is  a r i g i d  material, and 
therefore ,  provis ion must be made t o  i s o l a t e  i t  from thermally and mechanically 
induced s t r a i n s  of the  s t r u c t u r e  t o  which i t  is at tached.  I n  the  se l ec t ed  
design t h e  window back s t r u c t u r e  i s  a r i g i d ,  RF t ransparent ,  f iberglass-phenol ic  
sandwich. A s i l i c o n e  sponge material (PL-524 type S-105) was se l ec t ed  as t h e  
s t r a i n  i s o l a t o r  pr imar i ly  because of its l o w  temperature s t i f f e n i n g  poin t  and 
because of the  working knowledge obtained by using i t  on a r e l a t e d  program with 
NASA-MSC. The material p rope r t i e s  of m-524 are summarized i n  t a b l e  V I  

The sponge material i s  bonded t o  t h e  RSI  material and t o  t h e  aluminum 
Orbi te r  s t r u c t u r e  o r  f iberglass-phenol ic  window subs t ruc ture ,  with RTV-560, a 
General Electric s i l i c o n e  elastomeric  adhesive. This s i l i c o n e  is i r o n  oxide 

. f i l l e d  (red i n  color)  f o r  high temperature s t a b i l i t y  and uses  a methyl-phenyl 
s i l i c o n e  polymer which g ives  i t  i t s  low temperature f l e x i b i l i t y .  The RTV-560 
proper t ies  are summarized i n  t a b l e  V I .  

The RF t ransparent  s t r u c t u r a l  panel  is a f iberglass-phenol ic  honeycomb 
sandwich composed of a - f ibe rg la s s  c l o t h  impregnated with a phenolic binder .  
The f a c e  shee t s  cons is ted  of t h ree  l a y e r s  of f i b e r g l a s s  c l o t h  laminated with 
t h e i r  warp d i r e c t i o n  o r i en ted  a t  0, 30, and 60 degrees t o  provide uniform 
s t r eng th  p rope r t i e s  i n  a l l  d i r ec t ions .  These Bace shee t s  are bonded t o  a 56.1 
kg/m3 (3.5 l b / f t 3 )  , 6.35 mm (0.25 in . )  hexagonal ce l l ,  f iberglass-phenol ic  
honeycomb core manufactured by the  Hexcel Company. The bonding material i s  
HT-435 (American Cynanamic Go.) which is s p e c i a l l y  formulated f o r  RF t rans-  
mission. S t r u c t u r a l  adhesives f o r  app l i ca t ions  such as t h i s  are usua l ly  
formulated with an aluminum metal powder f o r  high temperature s t rength ;  however, 
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no aluminum i s  used HT-435 i n  order  t o  permit PZ transmission. 
of these  materials are summarized i n  t a b l e  VI. 

The proper i tes  

ANTENNA WINDOW DESIGN 

Antenna window designs f o r  t h i s  program w e r e  developed using conceptual 
design and s t r u c t u r a l  i n t eg ra t ion  s tud ie s  i n  conjunction with electrical design 
tests. F i r s t  sketches w e r e  prepared t o  show d e t a i l s  which were incorporated t o  
meet the  expected s t r u c t u r a l  in tegra t ion ,  thermal and electrical requirements. 
These preliminary designs w e r e  supported by a one-dimensional thermal ana lys i s  
t o  e s t a b l i s h  thickness requirements f o r  both t h e  antenna windows and surrounding 
TPS. 
configurations.  
s u i t a b l e  antennas covered with the'antenna windows t o  evaluate  the  e l e c t r i c a l  
performance of each antenna window configurat ion.  
were compared with those of t h e  same antenna mounted i n  a ground plane without 
window o r  simulated TPS. The window diameters, window thickness and TPS thick- 
ness were var ied t o  determine both the  optimum antenna window configurat ion and 
the  Limitat ion of each antenna window approach. 
ob ta in  a antenna window configurat ion which yielded both acceptable  antenna 
system r a d i a t i o n  pa t t e rns  and input impedances over the  operat ing frequency 
bands. 

Electrical mock-ups were then constructed using these  designs as base l ine  
Radiation p a t t e r n  and impedance measurements were made f o r  

These measurement r e s u l t s  

One of t h e  primary goals  w a s  t o  

Additional analyses  and measurements w e r e  made t o  charac te r ize  antenna 
window transmission loss, antenna t r a n s f e r  c h a r a c t e r i s t i c s ,  and antenna system 
impedance matching. 

Descr ipt ion of Antenna Window Configurations 

Preliminary designs w e r e  made t o  eva lua te  the  antenna window approach. 
These designs were based on an L-band annular s l o t  antenna, and are general ly  
appl icable  t o  the  C-band horn and s l o t  antennas; however, t he  window area and 
shape f o r  those configurat ions would be  determined from t h e i r  p a r t i c u l a r  
r ad ia t ing  aper tures .  

Single-layer RSI window. - Preliminary designs f o r  two (2) antenna window 
configurat ions using a s ingle- layer  of R S I  are shown i n  f igu res  16 and 17. 

Figure 16 shows a l a r g e  R S I  window, including a window edge enclosure 
concept. 
edge enclosure boundry. Figure 17 shows a minimum s i z e  RSI window with a 
window edge enclosure and attachment provis ions ex te rna l  t o  the  enclosure.  
R S I  i s  based on Lockheed's LI-1500 (see sec t ion  on ANTENNA WINDOW MATERIALS 
SELECTION) which is  bonded t o  a f i b e r g l a s s  phenolic honeycomb panel with RTV- 
560. The honeycomb panel provides: 1) s t r u c t u r a l  support f o r  the  LI-1500; 
2) a means f o r  a t t ach ing  the  window t o  the  Orbi ter  s t ruc tu re ;  3) low RF t rans-  
mission l o s s e s  (see sec t ion  Antenna Window Transmission Losses); and 4 )  can be 
used t o  temperatures of 533'K (500OF) without degradation. 

I n  t h i s  design the  attachment provisions are placed in s ide  the  window 

The 

32 



L 

Y 
e 4 

E 

s 
z 0 

m m Lo 

s 
z 0 

m m Lo 

4 z I 4 z 

....- 
m 
? 

W 

4 

z e 
I- 
LL 

a 
e 

a 

a 
5 o z I  

m 

0 

n z n z 

~ N N 

4 z 

- 
E: 

h - 
0, E: 

z 

- 
h 

h 

L o  Lo 

X x 
0 -? 

Lo 

G 
I 
4 
0 
LL 

0 
I- 
4 
J 
0 
2 
z 
4 a 
I- 

a 

_I 

m 

4 z 

n 
W 
+ 
0 z n z 

0 

F 
0, 

Low - D z 

0 
Lo .f w 0 

N 
0, 

33 



SINGLE-LAYER RSI ANTENNA WINDOW DESIGN - LARGE WINDOW SIZE 
Figure 16 

34 



STRINGER CARRY THROUGH 
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L-BAND ANTENNA r 
'7 

SINGLE-LAYER RSI ANTENNA WINDOW DESIGN - MINIMUM WINDOW SIZE 
Figure 17 
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The LI-1500 plugs c l o s e  a hole  used f o r  mounting the  antenna window over 
the  antenna. 
replaced wi th  new plugs when t h e  window i s  replacea.  

To ga in  access t o  the  antenna, t h e  plugs can be  removed a d  

An ana lys i s  w a s  made t o  s i z e  the  honeycomb configurat ion t o  withstand the.  
ex te rna l  pressure loads and support t he  LI-1500 over the  antenna and e l imina te  
t r ans fe r ing  any loads  t o  t h e  antenna. 
with a l i n e  of support 24.4 c m  (10.8 in . )  i n  diameter w a s  used f o r  t h i s  
ana lys i s .  The r e s u l t s  showed t h a t  t he  honeycomb panel  sk ins  should be 0.3048 
mm (0.012 in . )  t h i ck  ( t h r e e  l a y e r s  of c lo th ) ,  and t h e  core  7.112 mm (0.28 in . )  
t h i ck  (6.35 mm (0.25 in . )  cell  s i z e ,  56.1 kg/m3 (3.5 lb / f t3 )  densi ty) .  Under 
maximum load, 7.3 x lo4  N/m2 (10.6 p s i ) ,  the  maximum honeycomb a e r i e c t i o n  1 s  
2.692 mm (0.106 in . ) .  
comb, t h e  d e f l e c t i o n  is  reduced t o  0.965 mm (0.038 i n . ) .  The ca lcu la ted  
stresses developed i n  t h e  LI-1500 f o r  t h i s  d e f l e c t i o n  w e r e  wi th in  the  allowable 
stress l i m i t s .  With 2.54 mm (0.10 in . )  of sponge rubber s t r a i n  i s o l a t i o n  
material bonded between t h e  LI-1500 and the  honeycomb, the  de f l ec t ion  of t h e  
composite w a s  reduce t o  0.254 mm (0.01 in . ) .  

A panel 30.48 c m  (12 i n . )  i n  diameter 

With 5.08 c m  (2.0 in . )  t h i c k  LI-1500 bonded t o  t h e  honey- 

Nult iple- layer  window. - Preliminary designs of two (2) antenna window 
configurat ions using the  mult iple- layer  approach are shown i n  f igu res  18 and 19. 
Figure 18 shows a maximum diameter window version and f i g u r e  19 shows a minimum 
diameter vers ion.  The window edge enclosure provides a means f o r  holding the 
high temperature d i e l e c t r i c  material (HD-0092) i n  place.  The window edge 
enclosure is a coated columbium cyl inder ,  s ince  it i s  subjected t o  t h e  high 
Orbi te r  sur face  temperatures. The columbium r e t a i n e r  r ing ,  i n  addi t ion  t o  
holding the  HD-0092 i n  place,  provides a means f o r  removing the  window and 
access t o  the  antenna f o r  e i t h e r  i n s t a l l a t i o n  o r  removal. The load bear ing 
in su la t ion  i s  used t o  ob ta in  thermal i s o l a t i o n  between t h e  window edge enclosure 
and the  antenna. The i n s u l a t i o n  on the  outs ide  of t h e  edge enclosure w a s  
provided t o  obta in  thermal i s o l a t i o n  t o  t h e  surrounding TPS substructure .  Index 
p ins  are provided t o  prevent the  HD-0092 from r o t a t i n g  wi th in  i t s  r e t a in ing  
s t r u c t u r e  due t o  mechanical o r  acous t i ca l  v ib ra t ion .  

The maximum window diameter i s  determined by the  f ab r i ca t ion  l i m i t a t i o n s  of 
t he  materials se lec ted  f o r  t he  high temperature d i e l e c t r i c .  For HD-0092, 
cu r ren t  production c a p a b i l i t i e s  are l imi ted  t o  f in i shed  pieces approximately 
34.3 c m  (13.5 in . )  i n  diameter (or  square) and 1 .3  c m  (0.5 in . )  th ick .  The 
minimum window diameter i s  l imi ted  by t h e  antenna ape r tu re  s i z e  and the  cutoff  
c h a r a c t e r i s t i c s  of t he  c i r c u l a r  waveguide formed by t h e  edge enclosure.  
d i e l e c t r i c  constant  of t h e  window material w i l l  a l s o  a f f e c t  t h e  cutoff  charac-. 
teristics of t he  edge enclosure.  

The 

Preliminary Thermal Sizing Analyses 

Preliminary thermal s i z i n g  analyses  w e r e  conducted t o  determine t h e  antenna 
window thickness.  
window. 
deferred f o r  t he  more de t a i l ed  a n a l y s i s  discussed i n  the  sec t ion  on ANTENNA 
SYSTEM DESIGN AND INTEGRATION. 

This w a s  done f o r  t h e  s ingle- layer  and t h e  multiple-layer 
The hea t  sho r t  e f f e c t s  w e r e  not  considered i n  t h i s  analyses but  were 
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Environmental f ac to r s .  - The required antenna window thickness  i s  governed 
by t h e  thermal environments and the  p a r t i c u l a r  antenna window concept. 
cri t ical  thermal environment occurs during entry.  
importance in  antenna system thermal design include: 
allowable temperature; 2) t h e  sur face  emittance and s o l a r  absorptance of t h e  
antenna. window sur face  material; 3) the  l o c a l  pressure  environment of t h e  
insu la t ion ;  4) the  mass o r  hea t  capaci tance of the antenna/ ry-s t ructure;  
and 5) t h e  hea t  t r a n s f e r  boundary condi t ion on t h e  i 
primary-structure. The thermal analyses  u t i l i z e d  t h  environment 
factors :  

(a) 

The 
Other f a c t o r s  of primary 

1) t h e  i n i t i a l  and maximum 

of t h e  antenna/ 

maximum and minimum pre-entry i n i t i a l  temperature design values of 
311°K (100°F) and 161°K (-170°F) were determined consider ing s o l a r  
absorptance and emittance, veh ic l e  l oca t ion  and a number of s h u t t l e  
mission va r i ab le s .  
provide temperature d a t a  f o r  thermal stress ca lcu la t ions .  

Minimum pre-entry temperatures were used t o  

(b) maximum allowable antennalprimary-structure temperature of 422°K 
(300°F) is  based on repeated exposure of aluminum a l l o y  material. 

constant  0.9 su r face  emittance and 0.76 s o l a r  absorptance f o r  LI-1500 
coating; v a r i a b l e  sur face  emittance f o r  HD-0092 boron n i t r i d e .  

(c) 

(d) l o c a l  static sur face  pressure used t o  determine LI-1500 thermal 
conductivity.  

an equivalent  thickness  ('E) of aluminum primary s t r u c t u r e  of 1.525 
mm (0.06 in . ) .  

(e) 

( f )  inboard hea t  t r a n s f e r  from primary s t r u c t u r e  included. 

Thermal models. - One-dimensional thermal analyses  and MDC's General H e a t  
Transfer Program (Heatran Code) w e r e  used t o  determine the antenna window 
thicknesses  required t o  maintain t h e  antenna t o  a 422'K (300°F) maximum tem-  
perature .  The computer program is  a "block type" thermal analyzer  i n  which t h e  
physical  p roper t ies ,  geometry and l inkage r e l a t ionsh ips  are input  t o  the  program 
which then ca l cu la t e s  lumped thermal capacitance and conductance terms. Aero- 
thermodynamic heat  t r a n s f e r  coe f f i c i en t s  and recovery temperatures w e r e  fed i n  
a l s o .  
so lu t ions .  

Backward f i n i t e  d i f f e rence  techniques were used t o  ob ta in  t r a n s i e n t  

The one-dimensional thermal models used f o r  t he  s ingle- layer  LI-1500 
window and t h e  multiple-layer window design concepts are shown i n  f i g u r e  20. 
The s ingle- layer  antenna window w a s  divided i n t o  22 nodes; t h e  multiple-layer 
window w a s  divided i n t o  35 nodes and the  ad jacent  TPS model w a s  divided i n t o  
37 nodes, as shown. Thermal property da ta  used f o r  thermal analyses  are 
tabulated i n  Appendix A.  Coating, adhesive, s t r a i n  i s o l a t o r  and honeycomb 
face-sheet and co re  thicknesses  were modeled. No inboard forced convection 
cool ing w a s  used. 
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Resul ts .  - Thermal s i z i n g  c ross  p l o t s  of maximum antenna f ace  temperature 
versus  window thicknesses  are shown i n  f i g u r e  21 f o r  t h e  p a r t i c u l a r  window con- 
cep t s  considered i n  t h i s  study: t h e  s ingle- layer  LI-1500 window and multiple- 
layer  window. The s ingle- layer  LI-1500 thickness  i s  5.08 c m  (2.0 in . )  and t h e  
multiple-layer window Dynaquartz thickness  i s  4.57 c m  (1.8 in . )  o r  3.18 c m  
(1.25 in.)  depending on the pressure environment (i.e. whether o r  no t  the  edge 
enclosure seals the  antenna from t h e  l o c a l  s ta t ic  pressure environment). 

Electrical Design Tests 

E l e c t r i c a l  design tests w e r e  conducted t o  determine t h e  b e s t  window con- 
f igura t ions ,  f o r  each of t he  antenna systems, which m e e t  t he  Orbi te r  require- 
ments. 
pa t t e rn  and impedance measurements made. This s ec t ion  descr ibes  t h e  test con- 
f igura t ions ,  techniques, and r e s u l t s  f o r  t h e  test configurat ions considered 
important i n  a r r i v i n g  a t  t h e  recommended f i n a l  designs.  

Mock-ups w e r e  f ab r i ca t ed  f o r  each window configurat ion and r a d i a t i o n  

T e s t  configurat ions.  - All measurements were taken with t h e  antennas f l u s h  
A 91.44 c m  (3  f t )  square ground plane w a s  used with mounted i n  a ground plane.  

a l l  t h r e e  antennas.  
(30.0 in . )  square with the  C-band s l o t  antenna and a 1 . 8 3 m  (6.0 f t )  diameter 
with the L-band antenna. 

Two a d d i t i o n a l  ground plane s i z e s  w e r e  used, a 76.2 cm 

Conducting window edge enclosures were made from shee t  aluminum and f i l l e d  
with Styrofoam. The Styrofoam added r i g i d i t y  and helped t o  maintain the  c i r -  
c u l a r i t y  of t h e  enclosure. The window edge enclosures were centered over t he  
antenna and bonded t o  t h e  ground plane wi th  conductive m e t a l  t ape .  This con- 
f igu ra t ion  w a s  used t o  s i z e  window edge enclosures which could be used with the  
antennas. Styrofoam w a s  used because i t s  d i e l e c t r i c  constant  i s  low (1.01 t o  
1.05) and, therefore ,  changes i n  r a d i a t i o n  p a t t e r n  o r  impedance would be due t o  
the  window edge enclosure.  
using t h e  following materials; Emerson Cummings Inc.  Stycast  H i K  (Er = 4.0), 
Eccofoam PS ( E ~  = 1.2) ,  and Dynaquartz (Er = 1.1). 
HD-0094 boron n i t r i d e  and Eccofoam simulated LI-1500 R S I .  

Other antenna window configurat ions were simulated 

Stycast  H i K  simulated 

Two R S I  thicknesses  w e r e  simulated, 2.54 c m  (1.0 in . )  and 5.08 c m  (2.0 i n . ) ,  
s ince  these  thicknesses  should bracket t he  expected R S I  thickness.  Both w e r e  
a l s o  used when s imulat ing t h e  TPS on the ground plane. The R S I  w a s  simulated 
with Eccofoam PS and RL-524 type S-lr35 elastomer sponge w a s  use3 as the  s t r a i n  
i s o l a t o r .  Therefore, these  simulations dupl icated both t h e  dimensions and t h e  
d i e l e c t r i c  cons tan ts  of t h e  materials spec i f ied  f o r  t h e  TPS. 

T e s t  techniques. - Radiation p a t t e r n  and swept frequency impedance measure- 
ments were used t o  eva lua te  t h e , e f f e c t s  of the  d i f f e r e n t  antenna window con- 
f igu ra t ions  i n  r e l a t i o n  t o  re ference  da ta  taken with the  antenna f l u s h  mounted 
i n  a bare  ground plane. The coordinate  system shown i n  f i g u r e  22, w a s  used f o r  
the  r ad ia t ion  pa t t e rns .  Unless i d e n t i f i e d ,  a l l  r ad ia t ion  pa t t e rns  presented i n  
t h i s  r epor t  are or iented with 8 = 0" toward the  top of the  page. 
t i o n  of t he  respec t ive  ground planes and antenna systems were held f ixed r e l a t i v e  

The or ien ta-  
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ANTENNA COORDINATE SYSTEM 
Figure 22 

t o  the coordinate  system. 
is used f o r  a l l  p a t t e r n  p l o t s .  

A standard polar  p l o t  having a 40 dB amplitude range 

Reference measurements w e r e  used t o  f a c i l i t a t e  t he  comparison of t he  
p a t t e r n  magnitude measured f o r  t he  d i f f e r e n t  configurat ions wi th in  each f re -  
quency run. 
of t he  anechoic chamber t o  obta in  a constant  s i g n a l  level a t  each of t h e  L-band 
frequencies.  
Figure 23 i s  a block diagram dep ic t ing  t h e  t y p i c a l  anechoic chamber test set-up. 

A small log  per iodic  antenna w a s  placed on a t r ipod  i n  the  corner 

Standard ga in  horns w e r e  used f o r  t h e  two C-band antennas. 

Transmission d is tances  used w e r e  12.19m (40 f t ) ,  27.43m (90 f t )  and 152.4m 
(500 f t ) .  
12.19 (40 f t )  t o  ob ta in  b e t t e r  symmetry. The 152.4m (500 f t )  d i s t ance  w a s  used 
on a n  outdoor range during inves t iga t ion  of cross-polar izat ion levels on t h e  
L-band antenna. 
27.43m (90 f t )  transmission d is tance .  

L-band pa t t e rns  were i n i t i a l l y  made a t  27.43m (90 f t )  then changed t o  

A l l  C-band pa t t e rns  w e r e  made i n  the  anechoic chamber with a 

Impedance p l o t s  of t he  var ious  configurat ions w e r e  taken wi th  a H e w l e t t -  
Packard Model 8410A Network Analyzer System. 
f o r  swept frequency impedance measurements. 

Figure 24 shows a t y p i c a l  set-up 
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T e s t  r e s u l t s .  - The r e s u l t s  of r a d i a t i o n  p a t t e r n s  and impedance measure- 
ments f o r  t he  antenna system conf igura t ions  t e s t ed ' a r e  presented i n  t h i s  sec t ion .  
Selected d a t a  i s  shown t o  i l l u s t r a t e  t he  e f f e c t s  of t h e  d i f f e r e n t  configurat ions.  
A more complete set of d a t a  i s  presented f o r  the  f i n a l  configurat ions.  

L-band annular s l o t  antenna: Radiation p a t t e r n s  f o r  t h e  L-band annular 
s l o t  antenna f l u s h  mounted i n  a ground plane are shown i n  f i g u r e  25. 
pa t t e rns  serve as a r e fe rence  o r  standard f o r  comparison w i t h  the p a t t e r n s  
measured f o r  t h e  var ious window configurat ions considered i n  t h e  design study. 
Pa t t e rns  w e r e  measured a t  frequencies  of 960, 1090, and 1220 MHz. 

These 

The i n i t i a l  L-band antenna system tests were made t o  determine t h e  e f f e c t s  

In the test?.ng performed p r i o r  t o  th i s  study (see sectLon on 
of a window edge enclosure on the  antenna, with t h e  enclosure extecding zbove 
t h e  ground plane. 
Background) where t h e  ground plane w a s  loca ted  a t  t h e  sur face  of t he  TPS, it 
w a s  essential t o  enclose the  window edges wi th  a conductor i n  order  t o  ob ta in  
acceptable  pa t te rns .  

The window edge enclosures  consis ted of shee t  m e t a l  cy l inders  2.54 and 
5.08 c m  (1.0 and 2.0 in . )  long with diameters of 22.86 c m  (9.0 i n . ) ,  27.94 c m  
(11.0 in . )  and 31.76 cm (12.5 in . ) .  
foam f o r  good dimensional c o n t r o l  and a t tached  t o  the  ground plane with a metal 
conductive tape.  Since t h e  d i e l e c t r i c  constant  of Styrofoam is very low (1.01 
t o  1.05), t he  test r e s u l t s  b a s i c a l l y  show t h e  e f f e c t s  of t h e  conducting cy l in-  
der ,  o r  t h e  e f f e c t s  of terminat ing t h e  antenna ape r tu re  i n  a c i r c u l a r  wave- 
guide. Radiat ion p a t t e r n s  f o r  these  configurat ions are shown i n  f i g u r e s  26 
through 28. The' p a t t e r n s  show a v a r i a t i o n  i n  shape wi th  the  v a r i a t i o n  i n  window 
edge enclosure length  (window thickness)  and diameter. Figure 26 shows the  
pa t t e rns  f o r  the 22.86 c m  (9.0 in . )  diameter windows. For t h e  5.08 c m  (2.0 in . )  
t h i ck  aindow, %&e p a t t e r n  d i s t o r t i o n  is  similar t o  t h a t  found i n  LaFC measure- 
ments ( r e f .  3) b f  a horn antenna feeding a 10.6 crn (4.0 in . )  and 15.24 cm 
(6.0 in . )  square cav i ty  5.08 ~m~(2.0 in . )  deep and terminated i n  a ground plane. 
This e f f e c t  d id  not  occur i n  the  pa t t e rns  measured with a 22.86 cm (9.0 i n . )  
window diameter tem-lnated i n  a ground plane ( r e f .  1). The p a t t e r n  d i s t o r t i o n  
i s  g r e a t l y  reduced as the  window diameter i s  increased t o  27.94 cm (11.0 i n . )  
as shown i n  f i g u r e  27, and v i r t u a l l y  disappears when the  ~~i.ndow diameter i s  
increased t o  31.75 cm (12.5 in . )  as shown by f i g u r e  28. It nay be noted t h a t  
t h e  pa t t e rn  d i s t o r t i o n  occured a t  d i f f e r e n t  test freauencies  f o r  d i f f e r e n t  
window diameters o r  thicknesses .  I n  a l l  cases, however, the  p a t t e r n  i s  
changed very l i t t l e  i n  the  region of primary i n t e r e s t ,  9 = 60" t o  F, = LOO". 
The bes t  o v e r a l l  r ad ia t ion  p a t t e r n  r e s u l t s  w e r e  obtained with the  31.75 cm 
(12.5 in . )  diameter window as shown by f i g u r e  25. 

These cy l inders  w e r e  f i l l e d  with s tyro-  

The r e s u l t s  of t h e  impedance measurements f o r , t h e  above window configura- 
t i o n s  i s  shown i n  f i g u r e s  29 th ru  32. 
antenna mounted i n  t h e  ground plane (reference conf igura t ion) .  
t he  impedance of t he  antenna with a 22.86 cm (9.0 i n . )  diameter window. It is  
obvious t h a t  t h e  increase  i n  window thickness  has a s i g n i f i c a n t  e f f e c t  on t h e  
antenna impedance (VSWR). An increase  i n  the  antenna window diameter t o  27.94 
c m  (11.0 in . )  r e su l t ed  i n  a s i g n i f i c a n t  improvement i n  VSWR f o r  both window 

Figure 29 shows t h e  impedance of t he  
Figure 30 shows 
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thicknesses  as shown by f i g u r e  31. The maximum VSWR is less than 3.0:l and may 
be acceptable  f o r  opera t iona l  use. A fu r the r  increase  i n  window diameter t o  
31.75 c m  (12.5 in . )  r e su l t ed  i n  even more improvement i n  the  antenna VSWR as 
shown by f i g u r e  32, The VSWR f o r  t he  2.54 c m  (1.0 in . )  window is b e t t e r  than 
t h e  re ference  conf igura t ion  while  t he  VSWR f o r  t h e  5.08 c m  (2.0 in . )  window is  
increased only s l i g h t l y  above t h e  re ference  configurat ion.  The latter should 
be acceptable  f o r  a n  opera t iona l  system without add i t iona l  matching, s ince  the  
VSWR exceeds 2.0:l only s l i g h t l y  a t  the  low end of t h e  L-band frequency range 
which is used f o r  receive only. 
annular s l o t  antenna impedance is s e n s i t i v e  t o  both t h e  diameter and thickness  
of t he  antenna window. 
pr imari ly  by the  window edge enclosure,  since t h e  window material f o r  these  
tests w a s  Styrofoam. 

These test r e s u l t s  show t h a t  the  L-band 

However, t he  changes i n  antenna impedance are caused 

Based on the  r e s u l t s  f o r  t he  31.75 un (12.5 in . )  diameter window, 
t h i s  s i z e  w a s  se lec ted  f o r  t he  multiple-layer window design. This s e l e c t i o n  
w a s  a l s o  cons i s t en t  with t h e  l i m i t a t i o n s  f o r  t h e  boron n i t r i d e  (HD-0092) p l a t e  
diameter discussed i n  t h e  s e c t i o n  on Descr ipt ion of Antenna Window Configura- 
t i ons  (Nultiple-layer window). 

T e s t s  w e r e  conducted t o  determine t h e  cause of t h e  dissymmetry and shallow 

The symmetry w a s  improved by moving the  t ransmi t t ing  horn antenna c lose r  
n u l l s  i n  some of t h e  L-band antenna p a t t e r n s  ( f igu res  26 through 28) discussed 
above. 
t o  t h e  test antenna, from 27.43 c m  (90 f t )  t o  12.18m (40 f t ) .  However, there  
s t i l l  w a s  a s l i g h t  d i f f e rence  ('1 dB) i n  the  r i g h t  lobe (reference t o  page 
o r i en ta t ion )  of t h e  8 plane pa t t e rns  and the  Cp plane (8 = 90') p a t t e r n  a t  the  
cross-over poin t .  This condi t ion a p p l i e s  t o  t h e  l e f t  lobe i f  t h e  antenna faces  
the  opposi te  w a l l  of the  anechoic chamber when measuring t h e  Cp plane pa t t e rn .  
The d i f f e rence  i s  small and is  a t t r i b u t a b l e  t o  t h e  f a c i l i t y .  
addi t ionax e f f o r t  w a s  made t o  g e t  exact correspondence i n  t h e  cross-over poin ts .  

Therefore, no 

'she n u l l  depth v a r i a t i o n  found i n  some pa t t e rns  results frpm.the b a s i c  g a t -  

Figure 33 tern null, beWg canted away from the aFerture r r t r m l  several degreeis. 
shows t y p i c a l  r e s u l t s  f o r  8 = 0' and 8 = 2.5'. 
change s l i g h t l y  with frequency. For a pe r fec t  n u l l  on the  ape r tu re  normal, t he  
8 = 2.5' p a t t e r n  should be a c i r c u l a r  p a t t e r n  15 t o  20 dB below t h e  p a t t e r n  
peak. 
n u l l s  on t h e  antenna a p e r t u r e  normal. 
i n  t h e  annular s l o t  a p e r t u r e  r e s u l t i n g  from manufacturing tolerances.  
a s l i g h t  s h i f t  i n  t h e  n u l l  axis w i l l  no t  a f f e c t  opera t iona l  performance, because 
the  d i r e c t i o n  of t he  n u l l  has  no func t iona l  requirement i n  t h e  TACAN o r  ATC 
operat ions.  

The n u l l  d i r e c t i o n  appears t o  

Therefore, two se lec ted  orthogonal 8 plane pa t t e rns  &y not  have deep 
This i s  a t t r i b u t e d  t o  a s l i g h t  dissymmetry 

However, 

Since t h e  p a t t e r n  symmetry improved a t  t h e  12.19m (40 f t )  t ransmi t t ing  
d is tance ,  re fe rence  p a t t e r n s  w e r e  remeasured. These pa t t e rns  are shown i n  
f i g u r e  34. 
960 MHz and 1090 MHz, and only about 10 dB below the  8 po la r i za t ion  p a t t e r n  
peak. 
chamber, p a t t e r n s  w e r e  measured on MDC's outdoor antenna range. 
the  r e s u l t s  €or t he  L-band antenna mounted on a ground plane (reference con- 

The Cp po la r i za t ion  level w a s  about 7 dB higher a t  1220 MHz than a t  

To determine i f  t h e  high c ross  po la r i za t ion  level w a s  due t o  the  anechoic 
Figure 35 shows 

52 



@ 2.54 CM(l.O IN.) 

@ 5.08 CM (2.0 IN.) 

Zo = 50Q 
f l  = 960 MHz 
f2 = 1090 MHz 
f3 = 1220 MHz 
SWEEP RANGE 
900 MHz TO 1300 MHz 

L-BAND IMPEDANCE - 27.94 CM (11.0 IN.) DIAMETER WINDOW 
Figure 31 

@ 2.54 CM (1.0 IN.) 

@ 5.08 CM (2.0 IN.) 

Zo = 5 0 8  
f l  = 960 MHz 
9 = 1090 MHz 
5 = 1220 MHz 

SWEEP RANGE 
900 MHz TO 1300 MHz 

L-BAND IMPEDANCE - 31.75 CM (12.5 IN.) DIAMETER WINDOW 
Figure 32 
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L-BAND PATTERNS -NULL ORIENTATION 
Figure 33 

f igura t ion)  a t  a 152.4 m (500 f t . )  t ransmi t t ing  dis tance.  The I$ po l a r i za t ion  
is  about 15 d.E below the  peak r ad ia t ion  l e v e l  a t  1220 T'Tkz, an improvement of 
about 6 t o  1. The improvement w a s  even greater a t  960 7.1I.I.z and 1090 NHz. The 
shapes of the  8 po la r i za t ion  pa t t e rns  w e r e  e s s e n t i a l l y  ' the same as those obtained 
i n  the anechoic chamber. 
i n  the p a t t e r n  measured a t  the  12.19m (40 f t . )  d i s tance  are a t t r i b u t e d  t o  
r e f l e c t i o n s  f rofn the anechoic chamber w a l l s .  

Therefore, t he  high c ross  po la r i za t ion  l e v e l s  obtained 

Pa t t e rns  w e r e  measured with the  ground plane covered with simulated TPS. 
The r e s u l t s  are shown i n  f i g u r e  36 f o r  5.08 c m  (2.0 i n . )  t h i ck  Eccofoam and 
6.35 mm (0.25 in . )  t h i c k  sponge, covering a 76.2 x 76.2 cm (30 x 30 in . )  area. 
The peak ga in  i s  reduced less than 1 dB and a s l i g h t  d i p  i n  t h e  p a t t e r n  magnitude 
can be seen a t  about 8 = 35'. The p a t t e r n  magnitude 8 = 90' increased 0.25 
t o  1 .5  dB a t  the  test frequencies.  
Eccofoam were e s s e n t i a l l y  the  same. Pa t t e rns  with the  sponge only showed a 
decrease i n  peak p a t t e r n  ga in  of about 1 dB a t  1220 MHz. 
buted i n  p a r t  t o  an  increase  i n  t h e  VSWR of t h e  antenna. 

The r e s u l t s  with a 2.54 cm (1.0 in . )  t h i ck  

This could be a t t r i -  
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L-BAND PATTERNS WITH SIMULATED TPS - 5.08 CM (2.0 IN.) THICK 
Figure 36 

The r e s u l t s  of impedance measurements f o r  t h e  simulated 5.08 cm (2.0 in . )  
TPS configurat ion are shown i n  f i g u r e  37. 
and increases  t o  3:l a t  1220 MHz. The frequencies above 1150 MHz are used t o r  
rece ive  only. The r e s u l t s  with t h e  2.54 c m  (1.0 i n . )  TPS w e r e  e s s e n t i a l l y  the  
same. 
plane and an tenna , f igure  38, show t h a t  the  sponge has the  major a f f e c t  
on the antenna impedance. 
design, f i g u r e  16,  the  sponge i s  replaced by a honeycomb panel.  

The VSXR is  aborrt 2:1 up t o  1150 FHz 

The r e s u l t s  of measurements with t h e  sponge only covering t h e  ground 

However, i n  t h e  preliminary L-band antenna system 

Radiation pa t t e rns  w e r e  made with a 1.588 mm (0.0625 in . )  gap i n  the  Ecco- 
foam both centered over t he  antenna and o f f s e t  2.54 cm (1.0 i n . ) .  There w a s  
no discernable  d i f fe rence  between the  pa t t e rns  f o r  t h i s  configurat ion and the  
configurat ion without a gap;  t he re fo re ,  t h e  pa t t e rns  are not  shown. 

Measurements were made with the  L-band antenna on a ground plane 1.83111 
(6 f t )  i n  diameter t o  b e t t e r  assess the  e f f e c t s  of sur face  waves on the  radia- 
t i o n  pa t te rns .  Figure 39 shows pa t t e rns  of t he  antenna covered with 5.08 cm 
(2.0 i n . )  th ick  Eccofoam over an area 76.2 x 76.x cm (30 x 30 in . )  centered 
over the antenna. The e f f e c t  is r e l a t i v e l y  s m a l l ,  increasing the  gain about 
1.0 dB a t  0 = 90" compared t o  t h a t  without t he  Eccofoam. 
5.08 cm (12 x 30 x 2 i n . )  w a s  added along one r a d i a l .  
shown by the  r ad ia t ion  pa t t e rns  i n  f i g u r e  40, i s  an increase  i n  the gain along 
the ground plane i n  the  d i r ec t ion  of the added material. This can be  considered 
an improvement f o r  opera t iona l  purposes, s ince  an increase  i n  gain i s  des i r ab le  
i n  t h a t  region. Hoxrever, a ground plane s i z e  comparable t o  t h a t  of t h e  Orbi te r  
surface,  covered with the appropriate  d i e l e c t r i c  l aye r  is required t o  accurately 
assess the  e f f e c t s  of sur face  waves. 

A s t r i p  30.48 x 76.2 x 
The p r inc ipa l  e f f e c t ,  as 

A review of the  above r e s u l t s  indicated t h a t  a window edge enclosure i s  not  
necessary f o r  a s ingle- layer  RSI window. The pa t t e rns  without an edge enclosure 
are super ior  t o  those with an enclosure. Therefore, t h e  L-band s ingle- layer  
window design w a s  made without a window edge enclosure.  
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L-BAND IMPEDANCE - 6.35 MM (0.25 IN.) SPONGE ONLY 
Figure 38 
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Figure 40 

The f i n a l  L-band s ingle- layer  antenna window configurat ion t e s t e d  i s  
described i n  the  sec t ion  on ANTENNA SYSTEM DESIGIJ  AND I N T E G R A T I O N ,  f i g u r e  85. 
This configurat ion cons i s t s  of a f ibe rg la s s  honeycomb panel  with a l a y e r  of 
sponge between the  antenna aper ture  and t h e  Eccofoam. 
of the  test  set-up. 
t ion .  
f i g u r e  4 3 .  
ment and material changes i n  the anechoic chamber.) 
measurements are shown i n  f i g u r e  44. 
and less than 2.7:l a t  1220 F%z. 

Figure 4 1  shows a photo 
Figure 42 shows t h e  r ad ia t ion  pa t t e rns  f o r  t h i s  configura- 

These pa t t e rns  compare very c lose ly  t o  the  reference pa t t e rns  shown i n  

The r e s u l t s  of impedance 
(Note: new reference pa t t e rns  w e r e  measuk-ed because of refurbish-  

The VSWR is less than 2.2:1 up t o  1150 MHz 
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ASS HONEYCOMB 

Figure 41 
L- -L 

The L-band multiple-layer antenna window conf igura t ion  t e s t e d  is  equiva len t  
t o  t h a t  described i n  t h e  s e c t i o n  on ANTENNA SYSTEM DESIGN AXD INTEGFATION, 
f i g u r e  86. This conf igura t ion  cons i s t s  of a l a y e r  of S tycas t  R i K ,  s imulating 
boron n i t r i d e  (€ID-0092) and a l a y e r  of Dynaquartz. Figure 45 shows a photo of 
t h i s  configurat ion.  
(12.6 i n . )  diameter multiple-layer window. These p a t t e r n s  d i f f e r  considerably 
from those measured f o r  a 31.75 cm (12.5 i n . )  window diameter, figure 28. 
The p a t t e r n  magnitude is  increased i n  the  region of 8 = 10" t o  9 = 3Q" and is  
reduced about 5 dB a t  8 = 90" .  
t h e  d i e l e c t r i c  cons tan t  of t h e  S tycas t  H i K  o u t e r  window l a y e r  and t h a t  of t h e  
Styrofoam used i n  t h e  earlier measurements. 
f i g u r e  46, w e r e  compared with ca l cu la t ed  p a t t e r n s  ( r e f .  4) assuming a 31.75 cm 
(12.5 in . )  c i r c u l a r  waveguide aper ture  f i l l e d  with a material having a dielec- 
t r i c  constant of 4 ,  a T Y . 1  aper ture  d i s t r i b u t i o n ,  and terminated i n  a ground 
plane of l i k e  s i z e .  The ca l cu la t ed  p a t t e r n s  show t h e  same genera l  t rends  i n  
the  beam shape as t h e  measured pa t t e rns .  

Figure 46 shows t h e  r a d i a t i o n  p a t t e r n s  f o r  a 32.40 c m  

The changes are a t t r i b u t e d  t o  the  d i f f e rence  i n  

The changes noted i n  these  p a t t e r n s ,  

The r e s u l t s  of t he  fmpedance measurements, f i g u r e  47, on the multiple- 
l aye r  antenna window show a inc rease  i n  VSIR and a d i s t i n c t  r o t a t i o n  of t h e  
impedance p l o t  compared t o  those  obtained f o r  t h e  simple 31.75 cm (12.5 i n . )  
window diameter ( f i g u r e  32). A t  t he  t ransmi t  f requencies ,  1090 t o  1150 M z ,  t h e  
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Zo = 50Q 
f l  = 960 MHz 
f2 = 1090 MHz 
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SWEEP RANGE 
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\ 

L-BAN D IMPEDAM CE-S ING LE-LAY ER W I ND OW 
Figure 44 

AND ANTENNA SYSTEM - MULTIPLE-LAY ER WINDOW SIMULATION 
Figure 45 
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Zo = 50Q 
f l  = 960MHz 
f2 = 1090 MHz 
5 = 1150 MHz 

f4 = 1220 MHz 
SWEEP RANGE 
900 MHz TO 1330 MHz 

L-BAND IMPEDANCE - MULIPLE-LAYER WINDOW 
Figure 47 

VSWR v a r i e s  from 2 . 5 : l  t o  2 : l .  A t  t h e  rece ive  frequencies the  VSWR i s  l e s s  than 
4 : l .  
e s s e n t i a l l y  the  same as t h a t  shown i n  f i g u r e  32  f o r  t he  s i m p l e  window case. 
These r e s u l t s  i nd ica t e  t h a t  the  outer  layer  of t he  multiple-layer window con- 
f igu ra t ion  has a considerable e f f e c t  on t h e  L-band antenna impedance. 
t o  improve the  impedance match by placing an "iris" i n  t h e  window area re su l t ed  
i n  a general  increase  i n  the VSWR a t  a l l  frequencies of i n t e r e s t .  

With the  Stycast  H i K  layer  removed, t he  impedance p l o t  ( f igu re  48)  w a s  

An a t t e m p t  

C-band horn antenna: Radiation pa t t e rns  f o r  the  C-band horn antenna f lu sh  
mounted i n  a square ground plane are shown i n  f i g u r e  49.  These pa t t e rns  serve 
as a reference f o r  comparison with the  pa t t e rns  measured f o r  t h e  window con- 
f igu ra t ions  considered i n  the  C-band horn design study. Pa t t e rns  were measured 
a t  4300 MHz only, because of the  narrow operat ing frequency band requirements. 
The impedance w a s  measured from 4250 t o  4350 MXz. 

The i n i t i a l  tests w e r e  made t o  determine the  e f f e c t  of a window edge 
enclosure extending above t h e  ground plane. The window edge enclosures con- 
s i s t e d  of sheet  m e t a l  cy l inders  2.54 and 5.08 cm (1.0 and 2.0 i n . )  long wi th  
diameters of 11.43 cm (4 .5  i n . ) ,  15.24 e m  (6 .0 i n . ) ,  20.32 c m  (8 .0 i n . ) ,  
22.86 cm (9 .0 i n . ) ,  and 27.94 c m  (11.0 i n . ) .  These cy l inders  w e r e  f i l l e d  with 
Styrofoam f o r  good dimensional con t ro l  and at tached t o  t h e  ground plane wi th  a 
m e t a l  conductive t ape .  
t he  cyl inder  had t h e  a f f e c t  of terminating the  antenna ape r tu re  i n  a c i r c u l a r  
waveguide. Radiation pa t t e rns  f o r  these  configurat ions are shown i n  f igu res  50 
through 53.  Side lobes develop and disappear as the  window diameter and thick- 
ness  are var ied .  The b e s t  r e s u l t s  w e r e  obtained f o r  t he  15.24 cm (6.0 in . )  and 

A s  i n  the  case of t he  L-band antenna system measurement, 
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ZO = 50Q 
f l  = 960 MHz 
f2 = 1090 MHz 
5 = 1150 MHz 
f4 = 1220 MHz 
SWEEP RANGE 
900 MHz TO 1300 MHz 

L-BAND IMPEDANCE - STYCAST WINDOW LAYER REMOVED 

Figure 48 

20.32 cm (8.0 in . )  window diameters. 
ments were s i m i l a r  t o  t h e  LaRC measurements ( r e f .  3 )  discussed i n  the  sec t fon  
on L-band annular s l o t  antenna system. It appears t h a t  good pa t t e rns  can be 
obtainec! by s e l e c t i n g  the  proper window djher-s+.ons. 

I n  general  t he  r e s u l t s  of these  measure- 

The impedance-of t h e  C-band horn antenna w a s  general ly  s h i f t e d  t o  a lower 
va lue  by t h e  d i f f e r e n t  window configurat ions.  
f o r  t he  reference configurat ion.  Figure 55 shows t h e  impedance f o r  the 15.24 cm 
(6.0 in . )  diameter window, 2.54 c m  (1.0 in . )  th ick .  The VSWR is increased but  
is  s t i l l  less than 2:l. 
f o r  the  o ther  window configurat ions t e s t e d .  

Figure 54 shows t h e  impedance 

This r e s u l t  i s  a l s o  t y p i c a l  of t h e  magnitude of change 

Measurements were made with t h e  ground plane and antenna ape r tu re  covered 
with 2.54 c m  (1.0 in . )  and 5.08 c m  (2.0 i n . )  t h i ck  Eccofoam covering an  area 
76.2 x 76.2 cm (30 x 30 i n . ) .  
developed i n  the E-plane f o r  both thicknesses  and i n  the  H-plane f o r  t h e  5.08 c m  
(2.0 in . )  Eccofoam thickness.  
unaffected as shown i n  f i g u r e  57 f o r  t he  5.08 c m  (2.0 i n . )  Eccofoam thickness.  

The pa t t e rns  are shown i n  f i g u r e  56. 

The impedance of t h e  antenna w a s  v i r t u a l l y  

Side lobes 

The TPS simulation w a s  improved by adding a 6.35mm (0.25 i n . )  t h i ck  s t r a i n  
i s o l a t o r  sponge t o  t h e  5.08 c m  (2.0 in . )  t h i ck  Eccofoam. 
pa t t e rns  f o r  t h i s  configurat ion.  
and both the  E- and H-plane pa t t e rns  show more pronounced e f f e c t s  of sur face  
wave exc i t a t ion .  

Figure 58 shows the  
The E-plane p a t t e r n  s i d e  lobes are increased 

These r e s u l t s  show t h a t  t he  sponge has a s t rong e f f e c t  on the  
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2.54 CM (1.0 IN.) I 

@= oo @ =  - 

4308 MHz 

5.08 CM (2.0 

900. 

IN.) 

E-PLANE H-PLANE 

C-BAND HORN PATTERNS - 11.43 CM (4.5 IN.) DIAMETER WINDOW 
Figure 50 

level of sur face  wave exc i t a t ion .  
diameter window w a s  s e l ec t ed  f o r  f u r t h e r  design e f f o r t s  based on the  s ing le-  
l aye r  antenna window. 

Based on these r e s u l t s ,  t he  15.24 cm (6.0 in . )  

I n i t i a l  test r e s u l t s  indicated t h a t  the 15.24 c m  (6.0 i n . )  diameter window 
had t o  be reduced t o  13.97 cm (5.5 in . )  t o  account f o r  the d i f f e rence  i n  the  
d i e l e c t r i c  constant  of Eccofoam and Styrofoam. The window edge enclosure w a s  
reduced from 5.08 cm (2 .0 in . )  i n  height  t o  2.54 cm (1.0 i n . )  t o  reduce i t s  
heat  sho r t  e f f e c t  as discussed i n  the  sec t ion  on Thermal Analysis. Figure 59 
shows the  pa t t e rns  with the  ground plane covered with 5.08 c m  (2.0 in . )  Ecco- 
foam and t h e  window edge enclosure extending 2.54 cm (1.0 i n . )  i n  t o  the Ecco- 
foam. The E-plane p a t t e r n  s i d e  lobes are e s s e n t i a l l y  eliminated, but  t he  H- 
plane p a t t e r n  s i d e  lobes are increased about 4 dB compared t o  those measured 
without a window edge enclosure shown i n  f i g u r e  56. An unsuccessful a t t e m p t  
w a s  made t o  reduce t h e  H-plane s i d e  lobes by adding a choke type s t r u c t u r e  
around t h e  window edge enclosure.  
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E-PLANE 
4300 MHz 
5.08 CM (2.0 IN.) H-P LAN E 

C-BAND HORN PATTERNS - 15.24 CM (6.0 IN.) DIAMETER WINDOW 
Figure 51 

Measurements w e r e  made t o  e s t a b l i s h  the  qua l i t y  of t he  f i n a l  C-band horn 
antenna system design described i n  the  sec t ion  on ANTENNA SYSTEIJ I)ESIG:*T A?TD 
INTEGRATION, f i g u r e  87. Figure 60 shows a photo of t he  test set-up. Figure 6 1  
shows the  r ad ia t ion  pa t t e rns  of t he  f i n a l  configuration. 
occur a t  0 = 80" and are 15 dB below the  pa t t e rn  peak. 
impedance measurements are shown i n  f igu re  62. 
window configurat ion,  bu t  is  s t i l l  less than 2 : l .  It appears t h a t  a change i n  
the  impedance matching network of t h e  C-band horn antenna could e a s i l y  reduce 
t h e  VSIm t o  less than 1 .5 : l .  

The H-plane s i d e  lobes 
The r e s u l t s  of t he  

The VSWP, increases  with t h i s  

C-band slot antenna: A tunable 6-band s l o t  antenna w a s  fabr ica ted  f o r  use  
i n  these tests i n  l i e u  of using an  off-the-shelf antenna. A photo of t h i s  
antenna is shown i n  f i g u r e  63. Radiation pa t t e rns  f o r  t he  C-band s l o t  antenna 
f l u s h  mounted i n  a ground plane are  shown i n  f i g u r e  64. 
as a reference f o r  comparison with the  pa t t e rns  measured f o r  t h e  var ious C-band 
s l o t  designs,  

These pa t t e rns  serve  

Pa t te rns  were measured a t  5125 MHz only becavse o f  the na?XOW 
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Figure 52 

operating frequency band requirements. 
5250 I.THz. 
pl i shed  with the  tuning screws showin i n  f i g u r e  63 and aper ture  "irises". 
general ,  the  antenna could be tuned t o  a VSTJP, of less than 1.5: l .  The one 
exception was a 6.35 cm (2.5 in . )  diameter window edge enclosure.  
the  measured impedance w i l l  only be shown f o r  t h i s  configurat ion and the  f i n a l  
design configuration. 

The impedance was  measured from 5000 t o  
Tuning w a s  required f o r  each window configurat ion.  'This w a s  accom- 

I n  

Therefore, 

The i n i t i a l  tests w e r e  t o  determine the  e f f e c t  of a window edge enclosure 
extending above the  ground plane. 
metal cy l inders .  
antenna ape r tu re  t o  the  window edge enclosure f o r  any of t he  window configurat ions.  

The window edge enclosures consis ted of shee t  
No attempt w a s  made t o  provide a smooth t r a n s i t i o n  from the  
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Zo = 50Q 
f l  = 4250MHz 
f;, = 4300MHz 
f3 = 4350MHz 
SWEEP RANGE 
4200 MHz TO 4400 MHz 

Figure 54 C-BAND HORN REFERENCE IMPEDANCE 
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Zo = 50Q 

fl = 4250 MHz 
f2 = 4300 MHz 
f3 = 4350 MHz 

SWEEP RANGE 
4200 MHz TO 4400 MHz 

W A N D  HORN IMPEDANCE - 15.24 CM (6.0 IN.) DIAMETER WINDOW 
Figure 55 

E-PLAN E H-PLANE 

C-BAND HORN PATTERNS WITH SIMULATED RSI - 2.54 CM (1.0 IN.) AND 

Figure 56 
5.08 CM (2.0 IN.) THICK 
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f l  = 4250 MHz 

f;! = 4300 MHz 
5 = 4350 MHz 

SWEEP RANGE 
4200 MHz TO 4400 MHz 

C-BAND HORN IMPEDANCE WITH SIMULATED RSI - 5.08 CM (2.0 IN.) THICK 
Figure 57 

o= oo 

C-BAND HORN PATTERNS WITH SIMULATED TPS - 5.08 CM (2.0 IN.) THICK 

C-BAND HORN PATTERNS 15.24 CM (6.0 IN.) DIAMETER WINDOW AND 
5.08 CM (2.0 IN.) SIMULATED RSI Figure 59 
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STRAIN ISOLATOR 

WINDOW EDGE ENCLOSURE 

DOW FIBERGLASS HONEYCOMB 

C-BAND HORN ANTENNA SYSTEM FINAL CONFIGURATION SIMULATION 

Figure 60 

Figure 65 shows the  pa t t e rns  f o r  a cylinder, f i l l e d  with Eccofoam,3.81 c m  
(1.5 in . )  i n  diameter extending 2.54 cm (1.0 i n . )  above the  ground plane. The 
E-plane p a t t e r n  i s  narrower with apparent s i d e  lobes  while t h e  H-plane p a t t e r n  
appears t o  broaden. 
removed were near ly  i d e n t i c a l .  Figure 66 shows t h e  pa t t e rns  f o r  an a i r  f i l l e d  
cyl inder  6.35 c m  (2.5 in . )  i n  diameter and extending 3.81 c m  (1.5 in . )  above 
the ground plane. The E-plane pa t t e rn  i s  even narrower than t h a t  f o r  t he  3.81 
cm (1.5 in . )  window diameter, while  t h e  H-plane p a t t e r n  is about t he  s a m e  as 
t h e  reference configurat ion,  f i g u r e  64. The E- and H-plane p a t t e r n  beamwidths 
are near ly  equal. This condi t ion may be expected when the  cyl inder  diameter 
i s  1.22 wavelengths. These pa t t e rns  demonstrate t he  p a t t e r n  con t ro l  which can 
be obtained by a v a r i a t i o n  i n  t h e  window diameter. 

Pa t t e rns  with the  same cyl inder ,  bu t  wi th  t h e  Eccofoam 

The impedance f o r  t h i s  configurat ion i s  shown i n  f i g u r e  67. This 
represents  the  b e s t  o v e r a l l  impedance c h a r a c t e r i s t i c  obtainable .  The VSWR 
could, however, be tuned t o  a very low va lue  a t  any' se lec ted  frequency. 

Pa t t e rns  measured f o r  two (2)  thicknesses of simulated TPS, covering the  
ground plane over a 76.2 x 76.2 c m  (30 x 30 in . )  area, are shown i n  f i g u r e  68. 
These pa t t e rns  show t h e  thickness  of t h e  TPS has considerable  e f f e c t  on t h e  
p a t t e r n  shape from 9 = 60" t o  9 = 90'. 
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INAL CONFIGURATION 

fl = 4250 MHz 
f2 = 4300 MHz 

f3 = 4350 MHz 
SWEEP RANGE 
4200 MHz TO 4400 MHz 

C-BAND HORN IMPEDANCE - FINAL CONFIGURATION 

Figure 62 

C-BAND SLOT ANTENNA 

Figure 63 
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E-PLANE 5125 MHz H-PLANE 

C-BANDSLOTREFERENCE PATTERNS 
Figure 64 

@ =  oo @ =  900 

5125 MHz 

E-PLAN E H-PLANE 

C-BAND SLOT PATTE RNS - 3.81 CM (1.5 IN.) DIAMETER RSI WINDOW 
Figure 65 

E-PLANE H-PLAN E 

C-BAND SLOT PATTERNS - 6.35 CM (2.5 IN.) DIAMETER AIR FILLED WINDOW 
Figure 66 
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Zo = 5 0 8  
f1 = 5000MHz 
f2 = 5125MHz 

f3 = 5250 MHz 

C-BAND SLOT IMPEDANCE - 6.35 CM (2.5 IN.) DIAMETER WINDOW 
Figure 67 

rD= oo @= 900 

5125 MHz 

E-PLANE 5.08 CM (2.0 IN.) H-PLANE 

C-BAND SLOT PATTERNS WITH SIMULATED TPS - 2.54 CM(l.O IN.) 
AND 5.08 CM (2.0 IN.) THICK 

Figure 68 
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The ground plane w a s  reduced t o  76.2 x 76.2 c m  (30 x 30 i n . )  t o  make t h e  
ground plane edges corresond t o  the  TPS boundaries. 
a condi t ion f o r  which t h e o r e t i c a l  pa t t e rns  could be ca lcu la ted .  Figure 69 
shows the  pa t t e rns  f o r  t h i s  re ference  configurat ion.  
patterns with the ground plane covered with 5.08 cm (2.0 in.) t h i ck  Eccofoam. 
These pa t t e rns  compare very c lose ly  with pa t t e rns  ca lcu la ted  by NASA - Langley 
Research Center, which are shown i n  Appendix B- 

Patterns with t h e  ground plane covered with the  5.08 cm (2.0 i n , )  t h i ck  
simulated WS, but  with the  sponge removed from a 6.35 cm (2.5 in . )  diameter 
area centered over the  antenna aper ture ,  are shown i n  f i g u r e  71. The sponge 
appears to increase  t h e  su r face  wave e x c i t a t i o n  magnitude as evidenced by 
the  deeper n u l l s  i n  E-plane pa t t e rns ,  compared t o  t h e  p a t t e r n  without sponge 
shown i n  f i g u r e  70. 

This was  done t o  ob ta in  

Figure 70 shows the 

cD= oo cD= 900 

5125 MHz 
E-PLANE H-PLANE 

C-BAND SLOT REFERENCE PATTERNS - 76.2 x 76.2 CM (30.0 x 30.0 IN.) 
GROUNDPLANE 

Figure 69 

cD= oo 

E-PLANE 

@= 900 

5125 MHz 

. " / 
, 

H-PLANE 

C-BAND SLOT PATTERNS WITH SIMULATED RSI - 5.08 CM (2.0 IN.) THICK 

Figure 70 ~ 
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Measurements w e r e  made with window edge enclosures 3 .81  cm (1.5 i n . )  and 
5.08 cm (2.0 in . )  i n  diameter extending i n t o  t h e  simulated TPS 3.81 cm (1.5 i n . ) .  
The s t r a i n  i s o l a t o r  sponge w a s  removed from wi th in  t h e  window area and replaced 
with Eccofoam. 
coverage is  provided normal t o  the  ground plane from 8 = 0" t o  8 = 70". The 
E-plane p a t t e r n  magnitudes a t  8 = 90" are reduced about 20 dB below the  p a t t e r n  
peaks. The H-plane pa t t e rns  show considerable  sur face  wave exc i t a t ion .  The 
H-plane magnitudes are increased t o  wi th in  t 3  dB of t h e  0 dB gain l e v e l  a t  
8 = 90°.  
the  appearance of E-plane pa t t e rns .  

The pa t t e rns  are shown i n  f i g u r e  72. Good E-plane p a t t e r n  

The changes i n  t h e  H-plane p a t t e r n  shapes are such t h a t  they take on 

5125 MHz 

E-PLANE H-PLANE 

C-BAND SLOT PATTERNS WITH SIMULATED TPS-WITHOUT 
STRAIN ISOLATOR OVER ANTENNA 

Figure 71 

@ =  900 

5125 MHz 

E-PLANE H-PLANE 

C-BAND SLOT PATTERNS WITH SIMULATED TPS-5.08 Chl 
(2.0 IN.) DIAMETER WINDOW 

Figure 72 
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Measurements w e r e  made t o  e s t a b l i s h  t h e  q u a l i t y  of t h e  f i n a l  C-band s l o t  
antenna system design described i n  t h e  sec t ion  on ANTENNA SYSTEM DESIGN AND 
INTEGMTION, f i g u r e  88. Figure 73 shows a photo of t h e  tes t  configuration. The 
window edge enclosure i s  4.45 c m  (1.75 i n . ) - i n  diameter and extends above t h e  
ground plane 3.05 cm (1.2 i n . ) .  
conf igura t ion  taken a t  5125 p?IKz. 
i d e n t i c a l  t o  t hese  p a t t e r n s  and are not  shown. 
near ly  equal  from 8 = 0" t o  0 = 55". 
exceeds t h a t  of E-plane p a t t e r n s  about 8 dB, a reversal of t he  r e l a t i o n  shown 
by the  re ference  p a t t e r n s ,  f i g u r e  69. 
takes  on the  appearance of an E-plane p a t t e r n  more s o  than does t h e  E-plane 
pa t t e rn .  The r e s u l t s  of t h e  impedance measurements are shobm i n  f i g u r e  75 .  
The VSIP. i s  less than 1 . 3 ~ 1  from 5000 t o  5250 !Wz. 

Figure 74 shows t h e  r a d i a t i o n  p a t t e r n  of t h i s  
The p a t t e r n s  a t  5000 and 5250 MHz are near ly  

The R-plane p a t t e r n  magnitude a t  0 = 90" 
The E- and H-plane p a t t e r n s  are 

It may be noted t h a t  t h e  FI-plane p a t t e r n  

C- SI TI0 

Figure 73 
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H-PLANE 5125 GHz E-PLANE 

C-BAND SLOT PATTERNS - FINAL CONFIGURATION 
Figure 74 

Zo = 50R 
f l  = 5000 MHz 
f2 = 5125 MHz 

f3 = 5250 MHz 

C-BAND SLOT IMPEDANCE - FINAL CONFIGURATION 
Figure 75 
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Antenna Window Transmission Loss 

The transmission c h a r a c t e r i s t i c s  of several antenna window Configurations 
w e r e  analyzed using plane wave techniques. 
s idered  a sec t ion  of transmission l i n e  with the  c h a r a c t e r i s t i c  impedance depen- 
dent upon the  d i e l e c t r i c  constant  and l o s s  tangent of t he  layer .  The expressions 
given i n  Appendix C w e r e  programmed on a Hewlett-Packard 9100h ca l cu la to r  wi th  
a 1901A Extended MeEory. The program w a s  written t o  accommodate 20 l aye r s  but  
could b e  extended t o  about 50 without d i f f i c u l t y .  The program w a s  va l ida ted  by 
comparing r e s u l t s  f o r  a s i n g l e  l aye r  with r e s u l t s  obtained using formulas given 
i n  Jasik ( r e f .  5). There w a s  agreement t o  e igh t  (8) decimal places  i n  trans- 
mission coeff ic ' ient  f o r  a loss tangent of zero and two (2) decimal places  f o r  
a loss tangent of 0.18, a d i f fe rence  i n  transmission of about 0.02 dB. A 
devia t ion  i n  r e s u l t s  i s  expected f o r  higher  values of loss  tangent s ince  t h e  
formulas given i n  Jasik ignore squared terms of loss tangent. 

Each l aye r  of material w a s  con- 

Table V I 1  g ives  the  d e t a i l s  of antenna window configurat ions which employ 
reusable  sur face  i n s u l a t i o n  (RSI) as t h e  p r inc ipa l  window material. The 
primary RSI material considered w a s  LI-1500 as discussed i n  t h e  sec t ion  on 
ANTENNA WINDOW MATERIALS SELECTION. Although these  configurat ions are consi- 
dered t o  be a s i n g l e  l aye r  approach, i n  r e a l i t y  they cons i s t  of a number of 
d i f f e r e n t  materials. The add i t iona l  materials cons i s t  of a bonding material 
(RTV-560), sponge rubber s t r a i n  i s o l a t o r ,  and/or fiberglass-phenolic honeycomb 
support  s t r u c t u r e  and the  LI-1500 coating. 

Table V I 1 1  g ives  the  d e t a i l s  of the multiple-layer antenna window configu- 
r a t i o n s  considered. The primary d i f f e rence  i n  these  configurat ions i s  in  t h e  
thickness of the ou te r  l a y e r  of boron n i t r i d e  (HD-0092). The d i e l e c t r i c  con- 
s t a n t  of €-ID-0092 i s  qbout 4 and is  the  major cont r ibu tor  t o  the  transmission 
loss .  
both low over the  appl icable  temperature range and have only a s m a l l  e f f e c t  on 
the  transmission low. A nominal thickness  of 1.27 cm (0.5 in.) w a s  s e l ec t ed  
i n i t i a l l y  f o r  the  HD-0092 antenna window l a y e r  based on a preliminary thermal- 
stress ana lys is .  
(0.42 and 0.5 in . )  HD-0092 l a y e r  thicknesses are near  0.25 wavelengths, where 

m a x i m u m  t ransniss ion  l o s s  w i l l  occur. 
HD-0092 l aye r  t o  0.5 wavelength, t he  transmission loss  can be  minimized as 
shown by the ca lcu la ted  r e s u l t s .  However, a 0.5 wavelength antenna window i s  
no t  considered p r a c t i c a l  a t  t h e  L-band frequencies  s ince  the  window would be 
about 6.985 cm (2.75 in . )  t h i ck  and about 7 t i m e s  heavier  t h m  the  1.07 cm 
(0.42 in . )  window. 

The d i e l e c t r i c ' c o n s t a n t  and loss  tangent of the  Dynaquartz l aye r  are 

A t  the  two C-band frequency ranges,  t he  1.07 and 1.27 cm 

By increasing the  thickness of the  

The transmission l o s s  f o r  t he  R S I  window configurat ions i s  shown i n  
f igu res  76 and 77. For reference,  transmission loss is  shown f o r  LI-1500 
5.08 c m  (2.0 in . )  t h i c k  without coat ing o r  bonding materials. 
t he  transmission l o s s  i s  less than 0.1 dB a t  the  h ighes t  frequency considered. 
The add i t ion  of a 0.254 mm (0.01 in . )  coat ing t o  t h e  LI-1500 increases  t h e  
transmission loss a small amount; less than 0.05 dB a t  the  C-band frequencies 
and about 0.01 dB a t  t h e  L-band frequencies.  Figures 76 and 77 show t h a t  t h e  
f i b e r g l a s s  honeycomb and/or t he  sponge rubber increase  t h e  transmission loss 

For t h i s  case 
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0.03 dB o r  less a t  the  L-band frequencies and less than 0 .36  dB a t  the  C-band 
frequencies.  The maximum transmission l o s s e s  were 0.08 dB a t  t h e  L-band f re -  
quencies and 0.45 dB a t  the  C-band frequencies.  

TABLE VI1 
SINGLE -LAYER RSI ANTENNA WINDOW CONFIGURATIONS 

CON FIGURATION 
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TABLE Vlll  
MU LT I PL E-LA Y E R ANT EN N A WIND 0 W CONFIGURATIONS 

CON Fl GU RATION I 
-7 LAYER 1 

LAYER 2 

NOTES: * N 2  AT 4300 MHz 
** N 2  AT 5125 MHz 

0.09 

0.08 

0.07 
m 
U 

I 
v) 

0.06 
A 
z 
v) 
2 

0.05 
v) 

3 z 
I- 

0.04 

0.03 CONFIGURATION - 

0.02 
0.94 1.02 1.1 1.18 1.26 

FREQUENCY - GHz 

TRANSMISSION LOSS THRU SINGLE-LAYER ANTENNA WINDOWS AT L-BAND 
Figure 76 
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TRANSMISSION LOSS THRU SINGLE-LAYER ANTENNA WINDOWS AT C-BAND 
Figure 77 
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The transmission loss f o r  t h e  multiple-layer antenna window configurat ions 
A t  t h e  L-band frequencies ,  f i g u r e  78 shows t h a t  i s  shown i n  f i g u r e s  78 and 79. 

t h e  minimum transmission loss is  achieved with t h e  minimum thickness  of HD-0092. 
For the  1.067 c m  (0.42 i n . )  HD-0092 window l aye r  thickness  t h e  maximum trans-  
mission loss is less than 0.6 dB. A t  the  C-band frequencies f i g u r e  79 shows 
t h a t  the  HD-0092 window-layer thickness  of 0.5 wavelengths results i n  a trans- 
mission loss less then 1.0 dB, where as a 0.42 i n .  thickness  r e s u l t s  i n  a t rans-  
mission of about 1.0 t o  1.5 dB. 

A comparison of t h e  two antenna window design approaches c l e a r l y  shows t h a t  
t he  use of t h e  LI-1500 R S I  material r e s u l t s  i n  t h e  lowesc transmission lo s ses  
a t  both t h e  L- and C-band frequencies.  The d i e l e c t r i c  constant  of t h e  HD-0092 
boron n i t r i d e  i s  s i g n i f i c a n t l y  higher than t h a t  of LI-1500 and, therefore ,  t h e  
transmissions loss is more s e n s i t i v e  t o  HD-0092 
i n t e r f a c e  r e f l ec t ions .  

thickness  because of g rea t e r  

Antenna Transfer  Characteristics 

The antenna t r a n s f e r  c h a r a c t e r i s t i c s  may be determined from the  proper 
manipulation of t h e  s c a t t e r i n g  parameters ( r e f .  6).  The r e f l e c t i o n  coe f f i c i en t  
a t  the aper ture  plane may then be r e fe r r ed  t o  t h e  antenna input  terminal r e fe r -  
ence plane. I f  t he  aper ture  i s  covered with materials o ther  than a i r  o r  
terminated i n  an antenna window, t h e  e f f e c t  on t h e  aper ture  plane impedances 
(admittances) can be  ca lcu la ted  and r e f e r r e d  t o  t h e  antenna input  using the  
s c a t t e r i n g  parameters. This i s  a use fu l  t o o l  t o  look a t  the e f f e c t s  of system 
o r  environmental changes without a c t u a l l y  test+-ng the  s p e c i f i c  configurat ions.  

The s c a t t e r i n g  parameters w e r e  obtained using Deschamps' method ( r e f s .  7 
and 8).  
antenna aperture .  A movable s h o r t  i n  the  coax o r  waveguide sec t ion  then 
provides the  means f o r  obtagning the  necessary da ta .  

The antenna is  terminated i n  a coax o r  waveguide which matches t h e  

The L-band annular s l o t  antenna and coaxial  termination with a movable 
sho r t  i s  shown i n  f i g u r e  80. A Hewlett-Packagd. Eodel 84108 1Jetwork h a l y z e r  
System w a s  used t o  measure the  r e f l e c t i o n  coe f f i c i en t s  at  the  antenna input.  
The output of the  Network Analyzer w a s  fed  i n t o  a rectangular  recorder  and 
the da ta  p l o t t e d  d i r e c t l y  on a Smith Chart. 
w i t h  a sho r t - c i r cu i t  i n  p lace  of t he  antenna t o  e s t a b l i s h  the  input  impedance 
reference plane. The antenna aper ture  reference plane w a s  es tab l i shed  by 
shor t ing  the  antenna aper ture  with metalic t ape ,  because t h e  movable sho r t  d id  
no t  provide an adequate means f o r  shor t ing  the  antenna aper ture  d i r ec t ly .  The 
antenna input  r e f l e c t i o n  coe f f i c i en t s  were then measured and p l o t t e d  a t  f r e -  
quencies of 960 PfIlz, 1090 MHz, 1150 1Etz and 1220 NHz. This d a t a  w a s  required 
both t o  determine the  s c a t t e r i n g  parameter phases and t o  e s t a b l i s h  an equivalent  
reference pos i t i on  of t h e  movable shor t .  

The Network Analyzer w a s  ca l ib ra t ed  

After  t h e  re ference  da ta  were obtained the coaxia l  termination was at tached 
t o  antenna aperture .  
aper ture  sho r t - c i r cu i t  re fe rence  da ta ,  neares t  t o  t he  antenna aper ture ,  w a s  
es tab l i shed .  A half-wavelength displacement w a s  then obtained bv moving the  

The pos i t i on  of the movable sho r t ,  which dupl icated the  
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Figure 80 

s h o r t  away from the  antenna ape r tu re  u n t i l  the  r e f l e c t i o n  c o e f f i c i e n t  l o c i  
t raversed  one revolu t ion  on t h e  Smith Chart. 
measured and divided i n t o  e i g h t  equal  increments t o  ob ta in  t h e  intermediate 
s h o r t  pos i t i ons  required f o r  t he  s c a t t e r i n g  p a r m e t e r  measurements. Measured 
ha l f  wavelengths w e r e  w i th in  2.0 mm (0.079 in . )  of t h e  f reespace  values .  
Figure 81 i s  a p l o t  of t h e  r e f l e c t i o n  c o e f f i c i e n t s  of t h e  L-band annular s l o t  
antenna, f o r  960 UBz ,  measured a t  e i g h t  equal ly  spaced s h o r t  pos i t i ons .  
i nd ica t ion  of t h e  v a l i d i t y  of t h e  d a t a  i s  shown by the  well-behaved na tu re  of 
t h e  p l o t ;  t h e r e  are no s t r a y  po in t s  and a c i rc le  i s  produced. 
o r i g i n a l  r e f l e c t i o n  c o e f f i c i e n t  phases versus t h e  transformed r e f l e c t i o n  coeff i -  
c i e n t  phases approximated a s t r a i g h t  l i n e  with a 45-degree s lope  ( r e f .  7 ) ,  
i nd ica t ing  the  absence of systematic e r r o r s .  

The displacement length w a s  

hn 

A p l o t  of t h e  

The c o e f f i c i e n t s  determined are defined as S11,  t h e  r e f l e c t i o n  c o e f f i c i e n t  
S22, t h e  r e f l e c t i o n  c o e f f i c i e n t  a t  t h e  a t  t he  input  when t h e  output i s  matched; 

output when t h e  input  i s  matched; and S12, t h e  transmission c o e f f i c i e n t  from 
t h e  input  t o  t h e  output .  The s c a t t e r i n g  parameters obtained f o r  t h e  L-band 
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annular s l o t  antenna are given below. 

sll Frequency s22 

960 MHz 0.676 /-13.5" 0.684 /113" 

1090 MHZ 0.664 /-65" 0.605 /111" 

1150 MHz 0.667 /-87.2" 0.656 /117.5" 

1220 mz 0.624 /-108.5" 0.625 /119" 

%2 

0.712 /101.5" 

0.730 /112.5" 

The magnitudes of t h e  s c a t t e r i n g  parameters are taken and/or ca lcu la ted  from 
measurements d i r e c t l y  from t h e  p l o t ,  with the  Smith Chart rad ius  equal t o  uni ty .  
The phases of t he  s c a t t e r i n g  parameters are found by a transformation of point  
P' t o  po in t  P" and measuring the  respec t ive  angles .  

f = 960 MHz 

TYPICAL L-BAND ANTENNA SCATTERING MATRIX MEASUREMENT DATA 
Figure 81 

The same method w a s  u t i l i z e d  t o  determine the  s c a t t e r i n g  parameters of t h e  
C-band s l o t  antenna. The antenna w a s  tuned f o r  bes t  VSWR when f lu sh  mounted i n  
a 76.2 c m  x 76.2 c m  (30 i n .  x 30 in . )  ground plane with a 6.35 mm (0.25 in . )  
th ick  by 76.2 e m  (30 in . )  square shee t  of EL-524 sponEe rubber with a 6.35 CD' 
(2.5 in . )  diameter cut-out over t he  antenna and a 5.08 cm (2 in . )  t h i ck  by 
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76.2 cm (30 in . )  square shee t  of Eccofoam PS centered over i t .  
t h e  da ta  taken a t  5.125 GHz. 

Figure 82 is  
The s c a t t e r i n g  parameters are: 

sll s22 3 2  
Frequency 

5.0 GHz 0.430 /113.5" 0.419 /135.5" 0.900 /11" 

5.125 GHz 0.304 /53"  0.297 /294" 0.945 /64" 

5.25 GHz 0.245 /12" 0.235 /340" 0.953 /74.5" 

The measured half-wavelength w a s  less than 1.0 mm (0.039 i n . )  of t he  
ca lcu la ted  waveguide values .  

f = 5125 MHz 

TYPICAL C-BAND SLOT ANTENNA SCATTERING MATRlX MEASUREMENT DATA 
Figure 82 

Impedance Matching Cons i d  era t ions 

The r e s u l t s  of t h e  impedance measurements show t h a t  the  antennas se lec ted  
f o r  t h i s  study could be used without add i t iona l  improvement. However, i f  fur ther  
avionics  system ana lys i s  shows t h a t  lower VSWR's are required,  i t  appears t h a t  
t he  VSWR of each of t h e  antennas t e s t e d  can be  improved by i n t e r n a l l y  matching 
the  antennas with t h e  p a r t i c u l a r  window configurat ion over t he  antenna. The 
one exception i s  the  L-band antenna system with t h e  nu l t ip l e - l aye r  window, 
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which is not  a prime candidate f o r  f u r t h e r  development. 
2 : l  and 2.6:l over p a r t  of t he  t ransmit  band (1090 t o  1150 MHz) and should 
probably be improved if t h i s  design approach becomes a se r ious  candidate.  
Attempts were made t o  p lace  c i r c u l a r  "irises" i n  the  region of t h e  aper ture  t o  
improve t h e  VSVR. 
fo re ,  it appears t h a t  the  most e f f e c t i v e  means of improvement would be t o  al ter 
the  matching network i n s i d e  the  antenna. 

The VSWR is between 

This approach, however, produced the  opposi te  e f f e c t .  There- 

ANTENNA SYSTEM DESIGN AND INTEGRATION 

Antenna systems f o r  L-band annular s l o t ,  C-band horn, and C-band l i n e a r  
s l o t  antennas were designed and in t eg ra t ed  i n t o  t y p i c a l  Space S h u t t l e  Orb i t e r  
s t r u c t u r e  and thermal p ro tec t ion  system (TPS). The r e s u l t s  of t h e  electrical 
measurements, described i n  the  preceding sec t ion ,  and t h e  detailed.  thermal and 
s t r eng th  analyses were used to modify and complete t h e  designs. 

S t r u c t u r a l  In t eg ra t ion  

S t r u c t u r a l  i n t e g r a t i o n  is one of the  important considerat ions i n  achieving 

Not only must the  antenna system provide t h e  required r ad ia t ion  
a s a t i s f a c t o r y  high temperature antenna system design f o r  t he  Space S h u t t l e  
Orbi te r .  
p a t t e r n  and impedance c h a r a c t e r i s t i c s ,  but  i t  must do so i n  a s t r u c t u r a l  envirc--. 
ment which includes a TPS i n  add i t ion  t o  t h e  load carrying members. 
a t t e n t i o n  w a s  pa id  t o  t h e  i n s t a l l a t i o n  attachment and removal f a c t o r s ,  such 
t h a t  these  i t e m s  can be accomplished with relative ease. 
these  goa ls  i t  i s  necesqary t o  preserve t h e  TPS s o  t h a t  hea t  t r a n s f e r  t o  the  
bondline i n  the  antenna area i s  equal  t o  o r  less than t h a t  i n  t h e  surrounding 
s t r u c t u r e .  

P a r t i c u l a r  

I n  accomplishing 

Two b a s i c  installatfin/replacement concepts were inves t iga ted  f o r  in te -  
g ra t ing  t h e  antenna systems i n t o  t h e  base l ine  o r b i t e r  configurat ion.  
concepts are i d e n t i f i e d  as: 

These two 

(a) Component Installation/Replacement 

(b) Modular Installation/Replacement 

Both of t hese  concepts,  i l l u s t r a t e d  i n  f i g u r e  83, allow t h e  antennas t o  be 
installed/removed from t h e  ou t s ide  of t h e  o r b i t e r .  

For t h e  component installation/replacement concept t h e  design permits t h e  
antenna window assembly, cons is t ing  of t h e  RSI  t i l e ,  s t r a i n  i s o l a t o r  and t i l e  
support  t o  be  f ab r i ca t ed  and i n s t a l l e d  as a un i t .  
t h e  antenna is a t tached  t o  an antenna support  r i n g ,  whi le  t h e  antenna window 
is a t tached  t o  t h e  primary s t r u c t u r e .  
t o  be  removed without removing t h e  antenna and breaking the electrical con- 
nec t ion  o r  destroying the R S I  window niaterial o r  adjacent  RSI  t i les  attached t o  
primary s t r u c t u r e  of the o r b i t e r .  

As shown i n  f i g u r e  83 

This allows t h e  antenna window assembly 

Upon removal of t h e  antenna window assembly 
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t h e  antenna can be  r e a d i l y  removed f o r  refurbishment o r  replacement. 

For t h e  modular installationlreplacement concept the  antenna is a t tached  
t o  the  inne r  su r face  of t he  RSI t i l e  support .  
antenna are assembled. t o  t h e  primary s t r u c t u r e  of t h e  Orbi te r  as a module. 
Damage t o  e i t h e r  the RSL window material o r  t h e  antenna r equ i r e s  removal of t h e  
e n t i r e  module f o r  replacement o r  r epa i r .  

Thus, t he  antenna window and 

L ANTENNA 
SUPPORT RING 

(a) Component Instal lation/Replacement 

(b) Modular Instal latian/Replacement 

ANTENNA INSTALLATION/REPLACE~ENT CONCEPTS 
Figure 83 
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The component installation/replacement concept is incorporated i n  t h e  
antenna system designs described i n  the subsequent paragraphs. 

Antenna system designs.- Four antenna window concepts were se l ec t ed  as 
f e a s i b l e  candidates f o r  i n t eg ra t ion  i n t o  t h e  base l ine  o r b i t e r  configuration. 
These four  concepts are: 

(a) L-band antenna i n s t a l l a t i o n  - R S I  window 

(c) C-band horn antenna i n s t a l l a t i o n  - RSI window 

(d) C-band l i n e a r  s l o t  antenna i n s t a l l a t i o n  - RSI window 

The b a s i c  geometric da t a  assoc ia ted  with these  antenna configurat ions are 
shown i n  f i g u r e  84. 

Layout type drawings f o r  each of t h e  above concepts were prepared i n  suf- 
f i c i e n t  d e t a i l  t o  show t h e  p r inc ipa l  design f ea tu res  appl icable  t o  each antenna 
window configurat ion.  
l oca t ions  c o n s i s t s  of a 0.051 cm (0.020 in.)  aluminum skin ,  s t i f f e n e d  by fo re  
and a f t  running s t r i n g e r s  t h a t  are posi t ioned between 50.80 cm (20.0 in . )  
spaced bulkheads. S t r inge r  
spacing i n  the  antenna window areas w a s  allowed t o  vary l o c a l l y  depending on 
the  antenna configurat ion.  
use Lockheed's LI-1500 RSI as t h e  b a s i c  window mate r i a l  while  t he  fou r th  
concept use an ou te r  l aye r  of boron n i t r i d e ,  and an inner  l a y e r  of Dynaquartz. 
The LI-1500 i s  coated wi th  an organic sur face  sealer and high emittance coating. 
I n  addi t ion  t h e  LI-1500 is  impregnated with s i l i c o n e  t o  provide r a i n  and 
moisture protection'. 
th ickness  w a s  used. 
pad (sponge rubber) and Oi05l cm (0,020 in.)  f o r  RTV-560 bonding thickness ,  
t he  t o t a l  TPS thickness  i s  5.766 cm (2.270 in . ) .  

The primary Orb i t e r  s t r u c t u r e  i n  t h e  areas of t he  antenna 

Nominal s t r i n g e r  spacing is 10.16 c m  (4.0 in . ) .  

Three of t h e  antenna window assembly concepts 

For each concept s tud ied  a 5.08 c m  (2.00 in . )  RSI t i l e  
Adding 0.635 c m  (0.25 in . )  t h i c k  s t r a i n  r e l i e f  i s o l a t i o n  

The t h r e e  concepts using LI-1500 f o r  t he  antenna window material are 
designed as a t h r e e  p iece  antenna window assembly, cons is t ing  of t h e  R S I  mate- 
r ia l ,  a 0.203 c m  (0.08 in . )  t h i c k  RL-524 type S-105 s i l i c o n e  sponge s t r a i n  
i s o l a t o r  and a 0.430 cm (0.17 in . )  t h i c k  f iberglass-phenol ic  honeycomb sub- 
panel with t h e  b a s i c  configurat ion described i n  t h e  sec t ion  on Descr ipt ion 
of Antenna Window Configuration. 
t i l e  and t h e  subpanel wi th  RTV-560 adhesive. 
i n s e r t s  are provided where the  f a s t e n e r s  a t t a c h  the  honeycomb panel t o  the 
primary s t r u c t u r e .  

The s t r a i n  i s o l a t o r  pad is bonded t o  t h e  RSI 
High dens i ty  laminated phenolic 

These i n s e r t s  match t h e  thermal expansion of the panel. 

Three of t h e  concepts a l so  have a super-alloy f o i l  window enclosure.  
This enclosure does not  extend t o  the  ou te r  sur face  of t h e  RSI,  but  s tops  at 
a l e v e l  where the  temperature maximum is approximately 600'K (800'F). 

L-band antenna i n s t a l l a t i o n  - R S I  window: The modifications required f o r  
i n s t a l l i n g  t h e  L-band antenna, shown i n  f i g u r e  84, i s  shown i n  f i g u r e  85. 
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C-Band Horn Antenna 

CM 
IN.) 

- 21.351 CM (8.406 IN.) DlAM 

k- 19.606 CM (7.719 IN.) DIAM-1 

I 

3.911 CM I (1.54 IN.) 

I- 
L-Band Antenna 

0.584 CM 
(0.23 IN.) 

5. 
(2 

C-Band Linear Slot Antenna 

ANTENNA CONFIGURATIONS 
Figure 84 
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FUSELAGE STATION 

NOTE: DIMENSION CONVENTION CM (IN.) 
L-BAND A~TENNA SYSTEM INSTALLATION - SINGLE-LAYER RSI WI~DOW Figure 

85 
(Figure Continued on Next Page) 
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L-BAND ANTENNA SYSTEM INSTALLATION - SINGLE-LAYER RSI WINDOW 
Figure 85 (Concluded) 
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Asshown t h e  airf rame s t r u c t u r e  i n  t h i s  area cons i s t s  of 0.081 cm (0.032 in . )  t h i c k  
aluminum shee t  m e t a l  s t r i n g e r s  running f o r e  and a f t ,  connected t o  t h e  fuselage 
frames. The s i z e  of t h e  antenna requi res  i n t e r r u p t i n g  one s t r i n g e r  and cant ing 
the  ou te r  s t r i n g e r s ,  l o c a l l y ,  by 2.235 cm (0.88 in . ) .  A frame, cons is t ing  of 
two t r ansve r se  s t r i n g e r s  and a shee t  m e t a l  r i n g  are added t o  provide the con- 
t i n u i t y  i n  t h e  area of the in te r rupted  s t r i n g e r .  A machined, aluminum r ing ,  
a t tached t o  the  shee t  m e t a l  r i ng ,  provides t h e  s i l l  f o r  a t tach ing  t h e  antenna 
from t h e  outs ide  of t h e  vehicle .  The antenna window assembly, cons is t ing  of 
four  (4) LI-1500 t i les bonded t o  a s t r a i n  i s o l a t o r  covered honeycomb subpanel 
is at tached with e igh t  (8) cap screw fas teners .  Access t o  these  f a s t ene r s ,  
which are trapped i n  t h e  window assembly, is  obtained through ho le s  i n  t h e  
t i les (see sec t ion  on Thermal Analysis below). 
C-band LI-1500 window assemblies) is at tached with a l l e n  head recessed cap 
screws. Experience gained through a MDC RSI  mechanical attachment study being 
conducted f o r  NASA (NAS9-12854) ind ica ted  t h a t  t he  RSI t i les are less prone t o  
damage and simpler t o  i n s t a l l  using an a l l e n  head shaped t o o l  ins tead  of a 
screw dr iver .  

The window assembly (and t h e  

L-band antenna i n s t a l l a t i o n  - multiple-layer window: This antenna window 
design cons i s t s  of two l a y e r s  of high temperature material as shown i n  f i g u r e  
86. The o u t e r  l aye r  is  boron n i t r i d e  (HD-0092) and the  inne r  l aye r  i s  Dyna- 
quar tz .  
m e t a l  r i n g  made of FS85 columbium w i t h  a Sylvania R512E coating. 
quartz l a y e r  is under a s l i g h t  compression t o  improve i t s  r e s i s t ance  t o  
acous t i ca l  v ibra t ion .  
and thermally i s o l a t e d  with load bear ing insu la t ion .  
i s  he ld  i n  p lace  by a coated columbium r e t a i n e r  r i n g  which is a t tached  with 
12 columbium fas teners .  Access t o  the  antenna, f o r  e i t h e r  i n s t a l l a t i o n  o r  
removal is achieved by removing t h e  r e t a i n e r  r ing  and the  multiple-layer window. 
A t h i ck  aluminum r i n g  is  required f o r  d i s s ipa t ing  t h e  heat  conducted through 
t h e  window enclosure r i n g  (see following sec t ion  on Thermal Analysis).  
shown i n  f i g u r e  86, a shee t  m e t a l  r i ng ,  supported by four bracke ts  and at tached 
t o  t h e  Orb i t e r  aluminum sk in ,  is used t o  support t h e  L-band antenna behind t h e  
window. 

The two l a y e r s  are posi t ioned with a window edge enclosure shee t  
The Dyna- 

This r ing  is  at tached t o  t h e  base with e igh t  (8) b o l t s  
The boron n i t r i d e  l a y e r  

As 

The s t r u c t u r e  modification required f o r  accommodating t h i s  antenna i n s t a l -  
l a t i o n  concept cons i s t s  of i n s t a l l i n g  f i v e  of f - se t  aluminum s t r i n g e r s ,  0.081 c m  
(0.032 in . )  t h i ck ,  beneath the  antenna. The depth of t h e  adjacent  s t r i n g e r s  are 
increased l o c a l l y  t o  provide cont inui ty  wi th  t h e  of f - se t  s t r i n g e r s .  The mount- 
ing s t r u c t u r e  (excluding t h e  window mater ia l )  f o r  t h i s  antenna window installa- 
t i o n  design i s  approximately s ix t een  times heavier  than the  LI-1500 antenna 
window design discussed above. 

C-band horn antenna i n s t a l l a t i o n  - RSI window: The C-band horn antenna 
i n s t a l l a t i o n ,  shown i n  f igu re  87, is similar t o  t h e  L-band antenna with t h e  
LI-1500 antenna window. 
the  smaller s i z e  antenna permits cant ing two adjacent  s t r i n g e r s ,  allowing t h e  
antenna t o  f i t  between t h e  s t r i n g e r s .  The s t r i n g e r  spacing i s  increased from 
10.16 cm (4.00 in . )  t o  15.49 cm (6.10 in . )  i n  the  area of t h e  antenna. Two 
t ransverse  s t r i n g e r s  are added t o  form a box frame t h a t  c r ad le s  t h e  antenna 
mounting r ing .  
fas teners .  

However, ins tead  of i n t e r rup t ing  one of t he  s t r i n g e r s  

The antenna i s  a t tached  t o  t h e  mounting r i n g  w i t h  twelve f lu sh  
The mounting r ing  i n  t u r n  is at tached with s i x  (6) f l u s h  f a s t ene r s .  

9% 
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The antenna window assembly includes a one p iece  LI-1500 t i l e ,  a s t r a i n  
i s o l a t o r ,  f i be rg la s s  honeycomb subpanel, antenna window edge enclosure,  
f ib rous  i n s u l a t i o n  f i l l e r  s t r i p s  and an aluminum mounting r ing.  
i n  f i g u r e  87, t h e  strain i s o l a t o r  is sandwiched between the  t i l e  and honey- 
comb subpanel. 
t h e  subpanel r e t a i n s  t h e  donut shaped f i l l e r  s t r i p  and t h e  antenna window 
edge enclosure.  
(6) a l l e n  recessed cap screws. 

A s  shown 

The aluminum mounting r ing ,  which i s  bonded t o  the t a b s  on 

This  assembly is at tached t o  t h e  support  s t r u c t u r e  with s i x  

C-band s l o t  antenna i n s t a l l a t i o n  - RSI window: Modification t o  t h e  
primary o r b i t e r  s t r u c t u r e  f o r  t h i s  antenna i n s t a l l a t i o n  is very minimal. 
s i z e  of t h i s  antenna, as spec i f i ed  i n  f i g u r e  84, permits i n s t a l l i n g  it between 
adjacent  s t r i n g e r s  without changing t h e  nominal 10.16 cm (4.00 in.) spacing. 
An aluminum mounting r i n g  is r ive t ed  t o  the  s t r u c t u r a l  sk in  as shown i n  
f i g u r e  88. 
antenna window assembly. 
window t o  allow the  window edge enclosure member t o  pene t r a t e  up i n t o  the  t i l e .  
A spacer  i s  required f o r  e l imina t ing  t h e  wide a i r  gap and t o  r e t a i n  t h e  shape 
of t he  t h i n  enclosure member. This spacer ,  however, could be  eliminated i f  
f u t u r e  v ib ra t ion  t e s t i n g  proves t h a t  a very narrow gap with square corners  is 
not de t r imenta l  t o  t h e  t i le.  
four  ( 4 )  fas teners .  
LI-1500 antenna window is  i d e n t i c a l  t o  the  adjacent  RSI t i les .  

The 

This mounting r i n g  is used f o r  supporting both t h e  antenna and t h e  
A c i r c u l a r  groove is machined i n  the LI-1500 antenna 

The antenna window assembly is a t tached  with 

. 
It should be noted t h a t  t h e  s i z e  and shape of t h e  

Thermal Analysis 

Temperature d i s t r i b u t i o n s  were ca lcu la ted  for  each of t h e  L-band annular 
s l o t ,  C-hand horn and 6-band s l o t  antenna system i n s t a l l a t i o n s  considered i n  
t h i s  study. 
f o r  t h e  antenna w a s  provided t o  surv ive  t h e  en t ry  environment, s i n c e  these  
antennas opera te  after en t ry  peak heating. 
procedures, a descr ip t ion  of each thermal model, and t h e  thermal response r e s u l t s .  

The primary concern w a s  t o  ensure t h a t  adequate thermal pro tec t ion  

This s e c t i o n  descr ibes  the  ana lys i s  

Analysis procedures. - The thermal response of t h e  antenna systems were 
calcufated using MDC's General Heat Transfer  Computer Program (HEATRAN Code) . 
Two-dimensional f i n i t e -d i f f e rence  thermal models were used. 

The thermal ana lys i s  procedure w a s  t o  f i r s t  s i z e  t h e  antenna window insula-  
t i o n  thicknesses;  then minimize the  hea t  sho r t  aspects  of t h e  in t eg ra t ed  antenna 
system desiga; and f i n a l l y ,  t o  s i z e  the  hea t  s ink  t o  absorb hea t  from t h e  s h o r t ,  
i f  required.  
discussed i n  s e c t i a n  on Preliminary Thermal Sizing Analysis. Most antennas have 
more hea t  capacitance than l o c a l  s k i n  s t r u c t u r e ;  t he re fo re ,  an i n s u l a t i o n  thick- 
ness less than o r  equal t o  t h a t  over adjacent Orbi te r  skin s t r u c t u r e  w a s  needed 
over t h e  antennas. A t o t a l  window thickness  equal  t o  surrounding TPS w a s  used 
f o r  s impl ic i ty  of mounting antennas t o  t h e  primary s t ruc tu re .  Only t h e  antenna 
f ace  covers and cases were incorporated i n t o  the  thermal model because max imum 
tempqratures of the  antennas (i.e. 422°K (300°F)) w e r e  less than t h e  thermal 
c a p a b i l i t i e s  of ex i s t ing  antennas. This precluded the  need f o r  modeling t h e  
complex i n t e r n a l  configurat ions of t he  antennas. 

In su la t ion  thicknesses  w e r e  based on one-dimensional thermal s i z i n g  

Additional assumptions used 
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f o r  t h e  thermal ana lys i s  w e r e :  boron n i t r i d e ,  LI-1500 and LI-1500 coat ings 
are opaque t o  thermal r ad ia t ion ;  
antenna is neg l ig ib l e ;  and 3) good thermal contact  exists at  a l l  metal j o i n t s  
and between in t e r f ac ing  materials. 

1) 
2) i n t e r n a l  hea t  energy generated i n  the  

L-band antenna system re su l t s . -  Two antenna window concepts, a s ingle-  
l aye r  LI-1500 window and a mult iple- layer  window, were considered f o r  t h e  L-band 
antenna i 

Single-layer antenna window: The L-band antenna system wi th  a s ingle- layer  
window is shobm i n  Figure 85. Important thermal aspec ts  include: 1) rectangu- 
lar f o u r - t i l e  i n t e r s e c t i o n  over t h e  cen te r  axis of t h e  c y l i n d r i c a l  antenna; 
2) double-lap s t r i p  j o i n t s  between t i les;  3) FI-600 f ib rous  i n s u l a t i o n  s t r i p s  
under the  joint-gaps prevent boundary l a y e r  gas heat ing from reaching the  bond- 
l i n e ;  4) a high emittance coating covers t h e  FI-600 s t r i p s  i n  the  region under 
the  joint-gaps; and 5) fastener-access holes  through t h e  RSI  t i les  f o r  t h e  
antenna window assembly attachment and removal. 
Contract NAS9-12854, Development and Design Application of Rigidized Reusable 
Surface Insu la t ion  Thermal Pro tec t ion  System, has shown no increase  i n  
l o c a l  bondline temperature f o r  dead-end holes  with diameters of 0.475 cm 
(0.1875 in . ) .  
ind ica ted  no s i g n i f i c a n t  charr ing f o r  hea t  s h i e l d  holes  of 0.635 cm (0.25 i n . )  
diameter. Therefore,  0.554 cm (0.218 in . )  ho les  through the  PSI are considered 
acceptable  f o r  attachment and removal of t h e  antenna window assemblies. 

lleasured d a t a  from MI)C's 

Also, plasma a r c  tunnel  t e s t i n g  of Gemini a b l a t i v e  heat  s h i e l d  

The thermal model f o r  t he  L-band antenna wi th  s ingle- layer  window is  shown 
i n  f i g u r e  89 and has  179 nodes and 320 connectors. 
but ions f o r  t h e  t i l e  j o i n t ;  and r a d i a t i o n  between jo in t - faces  and t o  space w e r e  
simulated i n  the  thermal model. 

Convective heat ing d i s t r i -  

Transient  temperatures f o r  t h e  L-band s ingle- layer  RSI window are shown 
i n  f i g u r e  90. 
a f t e r  landing. 
material a t  start of antenna operat ion,  45.7 km (150 k f t )  a l t i t u d e  i s  about 
lOlloK (1360°F). 

The antenna f ace  reaches a maximum teniperature about 40 minutes 
The maximum temperature a t  any poin t  i n  t h e  LI-1500 window 

Multiple-layer antenna window: The mult iple- layer  window concept (or igi-  
n a l l y  designed f o r  a metallic TPS) w a s  i n t eg ra t ed  i n t o  an RSI TPS. 
l a r g e  diameter antenna windows w e r e  considered, using a boron n i t r i d e  (HD-0092 
ou te r  l a y e r  over a Dynaquartz i n s u l a t i o n  layer .  

S m a l l  and 

Thermal models were constructed f o r  t he  s m a l l  and l a r g e  diameter L-band 
mult iple- layer  antenna windows. 
of the boron n i t r i d e  w e r e  simulated. Available HD-0092 d a t a  ind ica ted  t h a t  t he  
thermal conduct ivi ty  p a r a l l e l  t o  t he  ou te r  moldline w a s  1.9 t i m e s  t h e  perpendi- 
cu la r  value.  
quartz  l aye r  because it was  considered sea led  off from t h e  l o c a l  s ta t ic  sur face  
pressure by the  continuous edge enclosure.  
environment conservat ively s imulates  antenna vent ing t o  t h e  fuse lage  i n t e r i o r  
t h a t  i s  vented t o  leeward, o r  base  area, which is  lower than free stream pres- 
sure .  The columbium window edge enclosure w a s  found t o  be  a s i g n i f i c a n t  hea t  
sho r t  . 

The nonisotropic  thermal conductance p rope r t i e s  

A f r e e  stream f l i g h t  ambient pressure  w a s  assumed f o r  t h e  Dyna- 

A f l i g h t  ambient free stream pressure 
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The maximum s i z e  multiple-layer antenna window system, 0.32 meter (12.6 
in . )  diameter, is shown in  f i g u r e  86. 
cons i s t s  of 145 nodes and 267 connectors. 

The thermal model, shown i n  f i g u r e  91, 

Transient temperatures f o r  ascent are shown i n  f i g u r e  92. Ascent tempera- 
t u re s  were ca lcu la ted  because of concern over the edge enclosure h e a t  sho r t  
e f f e c t  on s k i n  s t r u c t u r e  temperatures at ascent  maxim- dynamic-pressure loading,  
about 70 seconds a f t e r  launch. 
s t r u c t u r e  s k i n  remained at  t h e  i n i t i a l  temperature of 294°K (70°F) u n t i l  500 
and 1000 seconds respec t ive ly  a f t e r  launch. 
proper t ies  at  room temperatures may b e  used i n  stress ana lys is  f o r  ascent m a x i -  
mum dynamic-pressure loading. 

The temperature of t h e  antenna f ace  and primary 

Theref o re ,  mechanical material 

Transient temperatures f o r  en t ry  are shown i n  f igu re  93. The ca lcu la ted  
max imum temperature of t h e  antenna is about 405OK (270O) and occurs 5160 seconds 
after the  122 km (400 k f t )  a l t i t u d e  en t ry  in t e r f ace .  Only a 3.18 cm (1.25 i n . )  
thickness  of Dynaquartz w a s  needed f o r  t h e  temperature-pressure environment: 
however, a 4.58 cm (1.8 in . )  thickness  w a s  provided. With t h i s  thickness  and 
the boron n i t r i d e  l aye r  of 1.07 cm (0.42 in . )  t h e  des i r ab le  f e a t u r e  of having 
the  antenna window t o t a l  thickness  about t he  same as adjacent TPS w a s  achieved. 
The maximum temperature at any point  i n  the  window materials at  start of antenna 
operat ion,  45.7 km (150 k f t )  a l t i t u d e  is about 1137°K (1586°F). 

The minimum s i z e ,  multiple-layer window configuration (0.23 m (9.0 in . )  

Both t h e  boron nitride/Dynaquartz 
diameter window) is shown i n  f igu re  19. The thermal model, shown i n  f igure  94, 
cons i s t s  of 130 nodes and 247 connectors. 
and adjacent LI-1500 were s i zed  t o  422'K (300°F). 
of design changes w e r e  examined t o  f ind  the  most e f f e c t i v e  method of thermally 
i s o l a t i n g  t h e  window edge enclosure from the  antenna and Orbi te r  sk in .  The 
r e l a t i v e  inf luence of :  1) changing the  f ibrous insu la t ion  material between 
the  edge enclosure and TPS; 2) changing the  load bearing in su la t ion  material; 
3) heat  s ink ing  t h e  U-shaped i n t e r n a l  mounting r ing  ( i . e .  making t h i s  sec t ion  
th icker )  ; 4) reducing t h e  edge enclosure th ickness ;  and 5) t h e  l o c a l  e f f e c t  of t h e  
the  mounting attachment b o l t  were examined. 
s e l ec t ed  temperature nodes are summarized i n  t a b l e  I X .  
s ink ing  the  mounting r ing  i s  the  most e f f e c t i v e  method. 
required w a s  0 ,76  cm (0.3 fn . )  as shown i n  f igu re  95. 

Using t h i s  model, a number 

The e f f e c t s  o f  these changes on 
Table I X  shows t h a t  h e a t  

The hea t  s ink  thickness  

C-band horn antenna system r e s u l t s .  -The C-band horn antenna system i s  
shown i n  f igu re  87. The C-band horn antenna window i n s t a l l a t i o n  has a cylin- 
d r i c a l  Inconel 702 f o i l  window edge enclosure.  The design has a cy l ind r i ca l  
t i l e  wi th  a s i n g l e  l a p  j o i n t  and a FI-600 s t r i p  f i l l e r .  
f o r  ana lys i s ,  shown i n  f igu re  96, cons i s t s  .of 186 modes and 333 connectors. 
Cyl indrical  t i l e  j o i n t  convective hea t ing  c h a r a c t e r i s t i c s  were not known so 
rectangular  t i l e  j o i n t  d a t a  w a s  used. The design o r i g i n a l l y  considered f o i l  
extending 3.81 cm (1.50 i n . )  above the  ground plane of t he  antenna with only 
1.75 cm (0.69 in . )  of LI-1500 above i t .  
FI-600 not impregnated with s i l i c o n e  o i l  because of t h e  po ten t i a l  i g n i t i o n  of 
t he  o i l  nea r  t he  surface.  
f o r  b e s t  rad ia t ion  pa t t e rn  c h a r a c t e r i s t i c s  , preliminary analyses ind ica ted  t h a t  
t he  f o i l ,  t h a t  nea r  t he  TPS su r face ,  caused excessive temperature a t  t h e  face 

The thermal model used 

This design required a f i l l e r  s t r i p  of  

Although t h i s  edge enclosure height  w a s  p refer red  
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0.71 CM (0.28 IN.) THICKNESS 

5. CONNECT ATTACHMENT BOLT 

4. HEAT SINK ENTIRE U-SHAPE0 

[NODE 92); REDUCE EDGE EN- 
CLOSURE THICKNESS TO 0.355 MM 
(0.014 IN.); SLIGHTLY INCREASE 
HEAT SINK 0.507 MM (0.02 IN.) 

*BASIC CONFIGURATION 

MAXIMUM TEMPERATURE OK ( 

NODE NO. 13 OR 

624 (663) 456 (361) 459 (367) 
604 (627) 450 (351) 454 (357) 

925 (1205) 441 (334) 440 (333) 

910 (1178) 422 (300) 422 (299) t 712 (821) 422 (299) 422 (300) 

I 

PRIMARY 
STRUCTURAL 

SKIN (UNDER TPS, 0.3M 
(12 IN. FROM ANTENNA 
NODE NO. 132 

(2024T-81 ALUM) 

459 (367) 
458 (365) 

- 
449 (349) 

427 (309) 

422 (309) 

Figure 94 

1. INSULATION RING BETWEEN EDGE-ENCLOSURE AND TPS MICROQUARTZ 56 KUM3 (3.5 LB/FT3). 
2. LOAD BEARING INSULATION: CS-1000,0.693 W/M°K (0.4 BTU/FT HROR. 
3.'TPS (LI-1500 RSI) AND ANTENNq WINDOW INSULATION: DYNAQUARTZ, I60 KG/M3 (10 LB/FT3) 
4. COLUMBIUM WINDOW EDGE-ENCLOSURE THICKNESS: 0.507 MM (0.02 IN.) 
5. !NO ATTACHMENT BOLT. 
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HEAT SINK THICKNESS - IN. 

OF MOUNTING RING HEAT SINK THICKNESS ON MAXIMUM 
ANTENNA TEMPERATURE 

\ 
Figure 95 

FI-600 INSULATION 0.32 CM (0.12 IN.) 
ALUMINUM ANTENNA ANTENNA WINDOW 

EDGEENCLOSURE 
PRIMARY STRUCTURE 0.152 CM 
(0.06 IN.) ANODIZED ALUMINUM FIBERGLASS SHEET 

0.038 CM (0.015 IN.) 

0.0127 CM (0.005 IN.) 
WATERPROOFSURFACE 

(EMITTANCE = 0.9) 

t t t t t  NOTES: 1. TITLED NODES CORRESPOND TO PLOTTED THERMAL 

ENTRY HEATING 
RESPONSE CURVES 

2. *DESIGNATES NODE NUMBERS 

C-BAND HORN ANTENNA SYSTEM THERMAL MODEL 
Figure 96 
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1 

of  t h e  antenna. Therefore,  t he  window edge enclosure height  w a s  reduced t o  
3.04 cm (1.20 i n . ) .  This achieved a simpler design, allowed f o r  conventional 
FI -6 0 0 w a t e  r p  o f ing ,  provided s a f e r  thickness  of LI-1500 above the  f o i l ,  and 
s t i l l  allowed ome edge enclosure f o r  r ad ia t ion  p a t t e r n  cont ro l .  

Transient en t ry  temperatures f o r  t he  6-band horn antenna system are shown 
i n  f igu re  97. The maximum temperature at the  outboard t i p  of  the  f o i l  w a s  
about 700°K (800°F). The hea t  sho r t  created by the  f o i l  caused a l o c a l  cool 
spot  i n  LI-1500 at the  f o i l  t i p .  The maximum temperature of t he  antenna face 
w a s  420°K (296°F). 

C-band s l o t  antenna system results. -The C-band s l o t  antenna system is 
shown i n  f igu re  88. An Inconel 702 f o i l  edge enclosure bur ied  i n  a rectangular  
RSI t i l e  window i s  a l so  incorporated i n  t h e  C-band s l o t  antenna system 
i n s t a l l a t i o n .  This design has  a double-lap s t r i p  j o i n t  design using a FI-600 
f i l l e r  s t r i p .  The f o i l  edge enclosure i n  t h i s  design d i f f e r s  from t h a t  i n  the  
C-band horn, because i t  lacks t h e  b e n e f i t  of cooler  temperatures beneath t h e  
FI-600 f i l l e r  s t r i p .  
182 nodes and 207 connectors. The thermal m a s s  of t h e  antenna w a s  more 
completely simulated i n  t h i s  thermal model than i n  the  o the r s .  Entry tempera- 
t u r e s  f o r  t h e  C-band s l o t  antenna system are shown i n  Figure 99. 

The C-band s l o t  thermal model, shown i n  f igu re  98 has 

~ --m WINDOW SURFACE - - ANTENNA FACE 
-.......I.. 

- m e / -  

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 

TIME FROM 122KM (400 KFT) ALTITUDE - SEC 

C-BAND HORN ANTENNA SYSTEM ENTRY THERMAL RESPONSE 
Figure 97 
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NOTE: NODECALLOUTSREPRESENT 
TEMPERATURENODES 
CORRESPONDING TO 
PLOTTEDTHERMAL 
RESPONSE CURVES 

EDGE ENCLOSURE 
EMITTANCE = 0.75 

ANTENNAFACE 

0 - 5.08 CM (2.0 IN.) 
LI-1500 AS1 

a. . 
(EMITTANCE = 0.9) 

1 1 1 k k  
*NODE NUMBER ENTRY HEATING 

C-BAND SLOT ANTENNA SYSTEM THERMAL MODEL 
Figure 98 

TIME FROM 122 KM (400K FT) ALTITUDE - SEC 

C-BAND SLOT ANTENNA SYSTEM ENTRY THERMAL RESPONSE 
Figure 99 
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Strength Analysis 

Standard methods of s t r eng th  ana lys i s  w e r e  used t o  analyze and s i z e  com- 
ponents of  t he  various antenna system designs. 
e i t h e r  from MIL-HDBK-5B, i f  given, o r  Appendix A. Analyses are f o r  antenna 
system designs i l l u s t r a t e d  i n  f igures  85 through 88. 

Material proper t ies  w e r e  taken 

S t r u c t u r a l  load  considerat ions.  - The s t r u c t u r a l  concept f o r  each of t h e  
th ree  antenna with RSI windows i s  b a s i c a l l y  t h e  same. Collapsing pressure i s  
exer ted  aga ins t  the. RSI ex t e rna l  sur face .  The pressure i s  t r ans fe r r ed  t o  the  
sponge s t r a i n  i s o l a t o r  by t h e  RSI and, i n  t u r n ,  t o  t h e  f ibe rg la s s  honeycomb 
panel.  
r i ng  t o  t h e  aluminum s t r i n g e r s .  The s t r i n g e r s  car ry  loads t o  t h e  fuselage 
frames and the  frames d i s t r i b u t e  t h e  loads i n  t h e  fuselage s h e l l .  S t r inge r s  
were designed t o  withstand bending moments r e s u l t i n g  from the  ex te rna l  pressure 
as w e l l  as primary fuselage loads.  The L-band mult iple- layer  antenna window 
i s  d i f f e ren t  than the  RSI concepts i n  t h a t  t h e  pressure load from the  boron 
n i t r i d e  i s  reac ted  around t h e  pe r ime te r  of t he  window by a columbium enclosure 
r ing.  The columbium r i n g  is fastened t o  t h e  antenna support s t r u c t u r e  which 
is a t tached  t o  t h e  s t r i n g e r s .  
same manner described f o r  t he  RSI concept. 

Loads from t h e  f i b e r g l a s s  honeycomb panel are t ransmi t ted  by a mounting 

The s t r i n g e r s  then d i s t r i b u t e  t h e  loads  i n  the  

Analysis procedures. - Stresses ac t ing  on axisymmetrical elements were 
ca lcu la ted  using the  computer program SAAS I1 described i n  reference 9 .  This 
i s  a f i n i t e  element program which determines displacements,  stresses, and 
s t r a i n s  i n  axisymmetric s o l i d s  with o r tho t rop ic ,  temperature-dependent material 
proper t ies  under axisymmetric thermal and mechanical loads.  Thermal stresses 
ac t ing  on nonaxisymmetrical elements were calculated using a MDC Computer 
Program, KBEB. This i s  a f i n i t e  element program which uses a method of anal-  
y s i s  cons is ten t  with c l a s s i c a l  beam bending- theory t o  determine thermal 
stresses. S t r e s ses  ac t ing  on simple s t r u c t u r e  such as s t r i n g e r s ,  mounting 
c l i p s ,  and b o l t s  w e r e  manually ca lcu la ted  using c l a s s i c a l  procedures. The 
margin of s a f e t y ,  showing t h e  s t r eng th  i n  excess of t h a t  required by t h e  1.4 
s a fe ty  f a c t o r ,  w a s  ca lcu la ted  f o r  c r i t i c a l  items. 

L-band antenna system r e s u l t s .  - The stresses i n  t h e  L-band RSI window 
are e s s e n t i a l l y  equivalent t o  those ca lcu la ted  f o r  t he  C-band horn antenna 
window below. The L-band window is  made up of four  ( 4 )  RSI t i l es  each of 
which is approximately t h e  same s i z e  as the  C-band window. The t i l e  s i z e  used 
f o r  t h e  L-band window i s  considered nea r  optimum f o r  t h e  Orb i t e r  R S I  TPS as a 
result of design and t e s t i n g  of thermal pro tec t ion  systems. 

Boron n i t r i d e  window ascent mechanical stresses r e s u l t i n g  from an u l t imate  
ex te rna l  pressure of  73 100 N/m2 (10.6 p s i )  and thermal stresses r e s u l t i n g  from 
t h e  window temperatures shown an t a b l e  X a r e  shown on f igu re  100. 
stresses w e r e  ca lcu la ted  using t h e  SAAS I1 computer program. The computer 
model i s  shown on f igu re  101. 

These 
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R 
CM (IN.) 

1.27 (0.50) 
1.27 (0.50) 
1.27 (0.50) 
3.81 (1.50) 
3.81 (1.50) 
3.81 (1.50) 
6.86 (2.70) 
6.86 (2.70) 
6.86 (2.70) 
9.65 (3.80) 
9.65 (3.80) 
9.65 (3.80) 

TABLE X 
TEMPERATURES - BORON NITRIDE (HD-0092) WINDOW 

Z 
CM (IN.) 

0.00 (0.00) 
0.53 (0.21) 
1.07 (0.42) 
0.00 (0.00) 
0.53 (0.21) 
1.07 (0.42) 
0.00 (0.00) 
0.53 (0.21) 
1.07 (0.42) 
0.00 (0.00) 
0.53 (0.21) 
1.07 (0.42) 

1446 (2143) 
1406 (207 1) 
1390 (2043) 
1446 (2143) 
1406 (2071) 
1390 (2043) 
1446 (2143) 
1406 (2071) 
1390 (2043) 
1445 (2141) 
1404 (2068) 
1389 (2041) 

- 

R 
CM (IN.) 

12.95 (5.10) 
12.95 (5.10) 
12.95 (5.10) 
15.75 (6.20) 
15.75 (6.20) 
15.75 (6.20) 
16.51 (6.50) 
16.51 (6.50) 
16.51 (6.50) 
17.15 (6.75) 
17.15 (6.75) 
17.15 (6.75) 

Z 
CM (IN.) 

0.00 (0.00) 
0.53 (0.21) 
1.07 (0.42) 
0.00 (0.00) 
0.53 (0.21) 
1.07 (0.42) 
0.00 (0.00) 
0.53 (0.21) 
1.07 (0.42) 
0.00 (0.00) 
0.53 (0.21) 
1.07 (0.42) 

1439 (2131) 
1398 (2056) 
1382 (2028) 
1385 (2033) 
1342 (1956) 
1323 (1921) 
1371 (2008) 
1328 (1931) 
1298 (1876) 
1344 (1959) 
1301 (1882) 
1295 (1872) 

Z 

WINDOW ~I 
OUTER SURFACE -I I---- 

NOTES: 
1. ENTRY TIME= 600 SEC 
2. TEMPERATURES SHOWN ARE THOSE ENTERED IN COMPUTER PROGRAM TO CALCULATE THERMAL 

STRESSES SHOWN ON FIGURE 100 

The maximum stress occurr ing during ascent (at room temperature) are at  
the  center  of t h e  boron n i t r i d e  window and are 2.33 x l o 7  N/m2 (3385 p s i )  i n  
both t h e  r a d i a l  and t angen t i a l  d i r ec t ions .  From Appendix A ,  t he  allowable 
f l exura l  stress f o r  t h i s  type of boron n i t r i d e ,  HD-0092, a t  room temperature 
i s  4 . 1 3  x l o 7  N/m2 (6000 p s i ) .  For t h i s  condition t h e  margin of s a f e t y ,  MS, 
is obtained from t h e  following expression. 

where 

UR = applied s t ress /a l lowable  stress i n  t h e  r a d i a l  d i r ec t ion  

UT = appl ied s t ress /a l lowable  stress i n  t h e  t angen t i a l  d i r ec t ion  

For t h i s  case UR = UT = (3385/6000), t he re fo re ,  MS = 0.18. 
s a f e t y  i s  h igher  f o r  t h e  en t ry  condition and is, t he re fo re ,  not  shown. 

The margin of 
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E 5  - 
-I 

0 

RADIUS - CM 
I 1 I I I I I i 

0 1 2 3 4 5 6 7 
RADIUS - IN. 

NOTES: 

1. W INOOW DIMENSIONS: 
DIAMETER = 34.3 CM (13.5 IN.) 
THICKNESS = 1.065 CM (0.42 IN.) 

2. ENTRY TIME = 600 SEC 

3. ASCENT STRESSES SHOWN ARE AT INSIDE SURFACE. ENTRY STRESSES SHOWN ARE 
0.585 CM (0.23 IN.) FROM INSIDE SURFACE 

4. ASCENT STRESSES RESULT FROM 52,300 N d  (7.55 PSI) PRESSURE LOAD. ENTRY 
STRESSES RESULT FROM TEMPERATURES SHOWN IN TABLE X 

LIMIT THERMAL AND MECHANICAL STRESSES - BORON NITRIDE 
(HD-0092) WINDOW 

TIAL 

Figure 100 
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CM IN. 

1.066 (0.42) 

0.960 (0.378) 

0.853 (0.336) 

0.747 (0.294) 

0.640 (0.252) 

0.533 (0.210) 

0.427 (0.168) 

0 . 3 3  (0.126) 

0.2l3 (0.084) 

0.107 (0.042) 

CM 0 
IN (0) 

NOTES 
1: 

2. 

V SUFORT 
0.813 1.626 3.251 4.877 14.630 16.256 17.145 

(0.32) (0.64) (1.28) (1.92) (5.76) (6.4) (6.75) 

ELEMENT NUMBERS ARE SHOWN ATNllDDLE OF ELEMENTS. 
NODE NUMBERS ARE SHOWN AT CORNERS OF ELEMENTS 
34.29 CM 113.5 IN.) DIAMETER 

3. 1.066 CM (0.42 IN.) THICK 

COMPUTER MODEL - BORON NITRIDE (HD-0092) WINDOW 
Figure 101 

The th ickness  of a c i r c u l a r  p l a t e  required t o  withstand a given pressure 
varies d i r e c t l y  as t h e  diameter. 
(13.5 i n . )  i n  diameter and 1.065 c m  (0.42 in . )  th ick .  The thickness  required 
f o r  a window of any o the r  diameter can be determined by multiplying the  
1.065 cm (0.42 i n . )  thickness  by t h e  r a t i o  of t h e  new diameter t o  t h e  34.3 cm 
(13.5 in . )  diameter. 

The boron n i t r i d e  window analyzed w a s  34.3 cm 

Thermal stress i n  t h e  columbium enclosure r ing  which supports t h e  boron 
n i t r i d e  window are of i n t e r e s t  because t h i s  r i n g  experiences a severe tempera- 
t u r e  gradient  during en t ry .  
e x i s t i n g  800 seconds a f t e r  start of  en t ry  are shown on f igu re  102. The most 
c r i t i ca l  stress is 5.8 x lo7 N/m2 (8410 p s i )  compression at 1420°K (2100'F). 

Ring temperatures and r e s u l t i n g  thermal stresses 
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BEADED RING 
ELEMENTS 

RING 

BEADS 

COLUMBIUM 
EDGE 
ENCLOSURE 

THERMAL STRESS 1/ 

ENTRY TIME = 800 SEC 
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DEVELOPED LENGTH - S - CM 

1600 

1200 I 

x 
0 

I 
W nz 

e w 
W 
p. 
=E 
W 
t- 

300 

400 

0 1 2 3 4 5 
DEVELOPED LENGTH - S - IN. 

TEMPERATURES AND LIMIT THERMAL STRESSES - WINDOW 
EDGE ENCLOSURE FOR MULTIPLE-LAYER ANTENNA WINDOW DESIGN 
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LL 
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I 
W 

c e nz 

2000 

1600 5 

1200 5 
I- 

800 

400 

Figure 102 
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This  i s  w e l l  below t h e  compression stress, 13.8 N/m2 (20,000 p s i ) ,  which would 
cause s t r u c t u r a l  f a i l u r e  a t  t h i s  temperature. The computer model used t o  calcu- 
l a te  t h e  stresses is i l l u s t r a t e d  on f igu re  103. These stresses w e r e  calculated 
using t h e  SAAS I1 Computer Program. 

C-band horn antenna system re su l t s . -  A s  a typ ica l  example, thermal stresses 
are shown f o r  a composite sec t ion  cons is t ing  of  LI-1500 RSI, sponge s t r a i n  
i s o l a t o r ,  and t h e  fiberglass-honeycomb subpanel. The temperatures used f o r  t h e  
ana lys i s  are shown on t a b l e  X I  and the  stresses are shown on f igu re  104. 
SAAS I1 computer program w a s  used f o r  t h i s  ana lys i s .  
i s  shown on f igu re  105. 
0.69 x 105 N/m2 (10 p s i ) .  

The 
The computer model used 

A t  t h i s  temperature t h e  allowable i n  plane tension 
The maximum i n  plane tension stress i n  t h e  RSI i s  

R =  17.801CM (7.008 IN.) 

R = 17.78 CM (7.0 iN.) 

z =  1 .016 

z =  0.0 

CM (0.4 IN.) 

-1 

3 

5 

-7 

16 
17 18 19 20 21 22 23 

25 
21 

29 

31 

NOTE: 33 

35 ELEMENT NUMBERS ARE SHOWN A T  CENTER 
OF ELEMENTS, NODE NUMBERS ARE SHOWN AT 
CORNERS OF ELEMENTS 31 

39 

41 

43 

45 

4i 
50 51 52 Z = 8.13 CM (3.2 IN.) 

I-- 
15 

24 

26 

28 

30 

32 

34 

36 

38 

40 

42 

44 

46 

48 
53 

7 58 

R =  16 CM (6.3 IN.”) 

R = 16.76 CM (6.6 IN.) I =  

COMPUTER MODEL - WINDOW EDGE ENCLOSURE FOR 
MULTIPLE-LAYER ANTENNA WINDOW DESIGN 

Figure 103 
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NOTES: 

TABLE XI 
TEMPERATURES - SINGLE-LAYER RSI ANTENNA WINDOW DESIGN 

Z 
CM (IN.) 

5.72 (2.25) 
5.21 (2.05) 
4.70 (1.85) 
4.19 (1.65) 
3.68 (1.45) 
3.18 (1.25) 
2.67 (1.05) 
2.16 (0.85) 
1.65 (0.65) 
1.15 (0.45) 
0.64 (0.25) 
0.53 (0.21) 
0.00 (0.00) 
5.72 (2.25) 
5.21 (2.05) 
4.70 (1.85) 
4.19 (1.65) 
3.68 (1.45) 
3.18 (1.25) 
2.67 (1.05) 
2.16 (0.85) 
1.65 (0.65) 
1.15 (0.45) 
0.64 (0.25) 
0.53 (0.21) 
0.00 (0.00) 
5.72 (2.25) 
5.21 (2.05) 
4.70 (1.85) 
4.19 (1.65) 
3.68 (1.45) 

- 

- 

T 
O K  (OF) - 
1508 (2254) 
1257 (1802) 
933 (1220) 
634 (681) 
459 (366) 
375 (216) 
338 (149) 
322 (120) 
315 (107) 
313 (103) 
312 (101) 
311 (100) 
311 (100) 
1508 (2254) 
1256 (1801) 
933 (1220) 
634 (681) 
459 (366) 
376 (217) 
338 (149) 
322 (120) 
315 (107) 
313 (103) 
312 (101) 
312 (101) 
311 (100) 
1508 (2254) 
1255 (1800) 
932 (1217) 
632 (677) 
457 (363) - 

R 
CM (IN.) 

6.10 (2.40) 
6.10 (2.40) 
6.10 (2.40) 
6.10 (2.40) 
6.10 (2.40) 
6.10 (2.40) 
6.10 (2.40 
6.10 (2.40) 
6.71 (2.64) 
6.71 (2.64) 
6.71 (2.64) 
6.71 (2.64) 
6.71 (2.64) 
6.71 (2.64) 
6.71 (2.64) 
6.71 (2.64) 
6.71 (2.64) 
6.71 (2.64) 
6.71 (2.64) 
6.71 (2.64) 
6.71 (2.64) 
6.99 (2.75) 
6.99 (2.75) 
6.99 (2.75) 
6.99 (2.75) 
6.99 (2.75) 
6.99 (2.75) 
6.99 (2.75) 
7.32 (2.88) 
7.32 (2.88) 

- 

I 

1. ENTRY TIME= 800 SEC 
2. TEMPERATURES SHOWN ARE THOSE ENTERED IN 

COMPUTERPROGRAMTO CALCULATETHERMAL 
STRESSES SHOWN ON FIGURE 104 

Z 
CM (IN.) 

3.18 (1.25) 
2.67 (1.05) 
2.16 (0.85) 
1.65 (0.65) 
1.15 (0.45) 
0.64 (0.25) 
0.53 (0.21) 
0.00 (0.00) 
5.72 (2.25) 
5.21 (2.05) 
4.70 (1.85) 
4.19 (1.65) 
3.68 (1.45) 
3.18 (1.25) 
2.67 (1.05) 
2.16 (0.85) 
1.65 (0.65) 
1.15 (0.45) 
0.64 (0.25) 
0.53 (0.21) 
0.00 (0.UO) 
3.05 (1.20) 
2.67 (1.05) 
2.16 (0.85) 
1.65 (0.65) 
0.64 (0.45) 
0.53 (0.21) 
0.00 (0.00) 
5.72 (2.25) 
5.21 (2.05) 

- 

- 

- 
T 

OK (OF) 

378 (215) 
338 ' (149) 
323 (121) 
316 (109) 
313 (104) 
312 (101) 
312 (101) 
311 (100) 
1508 (2254) 
1255 (1799) 
928 (1211) 
629 (672) 
454 (358) 
372 (210) 
339 (151) 
325 (126) 
335 (114) 
315 ( 107) 
313 (103) 
313 (103) 
311 (100) 
358 (184) 
343 (157) 
331 (136) 
323 (122) 
318 (112) 
314 (106) 
312 (102) 
1508 (2255) 
1253 (1795) 

- 

- 

- 
R 

CM-(IN.) - 
7.32 (2.88) 
7.32 (2.88) 
7.32 (2.88) 
7.32 (2.88) 
7.32 (2.88) 
7.32 (2.88) 
8.59 (3.38) 
8.59 (3.38) 
8.59 (3.38) 
8.59 (3.38) 
8.59 (3.38) 
8.59 (3.38) 
8.59 (3.38) 
8.59 (3.38) 
9.70 (3.82) 
9.70 (3.82) 
9.70 (3.82) 
9.70 (3.82) 
9.70 (3.82) 
9.70 (3.82) 
9.70 (3.82) 
9.70 (3.82) 
10.39 (4.09) 
10.39 (4.09) 
10.39 (4.09) 
10.39 (4.09) 
10.39 (4.09) 
10.39 (4.09) 
10.39 (4.09) 
10.39 (4.09) - 

WINDOW-, k 

- 
Z 

CM (IN.) 

4.70 (1.85) 
4.19 (1.65) 
3.68 (1.45) 
3.18 (1.25) 
2.67 (1.05) 
2.29 (0.90) 
5.72 (2.25) 
5.21 (2.05) 
4.70 (1.8 5) 
4.19 (1.65) 
3.68 (1.45) 
3.18 (1.25) 
2.67 (1.05) 
2.29 (0.90) 
5.72 (2.25) 
5.21 (2.05) 
4.70 (1.85) 
4.19 (1.65) 
3.68 (1.45) 
3.18 (1.25) 
2.67 (1.05) 
2.29 (0.90) 
5.72 (2.25) 
5.21 (2.05) 
4.70 (1.85) 
4.19 (1.65) 
3.68 (1.45) 
3.18 (1.25) 
2.67 (1.05) 
2.29 (0.90) 

Z 

- 

7 

~R INNER SURFACE-' 

- 
T 

O K  (OF) - 
923 (1201) 
621, (659) 
449 (348) 
357 (183) 
339 (151) 
331 (136) 
1508 (2254) 
1264 (1816) 
955 (1259) 
658 (725) 
455 (359) 
386 (235) 
346 (164) 
333 (139) 
1508 (2254) 
1270 (1826) 
992 (1326) 
713 (823) 
521 (479) 
425 (306) 
375 (216) 
350 (1711 
1507 (2253) 
1223 (1742) 
1080 (14841 
830 (10351 
619 (6541 
515 (468: 
434 (3211 
353 (176: 
--I 
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-10 

-12 

NOTES: 
1. 
2. 
3. 
4. 
5. 
6 .  

-0 1 2 3 4 5 6 
DISTANCE FROM INSIDE SURFACE - CM 

0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 
DISTANCE FROM INSIDE SURFACE - IN. 

1 I I I I I I I I I I I I 

ENTRY TIME = 800 SEC 
POSITIVE STRESSES ARE TENSION STRESSES. 
SCALE IS DIFFERENT FOR FACESHEETS ONLY. 
STRESSES IN FIBERGLASS HONEYCOMB CORE AND SPONGE STRAIN ISOLATOR WERE INSIGNIFICANT. 
STRESSES RESULT FROM TEMPERATURES SHOWN IN TABLE XII. 
STRESSES SHOWN OCCUR AT WINDOW CENTERLINE 

LIMIT THERMAL STRESSES - SINGLEbLAYER RSI ANTENNA WINDOW DESIGN 

Figure 104 
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560 ,561 

497 

512 526 52 l  

A 4aa 0.508 CMTYP 465 
(0.20 IN.) 

t 
0.254 CM T Y  P 

(0.10 IN.) 

0.0305 I CM TY P 

(0.012 IN.) 

0.0305 CM T Y P  
(0.012 IN.) 

FIBERGLA S 1 I I 1  I I I I I I I I I 1616 117 FACES& 

2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 
RADIUS - CM 

7 : '  " ' 1  I 1 '  ' ' I '  I 

0.0305 CMTYB 
(0.012 IN.) 

I - I - 1-  I I ,  

1 2 3 4 5 6 
RADIUS - IN. 1 

COMPUTER MODEL - SINGLE-LAYER RSI ANTENNA 
WINDOW DESIGN FOR 6-BAND ANTENNA SYSTEM 

Figure 105 
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stress i s  9.62 x lo5 N/m2 (140 p s i ) .  
0.137 x lo5 N/m2 (2 p s i ) .  
lo5 N/m2 (18 p s i ) .  
i s o l a t e s  t h e  RSI thermal s t r a i n s .  

The maximum cross  plane tension stress i s  

It i s  concluded t h a t  t h e  sponge s t r a i n  i s o l a t o r  e f f e c t i v e l y  
The allowable c ross  plane tension stress is  1.24 x 

C-band s l o t  antenna system resul ts .  - The C-band l i n e a r  s l o t  antenna is 
similar i n  design t o  t h e  C-band horn but smaller as shown by f igu re  88. 
Analysis f o r  t h i s  antenna the re fo re  w a s  no t  required.  The antenna f i t s  between 
s t r i n g e r s  spaced 10.16 cm (4.0 in . )  apa r t .  The only s t r u c t u r a l  modifications 
required is the  addi t ion  of a s i l l  around t h e  cutout i n  t h e  skin.  The s i l l  has  
the  c a p a b i l i t y  of t r a n s f e r r i n g  skin loads  around t h e  cutout .  

Fuselage s t r i n g e r s .  - The fuselage s t r i n g e r s  adjacent  t o  t h e  antennas w e r e  
s ized  t o  withstand t h e  design loads  shown i n  the  sec t ion  on Strength Require- 
ments. 
appl ied t o  t h e  C-band horn antenna system. 
than t h a t  f o r  t h e  s t r i n g e r s  i n  t h e  L-band and C-band s l o t  antenna system designs.  

The minimum margin of s a f e t y  w a s  0.29 f o r  t h e  ascent pressure loads  
The margin of  s a f e t y  is g r e a t e r  

CONCLUSIONS AND RECOMMENDATIONS 

Several  conclusions can be  reached from the  r e s u l t s  obtained during t h i s  
study . 

a. 

b. 

C .  

d. 

e. 

f .  

g*  

They are: 

Antenna systems cons is t ing  of off-the-shelf antennas thermally pro- 
t ec t ed  by RF windows can be  designed f o r  Space S h u t t l e  Orb i t e r  
appl ica t ion .  

The bas i c  antenna temperature can be maintained at 422'K (300'F) with- 
out  g rea t  complexity. 

The use of RSI ,  p a r t i c u l a r l y  LI-1500, provides t h e  s implest  and most 
d i r e c t  approach. 

The d i e l e c t r i c  constant  and loss tangent of LI-1500 are low and change 
v e e  little. 1171th temperature, therefore ,  t h e  test r e s u l t s  obtained 
at  room temperature are expected t o  be  equal ly  v a l i d  at t h e  high 
operat ing temperature. 

A window edge enclosure may b e  used f o r  p a t t e r n  con t ro l  f o r  some 
antenna types.  

The extension of a window edge enclosure i n t o  t h e  R S I  window material 
is l imi ted  by the hea t  s i n k  c a p a b i l i t y  at  the  po in t  where t h e  window 
edge enclosure a t t aches  t o  t h e  ground plane (o r  s t ruc tu re )  around t h e  
antenna. 

The mult iple- layer  window approach r e s u l t s  i n  t h e  need f o r  a l a r g e  
hea t  s i n k  because of t h e  hea t  sho r t  from t h e  antenna window re t a in ing  
r i n g  a t  t h e  su r face  of t h e  TPS t o  t h e  ground plane (o r  s t r u c t u r e )  
around t h e  antenna. 
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* 
h. The antenna window can be designed t o  provide easy access f o r  i n s t a l l a -  

t i o n  o r  removal. 

i. The r e u s a b i l i t y  of t h e  antenna system is l imi ted  pr imari ly  by ex te rna l  
damage such as r a i n ,  o r  runway sand and grave l  errosion.  

j. Additional material development does not  appear t o  b e  necessary t o  m e e t  
t h e  high temperature requirements. 

The work during t h i s  s tudy a l s o  leads t o  several recommendations t o  fu r the r  
develop these  designs : 

a. One o r  more of these designs should be f ab r i ca t ed  and subjected t o  
complete environmental t e s t i n g  t o  evaluate  the  designs generated i n  
t h i s  study (high temperature t e s t i n g  is cur ren t ly  being implemented 
f o r  an S-band antenna design, which includes many of the  design 
f ea tu res  developed during t h i s  cont rac t ,  by McDonnell Douglas cont rac t  
(NAS9-13004) t o  NASA Manned Space Center a t  Houston, Texas. 

b. One o r  more of t h e  off-the-shelf antennas appl icable  t o  these  designs 
be subjected t o  t h e  cold condi t ion of space t o  determine what problems 
e x i s t  and the  so lu t ions  t o  these problems. 

c .  One o r  more of these antenna systems should be f ab r i ca t ed  and t e s t e d  
i n  a ground plane e s s e n t i a l l y  the  same s i z e  as the  Space S h u t t l e  
Orbi te r  sur face(s )  t o  b e t t e r  assess t h e  e f f e c t s  of sur face  wave 
exc i t a t ion .  
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APPENDIX A 

MATERIAL DESIGN PROPERTIES 

The material p rope r t i e s  given i n  t a b l e s  X I 1  through X I X  were used i n  

TABLE XI1 
analyses performed on t h i s  program. 

REUSABLE SURFACE INSULATION (LI-1500) 

DENSITY: 15.0 LB/FT3 
THERMAL CONDUCTIVITY: 

CONDUCTIVITY (BTU/HR FT OR) SPECIFIC HEAT: 

TEMPERATURE 

460 
760 

1160 
1860 
2460 
2960 
3460 

(OF) 2.785 

* 
RE (LB/FT~) 

278.5 I 2116. I 9000. 
0.0142 
0.0175 
0.0225 
0.0375 
0.0558 
0.0766 
0.1050 

PRES! 
27.85 

0.0234 
0.0258 
0.0292 
0.0500 
0.0850 
0.1125 
0.1470 - 

0.0267 
0.0283 
0.0392 
0.0750 
0.1167 
0.1 565 
0.2000 - 

TEMPERATURE (OR) , SPECIFIC HEAT 
IBTU/LB OR) 

360 
540 
7 20 
900 

1000 
1260 
1440 
1800 
2160 
2520 
2960 

0.0716 
0.1510 
0.1980 
0.2340 
0.2630 
0.2800 
0.2870 
0.2940 
0.3060 
0,3160 
0.3200 

TABLE Xll l  
LOW DENSITY RESILIENT INSULATION (FI-600) 

DENSITY: 6.00 LB/FT3 

THERMAL CQNDU CTIVITY: 

CONDUCTIVITY (BTUBR FT OR) SPECIFIC HEAT: 

EMITTANCE: 

PRESSURE (L B/FT~' 
0.278 27.8 2116. 

0.00045 0.00245 0.0059 
0.0017 0.0068 0.0138 
0.00375 0.0112 0.0228 
0.00916 0.025 0.04 
0.0208 0.0408 0.069 
0.035 0.0692 0.097 

TEMPERATURE (OR) EMITTANCE 
532 0.9 

9000. 
0.0059 
0.0138 
0.0228 
0.04 
0.0691 
0.0967 

- 

- 

TEMPERATURE (OR) I SPECIFIC HEAT (BTU/LB OR) 
I 

360 0.0716 
540 
720 
900 

1000 
1260 
1440 
1800 
2160 
2520 
2960 

0.1510 
0.1980 
0.2340 
0.2630 
0.2800 
0.2870 
0.2940 
0.3060 
0.3160 
0.3200 
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TABLE XIV 
SILICONE SPONGE (RL-524 TYPE 5-105) 

DENSITY: 20.0 LB/FT3 
THERMAL CONDUCTIVITY 0.12 B T U A R  FT OR 

SPECIFIC HEAT: 0.32 BTU/LB OR 

TABLE XV 
BORON NITRIDE (HD-0092) 

~ 

SPECIFIC HEAT: 

DENSITY: 120 LB/FT3 

THERMAL CONDUCTIVITY: 

TEMPERATURE (OR) CONDUCTIVITY (BTU/HR FT OR) 

0 20.0 

2460 10.2 
2960 

EMITTANCE: 
TEMPERATURE (OR) 

0 
1350 
1710 
1980 
2520 
2880 
31 50 
3690 
387 0 
4320 
4500 

EMITTANCE 
0.93 
0.93 
0.90 
0.76 
0.70 
0.72 
0.69 
0.63 
0.63 
0.47 
0.43 

TEMPERATURE (OR) 
0 

540 
670 
852 

1032 
1212 
1392 
1572 
1752 
1932 
2960 

SPECIFIC HEAT (BTU/LB OR) 

0.193 
0.193 
0.263 
0.283 
0.324 
0.358 
0.389 
0.416 
0.441 
0.468 
0.468 

NOTE: MULTIPLY K VALUES BY 0.5285 FOR THERMAL 
CONDUCTIVITY PERPENDICULAR TO MOLD LINE 
(PARALLEL TO {PRESSING DIRECTION) 
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TABLE XVI 
DYNAQUA RTZ (JOHNS-MANVILLE) 

DENSITY: 10.0 LB/FT3 

THERMAL CONDUCTIVITY: 
CONDUCTIVITY (BTU/HR FT OR) SPECIFIC HEAT: 

TEMPERATI 
(OR) 

0 
1660 
1860 
2060 
2260 
2460 
2660 
2860 

0.278 
0.0183 
0.0216 
0.0242 
0.0292 
0.0350 
0.0417 
0.0492 
0.0592 

PRES: 

EMITTANCE: 

TEMPERATURE (OR) 
0 

530 
860 

1260 
1660 
2060 
2460 
2860 
5000 

EM1 l T A N  CE 
0.84 
0.84 
0.82 
0.70 
0.50 
0.44 
0.34 
0.27 
0.27 

iiE LB/FTz TEMPERATURE 
(0r1 

0 
530 
860 

1060 
1260 
1460 
1660 
1860 
2060 
2260 
2460 
2660 
5000 

SPEC1 FIC HEAT 
(BTUPLB -- OR) 

0.170 
0.170 
0.230 
0.248 
0.260 
0,269 
0.277 
0,283 
0.288 
0.294 
0.298 
0.302 
0.302 
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TABLE XVll  
LOAD BEARING INSULATION (MIN-K TYPE 1301) 

DENSITY: 2Q.O LB/FT3 
THERMAL CONDUCTIVITY: SPECIFIC HEAT: 

TEMPERATURE PR) CONDUCTIVITY (BTU/HR FT OR) 

560 0.01 50 
1460 0.0225 

TEMPERATURE (OR) 

500 
660 

1060 
1260 
1460 
1660 

2060 

a60 

1860 

SPECIFIC HEAT (BTU/LB OR) 

0.180 
0.202 
0.220 
0.233 
0.246 
0.256 
0.262 
0.272 
0.274 

TABLE XVIll  
NICKEL BASE SUPERALLOY (INCONEL 702) 

DENSITY: 525.6 LB/FT3 

THERMAL CONDUCTIVITY: 

I TEMPERATURE (OR) I CONDUCTIVITY (BTU/HR FT OR) 

460 6.2 
660 1.1 

1060 9.3 
1260 10.6 
1460 12.0 
2460 19.0 

a60 8.2 

SPECIFIC HEAT: 

TEMPERATURE (OR) 

21 0 
260 
360 
530 
660 

1060 
1260 
1460 
1660 

2060 
2460 

a60 

1860 

SPECIFIC HEAT (BTUAB OR) 

0.073 
0.079 
0.09 
0.106 
0.111 
0.116 
0.121 
0.126 
0.132 
0.1 40 
0.145 
0.149 
0.155 
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MATERIAL ~ ~ ~ R 1  

12.3 x l o 6  
12.3 x 106 
12.3 x 106 
12.3 x l o 6  

U-1500 RSI 

0.1 
0.1 
0.1 
0.1 

0.3 
0.3 
0.3 
0.3 
0.3 
0.3 

PHENOLIC FIBER- 
GLASS CLASS D 
SHEET j 
MIL-H-17 PAGE 
4-100 

PHENOLIC 

COMBAVERAGE 
OF L&W PROPERTIES 

FIBERGLASS HONEY- 

S-105 SPONGE 
STRAIN ISOLATOR 

BORON NITRIDE I 
GRADE HD-0092 

COLUMBIUM 

70 
2500 

70 
150 
200 
300 
400 

70 
150 
200 
300 
400 

70 
400 

70 
752 

1472 
2192 
2912 

70 
500 

1000 
1500 
2000 
2500 

TABLE XIX 
MECHANICAL PROPERTIES 

YlODULUS OF ELASTlClTYl 
IN TE 

IN PLANE 
(PSI) 

105 
105 

3.2 x 106 
3.14 x lo6 
3.04 x lo6  
2.7 x lo6 
2.3 x 106 

10,000 
10,000 
10,000 
10,000 
10,000 

60 
60 

7.0 x 106 
7.0 x 106 
7.0 x 106 
7.0 x 106 
7.0 x 106 

21 x 1oGV 
20 x 106 
19.5 x 106 
19.0 x 106 

15.5 x 106 
18.0 x 106 

JON 
CROSS 
PLANE 
(PSI) 

v POISSON’S 
RATIO 

104 0.1 
104 0.1 

0.2 
0.2 
0.2 
0.2 
0.2 

0.01 
0.01 
0.01 
0.01 
0.01 

0.01 
0.01 

SHEAR 
MODULUS 

(PSI) 

6600 
6600 

0.835 x 106 a 
0.82 x lo6 
0.792 x lo6 
0.703 x 106 
0.60 x l o6  
10,700 
10,450 
10,100 
9,000 
7,700 

30 
30 

a 

5.6 x 106 
5.6 x l o6  
5.6 x 106 
5.6 x 106 
5.6 x lo6 
8.08 x 106 
7.7 x 106 
7.5 XI06 
7.3 x106 

5.97 x 106 
6.92 x l o6  

COEFflClENT OF 
THERMA 

IN PLANE 
INJIVF 

3 10-7 
3 10-7 

4.5 x 10-6 
4.5 x 10-6 
4.5 x 10-6 
4.5 x 10-6 
4.5 x 10-6 

2.35 10-4 
2.35 x l o4  
0.0 
1.33 10-7 
3.4 10-7 
5.5 x 1 ~ - 7  

3.5 x 10-6 

4.4 x 1 0 4  

5.11x 10-6 

8.57 x 

4.0 x 104 

4.6 x IO4 
4.8 x 1O4 

1XPANSION 

:ROSS PLANE 
IN/I NPF 

h 

16 x 10“ 
16 x 10d 
16 x 1O4 
16 x 1O4 
16 x 1O4 

ULTIMP 
S 

IN PLANE 
[PSI) 

115 
166 

40,000 
37,750 
36,300 
33,700 
30,000 

- 

100 
100 

6,000 ‘ 
6,200 
7,000 
8,000 

10,000 

64,000 
43,000 
37,000 
34,000 
24,000 
15,000 

I 

NOTES: 
a. VARIATION WITH TEMPERATURE DETERMINED BY MULTIPLYING ROOM TEMPERATURE VALUE BY THE RATIO OF THE E OF FIBER- 

b. ARBITRARY VALUE 
e. WHEN FIBERGLASS HONEYCOMB PROPERTIES ARE NOT SHOWN FIBERGLASS SHEET PROPERTIES WERE ENTERED IN THE COMPUTER 

PROGRAMS AS HONEYCOMB PROPEdTIES. 
d. FLEXURAL‘ STRENGTH SHOWN 
e. ESTIMATED BY CONSIDERING DATA FOR GRAPHITE 
1. ESTIMATED BY CONSIDERING DATA FOR MDC RSI 
8. YIELD STRENGTH SHOWN 
h. WHERE CROSS-PLANE DATA IS NOT SHOWN IN-PLANE DATA WAS ENTERED IN THE COMPUTER PROGRAMS AS CROSS-PLANE DATA. 
i. “EVALUATION OF NONMETALLIC THERMAL PROTECTION MATERIALS FOR THE MANNED SPACE SHUTTLE”, VOLUME V, BATTELLE 

j. MIL-HDBK-17A “PLASTICS FOR AEROSPACE VEHICLES, PART I ,  REINFORCED PRACTICE“ DATED JANUARY 1971. 
k. BROCHURE D “HONEYCOMB SANDWICH DESIGN DATA AND TESTMETHODS” HEXCEL PRODUCTS INC. 

m. SCHMIDT, F.F., ET AL., “ENGINEERING PROPERTIES OF COLUMBIUM AND COLUMBIUM ALLOYS,” REF! NO. DMlC 188, 

GLASS SHEET AT TEMPERATURE TO E AT ROOM TEMPERATURE. 

MEMORIAL INSTITUTE, DATED JUNE 1,1972 

I .  BULLETIN NO. 442-209HD “NATIONAL BORN NITRIDE GRADE HD-0092 HOT PRESSED SHAPES” UNION CARBIDE CORPORATION 

BATTELLE MEMORIAL INST, SEI? 1963 

. TENSILE 
ESS 

>ROSS PLANE 
(PSI) 

18 
18 
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APPENDIX 3 

COMPUTEI) RADIATION PATTERNS 

This appendix presents  t h e  r e s u l t s  of r a d i a t i o n  pa t  r n  ca l cu la t ions  per- 
formed a t  t h e  Langley Research Center. These p a t t e r n s  w e r e  computed f o r  a 
C-band l i n e a r  s l o t  antenna i n  a 76.2 x 76.2 c m  (30 x 30 in . )  ground plane,  
f i g u r e  106, and with t h e  ground plane covered with 5.08 c m  (2 in . )  t h i c k  d i e l ec -  
t r i c  material, f i g u r e  107. 
f i g u r e s  69 and 70 of t h e  text f o r  i d e n t i c a l  configurat ions.  

These r e s u l t s  correspond t o  t h e  r e s u l t s  shown i n  

GROUND 

@= 0 

PLANE COVERED WITH 5.08 CM (2.0 IN.) THICK DIELE 
(Dielectric Constant = 1.2, Loss Tangent = 0.002) 

PLANE 
Figure 106 

,CTRIC LAYER 

Figure 107 
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BPPENDIX c 

EQUATIONS FOR CALCULATING POWER TRANSMISSION 
THROUGH 

MULTIPLE LAYERS OF LOSSY DIELECTRIC 

Plane wave transmission loss through N l a y e r s  of a l o s s y  d i e l e c t r i c  may 
be ca lcu la ted  using several approaches ( re fs .  10  a i d  11) The equations used 
f o r  t h e  r e s u l t s  given i n  t h e  sec t ion  on Antenna Window Transmission are given 
below. 

(1) MODEL 

zN 

AIR 

E N = l  

J = N  

(2) SNELL's LAW 

'N-1 - %-1- 
LAYER 
BN- 2 

N-1 

J=N-1  

E 

z2 

LAYER 
a 1 

&2 

512 

eJ = arc s i n  [ d~ /E '  ( s i n  el)] 
1 J  

where 

BJ = angle  of propagation i n  d i e l e c t r i c  shee t  number J 

'1 

AIR 

E1'l 

J=1 

- 

= angle  of incidence 

E = relative d i e l e c t r i c  constant  of air 1 
E '  = relative d i e l e c t r i c  constant  of shee t  number J J 
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(3) WAVE IMPEDANCE 

1/2 
1 (fo r  perpendicular po lar iza t ion)  'J =($) fi cos BJ 

J ( f o r  p a r a l l e l  po lar iza t ion)  
cos 8 1/2 

'J =( :) 
where 

ZJ = c h a r a c t e r i s t i c  impedance of  d i e l e c t r i c  shee t  number J. 

= permeabili ty of f r e e  space 

= permi t t i v i ty  of f r e e  space 

uO 

E 

E = complex d i e l e c t r i c  constant  (E = E '  (1 - j t a n  6)) 

( 4 )  PROPAGATION CONSTANT IN MEDIA 

0 

J J J 

where 

a = a t tenuat ion  constant  

6 = phase constant  

w = angular frequency 

(5) IMPEDANCE TRANS FORMATION 

ZI cosh y d + Z si& y dJ 

Z cosh y dJ + Z I J  s inh  y dJ 
J J J zlJ+l = 'J 

J 

where 

Z I J  = t h e  equivalent impedance a t  the  r i g h t  boundary of d i e l e c t r i c  sheet  
number J ,  which represents  t he  load impedance f o r  t h a t  shee t ,  

dJ = thickness  of d i e l e c t r i c  shee t  number J. 

133 



Note t h a t  

1 I Z 1 2  = z1 - - 
1 cos e 

(6) POWER TRANSMISSION COEFFICIENT 

where 

N = TOTAL NUNBER of d i e l e c t r i c  shee ts  (including a i r  shee ts )  

El, EJ = vol tage  a t  l e f t  sur face  of d i e l e c t r i c  shee t  number J 

A t  t h e  l e f t  a i r - d i e l e c t r i c  i n t e r f a c e  

where 

11 11 - - (Note: ZN = Z s i n c e  shee t  N is a l s o  a i r . )  ’N Z I N  + ZN 1 

However, 

and 

1 
- = -  E2 ( Z I ~  cosh y2 d2 + Z2 s i n h  y2 d2> 

‘I2 

134 



therefore, 

EN EN EN-l - =  - - - - - -  - 
EN-1 EN-2 

and 

E~~~~~~~ 
E~~~~~~~~ 
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