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METHODS FOR PREDICTING SPACECRAFT-WINDOW-INDUCED 

LINE-OF-SIGHT  DEVIATIONS 

By Kenneth C .  White  and  Burnett L. Gadeberg 

Ames Research  Center 

SUMMARY 

Methods have   been   deve loped   for   p red ic t ing   angular   l ine-of -s ight   devia-  
t ions  induced by s p a c e c r a f t  windows. L ine -o f - s igh t   dev ia t ions   a r e   de f ined  
he re in  as angu la r   dev ia t ions   o f   t he  l i n e s  o f   s i g h t  as they   pass   th rough  the  
spacec ra f t  window. The methods r e q u i r e  an accu ra t e   desc r ip t ion   o f   t he   shape  
of   the  window su r face  and a set  o f   r ay - t r ace   equa t ions .  

The d e s c r i p t i o n   o f   t h e  window sur face   shape   requi res  an accu ra t e  knowl- 
edge   o f   t he   f l a tnes s   d i s t r ibu t ion   ove r   t he  whole window s u r f a c e ,   t h e   p a r a l -  
lelism between t h e   s u r f a c e s   o f   t h e  window, and the  surface  deformation  due 
to   p re s su re   l oad ing .  The window s u r f a c e   f l a t n e s s   d i s t r i b u t i o n  and t h e   p a r a l -  
l e l i s m  between surfaces   are   determined  f rom  interference  photographs  of   the 
window. Pressure  deformations  of  windows with known edge  support   condi t ions 
a r e  computed by means of known a n a l y t i c a l   s o l u t i o n s   o r  a f i n i t e   e l e m e n t   s t r u c -  
tural   analysis   computer   program.  Pressure  deformations  of  windows with 
unknown edge  conditions are de termined   exper imenta l ly   f rom  in te r fe rence  
photographs  of  the window s u r f a c e s .  

The p r e d i c t i o n  methods were u s e d   t o  compute t h e   l i n e - o f - s i g h t  (LOS) 
d e v i a t i o n s   f o r  a Gemini spacec ra f t  window.  The edge  condi t ions were: (1) t h e  
a c t u a l  Gemini edges,  ( 2 )  i d e a l i z e d  clamped  edges,  and (3) idea l ized   s imply  
supported  edges.  LOS dev ia t ions  computed f o r   t h e   t h r e e  edge  conditions 
included  the combined e f f e c t s   o f  window su r face   nonf l a tnes s ,  wedge angle ,  and 
pressure  deformation,  as wel l  as index-o f - r e f r ac t ion   d i f f e rence   o f   t he   l i gh t  
t ransmission  media   inside and o u t s i d e   t h e   s p a c e c r a f t .  The d e v i a t i o n s   a r e  
funct ions  of   both LOS o r i e n t a t i o n  and inc idence   pos i t i on  on t h e  window. 
Deviat ions up t o  20 a rc sec  were  encountered. 

The computed LOS d e v i a t i o n s  were  compared with  experimentally  measured 
LOS d e v i a t i o n s   t o   a s s e s s   t h e   v a l i d i t y   o f   t h e  methods developed. A d e t a i l e d  
s t a t i s t i c a l   a n a l y s i s   o f   t h e   d i f f e r e n c e s   b e t w e e n  computed  and experimental ly  
measured d a t a   i n d i c a t e d   t h a t   t h e   r e s u l t s   a g r e e d   t o   w i t h i n  2 arcsec mean d i f -  
f e r ence  and 4 a rcsec   s tandard   devia t ion .  The methods  developed w i l l  provide 
accu ra t e   p red ic t ion   o f   spacec ra f t  window-induced LOS dev ia t ions  i f  t h e  window 
su r face   shapes   a r e  known wi th   su f f i c i en t   accu racy .  

INTRODUCTION 

On-board nav iga t ion   sys t ems   t ha t   de r ive   t he i r   bas i c   i npu t s  from o p t i c a l  
. measurements made through a s p a c e c r a f t  window have  been  considered  for manned 

s p a c e   f l i g h t .  For  example,  on-board  navigation  concepts  that  use  the  hand- 
held  space  sextant  have  been  studied  for  backup  navigation  during  the 



midcourse,   ear th-orbi ta l ,   and  orbi t - rendezvous  phases   of   the  manned t r a n s l u n a r  
mission as well as the   i n t e rp l ane ta ry   mi s s ion   ( e .g . ,  refs .  1-4).  For  naviga- 
t i o n ,   t h e  measurement  of i n t e r e s t   i n   t h e   m i d c o u r s e   o r   e a r t h - o r b i t a l   p h a s e  i s  
the  angle   between  two  celest ia l   bodies   such as a s tar  and a p l a n e t ;  whereas, 
dur ing   orb i t   rendezvous ,  it is  the  angle  between a s t a r  and a t a r g e t   s p a c e -  
c r a f t .  These  angular   navigat ion  measurements   are   subject   to  window-induced 
e r r o r s   t h a t   r e s u l t   f r o m   t h e   d e v i a t i o n   o r   b e n d i n g   o f   t h e   l i n e   o f   s i g h t  (LOS) 
from t h e   s i g h t i n g   t a r g e t s  as they   pass   th rough  the  window. The e f f e c t   o f  
t h e s e   n a v i g a t i o n a l   e r r o r s  on a r e t u r n  from Mars mission (by a Venus swingby) 
is  i n d i c a t e d   i n   r e f e r e n c e  5, wherein it was concluded  that  window-induce 
e r r o r s  must be   de te rmined   to   wi th in  a few seconds  of   arc .  The window as  used 
he re in  will cons i s t   o f  one o r  more panes  of   glass  mounted i n  a frame i n   t h e  
spacec ra f t   s t ruc tu re .   Sources   o f  window-induced LOS dev ia t ions  are: nonf l a t  
window su r faces ,   nonpa ra l l e l  window s u r f a c e s ,  window deformations  due  to  
pressure   loading ,  and the   d i f f e rences   be tween   t he   i ndex   o f   r e f r ac t ion   o f   t he  
a i r  i n s i d e   t h e   s p a c e c r a f t  and the  outs ide  space  environment .  

Walsh,  Warner,  and  Davis ( r e f .  6)  and  Warner  and Walsh ( r e f .  7) have 
made l imi t ed   exe r imen ta l   i nves t iga t ions   o f   t he  LOS d e v i a t i o n s   f o r   o p t i c a l  
and nonop t i ca l   qua l i t y  Gemini spacec ra f t  windows. Koch e t  a l .  ( r e f .  8) made 
a l i m i t e d   a n a l y t i c   s t u d y   o f   t h e   d e v i a t i o n s   f o r  an e l l i p t i c a l   a p p r o x i m a t i o n  
of   the Gemini window shape. However,  up t o   t h i s  time, no d e f i n i t i v e   a n a l y t i c  
s tudy   of   spacecraf t  window-induced LOS devia t ions   has   been  made. 

Gadeberg  and  White ( re f .  9)  developed  an  analysis  method fo r   de t e rmin ing  
window-induced LOS dev ia t ions .  The method  which was u t i l i z e d   i n   t h i s   s t u d y  
c o n s i s t s   b a s i c a l l y   o f  a r a y - t r a c e  scheme t h a t  w i l l  p e r m i t   t r a c i n g   o f   l i g h t  
rays   through any type  of window sys t em  in  which t h e  window surface  shapes  can 
be  described  mathematically.  The development  of  the  mathematical  models  for 
t he   su r f ace   shapes   r equ i r e s   accu ra t e  knowledge  of t h e  window surface  deforma- 
t i o n s  due t o   p r e s s u r e   l o a d i n g   t h a t   a r e   c r i t i c a l l y   d e p e n d e n t  on window planform 
shape and window edge  mounting  conditions. I f  t h e  window i s  r e g u l a r  and sym- 
me t r i ca l   i n   shape  and t h e  edge  conditions are  known, exact  closed  form  solu- 
t i ons   ex i s t   fo r   t he   p re s su re   de fo rma t ions .  If t h e  window i s  n o t   r e g u l a r   i n  
shape   bu t   the   edge   condi t ions   a re  known, the  pressure  deformations  can  be 
obtained  with a numer ica l   so lu t ion .  However, i f  t h e  edge   condi t ions   a re   no t  
known o r   canno t   be   r ead i ly   de f ined ,   t he   p re s su re   de fo rma t ions  must  be  obtained 
by  some experimental  method t h a t  would r e q u i r e   m o d i f i c a t i o n   o f   t h e   a n a l y s i s  
method  developed i n   r e f e r e n c e  9 .  

The o b j e c t i v e s   o f   t h i s   r e p o r t   a r e   t o :   ( 1 )   a p p l y   t h e   a n a l y s i s  method of 
r e fe rence  9 t o   t h e   a n a l y s i s   o f  LOS devia t ions   assoc ia ted   wi th  a spacec ra f t  
window with known edge   condi t ions ,   nonf la tness ,  and wedge angle;  ( 2 )  eva lua te  
the   accuracy   of   the   ana lys i s  method by comparison  of  results  with  experimen- 
t a l l y  measured da ta ;  ( 3 )  modify t h e  method to   pe rmi t   de t e rmina t ion  o f  LOS 
d e v i a t i o n s   f o r  a window with unknown edge  condi t ions by ob ta in ing   t he  window 
sur face   p ressure   deformat ions   f rom  in te r fe rence   photographs   ob ta ined   in   the  
labora tory ;  (4 )  eva lua te   the   accuracy   of   th i s   modi f ied  method  by applying i t  
t o  a window with known edge  conditions and then  comparing  the  resul ts   wi th 
those   ob ta ined   wi th   the   bas ic  method;  and (5) apply   th i s   modi f ied  method t o  
the   de te rmina t ion  of LOS d e v i a t i o n s   f o r  a s p a c e c r a f t  window with unknown edge 
condi t ions  and  compare the   resu l t s   wi th   exper imenta l ly   measured   da ta .  
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The s p a c e c r a f t  window u s e d   f o r  a l l  
phases   o f   the   s tudy  i s  t h e  Gemini space- 
c r a f t  o p t i c a l   q u a l i t y  window.  The win- 
dow i s  assumed t o  have known clamped 
and  simply  supported  edge  conditions 
f o r   t h e   a p p l i c a t i o n   o f   t h e   b a s i c   a n a l y -  
s is  method,  and t h e   a c t u a l  Gemini edges 
t h a t  are d i f f i c u l t   t o   d e f i n e  are  used 
fo r   app l i ca t ion   o f   t he   mod i f i ed  method. 

DEVELOPMENT OF METHOD 

The p resence   o f   t he   spacec ra f t  
window i n   t h e   p a t h   o f   l i g h t   r a y s   c a u s e s  
t h e s e   r a y s   t o  bend o r   t o   b e   d e v i a t e d  
f r o m   t h e i r   o r i g i n a l   p a t h .   L i g h t   r a y  
devia t ions   can   bes t   be   expla ined  by 
S n e l l ' s  Law of  Refraction,  which i s  
i l l u s t r a t e d   i n   s k e t c h   ( a ) .   S n e l l ' s  law 
i s  n l   s i n  0 1  = n2 s i n  0 2 ,  where  nl 
is the   i ndex   o f   r e f r ac t ion   o f  medium 1, 
e l  is t h e   a n g l e   t h e   i n c i d e n t   r a y  
makes wi th   t he  normal t o   t h e   i n t e r f a c e  
between mediums 1 and 2 ,  n2 i s  t h e  
index   o f   r e f r ac t ion   o f  medium 2 ,  and 
O 2  i s  t h e   a n g l e   t h e   r e f r a c t e d   r a y   i n  
medium 2 makes with the  normal .  Exam- 
i n a t i o n   o f   S n e l l ' s  law i n d i c a t e s   t h a t  
a r a y   o f   l i g h t  will be  deviated  through 
some angle  as it  passes  through a 
s p a c e c r a f t  window i f  t h e  media  on 
e i t h e r   s i d e   o f   t h e  window h a v e   d i f f e r -  
e n t   i n d i c e s  of  r e f r a c t i o n ;   o r  i f  t h e  
media a r e   t h e  same, a l i g h t   r a y  will be 
dev ia t ed  i f  it i n t e r s e c t s   t h e  window 
s u r f a c e s  a t  p o i n t s  where the  normals 
t o   t h e   s u r f a c e s   a r e   n o t   p a r a l l e l .  Ray 
dev ia t ions  would a l s o   r e s u l t  from 
c h a n g e s   i n   t h e   i n d e x   o f   r e f r a c t i o n  
w i t h i n   t h e   g l a s s  i t s e l f .  However, i n  
t h i s   s t u d y  it was assumed t h a t   t h e  
index   o f   r e f r ac t ion   r ema ins   cons t an t  
t h roughou t   t he   g l a s s .  Two examples  of 
l i g h t   r a y   d e v i a t i o n s  are i l l u s t r a t e d   i n  
sketches  (b)  and  (c)  where  the  cross- 
hatched areas r ep resen t  windowpanes. 

Sketch (b) i l l u s t r a t e s   l i g h t   r a y  
d e v i a t i o n   d u e   t o   d i f f e r e n c e s   i n   t h e  
media on e i t h e r   s i d e   o f   t h e  windowpane. 
I n   t h i s  case, t h e  window s u r f a c e s   a r e  
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p e r f e c t l y  f la t  and p a r a l l e l ,   b u t  medium 3 is more dense  than medium 1, and, 
t h e r e f o r e ,   t h e   i n d e x   o f   r e f r a c t i o n  n3 is  g r e a t e r   t h a n  n l .  I t  is ev ident  
from S n e l l ' s  law t h a t   t h e   a n g l e s  8 1  and 8 3  are n o t   e q u a l  and t h a t   t h e   l i g h t  
r ay  i s  devia ted   by   the   angle  51. T h i s   t y p e   o f   d e v i a t i o n   o c c u r s   i n   a n   o r b i t -  
i ng   spacec ra f t  where t h e   i n d e x   o f   r e f r a c t i o n  i s  l a r g e r   f o r   t h e  a i r  i n s i d e   t h e  
s p a c e c r a f t   c a b i n   t h a n   f o r   t h e   s p a c e  vacuum o u t s i d e .  

S k e t c h   ( c )   i l l u s t r a t e s   l i g h t   r a y   d e v i a t i o n  when t h e   r a y   i n t e r s e c t s   t h e  
window s u r f a c e s  at po in t s   where   t he   no rma l s   t o   t he  surfaces are d i f f e r e n t .  
In   t he  example  shown,  media 1 and 3 are i d e n t i c a l ,  and t h e  window s u r f a c e s  
are f l a t  b u t   n o t   p a r a l l e l .  The angles  01 and 8 2  are not   equa l   because   the  
window s u r f a c e s  are n o t   p a r a l l e l ,  and t h e   l i g h t   r a y s   i n t e r s e c t   t h e  window 
su r faces  a t  points  where  the  normals 1 and 2 are n o t   p a r a l l e l  and t h e  LOS i s  
devia ted  by t h e   a n g l e  52. Ligh t   r ay   dev ia t ions  w i l l  a l s o   r e s u l t  i f  t h e   r a y  
i n t e r s e c t s   t h e  window surfaces a t  p o i n t s  where t h e  window su r faces  are p a r a l -  
l e l   b u t   n o t  f l a t ,  as when t h e  window i s  s u b j e c t e d   t o   p r e s s u r e   l o a d i n g ,   o r  if 
t h e   s u r f a c e s  are b o t h   n o n f l a t  and n o n p a r a l l e l .  For t h e   a c t u a l   s p a c e c r a f t  
window, the   su r f ace   shape  must  be known a c c u r a t e l y  a t  a l l  p o i n t s .  An accura t e  
de t e rmina t ion   o f   t he   su r f ace   shape   r equ i r e s  knowledge  of  the window edge  con- 
d i t i ons ,   p re s su re   l oad ing  on t h e  window, spec i f ica t ions   o f   manufac ture ,  and 
nominal window planform. The problem  becomes  more  complex  because  the  plan- 
form o f   t h e  window is  qu i t e   o f t en   ne i the r   geomet r i ca l ly   r egu la r   no r   symmet r i -  
cal; t hus ,   t he   su r f ace   shapes   o f   t he  window  when s u b j e c t e d   t o   p r e s s u r e  
loading are not   symmetr ical .  

The preceding   presents  a s impl i f i ed   d i scuss ion   o f   t he   causes   o f   t he  
l i g h t   r a y   d e v i a t i o n s .   I n   t h i s   s t u d y ,  LOS o r ig ina t ing   f rom some re fe rence  
p o i n t   i n s i d e  a s p a c e c r a f t  are t r aced   t oward   t he   ou t s ide   o f   t he   spacec ra f t .  
Thus, t h e  LOS t r a v e l   i n   t h e   o p p o s i t e   d i r e c t i o n   f r o m   l i g h t   r a y s   t h a t  emanate 
from some ce les t ia l  body  and t rave l  toward t h e   s p a c e c r a f t .  The theory  used 
to   de t e rmine   t he  LOS d e v i a t i o n s   f o r   a n   a c t u a l   s p a c e c r a f t  window is t h e  same 
as t h a t   f o r   f i n d i n g   l i g h t   r a y   d e v i a t i o n s ,   e x c e p t   t h a t   t h e   t r a c i n g  is done i n  
a r e v e r s e   d i r e c t i o n .  The r ay  trace equat ions  and  digi ta l   computer   program 
used i n   t h i s   s t u d y  were developed by  Gadeberg  and  White ( r e f .  9 ) .  The method 
i s  i l l u s t r a t e d  by the   f l ow  d i ag ram  in   f i gu re  1. A p a r t i c u l a r   s p a c e c r a f t  i s  
assumed with a g iven   p re s su re  and  temperature  environment. The g iven   pres -  
sure   loads   and   tempera ture   var ia t ions   over   the   spacecraf t   s t ruc ture  will 
cause   s t ruc tu ra l   de fo rma t ions ,   wh ich ,   i n   t u rn ,  will impose  forces  and moments 
on the  window frame, and t h e  window will be  deformed.   In   this   s tudy,   deforma- 
t i o n s   d u e   t o  window temperature  were no t   cons ide red   s ince   p re l imina ry   ca l cu -  
l a t i o n s   ( r e f .  8) i nd ica t ed   t hey  were n e g l i g i b l e   i n   c o m p a r i s o n   t o   t h e   p r e s s u r e  
deformations.  Window deformat ion   due   to   p ressure   loading  was determined i n  
two ways. When t h e  window edge  condi t ions were known ( i . e . ,   i d e a l i z e d   e d g e  
suppor ts )  , a s t r u c t u r a l   a n a l y s i s ,   d i g i t a l  computer  program was used. The 
inpu t s   t o   t he   p rog ram  a re   i nd ica t ed   i n   t he   d i ag ram.  When t h e  window edge 
condi t ions  were not  known, the   su r f ace   de fo rma t ions  were measured i n   t h e  
l abora to ry  from in te r fe rence   photographs   o f   the  window. 

I t  was a l s o   n e c e s s a r y   t o   d e t e r m i n e   t h e  window su r face   nonf l a tnes s  and 
t h e  wedge a n g l e   ( i . e . ,   t h e   a n g l e  between nonpara l l e l  window s u r f a c e s )   t h a t  
r e s u l t  from the   manufac tur ing   process .   These   charac te r i s t ics   were   a l so  
obtained  f rom  interference  photographs.  
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The window su r face   nonf l a tnes s  and t h e  wedge angle  were combined with 
t h e  window deformations  caused by p res su re   l oad ing   t o   g ive   numer i ca l   va lues  
o f   t he   t o t a l   de fo rma t ion  a t  d i s c r e t e   p o i n t s  on t h e  window s u r f a c e .  The 
deformations were t h e n   p u t   i n t o  a computer  program,  which, i n   t u r n ,  computed 
a model o f   t h e  window su r face   shape .  

The  computed  models o f   t h e  window su r face   shapes   and   t he  window design 
p r o p e r t i e s  were u s e d   i n   t h e   r a y   t r a c e   p r o g r a m   t o   c a l c u l a t e   t h e  LOS dev ia t ions .  
The LOS d e f l e c t e d  by t h e  window was then  compared wi th   the   undevia ted  LOS t o  
o b t a i n   t h e   s i g h t i n g   e r r o r   i n d u c e d  by t h e  window; 

To summarize, t h e  method f o r   d e t e r m i n i n g   t h e  LOS dev ia t ions  i s  as f o l -  
lows,   given  the  spacecraf t  and window conf igu ra t ion :  (1) window s u r f a c e   p r e s -  
sure   deformations are de te rmined   e i the r   ana ly t i ca l ly   o r   expe r imen ta l ly ;  
( 2 )  window surface  anomalies  of  manufacture are obtained  experimental ly;  
(3) pressure  deformations  and  anomalies  of  manufacture  are  used t o   o b t a i n  a 
mathematical model o f   t h e  window sur face   shapes ;  and (4) rays  corresponding 
t o  LOS a re   t r aced   t h rough   t he  window to   de t e rmine   angu la r  LOS d e v i a t i o n s .  

COMPUTATIONAL  PROCEDURES 

Window Surface  Modeling 

A ray  may be  t raced  through a spacec ra f t  window system  only i f  t h e  
normals t o   t h e  window su r faces  a t  t h e   p o i n t s   o f   i n t e r s e c t i o n  are accu ra t e ly  
known. To f i n d   t h e   n o r m a l s ,   t h e   s u r f a c e s  must b e   d e s c r i b e d   i n  some meaning- 
ful   mathematical   form.   Therefore ,  a key s t e p   i n   t h e   a p p l i c a t i o n   o f   t h e  
a n a l y t i c  method i s  the  mathematical   model ing  of   the window sur face   shape .  A 
convenient method of   model ing   the   sur face   shape  i s  t o   d e s c r i b e  i t  i n  terms 
of i t s  v a r i a t i o n s  from the  xy-plane  of  a Cartesian  coordinate  system.  Then, 
t he   va r i a t ion  from t h e   p l a n e   i n   t h e   z - d i r e c t i o n ,   d e n o t e d  by A Z ,  a t  any 
point   (x ,  y) on the  plane  can  be  expressed  as a func t ion   of  x and y .  This  
f u n c t i o n a l   r e l a t i o n s h i p  i s  obtained by  means of   the  funct ion  approximation 
technique   descr ibed   in   re fe rence  9 .  In   t h i s   t echn ique ,   t he   de f l ec t ions ,  A Z ,  
a t  d i s c r e t e   p o i n t s  are  f i t t e d   w i t h  a smooth three-d imens iona l   curve   tha t  
provides  a polynomia l   approximat ion   to   the   sur face .  The d e f l e c t i o n s  A Z  are 
expressed as nth-degree mixed  polynomials i n  x and y as fo l lows:  

Z = mllx y + ml2x y . . . + m  n n  n-1 n + 

n,n+l  Y + mn+l ,n+l  

O r ,  in   mat r ix   form:  

AZ = Y MX -T - 

where 
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X n-2 

-T y = [yn  yn-lyn-2 , .  . y  11’ - x = l .  

1:. 
and M. ca l led   the   mathemat ica l  model o f   t h e  window s u r f a c e ,  is t h e  matrix 
of  t h e   c o e f f i c i e n t s   o f   t h e   n t h - d e g r e e  mixed  polynomial i n  x and y .  

I n   t h i s   s t u d y ,  a fourth-degree mixed polynomial  gave an e x c e l l e n t  
approx ima t ion   t o   t he  window su r face   shapes .  Once t h e  window s u r f a c e s  were 
desc r ibed   ma themat i ca l ly   i n   t h i s  manner, t h e   u n i t   v e c t o r  normal t o   t h e   s u r -  
face a t  a given  point   (x ,   y)  was obta ined  by e v a l u a t i n g   t h e   g r a d i e n t  o f  t h e  

s u r f a c e  at tha t   po in t .   Equat ion   (1)  i s  w r i t t e n   i n   t h e  form A Z  - Y MX = 0 ,  
then F (x,   y,  z) i s  se t  e q u a l   t o   t h e   l e f t - h a n d   s i d e  of  the   equa t ion ,  and 
the   un i t   vec tor   normal  t o  t h e   s u r f a c e  F i s  given  by: 

-T - 

where 

and 

d% - 
dx 
” 

n- 1 nx 

(n - l ) x  n- 2 

2x 

1 

0 -  
6 



Pressure  deformations.-  As no ted   p rev ious ly ,   t he  math  modeling  program 
r e q u i r e s  an accurate  knowledge  of  the window sur face   deformat ions   due   to  
pressure  loading.  

If t h e  window is symmetrical   and  regular i n  shape,  the  deformations  can 
be   ca lcu la ted  by mearis o f   f l a t - p l a t e   t h e o r y ,  and  equations are g i v e n   i n   t h e  
l i t e r a t u r e   f o r   i d e a l i z e d  clamped  and  simply  supported  edge  conditions. 

I f   t h e  window i s  no t   r egu la r  or symmetr ical   in   shape  but   the   edge  condi-  
t i o n s  are known"(thaT is, the   def lec t ions   . and- 'angu- la r   ro ta t ions   o f   the  window 

- edges are known), the   p ressure   deformat ions   can   be  computed  by  means  of a 
d i g i t a l  computer s t ruc tu ra l   ana lys i s   p rog ram,  SAMIS ( r e f .   l o ) .  To check  the 
accuracy  of   the SAMIS program  the  pressure  deformations computed  from t h e  
closed-form  equat ion  for  a s ing le   pane  window wi th   an   e l l i p t i c   p l an fo rm  and  
clamped  edge  conditions  were  compared  with  deformations  computed  by  the 
SAMIS program  (a  numerical  approximation t o  the   exac t   c losed- form  so lu t ions) .  
These   deformat ions   a re   p resented   in   f igure  2 as a func t ion   of   pos i t ion   a lon  
the   s emiminor   ax i s   o f   t he   e l l i p se .  The de fo rma t ions   d i f f e r  less than  8x10 
inch  between  the  exact  and SAMIS computer   so lu t ions ,   whi le   the   s lopes  of t h e  
window su r face   d i f f e r   l e s s   t han   one   a r c sec .   S imi l a r   ag reemen t  was obtained 
f o r   t h e   e l l i p t i c  window with  simply  supported  edge  conditions.   This good 
ag reemen t   i nd ica t e s   t ha t  i f  t h e  window edge  condi t ions  are  known, t h e  SAMIS 
program  correct ly   predicts   the   deformations  for   regular  window shapes.  I t  i s  
presumed t h a t   t h e  SAMIS program w i l l  a l so   accu ra t e ly   p red ic t   t he   de fo rma t ions  
f o r   t h o s e   s h a p e s   t h a t   d i f f e r  a moderate amount  from the   r egu la r   shapes .  

-5 

If  t h e  window edge  condi t ions  are   not  known or   cannot   be   readi ly   def ined  
mathemat ica l ly ,   numer ica l   so lu t ions   for   the   deformat ions   cannot  be formulated.  
Therefore ,  a d i f f e ren t   t echn ique  i s  r equ i r ed   fo r   de t e rmin ing   t he  window s.ur- 
face   p ressure   deformat ions .  One technique i s  t o   o b t a i n   i n t e r f e r e n c e   p h o t o -  
graphs  of   the window su r faces  i n  the   l abora tory   and   then  compute t h e  
deformat ions   f rom  the   in te r fe rence   f r inges  on the  photographs.  The f r i n g e  
p a t t e r n  is similar t o  a geographic  contour map.  The r i n g   n e a r   t h e   c e n t e r  o f  
t h e   f r i n g e   p a t t e r n   c o r r e s p o n d s   t o   t h e  maximum deformation,   and  the  outer   r ings 
represent   contours   o f   cons tan t   deformat ion   or   e leva t ion .  

The pressure  deformations  are  determined  from  the number o f   f r i nges  
r e l a t i v e   t o   t h e   f r i n g e  near the   cen te r .   Coun t ing   f r inges   nea r   t he   edges  i s  
t ed ious   because   t he   f r inges   a r e   ve ry   c lose   t oge the r   and   d i f f i cu l t   t o   d i sce rn ;  
thus ,  good magnif icat ion  and  photo  contrast   are   very  important .   Despi te  
these   d i f f icu l t ies ,   such   photographs   have   been   used   successfu l ly .  

Su r face   f l a tnes s   and  wedge angle .  - To de f ine   t he   su r f ace   shape  com- 
pletely,   the   mathematical   model ing  program  also  requires  a knowledge  of  the 
nonf l a tnes s   o f   t he  window s u r f a c e s  and t h e  window-wedge angle.   Surface  imper- 
f e c t i o n s ,  which r e s u l t  from  the  manufacturing  process,   are  measured i n  t h e  
labora tory  from in te r fe rence   photographs   o f   the  window.  The magnitude  of   the 
dev ia t ion  from f l a t  i s  a func t ion   of   the  number o f   f r i n g e   l i n e s   t h a t   c r o s s  a 
p a r t i c u l a r   s t r a i g h t   l i n e  drawn  on t h e   i n t e r f e r e n c e   p a t t e r n .  The angle  
between the   nonpa ra l l e l   su r f aces   o f  a windowpane i s  obtained  f rom  the  spacing 
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of the fringes rather than from their straightness. The laboratory apparatus 
and techniques for obtaining information from the photographs are explained 
in detail in reference 7. 

Ray Tracing 

Ray trace coordinate system.- The coordinate system used in the ray 
trace analysis is illustrated in sketch Cd). The innermost surface of the 
spacecraft window is assumed to lie in the xy-plane. The positive z-axis 
is toward the outside of the spacecraft. The incident and refracted rays 
and their orientation angles are also illustrated in the sketch. The vector 
I is the unit vector in the direction of the incident ray. The azimuth 
angle, ai' is defined as th~ angle ~n the xy-plane between the positive 
x-axis and the projection, I ,of I onto the xy-plane. The elevation 
angle, ai, is the angle betw~en I and Ip. The incidence angle, e, not shown, 
is the complement of 0i' The unit vector, R, is in the direction of the 
refracted ray, which emerges from the outermost window surface. The azimuth 
angle, a r , i~ the angle in the xy-plane between the positive x-axis and the 
projection ~,of ~ onto the xy-plane. The azimuth angles ai and ar are 
measured from the positive x-axis toward the positive y-axis and vary from 0° 
to 360°. The elevation angles 0i and or are measured from the projected 
vectors Ip and Rp toward the positive z-axis and vary from 0° to 90°. 

+Y 

t 

Sketch Cd) 

"" +x 

Two LOS deviations, 6a and 60, are also defined in sketch Cd). The 
change in elevation angle called the in-plane deviation is defined as 
6o = COi - or) and lies in the plane formed by R, Rp ' and the z-axis. The 
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change i n  az imuth   angle   ca l led   the   ou t -of -p lane   devia t ion  i s  def ined  as 
Aa = ( a i  - ar)  and is t h e   a n g l e   o u t   o f   t h e   p l a n e  formed  by i? and RP. 

Ray trace equat ion.-  For mathematical  convenience  and ease i n  computa- 
t i o n ,   S n e l l ' s  law, t h e   b a s i c   e q u a t i o n   f o r   r a y   t r a c i n g ,  is e x p r e s s e d   i n   v e c t o r  
form : 

where k and are u n i t   v e c t o r s   i n   t h e   d i r e c t i o n   o f   t h e   r e f r a c t e d  and 
inc iden t   r ay ,   r e spec t ive ly .  The u n i t   v e c t o r ,  N ,  given  by  equation (2) i s  
t h e  normal t o   t h e  window s u r f a c e  a t  t h e   p o i n t   o f   i n t e r s e c t i o n   o f   t h e   i n c i d e n t  
ray  with  the  interface  between  media  1 and 2 ,  and n l  and  n2 are t h e   r e f r a c -  
t i v e   i n d i c e s   o f   t h e  media con ta in ing  f and k ,  r e s p e c t i v e l y .  The v e c t o r  i 
i s  given by the   fo l lowing   equa t ion :  

i = cos 6 i  cos ai: + cos 6 i  s i n  a i j  + s i n  sii; (4)  
* A  A 

where i ,  j ,  and k are u n i t   v e c t o r s   i n   t h e   d i r e c t i o n   o f   t h e   x ,   y ,  and z 
axes ,   r e spec t ive ly  . 

The p o i n t   o f   i n t e r s e c t i o n   o f  a ray  with a window s u r f a c e  i s  determined 
by t h e   i t e r a t i o n  scheme d e s c r i b e d   i n   r e f e r e n c e  9 .  This  scheme is  necessary  
b e c a u s e   t h e   i n t e r s e c t i o n   o f  a r a y   w i t h   t h i s   s u r f a c e   c a n n o t   b e   o b t a i n e d   w i t h  
a closed-form  mathematical   solut ion.  The  scheme converges  rapidly  and 
gene ra l ly   r equ i r e s  less than 10 i t e r a t i o n   s t e p s .  

t h e  
LOS 

and 
was 

Equat ions  (1) ,  (2), and (3) a n d   t h e   i t e r a t i o n  scheme for determining 
po in t s  of i n t e r s e c t i o n  are the   mathemat ica l   too ls   used   to  compute t h e  
dev ia t ion .  

Digital  computer  program.- The r a y   t r a c e   e q u a t i o n s   ( 1 ) ,  ( Z ) ,  and (3) 
t h e   i t e r a t i o n  scheme were programmed on a digi ta l   computer .   This   program 
des igned   t o  trace rays  through a mul t ipane   spacecraf t  window of  any s i ze  

or   shape .  The inc iden t   r ay  emanates from a r e fe rence   po in t  which may b e   t h e  
eyebal l   o f   an   observer  or some p o i n t  on an o p t i c a l   s i g h t i n g   i n s t r u m e n t .  The 
r e fe rence   po in t  will b e   i n s i d e   t h e   s p a c e c r a f t  or on the   innermost   g lass   sur -  
face. The x,  y, z coord ina te s   o f   t he   r e f e rence   po in t  and t h e   i n c i d e n t   r a y  
azimuth  and  elevation  angles are p u t   i n t o   t h e  program,  which  then traces t h e  
ray  through  the window.  The LOS dev ia t ion  is the   angular   d i f fe rence   be tween 
t h e   i n c i d e n t  and re f rac ted   rays .   Other   requi red   p rogram  inputs  are t h e  number 
o f  windowpanes, t h e   i n d e x   o f   r e f r a c t i o n  of each medium t h a t   t h e   r a y   t r a v e r s e s ,  
t h e  math models that   descr ibe  each  surface  of   each  pane,   and  the  locat ion  of  
the  reference  planes.   These  planes  correspond  to   the  interfaces   between a i r  
and g l a s s  i f  a l l  t h e  window s u r f a c e s  are p e r f e c t l y  f l a t  and p a r a l l e l   t o   t h e  
xy-p lane   o f   the  window coordinate   system. The r ay  trace equat ions   permi t  
s tudy   o f   spacec ra f t  windows that   have  asymmetr ical ly   deformed  surfaces .  
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me computer  program i s  w r i t t e n   i n   F o r t r a n  I V  and was used on an IBM 7094 
computer  system. 

Descr ip t ion  of a r ay  trace.- A two-dimensional  ray trace through a 
t y p i c a l   s p a c e c r a f t  window  made up o f   t h ree   panes   o f   g l a s s  (two  panes are 
de f l ec t ed )  is shown i n   s k e t c h   ( e ) .  As no ted   p rev ious ly ,   t he   r ay ,  I ,  begins  a t  

p o i n t  A. The i n t e r s e c t i o n   o f  I with 
t h e  f irst  r e fe rence   p l ane ,  RP1, a t  

g i v e n   i n   r e f e r e n c e  9.  With po in t  B 
known, t h e   i t e r a t i o n  scheme descr ibed  
i n   r e f e r e n c e  9 can   be   used   to  compute 
po in t  C a t  which I i n t e r s e c t s   t h e  
f irst  window s u r f a c e .  The  normal t o  
t h e   s u r f a c e  a t  p o i n t  C i s  computed 
from t h e   g r a d i e n t   o f   t h e   s u r f a c e  a t  
t h a t   p o i n t .  Then, S n e l l ' s  law 
(eq.  ( 3 ) )  is  u s e d   t o  trace t h e  
r e f r ac t ed   r ay   t h rough   t he  f irst  pane. 
The i n t e r s e c t i o n   o f   t h e   r e f r a c t e d   r a y  
wi th   t he   p l ane  RP2 a t  p o i n t  D i s  then 
computed.  Another i t e r a t i o n  i s  pe r -  
formed t o   f i n d   t h e   i n t e r s e c t i o n ,   p o i n t  
E .  The normal to   t he   s econd   su r f ace  
a t  p o i n t  E i s  then  computed  and t h e  
r e f r a c t e d   r a y  becomes t h e   i n c i d e n t   r a y  

Sketch   (e )   for   pane  2,  and the  computat ion  proce-  

- r a y ,  R ,  has   passed - t h r o u g h   t h e   f i n a l   s u r f a c e  a t  p o i n t  K .  The azimuth and e le-  
va t ion   angles   o f  R a r e   t h e n  computed  and  compared w i t h   t h o s e   f o r  I t o   g i v e  
the   angular  LOS dev ia t ions  Acr and A6. This  i s  a summary o f   t h e   r a y   t r a c e  as 
i t  i s  mechanized i n   t h e  computer  program.  The  procedure f o r   t r a c i n g   r a y s  
through  other   than  three  panes i s  e s s e n t i a l l y   t h e  same as i n   t h e   p r e c e d i n g  
d iscuss ion   wi th   on ly  a change i n   t h e  number of   computat ion  s teps ,   depending 
upon t h e  number of   panes  involved.  

- 
- 

+ Y  I p o i n t  B i s  computed  by t h e  method 

- 
- 

- 2  'm 0 F + Z  

RPI RP2 RP3 RP4 RP5 RP6 

- dure  i s  r e p e a t e d   u n t i l   t h e   r e f r a c t e d  
- 

APPLICATION OF ANALYSIS  METHODS TO A SPACECRAFT WINDOW 

The experimental   and  analysis   methods  that   have  been  discussed  have  been 
a p p l i e d   t o   t h e  Gemini  window. The window was chosen  because i t  was a t y p i c a l  
example  of s p a c e c r a f t  window technology and because  an  actual  window and frame 
were ava i l ab le   fo r   expe r imen ta l  work, t h u s   p r o v i d i n g   t h e   o p p o r t u n i t y   t o   o b t a i n  
expe r imen ta l   da t a   t o   ve r i fy   t he   ana lys i s  work. 

Determinat ion  of  Window Surface  Math Models 

Window geomet,ry  and p r o p e r t i e s . -  The s i z e  and shape   of   the  Gemini 
r ight-hand window is i l l u s t r a t e d   i n   s k e t c h   ( f ) .   S k e t c h  (g)  shows t h e  window 
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as it  is o r i en ted   w i th   r e spec t   t o   t he   p rev ious ly   desc r ibed   coord ina te   sys t em.  
The coord ina te   sys tem  or ig ina tes  a t  t h e   c e n t e r  of the   6 - inch-d iameter   op t ica l  
area through  which  any  opt ical   s ight ings would be made. 

!- 15 3 in. --"/ 

6 in.  diameter 
optical  area T 

7.6 in 

1 Incident roy 

Angle of 5.5 psi  Inside 
incidence 

outside 

Sketch  (f)   Sketch  (g) 

The window c o n s i s t s   o f   t h r e e   p a n e s   o f   f u s e d   s i l i c a   g l a s s   ( s k e t c h   ( g ) ) .  
The inne r  two panes  are   0 .38  inch  thick,   and  the  outer   pane i s  0.33  inch 
t h i c k .  The inne r  two  panes a re   0 .156   inch   apar t  and the   ou ter   pane  i s  1.234 
inches  from  the  middle  pane. The pressure  environment i s  a l s o   i n d i c a t e d   i n  
t h e   s k e t c h .  A i r  p r e s s u r e   i n   t h e   s p a c e c r a f t   c a b i n  i s  5 . 5   p s i .  The p res su re  
between  the  inner and middle  panes i s  1 4 . 7   p s i .  Vacuum e x i s t s  between t h e  
middle and outer   panes and o u t s i d e   t h e   s p a c e c r a f t .  

For  computation of t h e  window deformation  and LOS dev ia t ions ,  i t  was 
assumed t h a t   t h e   f u s e d  s i l i ca  g la s s   has   t he   fo l lowing   phys i ca l   p rope r t i e s :  

Young ' s modulus E = 9 . 6 ~ 1 0 ~   l b / i n . 2  

P o i s s o n ' s   r a t i o  v = 0.19 

Refract ive  index  nD = 1.459 

The s p e c i f i c a t i o n s   g o v e r n i n g   t h e   o p t i c a l   f i n i s h   o f   t h e  window r e q u i r e s  
each  surface  of  each  pane t o  be f l a t  t o   w i t h i n  5 wavelengths ( X )  of  sodium D 
l i g h t   i n   t h e   6 - i n c h - d i a m e t e r   o p t i c a l  area and t o  be  uniform  within  1/8 wave- 
length .   Sur faces   o f   each   pane   were   spec i f ied   to   be   para l le l   to   wi th in  4 
a r c s e c   ( i   . e .  , wedge angle  = 4 a rc sec )  . The  windowpanes u s e d   i n   t h e   e x p e r i -  
mental  study had a maximum nonf la tness   o f   approximate ly  2A, w i th   t he   su r f aces  
general ly   convex  toward  the  inside  of   the  spacecraf t .   Because LOS dev ia t ions  
due t o   t h i s  small nonf l a tnes s  were gene ra l ly   l e s s   t han  1 a rc sec ,   nonf l a tnes s  
was no t   i nc luded   i n   t he  math  models  of  the window s u r f a c e s .  The average 
wedge angle   for   each windowpane used i n   t h e   s t u d y  was s l i g h t l y   o v e r  2 a r c sec ,  
w i th   t he   t h i ck   pa r t   o f   t he  wedge toward  the  top  of   the window. These wedge 
a n g l e   c h a r a c t e r i s t i c s   o f   t h e   a c t u a l  window were   i nc luded   i n   t he   ca l cu la t ions .  

P res su re   de fo rma t ion   ca l cu la t ions . -   P re s su re   de fo rma t ions   o f   t he  Gemini 
window su r faces  were  obtained  for   three  separate   edge  condi t ions.  Deforma- 
t i o n s   f o r  clamped  and  simply  supported  edge  conditions  were  computed by t h e  
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s t r u c t u r a l   a n a l y s i s   p r o g r a m  (SAMIS) d i scussed   p rev ious ly .  However, th’e 
a c t u a l  Gemini window edge   condi t ions  are v e r y   d i f f i c u l t   t o   d e f i n e ,  and the re -  
fo re   t he   p re s su re   de fo rma t ions  were measured  from  interference  photographs 
o b t a i n e d   i n   t h e   l a b o r a t o r y .  The pressure   deformat ions  were then  used as one 
input   to   the   model ing   program.  Models were o b t a i n e d   f o r   t h e   t h r e e   e d g e  con- 
d i t ions   p rev ious ly   ment ioned ,   and  were then   used   wi th   the   ray  trace program 
t o  compute t h e  LOS dev ia t ions .  The LOS dev ia t ions  will b e   d i s c u s s e d   i n   d e t a i l  
i n   t h e   n e x t   s e c t i o n .  

P rocedure   fo r   Va l ida t ion   o f   Ana lys i s  Methods 

LOS deviat ions  induced by t h e  Gemini window have  been  calculated by t h e  
two previous ly   d i scussed  methods  of a n a l y s i s .  

The first method pe rmi t s   t he   ana ly t i ca l   de t e rmina t ion   o f  LOS dev ia t ions  
f o r  windows wi th  known edge   cond i t ions ;   t he  window surface  deformations  due 
to   p re s su re   l oad ing   a r e  computed  from known exac t   so lu t ions  o r  from t h e  SAMIS 
computer  program. The second  method  permits  the  determination  of LOS devia-  
t i o n s   f o r  windows with unknown edge   condi t ions ;   the  window su r face   p re s su re  
deformations are measured  from in te r fe rence   photographs   o f   the  window. These 
methods  must b e   v a l i d a t e d   t o   a s s u r e   a c c u r a c y   t o   t h e   o r d e r  of a few s’econds 
of  a r c .  The v a l i d a t i o n ,   d i s c u s s e d   i n   t h e   r e s u l t s   s e c t i o n ,   c o n s i s t e d   i n  com- 
pa r ing  computed LOS deviat ions  with  those  measured  experimental ly .  The 
experimental  measurement  of LOS dev ia t ions  was made at Ames f o r   t h e  Gemini 
window w i t h   t h e   a c t u a l  Gemini edge  supports  and  with  clamped  and  simply 
supported  edges.  In  the  experiment ,   an  actual  Gemini window i n  i t s  frames 
was mounted i n  a p r e s s u r e   t a n k   t o   s i m u l a t e   t h e   a c t u a l   i n - f l i g h t   p r e s s u r e  
environment. The window was a l s o  mounted i n   t h e   p r e s s u r e   t a n k   i n   s p e c i a l  
frames that   s imulated  the  ideal ized  c lamped  and  s imply  supported  edge  condi-  
t i o n s .  The tes t  equipment, an i n t e r f e r o m e t e r ,   c o n s i s t e d  of a gas laser,  
mi r ro r s ,  and o t h e r   r e l a t e d   i n s t r u m e n t a t i o n .  The experimental  measurement 
technique and t h e   r e s u l t s  of  the   exper imenta l   s tudy  are d i s c u s s e d   i n  
r e fe rence  7 .  

RESULTS 

A l l  r e s u l t s   p r e s e n t e d   i n   t h i s   s e c t i o n  were o b t a i n e d   f o r  a window having 
three   panes   o f   g lass ,   wi th   the  same s i z e  and  shape  and  of  the same ma te r i a l  as 
the  Gemini  window. 

The LOS d e v i a t i o n s   d i s c u s s e d   i n   t h i s   s e c t i o n   i n c l u d e   t h e  combined 
e f f e c t s  of  pressure  deformation,  wedge ang le ,  and the   i ndex   o f   r e f r ac t ion  
d i f f e r e n c e .  Both in-plane  and  out-of-plane  deviat ions will be  presented.  

To ta l  LOS Dev ia t ions   fo r  Clamped 
and  Simply  Supported  Edges 

The s t ruc tu ra l   ana lys i s   p rog ram (SAMIS) was used t o  compute t h e  window 
sur face   p ressure   deformat ions   for   these   edge   condi t ions .  
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In-p lane   devia t ions . -  The t o t a l   i n - p l a n e   d e v i a t i o n s ,  A6, a r e   p re sen ted  
i n   f i g u r e s   3 ( a )  and 3(b)  as a f u n c t i o n   o f   y - a x i s   p o s i t i o n   f o r   s e v e r a l  
incidence  angles   with  azimuth  angle  a = 270". The y - a x i s   p o s i t i o n  i s  
def ined  as t h a t   p o i n t  on the   y -ax i s  where t h e   i n c i d e n t   r a y   i n t e r s e c t s   t h e  
xy-plane  of   the  coordinate   system.  This  term w i l l  be   used   ex tens ive ly  
throughout   the   Resul t s   sec t ion .   In   genera l ,   the   in -p lane   devia t ions  
inc reased   i n   magn i tude   w i th   i nc reas ing   i nc idence   ang le  and as t h e   d i s t a n c e  
from t h e   c e n t e r   o f   t h e , o p t i c a l  area increased .   Devia t ions   for  clamped  edges 
are l a rge r   t han   fo r   t he   s imp ly   suppor t ed   edges .  The deviat ions  reached a 
maximum of   about  18 arcsec. 

In-p lane   devia t ions   for   var ious   az imuth   angles ,  a t  8 = 45", are pre-  
s en ted   i n   f i gu res   3 (c )   and  3 (d) f o r  clamped  and  simply  supported window 
edges.   Deviat ions  for   c lamped  and  s imply  supported  edges  exhibi t  similar 
t r ends   w i th   t he   dev ia t ions  somewhat l a r g e r   f o r   t h e  clamped  edged case. For 
bo th   edge   cond i t ions ,   t he   l a rges t   dev ia t ions  were o b t a i n e d   f o r  0" and  180" 
azimuth  angles  and  the smallest dev ia t ions  were f o r  270" azimuth. 

Out-of-plane  deviat ions.-   Out-of-plane  deviat ions,  Aa, a r e  shown i n  
f i g u r e s  4(a) and 4(b)  fo r   s eve ra l   i nc idence   ang le s  and f o r  c1 = 270". 
D e v i a t i o n s   f o r   t h e  clamped  edges ( f i g .   4 ( a ) )   a r e   l e s s   t h a n  0 .5  a r c s e c   i n  
magnitude  for  a l l  ca ses  (e  = 5" t o  45") and for   the  s imply  supported  edges 
( f ig .   4 (b )  ) a r e  less than  2 a r c sec   i n   magn i tude   i n  a l l  ca ses .  

Out-of-plane  deviat ions  for   var ious  azimuth  angles   and  for  0 = 45" 
are p r e s e n t e d   i n   f i g u r e s   4 ( c )  and 4 ( d ) .  The clamped  and  simply  supported 
edge   devia t ions   exhib i t   very  similar cha rac t e r i s t i c s   w i th   t he   s imp ly   suppor t ed  
e d g e   d e v i a t i o n s   s l i g h t l y   l a r g e r ,   r e a c h i n g  a maximum of  about 8 a r c s e c   f o r  
a = 225"  and Y = 1 .0 .  

Comparison  of  computed (SAMIS) LOS d e v i a t i o n s   f o r  clamped  and  simply 
suppor ted   edges   wi th   e2er imenta l ly   measured   da ta . -   In   o rder   to   va l ida te   the  
accuracy  of   the computed-LOS d e v i a t i o n s   f o r  clamped  and  simply  supported  edge 
cond i t ions ,   t he  computed d a t a  were  compared wi th   t he   expe r imen ta l   da t a   o f  
r e fe rence  7 .  I t   shou ld   be   no ted   t ha t   t he   expe r imen ta l   da t a   i n   r e f e rence  7 
cannot  be compared d i r e c t l y   w i t h   t h e  computed da ta   p re sen ted   he re   s ince   t hey  
a r e   i n   d i f f e r e n t   c o o r d i n a t e   s y s t e m s .  An appropr ia te   coord ina te   t ransforma-  
t i o n  was performed t o   p u t   t h e   e x p e r i m e n t a l   d a t a   i n   t h e   p r o p e r   c o o r d i n a t e  
system. A comparison  of  typical computed  and  experimental  in-plane LOS devia-  
a t i o n s  i s  shown i n   f i g u r e   5 .  A s  i n d i c a t e d   i n   r e f e r e n c e  7 ,  the   exper imenta l  
d a t a  are a c c u r a t e   t o  51 a r c s e c .  LOS dev ia t ions  are presented  as a func t ion  
o f   y - a x i s   i n c i d e n c e   p o s i t i o n   f o r  two incidence  angles   and  for  a = 270". 
Clamped edge d a t a  are shown i n   f i g u r e   5 ( a )  and  simply  supported  edge  data  in 
f i g u r e   5 ( b ) .  The maximum difference  between computed  and  experimental LOS 
d e v i a t i o n s   f o r   t h e   d a t a  shown i s  about 3 arcsec, which i s  t y p i c a l   o f  a l l  t h e  
da t a   ob ta ined .   Ou t -o f -p l ane   dev ia t ions ,  which are not  shown, exh ib i t ed  simi- 
l a r  d i f f e r e n c e s .  The  computed  and exper imenta l   da ta   for   these   edge   condi t ions  
were compared i n   d e t a i l  by de t e rmin ing   t he   d i f f e rence ,  D ,  between t h e  com- 
puted and experimental  LOS d e v i a t i o n s   f o r  a l l  t h e   x ,  y i nc idence   pos i t i ons  
t e s t e d  and f o r  a l l  combinations  of  azimuth and e l eva t ion   ang le s .   Tha t  i s  , 
D = A E  - Ac, where AE i s  the   expe r imen ta l ly  measured LOS d e v i a t i o n   f o r  a 

-__L_ 
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par t icu lar   combina t ion   of   inc idence   pos i t ion ,   az imuth   angle ,   and   e leva t ion  
angle ,  .and Ac i s  t h e  computed LOS d e v i a t i o n   f o r   t h e  same cond i t ions .  A 
d e t a i l e d  s t a t i s t i ca l  a n a l y s i s  was performed  by  computing  the mean and  s tan-  
dard   devia t ions   o f   the   d i f fe rences   be tween computed  and  measured LOS devia-  
t i o n s .  Differences were analyzed as f u n c t i o n s   o f   t h e   i n c i d e n c e   a n g l e ,  8 ,  and 
the  azimuth  angle ,  a ,  f o r  a l l  x,  y p o s i t i o n s .  A l l  th ree   edge   condi t ions  
were analyzed - f o r   b o t h   i n - p l a n e  and   ou t -of -p lane   devia t ions .  The mean 
d i f f e r e n c e ,  D ,  is given by 

and the   s t anda rd   dev ia t ion   o f   t he   d i f f e rences ,  SD, is  given by 

where i rep resen t s  a par t icu l .a r   combina t ion   of  x, y posi t ion,   azimuth 
angle ,  and e l eva t ion   ang le .  I t  should  be  emphasized  that   the mean d i f f e r e n c e  
is  t h e  mean of  the  differences  between computed  and experimental  LOS devia-  
t i o n s ,  where t h e   d i f f e r e n c e s  are obta ined  by sub t r ac t ing   t he   expe r imen ta l  LOS 
dev ia t ion  from t h e  computed LOS d e v i a t i o n   f o r   t h e  same x,  y ,  a, and 8 .  The 
q u a n t i t y  (n - 1)  i s  used i n   t h e   d e t e r m i n a t i o n   o f  SD r a t h e r   t h a n  n because 
it  provides   an   unbiased   es t imate   o f   the   t rue   s tandard   devia t ion ,  as ind ica t ed  
i n  references 11 and 1 2 .  The s t a n d a r d   d e v i a t i o n   i n   t h i s  form is  u s e d   i n  
n a v i g a t i o n   f o r   t r a j e c t o r y  and s p a c e   p o s i t i o n   e s t i m a t i o n .   S i n c e   t h e   r e s u l t s  
obtained by our method are in t ended   fo r   app l i ca t ion   t o   nav iga t ion   sys t ems ,  
t h e  (n - 1) term was used i n   t h i s   r e p o r t .  

The mean d i f f e rence ,  D, and   t he   s t anda rd   dev ia t ion ,  SD, o f   t h e   i n - p l a n e  
LOS d e v i a t i o n s   a r e   p r e s e n t e d   i n   f i g u r e  6 f o r   t h e  two  edge cond i t ions .  

I n   f i g u r e   6 ( a ) ,   t h e  mean d i f f e r e n c e  i s  given as a func t ion   o f   i nc idence  
angle ,  8 ,  f o r  a = 270" and 9 x,  y p o s i t i o n s .  The mean d i f f e r e n c e   v a r i e s  
from  about 1 t o  4 a r c s e c .   I n   f i g u r e   6 ( b ) ,   t h e  mean d i f f e rence  i s  given as a 
funct ion  of   azimuth  angle   for  8 = 45" f o r   t h e  same x,  y p o s i t i o n s .  Here 
t h e  mean d i f f e r e n c e   d a t a  show considerable   var ia t ion  with  change i n  azimuth 
ang le   fo r   bo th   t he  clamped  and  simply  supported  edges,  ranging  from -1 t o  
-10 a r c s e c   f o r  clamped  edges  and  from + 3  t o  -10 a rcsec   for   s imply   suppor ted  
edges.  

The s t anda rd   dev ia t ion ,   SD,   o f   t he   d i f f e rences  i s  given as a func t ion   of  
incidence  angle ,  6 ,  f o r  a = 270' i n   f i g u r e   6 ( c ) .   G e n e r a l l y ,  SD inc reases  
as 8 i n c r e a s e s .  The s t anda rd   dev ia t ions  are t h e  smallest f o r   t h e  clamped 
edges (<2 arcsec) .   S tandard   devia t ions  are given as a function  of  azimuth 
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a n g l e   i n  figure 6 ( d )   f o r  0 = 45".  Generally,   they are l e s s   t h a n   2 . 5  arcsec 
and e x h i b i t  l i t t l e  var ia t ion   wi th   az imuth   angle .  

The mean d i f fe rences   and   s tandard   devia t ions   o f   the   ou t -of -p lane  LOS 
d e v i a t i o n s   f o r   t h e  two edge  condi t ions are p r e s e n t e d   i n   f i g u r e   7 .   I n   f i g -  
ure   7 (a)  , t h e  mean d i f f e r e n c e  i s  given as a func t ion   o f   i nc idence   ang le   fo r  
a = 270'. For th i s   az imuth   ang le ,   t he  mean d i f f e r e n c e s  are g e n e r a l l y   l a r g e r  
t h a n   f o r   t h e   i n - p l a n e   d e v i a t i o n s ,   r e a c h i n g  a maximum of  about 8 arcsec f o r  
clamped  edge  with 0 = 1 5 O .  The mean d i f f e r e n c e s   t e n d   t o   d e c r e a s e   w i t h  
inc reas ing  0 .  Mean d i f f e r e n c e s  as a funct ion  of   azimuth  angle  are presented  
i n   f i g u r e   7 ( b )   f o r  0 = 45'. I n   t h i s  case, t h e  mean d i f fe rences   vary   cons id-  
erably  with  azimuth  angle   for   the  c lamped  and  s imply  supported  edge  condi-  
t ions,   ranging  between - 4  and  +6  arcsec. 

S t anda rd   dev ia t ions   a r e   p re sen ted   i n   f i gu re   7 (c )  as a func t ion   o f  0 
f o r  a = 270". They inc rease   w i th   i nc reas ing  0 f o r   t h e  clamped  edge  and 
have l i t t l e  v a r i a t i o n   w i t h  0 for   the  s imply  supported  edge.  The s tandard  
dev ia t ions  are given as a funct ion  of   azimuth,  a, f o r  0 = 45" i n   f i g u r e   7 ( d ) .  
The s tandard   devia t ions   vary   be tween 1 and 3 a r c s e c .  

I f  a l l  the  experimental   and computed LOS d e v i a t i o n   d a t a   f o r  clamped  and 
simply  supported  edges  for a l l  combinat ions  of   incidence  posi t ion,   azimuth 
angle ,   and  incidence  angle   are   considered,   the   in-plane LOS deviat ions  have 
a mean d i f f e r e n c e  from -2  t o  - 3  a rcsec  and a s t anda rd   dev ia t ion   o f  3 t o  4 
a rcsec .  The out-of-plane  deviat ions  have a mean difference  f rom 1 t o  2 arc- 
s e c  and a s t anda rd   dev ia t ion   o f  4 t o  5 a rc sec .  

These s t a t i s t i c s  are based on a t o t a l   o f  240 data   po in ts ,   each   cor respond-  
i n g   t o  a par t icu lar   az imuth   angle ,   e leva t ion   angle ,   and   pos i t ion  on t h e   y - a x i s .  

These r e s u l t s   i n d i c a t e   t h a t  most  of  the LOS dev ia t ions   fo r   t hese   edge  
condi t ions   agree   wi th   the   exper imenta l ly   measured   da ta   to   wi th in  a few a r c s e c .  
The in -p lane   dev ia t ions   va r i ed  from -1 t o  +20 a rc sec  and the   ou t -o f -p l ane  
devia t ions   var ied   f rom  -7   to  +8 a r c s e c .  

Comparison  of  Deviations  for a Simply  Supported Edge 
Based on Pressure  Deformations  Obtained From t h e  

S t ruc tu ra l   Ana lys i s  Program  and 
From In ter fe rence   Photos  

As previous ly   d i scussed ,  i f  t h e  edge  conditions are known, s u r f a c e   p r e s -  
sure   deformat ions   can   be   ob ta ined   f rom  the   s t ruc tura l   ana lys i s   p rogram.  I t  
has  been shown t h a t  LOS deviat ions  based  on  the  pressure  deformations 
obtained  f rom  the  s t ructural   analysis   program  agree well wi th   exper imenta l ly  
measured da ta .  However, i f  t h e   s p a c e c r a f t  window edge  condi t ions  are   not  
known o r   n o t   e a s i l y   d e f i n e d ,  which is t r u e   o f   t h e  Gemini  window, an a l t e r n a -  
t i v e  method  must be   used   to   de te rmine   the   p ressure   deformat ions .  One method 
is t o  measure the   p ressure   deformat ions   f rom  in te r fe rence   photographs  of t h e  
window s u r f a c e s .  The pressure   deformat ions   for   the  Gemini window with  simply 
supported  edges were obtained  f rom  interference  photographs.   These  pressure 
deformations were then   u sed   i n   t he   computa t ion   o f  LOS d e v i a t i o n s .   I n  
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f i g u r e  8, the   in -p lane .LOS  devia t ions   ob ta ined  by t h i s  method are compared 
wi th   the   l ine-of -s ight   devia t ions   based   on   p ressure   deformat ions   ob ta ined   wi th  
t h e   s t r u c t u r a l   a n a l y s i s  program. The in t e r f e rence   pho to   da t a   a r e   r ep resen ted  
by the   dashed   l i nes ,   and   t he   da t a   based  on t h e   s t r u c t u r a l   a n a l y s i s  program 
are rep resen ted  by t h e   s o l i d   l i n e s .  The d a t a  from t h e   s t r u c t u r a l   a n a l y s i s  
program are taken   f rom  f igures   3 (b)   and   3(d) .   In   f igure   8 (a) ,   the   devia t ions  
are g iven   fo r   va r ious   i nc idence   ang le s   w i th  a = 270" .   In   f igure   8 (b) ,   the  
dev ia t ions  are g iven   for   var ious   az imuth   angles   wi th  0 = 45". The  two sets 
o f   d a t a   a g r e e   t o   w i t h i n   a b o u t  an arcsec f o r   v a l u e s   o f  Y between 1.25 and 
-1.25. The f r inges   near   the   edges   o f   the   in te r fe rence   photographs   were  
ex t r eme ly   c lose   t oge the r   and   t hus   ve ry   d i f f i cu l t   t o   d i sce rn ,   even   w i th  good 
magnifying  equipment. The ou t -o f -p l ane   dev ia t ions   t ha t  are not  shown 
exh ib i t ed  similar agreement. I t  appea r s   t ha t   t he   i n t e r f e rence   pho tograph  
method of determining  pressure  deformations  can  provide good r e s u l t s .  

Tota l  LOS Devia t ions   for   Actua l  Gemini  Edges 

To ta l  LOS dev ia t ions  computed f o r   . t h e  Gemini window wi th   ac tua l  Gemini 
edge  condi t ions,  on t h e   b a s i s   o f  window surface  pressure  deformations  measured 
from i n t e r f e r e n c e   p h o t o g r a p h s ,   a r e   p r e s e n t e d   i n   f i g u r e s  9 and  10. 

In -p lane   dev ia t ions . -  The t o t a l   i n - p l a n e  LOS d e v i a t i o n s  are p r e s e n t e d   i n  
f i g u r e s   9 ( a )  and (b) as a func t ion   o f   y -ax i s   pos i t i on .   In   f i gu re   9 (a ) ,  
dev ia t ions  are shown f o r   s e v e r a l   i n c i d e n c e   a n g l e s   w i t h  a = 270". A s  t h e   d i s -  
tance  from Y = 0 i n c r e a s e s ,   t h e   d e v i a t i o n s   t e n d   t o   i n c r e a s e   i n   m a g n i t u d e ,  
a t t a i n i n g  a maximum oE about 16 arcsec. I n   f i g u r e   9 ( b )  , dev ia t ions  are shown 
fo r   s eve ra l   az imuth   ang le s  and f3 = 45".  Deviations show cons iderable  
va r i a t ion ,   r ang ing  from -7 t o  +16 arcsec .  

Out-of-plane  deviat ions.-   Total   out-of-plane  deviat ions  are   presented  in  
f igu res   9 (c )  and  9(d) as a f u n c t i o n   o f   y - a x i s   p o s i t i o n .  In  f i g u r e   9 ( c ) ,  
dev ia t ions  are g iven   fo r   s eve ra l   i nc idence   ang le s   w i th  c1 = 270" f o r   n i n e  
x,  y posi t ions.   Deviat ions  vary  between 0 and 6 a r c s e c   b u t   e x h i b i t   l i t t l e  
v a r i a t i o n   w i t h  change in   i nc idence   ang le .   In   f i gu re   9 (d ) ,   t he   dev ia t ions   a r e  
g iven   for   severa l   az imuth   angles  and 8 = 45" f o r   t h e  same x,  y p o s i t i o n s .  
Again ,   the   devia t ions   exhib i t   cons iderable   var ia t ion ,   ranging   be tween -10 and 
+7  arcsec.  

Comparison  of  computed LOS d e v i a t i o n s   f o r   a c t u a l  Gemini edges  with 
experimentally  measured  data.-  The LOS d e v i a t i o n s  computed f o r   t h e   a c t u a l  
Gemini edges on the   bas i s   o f   p re s su re   de fo rma t ions   ob ta ined  from i n t e r f e r e n c e  
photos are compared wi th   exper imenta l ly   measured   da ta   in   f igure  10 .  In-plane 
dev ia t ions  are compared i n   f i g u r e   l O ( a )   f o r  two  incidence  angles   with 
c1 = 270". The d e v i a t i o n s   a g r e e   q u i t e   w e l l   t o   w i t h i n  1 arcsec .   Out -of -p lane  
dev ia t ions  are shown i n   f i g u r e  1 0 ( b )  f o r   t h e  same inc idence  and  azimuth 
ang le s .   Ou t -o f -p l ane   dev ia t ions   ag ree   t o   w i th in   abou t  4 a rc sec .  

The  computed  and experimentally  measured LOS d e v i a t i o n s   f o r   t h e   a c t u a l  
Gemini edges  were  compared i n   d e t a i l .  A s t a t i s t i c a l  a n a l y s i s   o f   t h e   d i f f e r -  
ences  between  the  computed  and  experimentally  obtained  data,  both  in-plane 
and  out-of-plane,  is p r e s e n t e d   i n   f i g u r e s  11 and  12,   respect ively.   This  
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a n a l y s i s  i s  similar t o   t h a t   i n   f i g u r e s  6 and 7 f o r  clamped  and  simply  sup- 
p o r t e d   e d g e s .   I n   f i g u r e   l l ( a ) ,   t h e  mean difference  between computed  and 
exper imenta l   da ta  i s  shown as it v a r i e s   w i t h   i n c i d e n c e   a n g l e   f o r  a = 270". 
The mean d i f f e r e n c e   i n c r e a s e s  as 8 i nc reases   bu t  is always less than  2 a rc -  
sec. I n   f i g u r e   l l ( b ) ,   t h e  mean d i f f e r e n c e  f o r  e = 45" i s  shown as it v a r i e s  
with  change i n  azimuth  angle.  The mean d i f fe rence   var ies   be tween +2 arcsec. 

In figure l l ( c ) ,   t h e   s t a n d a r d   d e v i a t i o n   o f   t h e  mean d i f f e r e n c e   f o r  
a = 270' i s  given as a func t ion   of  e .  The s t anda rd   dev ia t ion   i nc reases   w i th  
i n c r e a s i n g  e and  reaches a maximum of  2.7 arcsec. I n   f i g u r e  11 (d) , t h e  
s t anda rd   dev ia t ion  i s  shown f o r  e = 45" as a func t ion   of  a and   va r i e s  from 
1 . 4   t o   3 . 6  arcsec. 

In   f i gu res  12 (a)  and 1 2  (b) , t h e  mean difference  between computed  and 
exper imenta l   ou t -of -p lane   devia t ions  i s  p r e s e n t e d .   I n   f i g u r e   1 2 ( a ) ,   t h e  mean 
d i f f e r e n c e  i s  g i v e n   f o r  a = 270" as a func t ion   of  8 .  The mean d i f f e r e n c e  
dec reases   w i th   i nc reas ing  8 and  varies  between  1.5 And 4 .8   a r c sec .   In   f i g -  
u r e   1 2 ( b ) ,   t h e  mean d i f f e r e n c e  is  given for 8 = 45" as a func t ion   o f  a .  
The mean d i f fe rence   ranges   f rom  0 .8   to   4 .8   a rcsec .  

In   f igures   12(c)   and   12(d) ,   the   s tandard   devia t ion   of   the  mean d i f f e r e n c e s  
i s  p resen ted .   In   f i gu re   12 (c ) ,   t he   s t anda rd   dev ia t ion  i s  shown f o r  a = 270" 
as a func t ion   of  e .  The s t anda rd   dev ia t ion   a l so   dec reases   w i th   i nc reas ing  
e and va r i e s   f rom  1 .5   t o  2 . 8  a r c sec .   In   f i gu re   12 (d ) ,   t he   s t anda rd   dev i . a t ion  
f o r  8 = 45O i s  shown as a func t ion   of  c1 and varies  between  0.8  and  3.3 
a rc s   ec  . 

I f  a l l  t h e   d a t a   f o r   a c t u a l  Gemini edges are cons idered ,   the  mean d i f f e r -  
e n c e   f o r   t h e   i n - p l a n e   d e v i a t i o n s  i s  0 .5  a rc sec  and t h e   s t a n d a r d   d e v i a t i o n  i s  
2 .0   a rcsec .  For ou t -o f -p l ane   dev ia t ions ,   t he  mean d i f f e r e n c e  i s  3 a r c s e c  and 
the   s tandard   devia t ion   about   the  mean i s  3 arcsec.   These s ta t is t ics  are   based 
on 120 d a t a   p o i n t s .  

T h i s   s t a t i s t i c a l   a n a l y s i s   i n d i c a t e s   t h a t   t h e   a n a l y s i s  method based on 
pressure   deformat ions   t aken   f rom  in te r fe rence   photos   and   used   to  compute t h e  
LOS d e v i a t i o n s   f o r   a c t u a l  Gemini edges   accura te ly   de te rmined   the  LOS 
d e v i a t i o n s   t o   w i t h i n  a few a rcsec .  

The Ef fec t   o f  Models on LOS Deviations 

I t  has   been   demonst ra ted   in   the   p receding   sec t ions   tha t   the  computed LOS 
dev ia t ions  compared q u i t e  well wi th   exper imenta l   da ta .  However, when t h e s e  
comparisons  of   data  were made, it was n o t e d   t h a t   i n  a few cases r e l a t i v e l y  
l a rge   d i f f e rences   ex i s t ed   be tween  computed  and exper imenta l   da ta .  Mean d i f -  
fe rences  up t o  -10 a r c s e c   f o r   i n - p l a n e   d e v i a t i o n s  and  up t o  8 arcsec f o r   o u t -  
o f -p l ane   dev ia t ions  were o b t a i n e d   i n  some cases. These f a i r l y   s i z a b l e  
d i f f e r e n c e s   m i g h t   b e   a t t r i b u t e d   t o   i n a c c u r a c i e s   i n   t h e   m o d e l s   o f   t h e  window 
su r faces   u sed   i n   t he   ana lys i s .   These   i naccurac i e s   cou ld   r e su l t   f rom  inco r -  
rec t   in format ion   about   the   nonf la tness ,  wedge angle ,  or pressure   deformat ions .  

17 



To i l l u s t r a t e   t h e   e f f e c t   o f   i n a c c u r a c i e s   i n   t h e   m o d e l s ,  an a d d i t i o n a l  
2-arcsec wedge ang le  was added t o  each windowpane o f   t h e  model fo r   s imp ly  
supported  edge  condi t ions.  The t h i c k   p a r t   o f   t h e  wedge angle  was toward  the 
pos i t ive   x -ax is   o f   the   coord ina te   sys tem.  LOS dev ia t ions  were then  recom- 
pu ted   w i th   t h i s  new model  and t h e  new r e s u l t s  were compared wi th   t he   expe r i -  
mental   data .  The comparison showed tha t   the   modi f ica t ion   changed   the   in -p lane  
dev ia t ions  as much as 5 a rc sec .  

The ne t   e f f ec t   o f   add ing   t he   add i t iona l  wedge angle  was t o  move t h e  
a n a l y t i c a l l y   d e t e r m i n e d   d a t a   c l o s e r   t o   t h e   e x p e r i m e n t a l l y  measured d a t a .  I t  
appears   then   tha t   the   re la t ive ly   l a rge   d i f fe rences   be tween  ana ly t ica l ly   de te r -  
mined  and expe r imen ta l ly   measu red   da t a   t ha t   occu r   i n  a few cases might  be 
a t t r i b u t e d   i n   p a r t   t o   i n a c c u r a c i e s   i n   t h e  window s u r f a c e  model u s e d   i n   t h e  
a n a l y s i s .  I t  i s  emphasized  that   extreme  care  must t h e r e f o r e   b e   e x e r c i s e d   i n  
the   de t e rmina t ion   o f   t he  window surface  models .  

Individual   Parameter   Effects   and  Sextant  Errors 

Indiv idua l  LOS dev ia t ions . -  A s  p a r t   o f   t h i s   s t u d y ,  LOS d e v i a t i o n s   t h a t  
would r e s u l t  from var ia t ions   o f   each   ind iv idua l   parameter ,   such  as window non- 
f l a t n e s s ,  wedge angle ,   and  pressure  loading,  werk a l s o  computed. The devia-  
t i o n s  computed fo r   t he   i nd iv idua l   pa rame te r s  are o f   i n t e re s t   because   t hey   g ive  
i n s i g h t   i n t o   t h e   r e l a t i v e   i m p o r t a n c e   o f   e a c h   p a r a m e t e r   f r o m   t h e   s t a n d p o i n t   o f  
spacec ra f t  window des ign .  

Convex and  concave window s u r f a c e s   r e s u l t e d   i n  small dev ia t ions ,   bu t  
biconvex  and  biconcave  surfaces   exhibi ted  large  deviat ions - up t o  90 a rc sec .  
LOS d e v i a t i o n s   d u e   t o  wedge angle   reached a maximum of   about   10  arcsec,   whi le  
p r e s s u r e   l o a d i n g   l e d   t o   d e v i a t i o n s  up t o   1 3   a r c s e c .   I n d i v i d u a l  LOS dev ia t ions  
are c o n s i d e r e d   i n   d e t a i l   i n   a p p e n d i x  A. 

L inear   superpos i t ion . -   Af te r   the  LOS devia t ions   cadsed  by the   i nd iv idua l  
parameters had  been  computed, i t  was of  i n t e r e s t   t o  combine t h e   i n d i v i d u a l  
d e v i a t i o n s   f o r  a pa r t i cu la r   combina t ion   o f   nonf l a tnes s ,  wedge angle ,  and pres-  
su re  bowing by l inear   superpos i t ion .   These  LOS dev ia t ions  were  then  compared 
wi th   t he   dev ia t ions  computed with a math  model t ha t   i nc luded   t he  combined 
e f f e c t s  of  nonf l a tnes s ,  wedge angle ,  and pressure   loading .  From t h i s  compar- 
i s o n ,   l i n e a r   s u p e r p o s i t i o n  was n o t   c o n s i d e r e d   v a l i d   i n   t h i s   a p p l i c a t i o n .  

CONCLUDING REMARKS 

Methods have  been  formulated  for   predict ing LOS deviat ions  induced by 
spacec ra f t  windows. The methods  were  used t o  compute t h e  LOS dev ia t ions  
assoc ia ted   wi th  a three-pane Gemini s p a c e c r a f t  window with  three  edge  condi-  
t i o n s :   t h e   a c t u a l  Gemini edges  and  idealized  clamped  and  simply  supported 
edges.   Single  LOS devia t ions ,   in -p lane   and   ou t -of -p lane ,  were p resen ted   fo r  
t h e   t h r e e  edge  conditions.   These  deviations  incl-uded  the combined e f f e c t s   o f  
window su r face   nonf l a tnes s ,  wedge angle ,   and  pressure  deformation,  as well as 
index-o f - r e f r ac t ion   d i f f e rence   o f   t he   l i gh t   t r ansmiss ion   med ia   i n s ide  and 

18 



I 
" 

o u t s i d e   t h e   s p a c e c r a f t .  The dev ia t ions   p re sen ted  are func t ions   o f   bo th  LOS 
o r i e n t a t i o n  and   inc idence   pos i t ion  on t h e  window. In-p lane   devia t ions  up t o  
2 0  a r c sec  and  out-of-plane  deviat ions up t o  17 arcsec were  encountered. The 
l a rges t   i n -p l ane   dev ia t ions  were o b t a i n e d   f o r  clamped edges.  

The computed LOS dev ia t ions  were compared with  experimentally  measured 
LOS d e v i a t i o n s   i n   o r d e r  t o  assess t h e   v a l i d i t y   o f   t h e  methods  developed. A 
d e t a i l e d  s ta t i s t ica l  ana lys i s   o f   t he   d i f f e rences   be tween  computed  and  experi- 
men ta l ly   measu red   da t a   i nd ica t ed   t ha t   t he   r e su l t s   ag reed   t o   w i th in   -1 .5  arc- 
s e c  mean d i f f e r e n c e  and  3.4 arcsec s t anda rd   dev ia t ion   fo r   i n -p l ane   dev ia t ions .  
Out-of-plane  deviat ions  agreed  within 2 a r c s e c  mean d i f f e rence   w i th  a s tandard  
dev ia t ion  of  4 a rc sec .  Some re l a t ive ly   l a rge   d i f f e rences   be tween  computed  and 
exper imenta l ly   measured   da ta   ex is t .   These   d i f fe rences   could   be   a t t r ibu ted ,  a t  
least  i n   p a r t ,   t o   i n a c c u r a c i e s   i n   t h e  models o f   t h e  window s u r f a c e s   u s e d   i n  
the   s tudy .  I t  i s  f e l t  t h a t   t h e  methods  developed would a c c u r a t e l y   p r e d i c t  
spacec ra f t  window-induced LOS dev ia t ions  i f  t h e  window sur face   shapes   can   be  
accurately  determined.  

The LOS dev ia t ions   a s soc ia t ed   w i th   t he   i nd iv idua l   pa rame te r s ,   such  as 
window su r face   nonf l a tnes s ,  wedge angle ,   and   pressure   loading ,   were   a l so  
i n v e s t i g a t e d .  Convex and  concave window s u r f a c e s   r e s u l t s   i n  small dev ia t ions ,  
but   biconvex  and  biconcave  surfaces   exhibi ted  large  deviat ions - up t o  90 arc- 
sec .  LOS dev ia t ions  due t o  wedge angle   reached a maximum of   about  10 a rc sec ,  
w h i l e   p r e s s u r e   l o a d i n g   l e d   t o   d e v i a t i o n s  up t o   1 3   a r c s e c .  

Ames Research  Center 
National  Aeronautics  and  Space  Administration 

Moffe t t   F ie ld ,  Ca l i f . ,  94035,  April  10,  1969 
125-17-02-13-00-21 
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APPENDIX A 

INDIVIDUAL PARAMETER LOS  DEVIATIONS 

LOS d e v i a t i o n s   t h a t   r e s u l t  f rom  var ia t ions   o f   ind iv idua l   parameters ,   such  
as window su r face   nonf l a tnes s ,  wedge angle ,   and   pressure   loading ,  are o f   i n t e r -  
es t  because  they may g ive   i n s igh t   i n to   t he   p rob lems   o f   spacec ra f t  window 
design.  Thus, LOS dev ia t ions   fo r   t he   fo l lowing   i nd iv idua l  math  models  were 
o b t a i n e d   f o r   t h e   6 - i n c h   o p t i c a l  area o f   t h e   t h r e e   p a n e  Gemini window: 
(1)   pressure  deformation  only;  (2) nonf la tness   on ly ;  and  (3) wedge angle   only.  
The math  model for   p ressure   deformat ions  was o b t a i n e d   w i t h   t h e   s t r u c t u r a l  
analysis  program. A p re s su re   env i ronmen t   t ha t   co r re sponded   t o   t he   o rb i t i ng  
Gemini s p a c e c r a f t  was assumed. Math models were o b t a i n e d   f o r  clamped  and 
simply  supported  edge  conditions.  

b- 6in.-”---( 

,Optical area 

5X =0.116 X 103in 

f 
Sketch  (h) 

The  math  models f o r   n o n f l a t n e s s  
and wedge angle  were based on t h e  
a s sumpt ion   t ha t   t he  window j u s t  met 
t h e  Gemini s p e c i f i c a t i o n s ,   t h a t  i s ,  
both   sur faces   o f   each   pane   having   f ive  
wavelengths  nonflatness  and  with a 
4-arcsec  wedge ang le .  I t  was f u r t h e r  
assumed t h a t   t h e   n o n f l a t n e s s  was 
s p h e r i c a l   i n   n a t u r e   ( s k e t c h   ( h ) ) .  LOS 
d e v i a t i o n s  were o b t a i n e d   f o r  windows 
having a l l  three  panes  convex  toward 
t h e   i n s i d e   o f   t h e   s p a c e c r a f t ,  a l l  
three  panes  concave,  a l l  three  panes 
biconvex,  and a l l  th ree   panes  
biconcave. 

The math  models f o r  wedge angle  assumed t h a t   t h e   t h i c k   p a r t  of t h e  wedge 
was e i t h e r  a t  t h e   t o p  o r  the   bo t tom  of   the  window. Ske tch   ( i )   de f ines   t he  
two angles ,  i and r, r e q u i r e d   t o   d e s c r i b e   t h e  wedge a n g l e   i n   t h e  math model, 
where i i s  t h e   a n g l e   t h a t   t h e   s u r f a c e   o f   t h e  windowpane  makes w i t h   t h e  
xy-plane  and r i s  t h e   a n g l e   t h a t   t h e   i n t e r s e c t i o n   o f   t h e  window s u r f a c e  
and the  xy-plane makes w i t h   t h e   x - a x i s .   F o r   t h i s   d i s c u s s i o n ,  i = 4 a r c s e c  
and r = 0 .  Figures  13  through  16  present computed LOS deviat ions  caused by 
the   i nd iv idua l   pa rame te r s .  In a l l  cases, t h e   i n - p l a n e   d e v i a t i o n s   a r e  shown. 

F la tnes s  

LOS d e v i a t i o n s   f o r  windows having   nonf la tness   on ly   and  wedge angle   only 
a r e   p r e s e n t e d   i n   f i g u r e  13 .  

I n  f i g u r e s   1 3 ( a ) ,  (b) , and  (c) , t h e  window surfaces   were assumed t o   b e  
sphe r i ca l   w i th  a SA maximum su r face   dev ia t ion   f rom  the  f la t  r e fe rence  
p l ane .   In   f i gu re   13 (a ) ,   dev ia t ions  are presented  as a func t ion  of  y -ax i s  
pos i t i on   fo r   s eve ra l   az imuth   ang le s   ( i nc idence   ang le  8 = 45’) f o r  a window 
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Sketch (i) 

having all three panes with biconvex surface shapes (sketch (j)). The devia­
tions vary linearly with change in position and reach a maximum of 85 arcsec 
at 270° azimuth and y = -2.5. In figure l3(b), the LOS deviations are pre­
sented as a function of y position for several angles of incidence and for 
a = 270°. Again, the deviations vary linearly with change in position and 
generally increase in magnitude with increasing incidence angle. The LOS 
deviation of windows with biconcave surfaces (sketch (j)) would equal that 
computed for the biconvex surfaces, but would be opposite in sign. 

Inside ~~~ 
Inside ~~~ 

Sketch (j) 

Concave inside 

Convex inside 

In figure l3(c), deviations are 
presented as a function of incidence 
angle for a window with all three 
panes convex toward the inside of the 
spacecraft and for a window with all 
three panes concave toward the inside 
of the spacecraft (sketch (j)). The 
LOS deviations are less than 3 arcsec 
and increase in magnitude with 
increasing incidence angle. Since 
the surface nonflatness is sphericql, 
it can be shown that the LOS devia­
tions vary as a function of incidence 
angle only. 

At this point, the data of fig­
ures 13(a), (b), and (c) can be sum­
marized. Results of figures l3(a) 
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and ( b )   i n d i c a t e   t h a t   t h e   u s e   o f  windowpanes with  biconvex or  biconcave  sur-  
faces shou ld   be   avo ided   i n   spacec ra f t   because   t hey   cause   l a rge  LOS dev ia t ions  
even when t h e  maximum nonf l a tnes s  i s  only SA. The d a t a   o f   f i g u r e   1 3 ( c )  show 
t h a t  windowpanes with  convex  or  concave  surfaces  with 5A maximum nonf l a tnes s  
have  only a small e f f e c t  on LOS d e v i a t i o n s .  

Wedge 

I n   f i g u r e  14, LOS dev ia t ion   cu rves  are p r e s e n t e d   f o r  a window with a 
4-arcsec wedge angle   in   each   pane  as a func t ion  of  inc idence   angle   and   for  

Elk 4 orcsec F 4 orcsec 

Bottom 

Sketch (k) 

severa l   az imuth   angles .  The t h i c k   p a r t   o f   t h e  
wedge was a t  the   top   o f   the   pane   ( ske tch   (k) ) .  
The LOS dev ia t ions   ( excep t   fo r  0" and  180"  azimqth 
angles )   increase   wi th   increas ing   inc idence   angle ,  
reaching  a maximum deviat ion  of   about  10 a r c s e c  
f o r  a 270" azimuth  angle.  A t  0" and  180"  azimuth 
ang le s   t he   i n -p l ane   dev ia t ions  are z e r o   f o r  a l l  
inc idence   angles .  I t  can   be  shown t h a t   d e v i a t i o n s  
due t o  wedge ang le  do not   vary  with  change  in  
i n c i d e n c e   p o s i t i o n .   D e v i a t i o n s   f o r  a window with 
a 4-arcsec wedge a n g l e ,   w i t h   t h e   t h i c k   p a r t   o f  
t h e  wedge a t  t he   bo t tom  o f   t he  windowpane,  would 
be   the  same as t h o s e   i n  figure 14,   but   with 
oppos i t e   s ign .  

Pressure  Loading 

LOS deviat ions  caused by pressure   loads  on t h e  window similar t o  loads 
imposed on an o r b i t i n g  Gemini veh ic l e   ( ske tch   (g ) )  are presented  as a func t ion  
o f   y - a x i s   p o s i t i o n   i n   f i g u r e  15. The d e f l e c t i o n   o f   t h e  window due t o   t h e  
pressure   load  was computed  by means o f   t he   s t ruc tu ra l   ana lys i s   p rog ram  p re -  
v ious ly   d i scussed .  The d a t a   i n   f i g u r e s   1 5 ( a )   a n d  (b) are f o r  a window with 
clamped  edges. The devia t ions   reach  a maximum of -6 a r c s e c  f o r  270" azimuth 
angle  and 45" inc idence   angle .  

The d a t a   i n   f i g u r e s   1 5 ( c )  and  (d) are f o r  a window with  simply  supported 
edges .   Genera l ly ,   the   devia t ions  are l a r g e r   t h a n   f o r   t h e  window with  clamped 
edges  under similar condi t ions ,   reaching  a maximum of  -13 arcsec f o r  a = 270" 
and 0 = 45". This  i s  probably a r e s u l t   o f   t h e   l a r g e r   s u r f a c e   d e f l e c t i o n s  
t h a t   o c c u r   f o r  a window with  simply  supported  edges.   Figure  15(d) shows 
t h a t   f o r  a = 2 7 0 ° ,  t h e  LOS devia t ions   increase   in   magni tude   wi th   increas ing  
inc idence   ang le .   Th i s   t r end   a l so   ex i s t s   fo r   o the r   az imuth   ang le s   fo r   t hese  
inc idence   pos i t i ons .  The d a t a   e x t e n d   o n l y   t o  Y = - 1 . 2 5  f o r  30"  and 45" 
inc idence   angles ,   s ince   the   devia ted   ray   passes   ou ts ide   the   6 - inch   op t ica l  
a r e a  where t h e  model i s  v a l i d .  
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.. - 

Index  of   Refract ion 

Deviat ions  caused by t he  index   o f   r e f r ac t ion   d i f f e rence   be tween   t he  
a i r  i n s i d e  and the   space  vacuum o u t s i d e   t h e  Gemini s p a c e c r a f t  are shown as a 
func t ion   o f   i nc idence   ang le   i n   f i gu re  1 6 .  The LOS dev ia t ion   i nc reases   w i th  
inc reas ing   i nc idence   ang le  and  reaches 2 1  arcsec f o r  8 = 45". 
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- 4  L I I I I 
20x10- 16 12 8 4 

Deflection, in. 

Figure 2.- Comparison of exact solution and structural  analysis  program 
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Figure 5 . -  Comparison of computed (SAMIS) and  experimentally  measured  in-plane 
LOS d e v i a t i o n s   f o r  clamped  and  simply  supported  edges. 
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Figure 6 . -  Mean d i f f e r e n c e s  and  s tandard  deviat ions  of   the  mean d i f f e rences  
between  computed (SAMIS) and  experimental ly   measured  total   in-plane LOS 
dev ia t ions .  
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Figure 11. Mean d i f f e r e n c e s  and   s tandard   devia t ions  of  t h e  mean d i f f e r e n c e s  
between  computed ( i n t .   p h o t o s )  and experimental ly   measured  total   in-plane 
LOS d e v i a t i o n s   f o r   a c t u a l  Gemini edges.  

a 270° 

L Geminl 

I I I 

a = 270' 

Gemini 

1 
, I I 

0 
1 

15 30 45 
Incidence, 8.deg 

- 
8 45O 

- 
Gemini 

- e = 4 5 0  

, (d l  I I I I 
180 225 270 315 360 

Azimuth,a,deg 

Figure 1 2 . -  Mean d i f f e rences  and s t anda rd   dev ia t ions   o f   t he  mean d i f f e rences  
between  computed ( in t .   pho tos )  and experimental ly   measured  total   out-of-  
plane LOS d e v i a t i o n s   f o r   a c t u a l  Gemini edges.  
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Figure  13.-   Nonflatness  and wedge ang le   l i ne -o f - s igh t   dev ia t ions .  
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Figure  14.-  LOS dev ia t ions ,  wedge angle .  
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