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SUMMARY 

Aluminum s t r u c t u r a l  t empera tures  and thermal  p r o t e c t i o n  system (TPS) s u r f a c e  t e m -  
p e r a t u r e s  were measured on t h e  space s h u t t l e  o r b i t e r  d u r i n g  t h e  f l i g h t  o f  t h e  space 
t r a n s p o r t a t i o n  system 5 (STS-5). The measured d a t a  are compared w i t h  v a l u e s  ca l cu -  
l a t e d  a t  wing s t a t i o n s  134, 240, and 328 and a t  f u s e l a g e  s t a t i o n  877. The t h e o r e t i -  
cal temperatures w e r e  c a l c u l a t e d  us ing  t h e  s t r u c t u r a l  performance and r e s i z i n g  (SPAR) 
f i n i t e - e l e m e n t  thermal  a n a l y s i s  program, The comparisons show t h a t  t h e  c a l c u l a t e d  
temperatures are, g e n e r a l l y ,  i n  good agreement wi th  t h e  measured d a t a .  

INTRODUCTION 

The space s h u t t l e  Columbia has  proven t h a t  t h e  thermal  p r o t e c t i o n  system 
(TPS) is a v i a b l e  method of i n s u l a t i n g  the v e h i c l e .  Fol lowing t h e  f i r s t  f i v e  
o rb i t a l  mis s ions ,  t h e  orbiter w a s  dec la red  o p e r a t i o n a l  and a m a j o r i t y  o f  t h e  
onboard development - f l igh t  i n s t rumen ta t ion  was removed t o  i n c r e a s e  payload 
c a p a c i t y .  The space s h u t t l e  s t r u c t u r e  is c o n s t r u c t e d  p r i m a r i l y  o f  aluminum and,  
to  a lesser e x t e n t ,  g r a p h i t e  f i b e r - r e i n f o r c e d  composite materials. Due to  t h e  
weak h igh- tempera ture  s t r e n g t h  of  aluminum it i s  paramount t h a t  no t i l e s  f a i l  
d u r i n g  t h e  h igh  h e a t  l oads  encountered  f rom d e o r b i t  to  landing .  
i n t o  t h e  e a r t h  a tmosphere,  t h e  aluminum s k i n s  and s u b s t r u c t u r e  of  t h e  v e h i c l e  
must be p r o t e c t e d  from deve lop ing  excess ive  thermal  g r a d i e n t s .  I f  t h e  thermal  
g r a d i e n t s  are too s e v e r e ,  t h e  r e s u l t i n g  thermal  stresses cou ld  induce  s k i n  
buck l ing  t h a t  could, i n  t u r n ,  cause  possible hond-l ine f a i l u r e  between t h e  s k i n  
and t h e  TPS. To protect t h e  aluminum s t r u c t u r e ,  t h e  TPS is bonded to  t h e  s k i n s .  
Due to t h e  n o n f l e x i b l e  n a t u r e  of t h e  s h u t t l e  tiles, a h i g h l y  f l e x i b l e  s t r a i n  iso- 
l a t i o n  pad (S IP)  is bonded between the s k i n  and t h e  t i l es  t o  abso rb  s t r a i n  incom- 
p a t i b i l i t y  between the s k i n  and t h e  TPS. The SIP  i s  also des igned  to  a b s o r b  any 
possible s k i n  buck l ing  e f f e c t s  on t h e  TPS. 

During r e e n t r y  

In t h e  d e s i g n  of  a v e h i c l e  such as the space s h u t t l e ,  e x t e n s i v e  a n a l y s e s  must 
be performed on t h e  s t r u c t u r e .  Calculated s t r u c t u r a l  t empera ture  d i s t r i b u t i o n s  
can  be  used to p r e d i c t  thermal  stresses and to v e r i f y  if t h e  thermal  stresses are 
e x c e s s i v e  or i f  s k i n  buck l ing  w i l l  occur. The p r e d i c t e d  thermal  stresses can  also 
be used to c o r r e c t  f l i g h t  l oad  measurements t h a t  were made on t h e  v e h i c l e  s t r u c t u r e  
w i t h  s t r a i n  gages.  

I n  order to  make a realistic c a l c u l a t i o n  of t h e  thermal  stresses, t h e  s t r u c -  
t u r a l  t empera tu re  d i s t r i b u t i o n s  must be c a l c u l a t e d  a c c u r a t e l y .  For a f i n i t e -  
e l emen t  a n a l y s i s  o f  a l a r g e  v e h i c l e  such as t h e  space s h u t t l e ,  a d e t e r m i n a t i o n  
h a s  t o  be made between t h e  number and t y p e s  o f  e lements  n e c e s s a r y  f o r  accu racy  
and t h e  c a p a b i l i t y  and amount of resources  a v a i l a b l e .  The s h u t t l e  o r b i t e r  h a s  
p rov ided  a unique o p p o r t u n i t y  to  perform a n  a n a l y t i c a l  s t u d y  f o r  bo th  the rma l  
and stress p r e d i c t i o n s .  The i n i t i a l  phase of an inc remen ta l  program to calcu- 
late t h e  s t r u c t u r a l  t empera ture  and the  thermal stresses wi th  a f in i t e - e l emen t  
computer program on t h e  s h u t t l e  are presented  i n  r e f e r e n c e s  1 to  3. 

P r e v i o u s  comparisons between t h e  measured and t h e  c a l c u l a t e d  temperatures 
( r e f s .  1 t o  3 )  were l i m i t e d  to a few r e p r e s e n t a t i v e  temperature p r o f i l e s .  I n  t h i s  



report a l l  t h e  measured t empera tu res  avai lable  a t  wing s t a t i o n s  (WS) 134, 240, and 
328 and f u s e l a g e  s t a t i o n  (FS) 877 are p r e s e n t e d .  These t e m p e r a t u r e s  are compared 
w i t h  t h e  c a l c u l a t e d  r e s u l t s  from a three-d imens iona l  t he rma l  a n a l y s i s  for  WS134, 
WS240 and WS328. The r e s u l t s  are also p r e s e n t e d  from a two-dimensional a n a l y s i s  
of FS877. 
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NOMENCLATURE 

s u r f a c e  area of r a d i a t i o n  exchange e l emen t  i 

development-f l i g h t  i n s t r u m e n t a t i o n  

view fac tor  or f r a c t i o n  of r a d i a n t  h e a t  f r o m  e l emen t  j i n c i d e n t  on 
e l e m e n t  i 

f e l t  reusable s u r f a c e  i n s u l a t i o n  

f u s e l a g e  s t a t i o n  

high-temperature r e u s a b l e  s u r f a c e  i n s u l a t i o n  

r a d i a t i o n  exchange e l emen t s  

j o i n t  l o c a t i o n  

t w o - j o i n t  conduc t ion  ( e l emen t )  

f o u r - j o i n t  conduct ion  ( e l emen t )  

s i x - j o i n t  s o l i d  conduc t ion  ( e l emen t )  

e i g h t - j o i n t  s o l i d  conduc t ion  ( e l emen t )  

low-temperature r e u s a b l e  s u r f a c e  i n s u l a t i o n  

t w o - j o i n t  r a d i a t i o n  ( e l emen t )  

t h r e e - j o i n t  r a d i a t i o n  ( e l emen t )  

f o u r - j o i n t  r a d i a t i o n  ( e l emen t )  

s t r a i n  i s o l a t i o n  pad 

s t r u c t u r a l  performance and r e s i z i n g  ( f i n i t e - e l e m e n t  computer program) 

space t r a n s p o r t a t i o n  sys tem 

tempera ture  , OF 

t h e o r e t i c a l  t h i n - s k i n  (NASA computer program) 
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wing s t a t i o n  

SPACE SHUTTLE ORBITER 

. Analysis  Loca t ions  

A planform view of t h e  space s h u t t l e  orbiter wi th  t h r e e  wing s t a t i o n s  and one 
f u s e l a g e  s t a t i o n  for which h e a t i n g  ana lyses  were performed are shown i n  f i g u r e  1. 
Thermal models were made for a l l  f o u r  s t a t i o n s .  As shown, c a l c u l a t i o n s  w e r e  made 
f o r  WS134, WS240, WS328 and FS877. 

F l i g h t  P r o f i l e s  

Measured r e e n t r y  f l i g h t  t i m e  h i s t o r i e s  of  the STS-5 t r a j e c t o r y  are shown i n  f ig- 
u r e  2. Also shown i n  t h i s  f i g u r e  are the nominal r e e n t r y  d e s i g n  f l i g h t  trajectories. 
Time t = 0 sec i n  the t r a j e c t o r y  cor responds  to  t h e  start o f  r e e n t r y  and is d e f i n e d  
t o  occur  a t  a n  a l t i t u d e  of 400,000 f t .  The total r e e n t r y  f l i g h t  t i m e  f o r  t h e  STS-5 
miss ion  w a s  1821 sec. The measured values of  v e l o c i t y  and a l t i t u d e  were somewhat 
lower t h a n  the cor re spond ing  nominal values;  t h i s  w a s  t r u e  throughout  the m a j o r i t y  
o f  t h e  f l i g h t ,  and w a s  also the t r e n d  f o r  the f o u r  p r e v i o u s  STS f l i g h t s .  The meas- 
u red  v a l u e s  o f  a n g l e  o f  a t t a c k  showed a s l i g h t l y  h i g h e r  r e a d i n g  t h a n  t h e  nominal 
v a l u e s  d u r i n g  t h e  e a r l y  s t a g e  of r e e n t r y  and a s i g n i f i c a n t  drop below t h e  nominal 
c u r v e  a f t e r  a r e e n t r y  t i m e  t = 1000 sec. The d i f f e r e n c e s  between the measured and 
t h e  nominal STS-5 f l i g h t  p r o f i l e s  are cons idered  s i g n i f i c a n t ;  t h e r e f o r e ,  t h e  meas- 
u red  v a l u e s  were used f o r  t h e  c a l c u l a t i o n s  p re sen ted  i n  t h i s  report. 

- 

Description of  Wing S t r u c t u r e  

Wing s t a t i o n  134. - The geometry of t h e  wing s e c t i o n  a t  WS134 f o r  which TPS and 
s t r u c t u r a l  t empera tures  were c a l c u l a t e d  is shown i n  f i g u r e  3. T h i s  wing s t a t i o n  
w a s  selected due to the large, complex n a t u r e  of  t h e  s t r u c t u r e  and t h e  c o n s i d e r a b l e  
amount of  s u r f a c e  and s u b s t r u c t u r e  in s t rumen ta t ion  for measuring tempera tures .  The 
entire lower s u r f a c e  of  t h e  wing s e c t i o n  is  covered wi th  h igh- tempera ture  r e u s a b l e  
s u r f a c e  i n s u l a t i o n  (HRSI) w i t h  a s t r a in  i s o l a t i n  pad (SIP)  l y i n g  between t h e  alumi- 
num s k i n  and t h e  i n s u l a t i n g  tiles. The upper s u r f a c e  a t  WS134 i s  covered  wi th  
e i t h e r  f e l t  r e u s a b l e  s u r f a c e  i n s u l a t i o n  (FRSI) or low-temperature  r e u s a b l e  su r -  
f a c e  i n s u l a t i o n  (LRSI).  The LRSI t i les  also use  SIP between the aluminum s k i n  
and t h e  tile. Each material i s  bonded us ing  room-temperature-vulcanized (RTV) 
high- tempera ture  silicone rubber .  The RTV bonding t a k e s  place between t h e  LRSI, 
t h e  SIP,  and the aluminum s k i n  s u r f a c e s  and between t h e  FRSI and t h e  aluminum s k i n .  
F R S I  does n o t  r e q u i r e  a SIP due to t h e  i n h e r e n t  f l e x i b l e  n a t u r e  of t h i s  material. 
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The TPS t r a n s i t i o n s  from HRSI t o  LRSI  on t h e  upper s u r f a c e  i n  t h e  forward g l o v e  
area o c c u r s  a t  a d i s t a n c e  o f  approximate ly  572.4 i n  measured from t h e  nose of t h e  
v e h i c l e .  LRSI  t i l e s  were used from 572.4 i n  to  707.3 i n  o f  t h e  v e h i c l e  a t  t h i s  
cross s e c t i o n .  From 707.3 i n  t o  1129.0 i n ,  FRSI w a s  used. 

The lower and upper s k i n s  i n  t h e  forward g l o v e  area c o n s i s t  o f  h a t - s t r i n g e r -  
r e i n f o r c e d  aluminum s k i n s .  A ver t ical  and d i a g o n a l  t r u s s  system adds  t o  t h e  
s t r e n g t h  of  t h e  forward g l o v e  area. C o n s t r u c t i o n  of  t h e  wheelwel l  door  c o n s i s t s  
o f  upper and l o w e r  aluminum s k i n s ,  bo th  of  which are r e i n f o r c e d  w i t h  spanwise h a t  
s t r i n g e r s .  The spar webs of  the door  are made of aluminum I-beams and C-channels. 
The upper s u r f a c e  of the wheelwel l  is  made of  aluminum honeycomb core sandwich 
s t r u c t u r e .  I n  the  t h r e e  bays j u s t  a f t  of t h e  wheelwel l ,  t h e  lower and upper s k i n s  
c o n s i s t  o f  h a t - s t r i n g e r - r e i n f o r c e d  aluminum s k i n s .  A l l  t h e  v e r t i c a l  spar webs and 
t h e  forward and a f t  walls of the wheelwell  are made of  c o r r u g a t e d  aluminum. 

Wing s t a t i o n  240. - T h e  geometry of  t h e  wing s e c t i o n  a t  WS240 for  which TPS 
s u r f a c e  and s t r u c t u r a l  temperatures were c a l c u l a t e d  i s  shown i n  f i g u r e  4. Both 
t h e  upper and t h e  lower s k i n  and t h e  forward spar w e b  of  bay 1 are made of aluminum 
honeycomb sandwich p l a t e s .  The s k i n s  of  bays 2, 3, and 4 are made of  spanwise h a t -  
s t r i n g e r - r e i n f o r c e d  aluminum s k i n s .  The remaining spar w e b s  are made o f  c o r r u g a t e d  
aluminum. The r i b  webs c o n s i s t  of a t r u s s  system a t  WS254. The lower wing s k i n  i s  
covered  wi th  HRSI, with t h e  S I P  l y i n g  between t h e  s k i n  and t h e  HRSI. Most of  t h e  
upper s k i n  of bay 1 i s  p r o t e c t e d  by LRSI w i t h  an  i n n e r  SIP  l a y e r .  The remainder  of 
t h e  upper s k i n  of bay 1 and a l l  t h e  upper s k i n s  of bays 2, 3, and 4 are covered w i t h  
FRSI. The FRSI i s  bonded d i r e c t l y  to t h e  aluminum s k i n  w i t h  RTV high-temperature  
s i l i c o n e  rubber .  

Wing s t a t i o n  320. - The wing s e c t i o n  a t  WS328 can be s e e n  i n  f i g u r e  5. The for- 
ward spar w e b  of bay 1 i s  made of  aluminum honeycomb sandwich plates. The upper and 
t h e  lower s k i n s  of bays 1 ,  2, and 3 are made of spanwise h a t - s t r i n g e r - r e i n f o r c e d  
aluminum s k i n s .  The remaining spar webs are made o f  c o r r u g a t e d  aluminum. The r i b  
webs c o n s i s t  o f  a v e r t i c a l  and d i a g o n a l  t r u s s  system a t  WS342.5. The lower wing 
s k i n  is covered with HRSI and a l a y e r  of  S I P  between t h e  aluminum s k i n  and t h e  t i l e .  
The upper s k i n  is covered w i t h  LRSI w i t h  a n  i n n e r  l a y e r  of SIP. 

-- 

D e s c r i p t i o n  of  Fuselage S t r u c t u r e  

The geometry of  t h e  f u s e l a g e  cross s e c t i o n  a t  FS877 i s  shown i n  f i g u r e  6. Only 
h a l f  of t h e  cross s e c t i o n  w a s  c o n s i d e r e d ,  owing to  symmetry. The lower s k i n  and t h e  
s ide w a l l  of t h e  f u s e l a g e  c o n s i s t  o f  T - s t i f f e n e r - r e i n f o r c e d  aluminum s k i n s .  The 
lower and t h e  upper s k i n s  o f  t h e  g l o v e  area are made of  h a t - s t r i n g e r - r e i n f o r c e d  a l u -  
minum s k i n s  w i t h  t h e  l e a d i n g  edge o f  t h e  g l o v e  s k i n  made of a n  aluminum honeycomb- 
core sandwich s t r u c t u r e .  An RTV h e a t  s i n k  i s  l o c a t e d  on part o f  t h e  i n n e r  s u r f a c e  
of t h e  pay-load bay door.  As can  be s e e n ,  t h e  lower s u r f a c e  of t h e  f u s e l a g e ,  t h e  
lower s u r f a c e  of  t h e  g l o v e  and t h e  l e a d i n g  edge of t h e  g l o v e  are covered w i t h  HRSI 
t i les.  The upper surface of t h e  g l o v e  i s  covered w i t h  LRSI .  The lower and t h e  
upper  r e g i o n s  o f  t h e  f u s e l a g e  s i d e w a l l  are covered w i t h  FRSI and LRSI ,  r e s p e c t i v e l y .  
The payload bay door is p r u t e c t e d  w i t h  a l a y e r  of FRSI. I n  t h e  wing s e c t i o n s  as 
w e l l  as i n  t h e  f u s e l a g e  cross s e c t i o n ,  RTV h igh- tempera ture  s i l i c o n e  r u b b e r  was used 
i n  bonding t h e  TPS t o  the aluminum s k i n .  

4 



THERMAL MODELS 

The s t r u c t u r a l  t empera tures  were computed u s i n g  t h e  s t r u c t u r a l  performance and 
r e s i z i n g  (SPAR) t h e r m a l  a n a l y s i s  program ( r e f  4 ) .  SPAR i s  a f i n i t e - e l e m e n t  program 
which computes t r a n s i e n t  tempera ture  d i s t r i b u t i o n s  i n  complex thermal  models of  one,  
t w o ,  or t h r e e  dimensions.  I t  u t i l i z e s  an e x p l i c i t  a l g o r i t h m  based on a Taylor  
expans ion  s o l u t i o n  or t h e  implici t  method of  G a l e r k i n  or Gear (refs. 4 and 5 ) .  In  
t h i s  report t h e  e x p l i c i t  method was used. T h i s  program w a s  used f o r  t h e  r e e n t r y  
heat  t r a n s f e r  a n a l y s i s  of WS134, WS240, WS328, and FS877. The t h r e e  wing cross sec- 
t i o n s  are three-d imens iona l  thermal  models and the  f u s e l a g e  cross s e c t i o n  i s  t w o -  
d imens iona l .  F i g u r e s  3 t o  5 show t h e  geometry of  wing cross s e c t i o n s  134, 240, and 
328, r e s p e c t i v e l y .  F i g u r e  6 shows the geometry of f u s e l a g e  cross s e c t i o n  877. The 
SPAR thermal m o d e l s  are shown i n  f i g u r e s  7 to  9. 

The number of  j o i n t  l o c a t i o n s  (JLOC) and e lements  used i n  t h e  SPAR thermal  
models are l i s ted  i n  table 1. Equiva len t  t h i c k n e s s e s  were de termined  f o r  chem- 
mil led,  c o r r u g a t e d ,  honeycomb, and h a t - s t r i n g e r - r e i n f o r c e d  s t r u c t u r e s .  These 
e q u i v a l e n t  t h i c k n e s s e s  were used f o r  the conduct ion  e lements .  E x t e r n a l  r a d i a -  
t i o n  to space w a s  modeled u t i l i z i n g  a s i n g l e  r a d i a t i o n  e lement  w i t h  a view f a c t o r  
v a l u e  o f  one  f o r  a l l  e x t e r n a l  r a d i a t i o n  elements .  

For b o t h  e x t e r n a l  and i n t e r n a l  thermal r a d i a t i o n  exchanges,  a l l  t h e  view f a c t o r s  
were c a l c u l a t e d  from t h e  e q u a t i o n :  

where A i  is  t h e  s u r f a c e  area o f  r a d i a t i o n  exchange e l e m e n t  i and F j i  i s  t h e  view 
f a c t o r ,  d e f i n e d  as t h e  f r a c t i o n  of r a d i a n t  h e a t  l e a v i n g  e lement  j and i n c i d e n t  on  
e lement  i (ref. 6 ) .  I n  t h e  c a l c u l a t i o n  of view factors for the  e x t e r n a l  r a d i a t i o n  
exchanges (where e lement  i r e p r e s e n t s  the space e lement  and e lement  j is  any radia- 
t i o n  exchange e lement  on t h e  wing or f u s e l a g e  s u r f a c e ) ,  F j i  i s  t a k e n  t o  be u n i t y .  
T h e r e f o r e ,  a c c o r d i n g  to  e q u a t i o n  (1  1, F i j  = A j / A i .  

The thermal m o d e l  ( n o t  shown) f o r  WS134 i s  separated i n t o  t h r e e  s e c t i o n s  - t h e  
forward g l o v e ,  t h e  wheelwel l ,  and t h e  a f t  s e c t i o n .  The g l o v e  s e c t i o n  h a s  one bay ,  
t h e  wheelwel l  c a v i t y  h a s  one  bay, and the a f t  s e c t i o n  h a s  t h r e e  bays.  I n t e r n a l  
r a d i a t i o n  view f a c t o r s  were computed s e p a r a t e l y  f o r  each  s e c t i o n .  The l a r g e  com- 
p l e x  mass of  t h e  l a n d i n g  gear system was r e p r e s e n t e d  by a s i n g l e  e ight-node s o l i d  
c o n d u c t i o n  ( K 8 1 )  e lement .  Wing s ta t ions 240 ( f i g .  7 )  and 328 ( f i g .  8 )  have f o u r  
and t h r e e  bays , r e s p e c t i v e l y ;  i n t e r n a l  r a d i a t i o n  v iew-fac tor  c a l c u l a t i o n s  were 
de termined  for  e a c h  bay. For FS877 t h e  e n t i r e  cross s e c t i o n  had t o  be used f o r  
t h e  i n t e r n a l  r a d i a t i o n  v iew-fac tor  c a l c u l a t i o n s .  

The r e r a d i a t i n g  e m i s s i v i t y  v a l u e  used f o r  t h e  i n t e r n a l  h e a t  f l u x  c a l c u l a t i o n s  
w a s  0.667, based on an  e m i s s i v i t y  value of 0.80 used f o r  t h e  aluminum s t r u c t u r e .  
For  t h e  e x t e r n a l  r a d i a t i o n  h e a t  f l u x  c a l c u l a t i o n s ,  the e m i s s i v i t i e s  used were 0.85 
for  HRSI t i l es ,  and 0.80 for t h e  LRSI  tiles and FRSI material. 

The HRSI and LRSI t i les  were modeled i n  t w o  c o n f i g u r a t i o n s ,  one u s i n g  80-percent  
and t h e  o t h e r  u s i n g  100-percent  TPS t h i c k n e s s  v a l u e s .  The 80-percent  v a l u e s  were 
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used to  account  for g a p  t i l e  h e a t i n g .  The FRSI i s  a f l e x i b l e  i n s u l a t i o n  w i t h o u t  
g a p s  and remained a t  100-percent  t h i c k n e s s  i n  t h e  thermal models. 

AERODYNAMIC HEATING 

The e x t e r n a l - s u r f a c e  aerodynamic h e a t i n g  rates and t h e  s u r f a c e  s t a t i c  p r e s s u r e s  
f o r  t h e  thermal  a n a l y s i s  were o b t a i n e d  by a NASA h e a t i n g  prograin c a l l e d  t h e o r e t i c a l  
t h i n - s k i n  (THEOSKN). The THEOSKN program s o l v e s  the  one-dimensional  t h i n  s k i n  h e a t -  
i n g  e q u a t i o n  and computes t i m e  h i s t o r i e s  of  s u r f a c e  temperatures, h e a t i n g  rates,  
h e a t - t r a n s f e r  c o e f f i c i e n t s ,  and s k i n  f r i c t i o n .  The i n p u t  data c o n s i s t  of a l t i -  
t u d e ,  Mach number or v e l o c i t y ,  and a n g l e  o f  a t t a c k  t i m e  h i s t o r i e s  ( f i g .  2 ) .  The 
thermodynamic and t r a n s p o r t  properties of a i r  used i n  t h i s  a n a l y s i s  are g iven  i n  
r e f e r e n c e  7. 

The h e a t i n g  rates for  t h e  lower s u r f a c e s  of WS134, WS240, and WS328 w e r e  com- 
puted  assuming laminar f low up t o  t = 1160 sec of t h e  t r a j e c t o r y  and t u r b u l e n t  f l o w  
from t = 1160 sec u n t i l  t h e  end of  t h e  f l i g h t .  The laminar  h e a t  t r a n s f e r  w a s  com- 
puted  by r e l a t i n g  h e a t  t r a n s f e r  to  a s k i n - f r i c t i o n  e q u a t i o n  through a modif ied Reyn- 
olds analogy.  I n  t h i s  a n a l y s i s ,  t h e  R l a s i u s  i n c o m p r e s s i b l e  s k i n - f r i c t i o n  e q u a t i o n  
( r e f .  8 )  w a s  related to  h e a t  t r a n s f e r  by t h e  P r a n d t l  number to  t h e  n e g a t i v e  s i x -  
t e n t h  power. C o m p r e s s i b i l i t y  e f f e c t s  were accounted f o r  by u s i n g  E c k e r t ' s  refer- 
e n c e  e n t h a l p y  t r a n s f o r m a t i o n  (ref.  9 ) .  Deta i l s  of  t h i s  method f o r  c a l c u l a t i n g  h e a t  
t r a n s f e r  a t  hypersonic  speeds  are g i v e n  i n  r e f e r e n c e  10. The t u r b u l e n t  h e a t  t r a n s -  
f e r  was computed by a s i m i l a r  procedure ,  e x c e p t  t h a t  t h e  van Driest t r a n s f o r m a t i o n  
( refs .  11 and 1 2 )  was used to a c c o u n t  f o r  c o m p r e s s i b i l i t y  and t h e  Reynolds ana logy  
f a c t o r  w a s  assumed t o  be a c o n s t a n t  v a l u e  o f  1.1.  

The boundary-layer f low on the upper s u r f a c e  of  bay 1 a t  WS328 and a t  WS240 w a s  
assumed to  be a t t a c h e d .  The rest of t h e  upper s u r f a c e  of  t h e  wing w a s  assumed to  be 

computed u s i n g  t h e  same h e a t - t r a n s f e r  codes used t o  c a l c u l a t e  t h e  lower s u r f a c e  
h e a t i n g .  To c a l c u l a t e  t h e  h e a t i n g  rates f o r  t h e  s e p a r a t e d  areas on t h e  upper sur -  
f a c e ,  t h e  h e a t - t r a n s f e r  codes were e m p i r i c a l l y  modif ied.  mpirical c o r r e c t i o n s  
were determined from comparisons w i t h  p r e v i o u s  f l igh t -measured  data.  

I i n  a r e g i o n  of  s e p a r a t e d  flow. The h e a t  t r a n s f e r  f o r  t h e  attached f l o w  areas w a s  

Heat ing  ra te  c a l c u l a t i o n s  f o r  FS877 assumed t h a t  t h e  t r a n s i t i o n  from laminar  
t o  t u r b u l e n t  h e a t i n g  occurred  a t  t = 1100 sec. The laminar  h e a t - t r a n s f e r  v a l u e s  
for  t h e  lower f u s e l a g e  and the l e a d i n g  edge of  t h e  g l o v e  w e r e  c a l c u l a t e d  u s i n g  t h e  
i n f i n i t e  swept c y l i n d e r  t h e o r y  and t h e  h e a t - t r a n s f e r  t h e o r i e s  of  Fay and R i d d e l l  
( ref .  13) and L e e s  ( r e f .  1 4 ) .  The h e a t  t r a n s f e r  on t h e  lower g l o v e  w a s  i n c r e a s e d  
by 20 p e r c e n t ,  as suggested by wind-tunnel test r e s u l t s .  The t u r b u l e n t  h e a t -  
t r a n s f e r  c o e f f i c i e n t s  w e r e  computed by the method g i v e n  i n  r e f e r e n c e  15. 

The h e a t i n g  rates f o r  t he  upper f u s e l a g e  w e r e  c a l c u l a t e d  u s i n g  empirical rela- 
t i o n s h i p s  d e r i v e d  from comparisons between t h e  c a l c u l a t e d  s u r f a c e  t e m p e r a t u r e s  and 
t h e  measured data obta ined  from p r e v i o u s  s h u t t l e  f l i g h t s .  
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RESULTS AND D I S C U S S I O N  

TPS Surface  Tempera tu res  

Wing s t a t i o n  134. - F l i g h t  temperature measurements were made on t h e  s h u t t l e  n e a r  
WS134 a t  6 l o c a t i o n s  on  t h e  lower s u r f a c e  and a t  10 l o c a t i o n s  on the upper  s u r f a c e .  
These measurements, as shown i n  f i g u r e  10, were made a t  t h e  o u t e r  s u r f a c e  of t h e  
TPS. The measured and the c a l c u l a t e d  temperatures  f o r  t h e  l o w e r  s u r f a c e  are shown 
i n  f i g u r e s  l l ( a )  to  l l ( f ) .  As shown, peak t e m p e r a t u r e s  ranged from 1710°F, on t h e  
forward glove area to  1430OF on t h e  a f t  s e c t i o n  (bay  4 )  of t h e  wheelwell .  The t e m -  
p e r a t u r e  data show t r a n s i t i o n  from laminar to  t u r b u l e n t  f l o w  o c c u r r i n g  a t  t = 1100 
sec. A t  t = 1500 sec i n t o  t h e  p r o f i l e ,  f o r c e d  c o n v e c t i v e  c o o l i n g  d r o v e  t h e  measured 
TPS s u r f a c e  tempera tures  below t h e  c a l c u l a t e d  v a l u e s .  Forced c o n v e c t i v e  c o o l i n g  w a s  
n o t  i n c l u d e d  i n  t h e  c a l c u l a t e d  temperature t i m e  h i s t o r i e s  shown because it was found 
t o  unduly i n c r e a s e  t h e  computing t i m e ;  however, t h i s  c o o l i n g  had a n e g l i g i b l e  effect 
o n  t h e  s t r u c t u r a l  t empera tures .  

Measurements o b t a i n e d  from t w o  l o c a t i o n s  on the l o w e r  g l o v e  (V09T9201 and 
V07T9654) showed peak tempera tures  of 1710OF and 1700°F, r e s p e c t i v e l y .  As shown i n  
f i g u r e  l l ( a ) ,  t e m p e r a t u r e  measurements a t  V09T9201 are i n  v e r y  good agreement w i t h  
the c a l c u l a t e d  v a l u e s ,  and v a l u e s  from V07T9654 shown i n  f i g u r e  l l ( b )  w e r e  i n  fa i r  
agreement  w i t h  t h e  predicted r e s u l t s .  As can he s e e n  i n  f i g u r e  l l ( b ) ,  t h e  measured 
t e m p e r a t u r e s  were h i g h e r  by approximately 150°F d u r i n g  t h e  h igh-hea t ing  p o r t i o n  of 
t h e  p r o f i l e .  Temperatures  measured on t h e  lower s u r f a c e ,  shown i n  f i g u r e s  l l ( c )  to  
l l ( e ) ,  are i n  good agreement  wi th  t h e  c a l c u l a t e d  v a l u e s .  A s  shown i n  f i g u r e  l l ( f ) ,  
t h e  measured data i n  t h e  a f t  p o r t i o n  of the  l a s t  bay showed a peak tempera ture  o f  
1430OF and are i n  good agreement w i t h  the  c a l c u l a t e d  t e m p e r a t u r e s .  

The upper  s u r f a c e  tempera ture  comparisons are shown i n  f i g u r e s  1 2 ( a )  t o  1 2 ( h ) .  
The measured tempera tures  on t h e  upper s u r f a c e  are q u i t e  l o w .  Peak t e m p e r a t u r e s  of 
330°F and 260°F o c c u r r e d  i n  t h e  upper glove r e g i o n  a t  V09T9163 and V07T9602, respec- 
t i v e l y .  As shown i n  f i g u r e  1 2 ( a ) ,  t h e  c a l c u l a t e d  v a l u e s  are i n  fa i r  agreement w i t h  
t h e  measured data. The measured temperatures  i n  f i g u r e  1 2 ( b )  are s i g n i f i c a n t l y  lower 
t h a n  t h e  c a l c u l a t e d  v a l u e s  d u r i n g  t h e  high-heat ing p o r t i o n  of t h e  p r o f i l e .  I n  t h e  
wheelwel l  s e c t i o n ,  t h e  measured temperatures w e r e  q u i t e  low, w i t h  v a r y i n g  peak t e m -  
p e r a t u r e s  o f  360°F, to  60°F. These temperature  comparisons are shown i n  f igures  1 2 ( c )  
t o  1 2 ( f ) .  The p r e d i c t e d  v a l u e s  are h igher  than  t h e  measured d a t a  b u t  are i n  f a i r  
agreement ,  c o n s i d e r i n g  t h e  l o w  magnitude of t h e s e  tempera tures .  Peak t e m p e r a t u r e s  
of 170°F, 80°F, and 160°F were measured a t  t h e  t h r e e  l o c a t i o n s  i n  bay 3; t h e s e  peak 
t e m p e r a t u r e s  are shown i n  f i g u r e s  1 2 ( g )  and 1 2 ( h ) .  On j o i n t  l o c a t i o n  614, shown i n  
f i g u r e  1 2 ( g ) ,  t w o  tempera ture  measurements (V07T9606 and V09T9162) w e r e  plotted.  

ured  s u r f a c e  t e m p e r a t u r e s  show a n  i n c r e a s e  a t  t = 1200 sec. This i n c r e a s e  i n  the 
s u r f a c e  tempera ture  o c c u r r e d  a t  t h e  same t i m e  as a r a p i d  change i n  t h e  a n g l e  o f  
a t t a c k .  I n  l i g h t  of t h e  l o w  peak tempera tures  on t h e  upper s u r f a c e  and t h e  corn- 
p l e x  n a t u r e  o f  t h e  f l o w  f i e lds ,  t h e  c a l c u l a t e d  tempera tures  are c o n s i d e r e d  i n  
f a i r l y  good agreement  w i t h  t h e  measured d a t a .  

. J o i n t  l o c a t i o n  614 is i n  close proximi ty  to  both  of t h e s e  measurements. The meas- 

Wing s t a t i o n  240. - The f l ight-measured tempera ture  data w e r e  o b t a i n e d  on t h e  
s h u t t l e  orbi ter  a t  t h e  locations shown in f i g u r e  13. L o c a t i o n s  are shown for t h e  TPS 
s u r f a c e s  and f o r  t h e  aluminum s k i n s ,  s p a r s ,  and w e b s .  The measured and the c a l c u l a t e d  
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t empera tures  are shown i n  f i g u r e s  1 4 ( a )  to  1 4 ( g )  and f i g u r e s  1 5 ( a )  to  1 5 ( d ) .  As 
shown, t r a n s i t i o n  from laminar  to t u r b u l e n t  f low o c c u r r e d  a t  t = 1100 sec. Peak t e m -  
p e r a t u r e s  of  1780°F, 1600°F, 1600°F, and 1490OF o c c u r r e d  a t  the  forward l o c a t i o n s  of 
t h e  lower s u r f a c e .  Measured tempera tures  o b t a i n e d  from V07T9666 ( f ig .  1 4 ( a ) )  are i n  
e x c e l l e n t  agreement w i t h  t h e  c a l c u l a t e d  va lues .  Measurements from V07T9668, V09T9171, 
and V07T9670 (see f i g u r e s  1 4 ( b ) ,  1 4 ( c ) ,  and 1 4 ( d ) ) ,  show t h a t  the measured tempera- 
t u r e s  are i n  v e r y  good agreement w i t h  t h e  c a l c u l a t e d  v a l u e s .  

The l a s t  f o u r  lower-surface TPS measurements are l o c a t e d  i n  bays 3 and 4. Meas- 
urement V07T9671 i s  located i n  bay 3. The measured t e m p e r a t u r e s  a t  t h i s  l o c a t i o n  
show a peak tempera ture  of 1480OF ( f i g .  1 4 ( e ) ) ;  t h e  measured data are i n  v e r y  good 
agreement  w i t h  t h e  c a l c u l a t e d  va lues .  Measurements V07T9181 and V07T9674 are located 
a t  bay 4. Shown i n  f i g u r e s  1 4 ( f )  and 1 4 ( g )  are t h e  data from V07T9181 and V07T9674. 
The peak tempera tures  a t  these t w o  l o c a t i o n s  are 1545OF and 1350OF. The comparisons 
between t h e  measured and t h e  c a l c u l a t e d  r e s u l t s  a t  t h e s e  t w o  l o c a t i o n s  are c o n s i d e r e d  
i n  fa i r  and good agreement, r e s p e c t i v e l y .  

Four TPS upper surface tempera ture  comparisons are shown i n  f i g u r e s  1 5 ( a )  to  
1 5 ( d ) .  Peak tempera tures  of 590°F, 470°F, 7S°F, and 105OF, w e r e  measured a t  
V07T9622, V07T9623, V07T9625, and V07T9627, r e s p e c t i v e l y .  Comparisons between cal- 
c u l a t e d  and measured d a t a  o b t a i n e d  from V07T9622 and V07T9623 located i n  bay l are 
shown i n  f i g u r e s  1 5 ( a )  and 1 5 ( b ) ,  r e s p e c t i v e l y .  As can  be s e e n ,  t h e  agreement  
between t h e  measured and t h e  c a l c u l a t e d  d a t a  is good i n  f i g u r e  1 5 ( a )  and v e r y  good 
i n  f i g u r e  15(b) .  Figure 1 5 ( c )  shows t h e  d a t a  from V07T9625 l o c a t e d  i n  bay 3. C a l -  
c u l a t e d  tempera tures  a t  t h i s  l o c a t i o n  o v e r p r e d i c t e d  t h e  measured t e m p e r a t u r e s ,  b u t  
t h e  agreement i s  still cons idered  s a t i s f a c t o r y .  R e s u l t s  from measurement V07T9627 
i n  bay 4, i s  shown i n  f igure 1 5 ( d ) .  As shown i n  t h i s  f i g u r e ,  t h e  peak tempera ture  
i s  105OF and t h e  agreement between t h e  measured and p r e d i c t e d  t e m p e r a t u r e s  is  good. 

Wing s t a t i o n  328. - S h u t t l e  f l i g h t  tempera ture  measurement l o c a t i o n s  f o r  WS328, 
which h a s  o n l y  t h r e e  bays,  are shown i n  f i g u r e  16. Temperatures  o b t a i n e d  from seven  
lower-sur face  and t h r e e  upper -sur face  l o c a t i o n s  are shown i n  f i g u r e s  1 7 ( a )  to  1 7 ( g )  
and f i g u r e s  1 8 ( a )  t o  1 8 ( c ) ,  r e s p e c t i v e l y .  A l s o  shown i n  t h e s e  f i g u r e s  are t h e  ca lcu-  
l a t e d  tempera tures  o b t a i n e d  from the SPAR thermal  a n a l y s i s .  Measured t e m p e r a t u r e s  on 
t h e  lower s u r f a c e  showed peak t e m p e r a t u r e s  v a r y i n g  from 191O0F a t  bay 1 t o  1400OF a t  
bay 3. F i g u r e s  1 7 ( a )  and 1 7 ( b )  show t h e  comparisons o f  measured and c a l c u l a t e d  t e m -  
p e r a t u r e s  for bay 1. I n  f i g u r e  1 7 ( a ) ,  t h e  measured d a t a  between t = 850 t o  1000 sec 
does n o t  f o l l o w  t h e  same t r e n d  as t h e  o t h e r  tempera ture  measurements on  t h e  lower 
s u r f a c e ,  t h e r e f o r e  t h i s  data is c o n s i d e r e d  to be e r r o n e o u s .  With t h e  e x c l u s i o n  of 
t h i s  p o r t i o n  o f  t h e  measured d a t a ,  t h e  o v e r a l l  agreement  w i t h  the p r e d i c t e d  t e m -  
p e r a t u r e s  i s  cons idered  good. Temperatures  o b t a i n e d  from V07T9705 a t  JLOC 525 are 
shown i n  f i g u r e  1 7 ( b ) .  As can be s e e n ,  t h e  predicted t e m p e r a t u r e  t i m e  h i s t o r y  some- 
what  under-predicted the measured d a t a .  The measured peak t e m p e r a t u r e  a t  t h i s  loca- 
t i o n  is 1840°F, and t h e  comparison between the measured and t h e  c a l c u l a t e d  v a l u e s  
are c o n s i d e r e d  f a i r l y  good. The d i p  i n  t h e  f l igh t -measured  temperatures from t = 
1500 t o  2000 sec w a s  due  to  f o r c e d  c o n v e c t i v e  c o o l i n g  which was n o t  accounted  f o r  
i n  t h e  c a l c u l a t i o n s .  

F i g u r e s  1 7 ( c ) ,  t o  1 7 ( c i  show data from bays 2 and 3 of  WS328. The measured data 
a t  t h e s e  t h r e e  l o c a t i o n s ,  V07T9702, V07T9708, and V07T9710 show an  upward s h i f t  after 
t r a n s i t i o n  t o  t u r b u l e n t  f l o w .  T h i s  s h i f t  i s  n o t  r e a s o n a b l e  and may have been caused 
b y  a mal func t ion  i n  t h e  s h u t t l e  d a t a  a c q u i s i t i o n  system. Measurements from V07T9710, 
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shown i n  f i g u r e  1 7 ( e ) ,  also s h o w  what appears  t o  be q u e s t i o n a b l e  d a t a  between t = 300 
t o  400 sec. Discount ing  the t r a n s i t i o n  t e m p e r a t u r e s  a t  t h e s e  three l o c a t i o n s ,  t h e  
peak t e m p e r a t u r e s  are 1720°F, 1720OF and 1620°F, r e s p e c t i v e l y .  Despite t h e  s h i f t  i n  
t h e  measured d a t a  a f t e r  t r a n s i t i o n  from laminar  to  t u r b u l e n t  f low,  t h e  tempera ture  
comparisons a t  t h e s e  t h r e e  l o c a t i o n s  are c o n s i d e r e d  good. 

D a t a  from V07T9704 i s  shown i n  f i g u r e  1 7 ( f ) .  The measured data are i n  f a i r  
agreement  w i t h  t h e  c a l c u l a t e d  temperatures and a t t a i n e d  a v a l u e  of  1400OF. Data 
from t h e  a f t -most  measurement (V07T9711) on the lower s u r f a c e  i s  shown i n  f i g -  
u r e  1 7 ( g ) .  The measured d a t a  immediately a f t e r  t r a n s i t i o n  to  t u r b u l e n t  f l o w  are 
h i g h e r  t h a n  the c a l c u l a t e d  v a l u e s  ( t h i s  is also t r u e  f o r  f i g u r e s  1 7 ( a )  t o  1 7 ( e ) ) .  
T h i s  i s  p r o b a b l y  f o r t u i t o u s  because the c a l c u l a t e d  t e m p e r a t u r e s  d u r i n g  t h e  turbu-  
l e n t  peak h e a t i n g  w e r e  n o t  p r i n t e d  o u t  a t  f r e q u e n t  enough i n t e r v a l s  t o  o b t a i n  the 
maximum tempera ture .  The measured temperatures  i n  f i g u r e  1 7 ( e )  between t = 300 sec 
and 900 sec are q u e s t i o n a b l e ,  b u t  the o v e r a l l  agreement w i t h  the  c a l c u l a t e d  v a l u e s  
i s  c o n s i d e r e d  good. 

Three tempera ture  measurement l o c a t i o n s  on t h e  upper s u r f a c e  of WS328 are i n  
close p r o x i m i t y  to  a spar web ( f ig .  16). Comparisons between measured and ca lcu-  
l a t e d  tempera tures  a t  t h e s e  t h r e e  l o c a t i o n s  on t h e  upper s u r f a c e  of WS328 are shown 
i n  f i g u r e s  18(a)  to  1 8 ( c ) .  Loca t ions  V07T9634 and V07T9635 show peak temperatures 
o f  600°F and 380°F, r e s p e c t i v e l y  ( f i g s .  1 8 ( a )  and 1 8 ( b ) ) .  However, measurement 
V07T9636 y i e l d e d  a peak tempera ture  of o n l y  250°F ( f i g .  1 8 ( c ) ) .  The d i s c r e p a n c y  
between t h e  measured and t h e  c a l c u l a t e d  v a l u e s  between t = 1500 t o  1700 sec r e s u l t e d  
from i n a c c u r a t e  h e a t i n g  rates computed by t h e  THEOSKN program. The THEOSKN program 
does n o t  a c c o u n t  f o r  conduct ion;  t h e r e f o r e ,  it computed i n a c c u r a t e  s u r f a c e  tempera- 
t u r e s  d u r i n g  t h i s  part of t h e  f l i g h t  p r o f i l e ,  which r e s u l t e d  i n  i n c o r r e c t  h e a t i n g  
rates. N e v e r t h e l e s s ,  comparisons between t h e  measured and t h e  c a l c u l a t e d  tempera- 
t u r e s ,  shown i n  f i g u r e s  18(a) ,  t o  18(c) are c o n s i d e r e d  good. 

Fuse lage  s t a t i o n  877. - S h u t t l e  temperature  measurement l o c a t i o n s  f o r  t h e  TPS 
Measured and s u r f a c e  and t h e  i n t e r n a l  s t r u c t u r e  a t  FS877 are shown i n  f i g u r e  19. 

p r e d i c t e d  tempera tures  f o r  f i v e  TPS s u r f a c e  l o c a t i o n s  a r e  shown i n  f i g u r e s  2 0 ( a )  to  
2 0 ( e ) .  F i g u r e  2 0 ( a )  shows a peak tempera ture  of  1720OF f o r  V09T9201 l o c a t e d  on t h e  
lower g l o v e ;  t h e  measured and the calculated r e s u l t s  are i n  e x c e l l e n t  agreement.  
Data from V09T9509 and V09T9521, l o c a t e d  on the  lower f u s e l a g e  s u r f a c e ,  are shown 
i n  f i g u r e s  2 0 ( b )  and 2 0 ( c )  and have peak t e m p e r a t u r e s  of 1600OF and 1500°F, respec- 
t i v e l y .  The measured tempera tures  are i n  good agreement w i t h  t h e  c a l c u l a t e d  V a l -  

ues .  Shown i n  f i g u r e  20(d)  are measured and c a l c u l a t e d  tempera tures  f o r  V09T9163 
on the upper  glove.  A peak temperature of 330°F w a s  measured a t  t h i s  l o c a t i o n ,  and 
t h e  agreement  between t h e  measured and t h e  c a l c u l a t e d  v a l u e s  i s  c o n s i d e r e d  good. 
F i g u r e  20(e) shows t h e  measured and the c a l c u l a t e d  tempera tures  f o r  measurement 
V09T9518 l o c a t e d  on t h e  payload bay door. 
between t h e  measured and t h e  c a l c u l a t e d  v a l u e s ,  t h e  agreement is c o n s i d e r e d  fa i r .  

Although some d i s c r e p a n c i e s  e x i s t  

9luminum S t r u c t u r a l  Temperatures 

Wing s t a t i o n  134. - F i v e  f l i g h t  temperature  measurements w e r e  made on  t h e  lower -____ 
s u b s t r u c t u r e  i n  a d d i t i o n  to  s i x  on the  upper  s u b s t r u c t u r e  of  t h e  s h u t t l e .  These 
l o c a t i o n s  are shown i n  f i g u r e  21. The measured r e s u l t s  are compared to  c a l c u l a t e d  
r e s u l t s  based  on an 80- or 100-percent TPS t h i c k n e s s  v a l u e  and are shown i n  f ig-  
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u r e s  2 2 ( a )  to  2 2 ( i ) .  The BO-percent TPS v a l u e  t h a t  w a s  used o n l y  on HRSI and LRSI 
t i l e  l o c a t i o n s  w a s  t o  account  for g a p  t i l e  h e a t i n g  e f f e c t s .  The FRSI material used 
p r i m a r i l y  on t h e  upper s u r f a c e  is  a f e l t  material and does n o t  have e x i s t i n g  gaps.  
The i n i t i a l  t empera ture  f o r  a l l  c a l c u l a t i o n s  w a s  assumed to  be OOF. A s  shown i n  
f i g u r e s  2 2 ( a )  t o  2 2 ( f )  and 2 2 ( i ) ,  t h i s  w a s  n o t  always a good assumption.  Although 
t h e  d i s c r e p a n c y  between t h e  assumed i n i t i a l  t e m p e r a t u r e s  and t h e  measured i n i t i a l  
t e m p e r a t u r e s  would have improved t h e  agreement be tween t h e  measured and t h e  ca lcu-  
l a t e d  p r o f i l e s ,  t h e  magnitude of  t h i s  improvement d i d  n o t  j u s t i f y  t h e  cost of  making 
a d d i t i o n a l  computer runs. All t h e  measured data show a s i g n i f i c a n t  d e v i a t i o n  from 
t h e  calculated values s t a r t i n g  a t  t = 1800 sec. T h i s  d e v i a t i o n  could be a t t r i b u t e d  
t o  t h e  i n t e r n a l  forced c o n v e c t i v e  c o o l i n g  caused by e x t e r n a l  cool a i r  e n t e r i n g  t h e  
s h u t t l e  which w a s  not accounted f o r  i n  t h e  c a l c u l a t i o n s .  D a t a  from measurement 
V09T9205 is shown i n  f i g u r e  2 2 ( a ) .  The measured t e m p e r a t u r e s  appear to  a g r e e  w i t h  
t h e  c a l c u l a t e d  va lues  up to  touchdown, assuming 100-percent  TPS t h i c k n e s s .  However, 
i f  t h e  s t a r t i n g  temperature  f o r  t h e  SPAR c a l c u l a t i o n s  w e r e  a d j u s t e d  t o  agree w i t h  
t h e  measured d a t a ,  t h e  c a l c u l a t e d  tempera tures  us ing  an  80-percent  TPS t h i c k n e s s  
would be i n  b e t t e r  agreement w i t h  t h e  measured d a t a .  Although t h e  c o r r e c t i o n  on 
s h i f t i n g  the s t a r t u p  temperature is n o t  a one-to-one s h i f t  on t h e  tempera ture  c u r v e ,  
i t  s t i l l  h a s  a n  e f f e c t  on t h e  o v e r a l l  comparison. 

F i g u r e  2 2 ( b )  shows data from t w o  measurements (V51T9210 and VSlT9310) located on 
t h e  lower s k i n  of the wheelwel l  door. One measurement is l o c a t e d  on t h e  l e f t  s ide 
o f  t h e  wing and t h e  o t h e r  measurement i s  located a t  t h e  same c o o r d i n a t e s  on the oppo- 
s i te  s i d e  o f  t h e  wing, r e s p e c t i v e l y .  As can  be s e e n  t h e  temperatures measured on t h e  
r i g h t  s i d e  of t h e  wing are as much as 43OF lower than  on t h e  l e f t  s i d e  o f  t h e  wing. 
This  d i f f e r e n c e  is thought  to be caused by d i f f e r e n c e s  i n  t h e  f o r c e d  i n t e r n a l  convec- 
t i o n  c o o l i n g  i n  t h e  l e f t  and r i g h t  sides o f  t h e  wing. The data f o r  t h e  l e f t  s i d e  o f  
t h e  wing prior to  t = 1100 sec were n o t  a v a i l a b l e .  I t  should  be noted t h a t  some 
f l igh t -measured  tempera tures  were recorded  from a ground t r a c k i n g  s t a t i o n ;  hence,  
d a t a  prior to  t = 1100 sec were lost d u r i n g  t h e  communications b l a c k o u t  p o r t i o n  of 
r e e n t r y .  Discount ing t h e  measured tempera tures  a f t  of  1800 seconds  and a d j u s t i n g  t h e  
s t a r t i n g  temperatures, t h e  measured d a t a  would a g r e e  best w i t h  t h e  calculated v a l u e s  
u s i n g  t h e  100-percent TPS t h i c k n e s s .  Shown i n  f i g u r e  2 2 ( c )  are d a t a  from measurement 
V09T9145. A s  shown, the measured tempera tures  are i n  v e r y  good agreement  w i t h  t h e  
p r e d i c t e d  va lues  using t h e  r e s u l t s  f o r  t h e  80-percent  TPS t h i c k n e s s .  A peak t e m -  
perature of  153OF occurred a t  t = 1700 sec f o r  t h i s  l o c a t i o n .  V09T9106 i s  l o c a t e d  
on t h e  spar cap between bay 3 and bay 4. The measured and t h e  c a l c u l a t e d  tempera- 
t u r e s  f o r  t h i s  l o c a t i o n  can be s e e n  i n  f i g u r e  2 2 ( d ) .  A peak temperature of  98OF w a s  
reached,  and t h e  measured tempera tures  are i n  e x c e l l e n t  agreement  w i t h  t h e  p r e d i c t e d  
v a l u e s  u s i n g  t h e  80-percent  TPS t h i c k n e s s .  

The upper s u r f a c e  aluminum s t r u c t u r a l  t empera ture  comparisons are shown i n  
f i g u r e s  2 2 ( e )  to  2 2 ( j ) .  Measured tempera tures  on t h e  upper s u r f a c e  are q u i t e  l o w ,  
less t h a n  80°F. Temperatures from measurement V09T9157 shown i n  f i g u r e  2 2 ( e ) ,  are 
i n  v e r y  good agreement w i t h  t h e  calculated v a l u e s  f o r  t h e  80-percent  TPS t h i c k n e s s .  
The measured d a t a  shows a bump i n  t h e  tempera tures  a t  t = 1500 sec w i t h  a g r a d u a l  
r ise i n  t e m p e r a t u r e  t o  72OF a f t e r  touchdown. 

Shown i n  f i g u r e  2 2 ( f )  are t h e  measured and t h e  c a l c u l a t e d  t e m p e r a t u r e s  f o r  loca- 
t i o n  V09T9160. The tempera tures  c a l c u l a t e d  u s i n g  100-percent  TPS t h i c k n e s s  are 
about 20°F lower than t h e  measured d a t a .  However, i f  t h e  c a l c u l a t e d  v a l u e s  were 
a d j u s t e d  to c o i n c i d e  w i t h  t h e  i n i t i a l  measured tempera ture ,  good agreement w i t h  t h e  
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measured d a t a  would be o b t a i n e d .  A near-peak tempera ture  of 77OF can  be s e e n  a t  
3000 sec. Measurements V09T9211 and V09T9311 are l o c a t e d  on  t h e  l e f t  and r i g h t  
sides, r e s p e c t i v e l y ,  on  t h e  w h e e l w e l l  upper s k i n .  Measured-temperature t i m e  h i s -  
tories f o r  t h e s e  l o c a t i o n s  are almost i d e n t i c a l ,  as  can  be s e e n  i n  f i gu res  2 2 ( g )  
and 2 2 ( h ) .  Measurement V09T9211 measured a peak t e m p e r a t u r e  of 54'F, and V09T9311 
measured a peak t e m p e r a t u r e  of  52OF. The C a l c u l a t e d  v a l u e s  overpredicted t h e  meas- 
ured  d a t a  from t = 1100 to 1500 sec. This is due to  a h i g h e r  c a l c u l a t e d  h e a t i n g  
ra te  on  t h e  TPS s u r f a c e ,  as i n d i c a t e d  i n  f i g u r e  1 2 ( e ) .  

D a t a  from measurement V09T9155 a r e  shown i n  f i g u r e  2 2 ( i ) .  As can  be s e e n ,  t h e  
measured and t h e  c a l c u l a t e d  r e s u l t s  for both t h e  80- and 100-percent  TPS t h i c k n e s s  
thermal  models are q u i t e  close, and t h e  comparisons are c o n s i d e r e d  good f o r  b o t h  
cases. Shown i n  f i g u r e  2 2 ( j )  are temperatures  from V09T9107 l o c a t e d  on t h e  upper 
spar cap between bays  3 and 4. The c a l c u l a t e d  r e s u l t s  f o r  t h e  SPAR thermal  m o d e l  
w i t h  100-percent  TPS t h i c k n e s s  are i n  e x c e l l e n t  agreement  w i t h  t h e  measured d a t a .  
I t  should  be mentioned t h a t  due  to  t h e  d i f f i c u l t y  i n  d e t e r m i n i n g  t h e  local f l o w  con- 
d i t i o n s  on t h e  TPS upper  s u r f a c e s ,  and due to  t h e  l o w  h e a t i n g  rates o b t a i n e d  on t h e  
upper TPS s u r f a c e ,  the o v e r a l l  comparisons between measured and c a l c u l a t e d  r e s u l t s  
fo r  t h e  aluminum s t r u c t u r e  are considered good. 

Wing s t a t i o n  240. -Shown i n  f i g u r e s  2 3 ( a )  t o  23(w) are comparisons o f  t h e  meas- 
ured  and t h e  c a l c u l a t e d  tempera ture  results. A t o t a l  of 23 t e m p e r a t u r e  measurements 
w e r e  l o c a t e d  on t h e  aluminum s u b s t r u c t u r e  as shown i n  f i g u r e  13. Five measurements 
were on t h e  lower s k i n ,  t w o  were on t h e  lower r i b  caps i n  bay 3, t w o  w e r e  on t h e  
lower spar caps, f o u r  were on r i b  t r u s s  members, f i v e  were on the upper s u r f a c e  
s k i n ,  t w o  were on t h e  upper s u r f a c e  spar caps, t w o  were on  t h e  upper s u r f a c e  r i b  
cap, and one w a s  on a spar web. Temperature measurements from V09T9143 are shown 
i n  f i g u r e  2 3 ( a ) .  The measured f l i g h t  temperature  v a l u e s  are between the c a l c u l a t e d  
r e s u l t s  f o r  t h e  80- and 100-percent  c a l c u l a t e d  r e s u l t s  up to  t = 1800 sec. I t  
appears t h a t  t h e  80-percent  TPS t h i c k n e s s  v a l u e s  t h a t  were used are a l i t t l e  con- 
s e r v a t i v e ;  i f  t h e  gap h e a t i n g  e f f e c t s  were p r o p e r l y  accounted  f o r ,  the  agreement 
between t h e  measured and t h e  c a l c u l a t e d  r e s u l t s  would be e x c e l l e n t .  F i g u r e  23(b)  
shows t h e  measured t e m p e r a t u r e s  from measurement V09T9175. A maximum tempera ture  
of 1 l l O F  o c c u r r e d  a t  t h i s  l o c a t i o n ,  and t h e  comparisons between t h e  measured and 
t h e  c a l c u l a t e d  r e s u l t s  are good up to t =  1800 sec. As w a s  no ted  i n  t h e  p r e v i o u s  
s e c t i o n ,  when d e t e r m i n i n g  the agreement between t h e  measured and t h e  c a l c u l a t e d  
t e m p e r a t u r e s ,  o n l y  t h e  f i r s t  1800 sec of the f l i g h t  p r o f i l e  w a s  cons idered .  Com- 
p a r i s o n s  between measured and c a l c u l a t e d  lower-skin t e m p e r a t u r e s  for  bay 3 from 
measurement V09T9124 are shown i n  f i g u r e  2 3 ( c ) ,  and t h o s e  from measurement V09T9129 
are shown i n  f i g u r e  2 3 ( d ) .  The data i n  f i g u r e  2 3 ( c )  agree q u i t e  c l o s e l y  w i t h  v a l u e s  
c a l c u l a t e d  us ing  t h e  80-percent  TPS t h i c k n e s s ,  w h i l e  t h e  data i n  f i g u r e  2 3 ( d )  agree 
w i t h  t h e  100-percent  TPS t h i c k n e s s  values.  It  i s  n o t  known why t h e  data i n  f i g -  
u r e  2 3 ( c )  a g r e e  w i t h  t h e  80-percent  th ickness  v a l u e s  when the other s k i n  measure- 
ments a g r e e  more c l o s e l y  w i t h  t h e  100-percent TPS v a l u e s .  D a t a  o b t a i n e d  on t h e  
lower s k i n  of bay 4 (V09T9185) are shown i n  f i g u r e  2 3 ( e ) .  The p r e d i c t e d  v a l u e s  
u s i n g  t h e  100-percent  TPS t h i c k n e s s  values are i n  v e r y  good agreement  w i t h  t h e  
measured data. A peak tempera ture  of  117OF o c c u r r e d  a t  t h i s  l o c a t i o n .  

- 

Shown i n  f i g u r e s  2 3 ( f )  and 2 3 ( g )  a r e  t w o  t e m p e r a t u r e  comparisons for t h e  lower 
r i b  cap l o c a t i o n s .  Measured f l i g h t  temperatures  from V09T9119 are i n  v e r y  good 
agreement  w i t h  t h e  r e s u l t s  for the SPAR thermal  m o d e l  u s i n g  t h e  100-percent  TPS 
t h i c k n e s s .  Measured d a t a  from V09T9123 a g r e e s  best w i t h  t h e  c a l c u l a t e d  v a l u e s  
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u s i n g  t h e  1 00-percent TPS t h i c k n e s s .  Measurement V09T9128 i s  l o c a t e d  on t h e  spar 
cap between bays 3 and 4. The measured and t h e  c a l c u l a t e d  t e m p e r a t u r e s  are shown 
i n  f i g u r e  2 3 ( h )  for t h i s  l o c a t i o n .  A s  c a n  be s e e n  t h e  calculated r e s u l t s  f o r  t h e  
80-percent  TPS t h i c k n e s s  thermal  model a g r e e  s l i g h t l y  b e t t e r  t h a n  t h e  100-percent  
TPS t h i c k n e s s .  Shown i n  f i g u r e  2 3 ( i )  are comparisons between t h e  measured and t h e  
c a l c u l a t e d  r e s u l t s  from measurement V09T9113, located on t h e  lower spar cap a f t  of 
bay 4. With a s l i g h t  s h i f t  o f  t h e  c a l c u l a t e d  r e s u l t s  €or t h e  80-percent  TPS t h i c k -  
ness  model to  match the measured i n i t i a l  temperature, t h e  agreement between t h e  
measured and t h e  c a l c u l a t e d  r e s u l t s  can be c o n s i d e r e d  good. F i g u r e s  2 3 ( j )  to  23(m) 
show t h e  measured and t h e  c a l c u l a t e d  temperatures f o r  t h e  v e r t i c a l  and d i a g o n a l  
trusses o f  bay 3. The agreement between t h e  measured and t h e  c a l c u l a t e d  v a l u e s  
a t  t h e  bottom and top o f  t h e  ver t ical  t r u s s  ( f i g s .  2 3 ( j )  and 2 3 ( 1 ) ) ,  r e s p e c t i v e l y ,  
i s  f a i r l y  good. However, t h e  agreement between t h e  measured and t h e  calculated 
t e m p e r a t u r e s  a t  t h e  center  of  t h e  v e r t i c a l  t r u s s  ( f i g .  2 3 ( k ) )  and t h e  c e n t e r  of 
t h e  d i a g o n a l  t r u s s e s  ( f i g .  23(m))  i s  poor. This  poor agreement  i s  p r o b a b l y  caused 
by t h e  n e g l e c t  o f  t r u s s  r a d i a t i o n  e lements  i n  t h e  thermal  model. I n t e r n a l  r a d i a -  
t i o n  e lements  were added i n  t h e  SPAR model for a l l  s t r u c t u r a l  components e x c e p t  
t h e  t r u s s e s .  

Data f o r  f i v e  upper s u r f a c e  aluminum s k i n  tempera ture  measurements are shown i n  
f i g u r e s  2 3 ( n )  t o  23(q) .  The most forward measurement V07T9152 i s  located i n  bay 1. 
As shown i n  f i g u r e  2 3 ( n ) ,  t h e  measured tempera tures  a t  t h i s  l o c a t i o n  are i n  v e r y  
good agreement  wi th  t h e  p r e d i c t e d  v a l u e s  f o r  t h e  SPAR t h e r m a l  model w i t h  t h e  100- 
percent TPS th ickness .  A peak temperature of  116OF occurred a t  t h i s  l o c a t i o n .  
Shown i n  f i g u r e  23(0)  are data from V09T9158. The reason f o r  t h e  bump i n  t h e  meas- 
ured  d a t a  a t  t = 500 sec is  unknown. Excluding t h i s  anomaly, t h e  measured tempera- 
t u r e s  are i n  f a i r l y  good agreement w i t h  t h e  p r e d i c t e d  v a l u e s  f o r  t h e  thermal  model 
w i t h  t h e  100-percent TPS t h i c k n e s s .  F i g u r e s  2 3 ( p )  and 2 3 ( q )  show d a t a  from t w o  
measurements, V09T9115 and V09T9125, l o c a t e d  on t h e  upper s k i n  of bay  3. Both 
sets o f  measured da ta  are i n  f a i r  agreement wi th  t h e  p r e d i c t e d  tempera tures  u s i n g  
t h e  100-percent  TPS t h i c k n e s s  thermal  model. Located i n  bay 4 on t h e  upper s k i n  
i s  measurement V09T9153. A s  can be s e e n  i n  f i g u r e  2 3 ( r ) ,  temperature agreement 
between t h e  measured and t h e  c a l c u l a t e d  r e s u l t s  u s i n g  t h e  1 00-percent  TPS t h i c k n e s s  
SPAR thermal  model is f a i r .  Shown i n  f i g u r e s  2 3 ( s )  and 2 3 ( t )  are t w o  upper r i b  cap 
t e m p e r a t u r e  comparisons. Measured f l i g h t  tempera tures  from V09T9117 are i n  poor 
agreement w i t h  calculated values d u r i n g  t h e  e a r l y  par t  of t h e  f l i g h t  p r o f i l e ,  b u t  
t h e  agreement  improves d u r i n g  t h e  l a t te r  p o r t i o n  o f  t h e  p r o f i l e .  It  should  be 
noted  t h a t  t h e  measured tempera tures  from t = 0 to  1200 sec are much lower t h a n  
t h o s e  c a l c u l a t e d .  Measured temperatures shown i n  f i g u r e  2 3 ( t )  f o r  measurement 
V09T9122 l o c a t e d  i n  bay 3 on t h e  upper r i b  cap a g r e e  best w i t h  t h e  c a l c u l a t e d  
d a t a  from t h e  thermal m o d e l  w i t h  t h e  100-percent  TPS t h i c k n e s s .  

F i g u r e  2 3 ( u )  shows resu l t s  from V09T9126 l o c a t e d  on t h e  upper spar cap between 
bays 3 and 4. As shown, t h e  measured tempera tures  are i n  f a i r l y  good agreement w i t h  
t h e  c a l c u l a t e d  r e s u l t s  o b t a i n e d  f o r  t h e  SPAR thermal  model w i t h  t h e  100-percent  TPS 
t h i c k n e s s .  Measurement VOW9112 is l o c a t e d  on t h e  upper spar cap a f t  of bay 4. The 
measured and t h e  calculated t e m p e r a t u r e s  can be s e e n  i n  f i g u r e  2 3 ( v )  f o r  t h i s  loca- 
t i o n .  I t  appears t h a t  t h e  f l igh t -measured  temperatures are below t h e  set  lower l i m i t  
of t h e  i n s t r u m e n t a t i o n  f,om t = 0 to  1000 sec of t h e  f l i g h t  prof i le .  From t = 1000 
t o  3000 sec, t h e  measured data are i n  v e r y  g o d  agreement  w i t h  t h e  calculated r e s u l t s  
f o r  t h e  SPAR thermal  model w i t h  t h e  100-percent  TPS t h i c k n e s s .  
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Shown i n  f i g u r e  23(w) are comparisons of  t h e  measured and t h e  c a l c u l a t e d  temper- 
a tures  from V09T9127 i o c a t e d  on t h e  web  between bays 3 and 4. As can  be s e e n ,  t h e  
measured t e m p e r a t u r e s  are i n  v e r y  good agreement w i t h  c a l c u l a t e d  v a l u e s  f o r  t h e  SPAR 
t h e r m a l  m o d e l  w i t h  100-percent  TPS th ickness .  

Wing s t a t i o n  328. - T h e  measured and  the c a l c u l a t e d  aluminum s t r u c t u r a l  temper- 
a t u r e s  are shown i n  f i g u r e s  2 4 ( a )  to  24(c) .  There are t w o  t e m p e r a t u r e  measurement 
l o c a t i o n s  on t h e  l o w e r  s k i n ,  and one on t h e  upper s k i n ,  as shown i n  f i g u r e  16. Meas- 
urement V09T9142 i s  located i n  bay 1 on t h e  lower s k i n .  The measured d a t a  o b t a i n e d  
from V09T9142 are shown i n  f i g u r e  2 4 ( a ) ,  A s  can be s e e n ,  t h e  80-percent  TPS t h i c k -  
n e s s  i s  i n  e x c e l l e n t  agreement  wi th  t h e  measured d a t a  u n t i l  i n t e r n a l  c o n v e c t i o n  
c o o l i n g  began a t  t = 1600 to  1700 sec. A peak tempera ture  o f  116OF i s  shown a t  3000 
sec. F i g u r e  2 4 ( b )  shows t h e  comparison of measured and c a l c u l a t e d  r e s u l t s  a t  meas- 
urement V09T9358. The measured temperature  shows a peak v a l u e  o f  122OF; f o r  t h e  
f i r s t  1600 sec of t h e  f l i g h t ,  t h e  d a t a  a r e  i n  f a i r l y  good agreement  w i t h  t h e  r e s u l t s  
f o r  t h e  thermal  m o d e l  w i t h  t h e  80-percent TPS t h i c k n e s s .  As w a s  t h e  case f o r  the  
p r e v i o u s  measurements, af ter  t = 1600 sec,  t h e  measured d a t a  show a s h a r p  d e v i a t i o n  
from t h e  c a l c u l a t e d  r e s u l t s  due t o  the i n t e r n a l  f o r c e d  c o n v e c t i o n  c o o l i n g  t h a t  w a s  
n o t  accounted  f o r  i n  t h e  a n a l y s i s .  Shown i n  f i g u r e  2 4 ( c )  i s  t h e  d a t a  from measure- 
ment V09T9152 and t h e  r e s u l t s  from the SPAR a n a l y s i s .  The agreement  between t h e  
measured and t h e  c a l c u l a t e d  temperatures  i s  c o n s i d e r e d  f a i r .  

Fuse lage  s t a t i o n  877. - The f l i g h t  tempera ture  measurement l o c a t i o n s  f o r  t h i s  
f u s e l a g e  s t a t i o n  are shown i n  f i g u r e  19. The measured and the  p r e d i c t e d  tempera- 
t u r e s  f o r  11 aluminum s t r u c t u r a l  l o c a t i o n s  are shown i n  f i g u r e s  2 5 ( a )  t o  2 5 ( k ) .  In  
f i g u r e s  2 5 ( a )  to  2 5 ( c )  are t h e  measured and t h e  p r e d i c t e d  tempera ture  comparisons 
f o r  t h e  l o w e r  f u s e l a g e .  U n t i l  i n t e r n a l  c o n v e c t i v e  c o o l i n g  began, t h e  measured data 
from V09T9525 and V09T9707 w e r e  i n  e x c e l l e n t  agreement  w i t h  t h e  c a l c u l a t e d  r e s u l t s  
for  t h e  thermal  model w i t h  the 100-percent TPS t h i c k n e s s .  For measurement V09T9506, 
t h e  measured tempera tures  o v e r p r e d i c t  t h e  thermal  model w i t h  t h e  100-percent  t h i c k -  
ness .  Peak t e m p e r a t u r e s  o f  164OF, 1 8 8 O F ,  and 134OF were measured a t  V09T9525, 
V09T9506, and V09T9507, r e s p e c t i v e l y .  Figure 2 5 ( d )  shows comparisons of t h e  meas- 
u r e d  and t h e  c a l c u l a t e d  tempera tures  for  V09T9205 and V09T9210 on t h e  lower g love .  
The comparisons between t h e  measured and t h e  c a l c u l a t e d  r e s u l t s  f o r  b o t h  l o c a t i o n s  
are  c o n s i d e r e d  f a i r .  The decrease i n  the c a l c u l a t e d  t e m p e r a t u r e s  from t = 0 t o  400 
sec may have been caused by improper r a d i a t i o n  exchange f a c t o r s .  Upper-glove t e m -  
p e r a t u r e  comparisons are shown i n  f i g u r e s  2 5 ( e )  and 2 S ( f ) .  As can be s e e n ,  t h e  
measured t e m p e r a t u r e s  from V09T9160 are i n  poor agreement w i t h  t h e  c a l c u l a t e d  V a l -  

u e s ,  and measured tempera tures  from V09T9157 are i n  f a i r l y  good agreement w i t h  cal- 
c u l a t e d  v a l u e s  u s i n g  t h e  100-percent  TPS t h i c k n e s s  model. Measurement V09T9708 is  
located i n  t h e  c o r n e r  where t h e  s i d e w a l l  and upper g l o v e  meet. The measured and t h e  
c a l c u l a t e d  r e s u l t s  f o r  t h i s  l o c a t i o n  a r e  shown i n  f i g u r e  2 5 ( g ) .  The d i s c r e p a n c i e s  
between the measured and t h e  c a l c u l a t e d  tempera tures  are p r o b a b l y  due t o  lower-than- 
expec ted  e x t e r n a l  aerodynamic h e a t i n g  or i n t e r n a l  f o r c e d  c o n v e c t i v e  c o o l i n g ,  or both .  

-- 

Shown i n  f i g u r e s  2 5 ( h )  to  2 5 ( j )  are the  measured and t h e  p r e d i c t e d  temperature 
comparisons f o r  t h e  f u s e l a g e  sidewall .  As can  be s e e n ,  t h e  measured tempera tures  
from V09T9709, shown i n  f i g u r e  2 5 ( h )  a r e  l o w e r  t h a n  t h e  c a l c u l a t e d  r e s u l t s ;  t h i s  
d i f f e r e n c e  can  be a t t r i b u t e d  to  i n t e r n a l  c o n v e c t i v e  c o o l i n g .  Measured temperatures 
a t  V09T9377 are shown i n  f i g u r e  2 5 ( i ) .  The agreement between t h e  measured and t h e  
predicted t e m p e r a t u r e s  us ing  t h e  thermal model w i t h  1 00-percent  TPS t h i c k n e s s  is  
v e r y  good. The measured and t h e  c a l c u l a t e d  tempera tures  f o r  V09T9501 are shown i n  
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f i g u r e  2 5 ( j ) .  The agreement between t h e  measured d a t a  and t h e  c a l c u l a t e d  r e s u l t s  
u s i n g  t h e  thermal  model w i t h  t h e  100-percent  TPS t h i c k n e s s  are e x c e l l e n t .  I n  f i g -  
u r e  25(k)  are measured and c a l c u l a t e d  tempera ture  comparisons f o r  V09T9502, l o c a t e d  
on  t h e  longeron.  The agreement between t h e  measured and t h e  c a l c u l a t e d  v a l u e s  i s  
c o n s i d e r e d  f a i r l y  good. It should  be noted  t h a t  V09T9501 ( f i g .  2 5 ( j ) )  and V09T9377 
( f i g .  2 5 ( i ) )  are i n  close p r o x i m i t y  t o  V09T9502 and t h e  agreement  o f  t h e  measured 
and t h e  c a l c u l a t e d  tempera tures  f o r  t h e s e  t w o  l o c a t i o n s  i s  v e r y  good to  e x c e l l e n t .  
T h e r e f o r e ,  t h e  lower measured t e m p e r a t u r e s  on t h e  longeron  are p r o b a b l y  due t o  t h e  
e f f e c t s  of i n t e r n a l  forced c o n v e c t i v e  c o o l i n g .  

CONCLUDING REMARKS 

Measured temperature  t i m e  h is tor ies  a t  v a r i o u s  s t a t i o n s  of  t h e  OV102 space 
s h u t t l e  orbi ter ,  Columbia, fo r  t h e  space t r a n s p o r t a t i o n  system number 5 (STS-5) 
f l i g h t  r e e n t r y  t r a j e c t o r y  are p r e s e n t e d  and compared w i t h  c a l c u l a t e d  va lues .  The 
c a l c u l a t e d  tempera tures  were o b t a i n e d  from a f i n i t e - e l e m e n t  thermal a n a l y s i s  com- 
p u t e r  program c a l l e d  s t r u c t u r a l  performance and r e s i z i n g  ( S P A R ) .  Twenty TPS l o w e r -  
s u r f a c e  tempera ture  l o c a t i o n s  and 1 6  TPS upper -sur face  tempera ture  l o c a t i o n s  are 
p r e s e n t e d  for  wing s t a t i o n s  ( W S )  134, 240 and 328. 37 s t r u c t u r a l  t empera ture  t i m e  
h i s t o r i e s  a t  d i f f e r e n t  s t a t i o n s  o f  t h e  wing are shown. A l s o  p r e s e n t e d  are f i v e  s u r -  
face tempera tures  and 12 s u b s t r u c t u r e  tempera tures  for  the f u s e l a g e  a t  f u s e l a g e  sta- 
t i o n  (FS) 877. The s t r u c t u r a l  t empera ture  d i s t r i b u t i o n  o b t a i n e d  i n  t h i s  i n v e s t i g a -  
t i o n  can  be used t o  c a l c u l a t e  thermal  stresses u s i n g  t h e  SPAR s t r u c t u r a l  models. 
Measured peak s u r f a c e  tempera tures  of  171 O O F  (V09T9201 1 ,  1 780°F (V07T96661, and 
1910OF (V07T9700) occurred  on t h e  lower s u r f a c e  of  WS134, WS240, and WS328, respec- 
t i v e l y .  For t h e  benign t r a j e c t o r y  o f  the STS-5, t h e  t r a n s i t i o n  from laminar  to  t u r -  
b u l e n t  f low f o r  the e n t i r e  l o w e r  s u r f a c e  o c c u r r e d  a t  approximate ly  1100 sec i n t o  
t h e  r e e n t r y  p r o f i l e .  Peak upper s u r f a c e  tempera tures  of 330°F (V09T91631, 590°F 
(V07T96221, and 600°F (V07T9634) were measured a t  WS134, WS240, and WS328, respec- 
t i v e l y .  A peak s u r f a c e  tempera ture  of 1720OF (V09T9201) o c c u r r e d  on t h e  lower g l o v e  
a t  FS877. 

Measured aluminum and s u b s t r u c t u r a l  t empera tures  were s i g n i f i c a n t l y  below t h e  
d e s i g n  l i m i t  o f  350OF. Peak measured aluminum s t r u c t u r a l  t e m p e r a t u r e s  of  153OF 
(V09T91451, 119OF (V09T9143) and 122OF (V09T9358) o c c u r r e d  on t h e  lower s k i n  of  
bay 3 (WS134), bay 1 (WS240), and bay 3 (WS328), r e s p e c t i v e l y .  

I n  g e n e r a l ,  t h e  agreement  between t h e  measured and the c a l c u l a t e d  thermal  pro- 
t e c t i o n  system (TPS) s u r f a c e  tempera tures  w a s  c o n s i d e r e d  v e r y  good, and t h e  agree-  
ment between t h e  measured and t h e  c a l c u l a t e d  aluminum s t r u c t u r a l  t e m p e r a t u r e s  were 
c o n s i d e r e d  q u i t e  good. The agreement between t h e  measured and t h e  c a l c u l a t e d  t e m -  
p e r a t u r e s  may be iinproved by t h e  fo l lowing:  ( 1 )  i n c l u d i n g  i n t e r n a l  f o r c e d  convec- 
t i v e  c o o l i n g  i n  the  a n a l y s e s ,  ( 2 )  u s i n g  more a c c u r a t e  e f f e c t i v e  TPS t h i c k n e s s  t o  
a c c o u n t  for gap t i l e  h e a t i n g ,  ( 3 )  i n c l u d i n g  e x t e r n a l  f o r c e d  c o n v e c t i v e  c o o l i n g  a t  
t h e  end of t h e  h e a t i n g  c y c l e ,  and ( 4 )  f a b r i c a t i n g  a more r e f i n e d  mesh model to  
o b t a i n  a more detailed t e m  perature d i s t r i b u t i o n .  However, t h e  i n c r e a s e  i n  com- 
p u t e r  run t i m e s  i n  a d d i t i o n  to  t h e  r e q u i r e d  i n c r e a s e d  number of r a d i a t i o n  view- 
f a c t o r  c a l c u l a t i o n s  may make t h e  use of  a f i n e r  mesh impractical. 
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TABLE 1. - NUMBER OF J O I N T  LOCATIONS AND ELEMENTS ON 
VARIOIJS THERMAL MODELS 
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Figure 1 .  
f u s e l a g e  cross sections t h a t  were a n a l y z e d .  

Locat ions o f  space s h u t t l e  wing s t a t i o n s  and mid- 

WS328 
WS342.5 

6137 

Figure 1 .  
f u s e l a g e  cross sections t h a t  were a n a l y z e d .  

Locat ions o f  space s h u t t l e  wing s t a t i o n s  and mid- 
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STS - 5 
flight data 

0 Altitude 
0 Velocity 
0 Angle of attack 

Nominal 
Touchdown time = 1821 sec 
- 

HRSl 

6138 
Reentry time, sec 

Figure 2. STS-5 reentry trajectory. 

r 

‘-C-channel V H a t  stringers 
Cross section of main landing gear 6139 

Figure 3. Geometry of the three-dimensional cross section 
at WS134. 
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-Honey- 
comb 6140 

Figure 4. Geometry of the three-dimensional cross section bet- 
ween WS240 and WS254. 

LHRSI 6141 

Figure 5. 
WS328 and WS342.5. 

Geometry of the three-dimensional cross section between 
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Figure 6 .  
at FS877. 

Geometry of two-dimensional cross section 
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Figure 7.  
for WS240 . Three-dimensional SPAR f inite-element thermal model 

6144 

Figure 8 .  Three-dimensional SPAR finite-element thermal model for WS328. 
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- 6145 

Figure 9. Two-dimensional SPAR finite-element 
thermal model for FS877 
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STS-5 
0 Measured, VO9T9201 (flight) - Calculated, JLOC1377, 1459 (SPAR) 

Touchdown time = 1821 sec 

1500 

Tv lo00 
O F  

500 

0 500 1500 2ooo 2500 3Ooo 
Time, sec 

6147 

( a )  Lower g l o v e ,  p a r t  1 of 2 .  

STS - 5 
0 Measured. VOTT9654 (fllght) 
- Calculated, JLOC1884 (SPAR) 
Touchdown time = 1821 sec 

0 500 lo00 1500 2500 3Ooo 
Time, sec 

6148 

( b )  Lower g l o v e ,  p a r t  2 of 2 .  

F igure  1 1 .  Comparisons of c a l c u l a t e d  and measured TPS lower 
s u r f a c e  t e m p e r a t u r e s ,  WS134. 
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STS-5 
0 Measured, V07T9656 (flight) 
- Calculated, JLOC1013 (SPAR) 
Touchdown time = 1821 sec 

Time, sec 
6149 

(c) Lower s u r f a c e  w h e e l w e l l ,  part 1 o f  3 .  

STS - 5 
0 Measured, V07T9650 (flight) 
- Calculated, JLOC863, 998 (SPAR) 
Touchdown time = 1821 sec 

1500 

T, lo00 
O F  

500 

0 500 lo00 2000 2500 

6150 Time, sec 

( d )  Lower s u r f a c e  w h e e l w e l l ,  part 2 of 3. 

Figure 1 1 .  Con t inued .  
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STS-5 
0 Measured, VO7T9658 (flight) - Calculated, JLOC2022 (SPAR) 

Touchdown time = 1821 sec 

I I I 

500 lo00 1500 Moo 2500 3Ooo 
6151 Time, sec 

(e) Lower surface wheelwell8 part 3 of 3. 

STS-5 
0 Measured, VOTT9882 (flight) - Calculated, JLOC511 (SPAR) 

Touchdown time = 1821 sec 

0 500 1500 Moo 2500 30oo 
Time, sec 6152 

(f) Lower surface aft section, bay 4. 

Figure 11. Concluded. 
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STS-5 
0 Measured, V09T9163 (flight) 
- Calculated, JLOC1412, 1494 (SPAR) 
Touchdown time = 1821 sec 

,- Touchdown 

0- m o p  
Touchdown 

-500 
0 500 1000 1500 2000 2500 3000 

6153 Time, sec 

( a )  Upper g l o v e ,  part 1 of 2 .  

r 
STS-5 

0 Measured, VOTr9602 (flight) 
- Calculated, JLOC1905, 1910 (SPAR) 
Touchdown time = 1821 sec 

( b )  Upper g l o v e ,  p a r t  2 of 2 .  

Figure 1 2 .  
s u r f a c e  t e m p e r a t u r e s ,  WS134 . Comparisons of c a l c u l a t e d  and measured TPS upper 
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STS-5 
0 Measured, V07T9608 (flight) 
- Calculated, JLOC1134, 1138 (SPAR) 
Touchdown time = 1821 sec 

/ Touchdown 

I I 

1 1 I 

*r 
/- Touchdown 

I I 2 

(c) Upper  surface wheelwell, part 1 of 4. 

STS-5 
0 Measured, VO7T9610 (flight) - Calculated, JLOC1134 (SPAR) 

Touchdown time = 1821 sec 

(a )  Upper surface wheelwell, part 2 of 4. 

Figure 12. Continued. 
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STS-5 

0 Measured, V07T9604 (flight) 
- Calculated, JLOC1089 (SPAR) 
Touchdown time = 1821 Sec 

Touchdown I/ 
- 500 I I I I I 1 I 

0 500 1000 1500 2000 2500 3000 
Time, sec 6157 

(e) Upper  surface wheelwell, part 3 of 4. 

500 

T, 0 
O F  

- 500 

STS-5 
0 Measured, V07T9612 (flight) 
- Calculated, JLOC2044 (SPAR) 
Touchdown time = 1821 sec 

Touchdown I/ 
0 500 1000 1500 2000 2500 3000 

Time, sec 5158 

(f) Upper surface wheelwell, part 4 of 4. 

Figure 12. Continued. 
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STS - 5 
0 Measured, VO7T9606 (flight) 
0 Measured, V09T9162 (flight) - Calculated, JLOC614 (SPAR) 

Touchdown time = 1821 sec 

1 I 1 

500 

.'; Q 

/ Touchdown 

I 1 

( g )  Upper  s u r f a c e ,  bay 3. 

STS-5 
0 Measured, V07T9617 (flight) 
- Calculated, JLOC662 (SPAR) 
Touchdown time = 1821 sec 

/-- Touchdown 

-500 
0 500 1000 1500 

Time, sec 
2000 2500 3000 

5160 

( h )  Upper s u r f a c e ,  bay 4 .  

Figure 1 2 .  Concluded . 
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V07T9674 
V09T9185 

V07T9181 

V07T9666 V07T9668 
V0919143 V09T9171 

VO7T9671 

6161 
V09T9120 
V09T9124 

Figure 13. WS240 TPS s u r f a c e  and aluminum s t r u c t u r a l  temperature 
measurement locations and SPAR j o i n t  locations 

*Oo0 r STS.5 
0 Measured, V07T9666 (flight) 
- Calculated, JLOCl3 (SPAR) 
Touchdown time = 1821 sec 

I I 

0 500 lo00 Is00 2000 2500 3Ooo 
Time, sec 

6162 

( a )  Lower s u r f a c e ,  bay I, part 1 of 2 .  

Figure 1 4 .  
s u r f a c e  t empera tures ,  WS240. 

Comparisons of c a l c u l a t e d  and measured TPS l o w e r  
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STS-5 
0 Measured, VO7T9668 (flight) - Calculated, JLOC61 (SPAR) 

Touchdown time = 1821 sec 

500 1000 ls00 2OOo 2500 3Ooo 
Time, sec 

6163 

( b )  Lower s u r f a c e 8  bay 1 ,  part 2 of 2. 

STS-5 
0 Measured, V09T9171 (flight) 
- Calculated, JLOC109 (SPAR) 
Touchdown time = 1821 sec 

0 500 loo0 1500 2Ooo 2500 3Ooo 
Time, sec 61M 

( c )  Lower s u r f a c e ,  bay 2, part 1 of 2. 

Figure 14 .  Cont inued . 
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STS-5 
0 Measured. V07T9670 (flight) 
- Calculated, JLOC121. 133 (SPAR) 
Touchdown time = 1821 Sec 
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blb5 
Time. sec 

( a )  Lower s u r f a c e ,  b a y  2 ,  part 2 of 2 .  

STS-5 
0 Measured, V09T9671 (flight) 
- Calculated, JLOC181 (SPAR) 
Touchdown time = 1821 sec 

I Touchdown \%- 
0 500 lo00 1500 2ooo 2500 3ooo 

6166 . Time, sec 

( e )  Lower s u r f a c e ,  bay 3 .  

Figure 1 4 .  Cont inued.  
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STS-5 
0 Measured, VO7T9181 (flight) 
- Calculated, JLOC253 (SPAR) 
Touchdown time = 1821 sec 

500 loo0 1500 2Ooo 2500 3Ooo 
lime, sec 

6167 

(f) Lower surface, bay 48 part 1 of 2. 

STSB 
0 Measured, V07T9674 (flight) 
- Calculated, JLOC265, 277 (SPAR) 
Touchdown time = 1821 sec 

(9) Lower surface8 bay 48 part 2 of 2. 

Figure 14. .Concluded. 
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STS-5 
0 Measured, V07T9622 (flight) - Calculated, JLOC805 (SPAR) 

Touchdown time = 1821 sec 
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Time, sec 6169 

(a) Upper surface, bay 1, part 1 of 2. 

STS-5 
0 Measured, V07T9623 (flight) 
- Calculated, JLOC795 (SPAR) 
Touchdown time = 1821 sec 

1000 

500 1 T, 
O F  

0 
0 0- 

(b) Upper surface, bay I ,  part 2 of 2. 

Figure 15. 
surface temperatures, WS240. 

Comparisons of calculated and measured T P S  upper 
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STS-5 
0 Measured, V07T9625 (flight) 
- Calculated, JLOC762, 758 (SPAR) 
Touchdown time = 1821 sec 

- 

d- 1 
Touchdown 

(c) Upper surfacer bay 3. 

STS-5 
0 Measured, V07T9627 (flight) 
- Calculated, JLOC722 (SPAR) 
Touchdown time = 1821 sec 

1000 
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T. 
O F  

0 

- 500 
0 500 1000 1500 2000 2500 3000 

Time, sec 

( a )  Upper surfacer bay 4. 

Figure 15. Concluded . 
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737 
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V07T9702 

V07i9700 6173 

Figure 16. 
and SPAR joint locations , 

WS328 TPS surface temperature measurement locations 
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0 Measured, V07T9700 (flight) 
- Calculated, JLOCl (SPAR) 
Touchdown time = 1821 sec 

500 1000 1500 2000 2500 3000 

6174 Time, sec 

(a) Lower surface, b a y  1, part 1 of 2. 

Figure 17, 
surf ace temperatures, WS328 , 

Comparisons of calculated and measured T P S  lower 
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STS-5 
0 Measured, V07T9705 (flight) 

Calculated, JLOC525 (SPAR) - 
Touchdown time = 1821 sec 

Touchdown 

CbO 0 
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I I 
I 2500 3Ooo 0 lo00 1500 m 

2000 r 

0 

6175 Time, sec 

(b) Lower s u r f a c e ,  bay l 8  p a r t  2 of 2 .  

STS-5 
0 Measured, V07T9702 (flight) 
- Calculated, JLOC136 (SPAR) 
Touchdown time = 1821 sec 

500 lo00 1500 2000 2500 3000 
Time, sec 6176 

(c) Lower s u r f a c e ,  bay Z 8  part 1 of 2 .  

Figure 17. Continued.  
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0 Measured, V07T9708 (flight) 
- Calculated, JLOC600 (SPAR) 
Touchdown time = 1821 sec 

500 lo00 1500 2ooo 2500 3Ooo 
6177 Time, sec 

( d )  Lower s u r f a c e ,  bay 2 ,  part 2 of 2 .  

STS-5 
0 Measured, V07T9710 (flight) 
- Calculated, JLOCW, 675 (SPAR) 
Touchdown time = 1821 sec 

P I I 
500 lo00 I500 2OOo 2500 3Ooo 

6178 
Time, sec 

( e )  Lower s u r f a c e ,  bay 3, part 1 of 3. 

F i g u r e  17 .  Cont inued.  
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0 Measured, V07T9704 (flight) 
- Calculated, JLOC241 (SPAR) 
Touchdown time = 1821 sec 
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Time, sec 6179 

( f )  Lower s u r f a c e ,  bay 3 ,  part 2 of 3 .  

STS-5 
0 Measured, V07T9711 (flight) 
- Calculated, JLOC690, 705 (SPAR) 
Touchdown time = 1821 sec 

0 500 lo00 1500 2000 2500 3Ooo 
Time, sec 

6180 

( 8 )  Lower s u r f a c e ,  bay 3 ,  part 3 of 3 .  

Figure 17 .  Concluded . 
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( a )  Upper s u r f a c e ,  bay 1 .  
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0 Measured, V07T9635 (flight) 
- Calculated, JLOC772 (SPAR) 
Touchdown time = 1821 sec 
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Touchdown 

u 
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6182 Time, sec 

(b) Upper s u r f a c e ,  bay 2 .  

Figure 18. 
s u r f a c e  temperatures ,  WS328. 

Comparisons of c a l c u l a t e d  and measured TPS upper 
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STS-5 
0 Measured, V07T9636 (flight) 
- Calculated, JLOC737 (SPAR) 
Touchdown time = 1821 sec 
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(c) Upper sur€ace, bay  3. 

Figure  18. C o n c l  uaea. 
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F i g u r e  19. FS877 TPS s u r f a c e  and aluminum s t r u c t u r a l  
temperature measurement l o c a t i o n s  and SPAR j o i n t  
l o c a t  ions . 
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- Calculated, JLOC181, 193 (SPAR) 
Touchdown time = 1821 sec 
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(a) Lower glove.  
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o Measured, V09T9509 (flight) 
- Calculated, JLOC97 (SPAR) 
Touchdown time = 1821 sec 
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500 loo0 1500 2500 3Ooo 
Time, sec 6186 

(b) Bottom surface, part 1 of 2. 

Figure 20. 
face temperatures, FS877. 

Comparisons of calculated and measured T P S  sur- 
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o Measured, V09T9521 (flight) - Calculated, JLOC13 (SPAR) 

Touchdown time = 1821 SBC 
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Time, sec 6187 

(c) Bottom surface ,  part 2 of 2. 

STS - 5 
0 Measured, V09T9163 - Calculated, JLOC253 (SPAR) 

Touchdown time = 1821 sec 

Touchdown F 

(d) Upper  glove. 

Figure 20. Continued. 
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( e )  Bay door. 

Figure 20. Concluded. 
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(a) Lower glove. 
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0 Measured, VSlT92lO(Ilight) 
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Calculated, JLOC877 (SPAR) 
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(b) Lower skin, wheelwell. 

Figure 22. 
structural temperatures, WS134- 

Comparisons of calculated and measured aluminum 
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(c) Lower  s k i n ,  bay 3 .  
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0 Measured, V09T9106 (flight) 

Calculated, JLOC480 (SPAR) 
- 80- percent TPS thickness --- 100-percent TPS thickness 
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0 Measured, V09T9106 (flight) 

Calculated, JLOC480 (SPAR) 
- 80- percent TPS thickness --- 100-percent TPS thickness 
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/ 

(d) Lower spar cap, bay 3 / 4 .  

Figure 2 2 .  Continued.  
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(e) Upper glove skin, p a r t  1 of 2 .  
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(f) Upper glove skin, p a r t  2 of 2 .  

' i g u r e  22. Continued. 
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(9) Upper wheelwell, part 1 of 2 .  
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STS-5 
0 Measured, V09T9311 (flight) 

Calculated, JLOCIOSO (SPAR) 
- 80-percent TPS thickness --- 100-percent TPS thickness 
Touchdown time = 1821 sec 

(h) upper wheelwell, part 2 of 2 .  

Figure 22. Continued. 
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Touchdown time = 1821 sec 
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(i) Upper skin, bay 3. 
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Figure  22. Concluded . 
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(a) Lower skin, bay 1. 

Figure 23. 
structural temperatures I WS240 . Comparison of calculated and measured aluminum 
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(b) Lower skin, bay 2. 
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(c) Lower s k i n ,  bay 3, part 1 of 2. 

Figure 23. Continued. 
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- Wpercent TPS thickness --- 100-percent TPS thickness 
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(d) Lower skin, bay 3, part 2 of 2. 

Figure 23. Continued. 
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(e) Lower skin, bay 4. 
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(f) Lower rib cap, bay 3, part 1 of 2 .  

Figure 23. Continued . 
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(g) Lower rib cap8 bay 38 part 2 of 2. 
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Figure 2 3 .  Cont inued.  
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( j )  Lower truss ( v e r t i c a l ) ,  bay 3- 

F i g u r e  2 3 .  Cont inued.  
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Figure 2 3 .  Cont inued.  
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Figure 23. Continued. 
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Figure 23. Continued. 
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Figure 23. Continued. 
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Figure 2 3 .  Continued . 
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F i g u r e  23. Continued. 
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Figure  2 3 .  Concluded . 

STS-5 150 - 

0 Measured, V09T9142 (flight) 

Calculated, JLOC75 (SPAR) 
- 80-percent TPS thickness --- 100-percent TPS thickness 
Touchdown time = 1821 sec 

loo - 

.'; 50- 

( a )  Lower s k i n ,  bay 1 .  

Figure 24 .  
s t r u c t u r a l  t empera tures  I Ws328. 

Comparisons of c a l c u l a t e d  and measured aluminum 



I .  

200 

150 

100 

T, 
O F  

50 

0 

- 
STS-5 

0 Measured, V09T9358 (flight) 

Calculated, JLOC255 (SPAR) 
- 80-percent TPS thickness --- 100-percent TPS thickness 
Touchdown time = 1821 sec 

- 

FTouchdown 

150 

100 

.T; 50 

0 

-50 

(b) Lower skin, bay  3. 

- 
STS-5 

0 Measured, V09T9152 (flight) 

Calculated, JLOC794 (SPAR) 
- 80-percent TPS thickness --- 100-percent TPS thickness 
Touchdown time = 1821 sec 

500 lo00 1500 2000 2500 30oo 
Time, sec 6226 

(c) Upper skin, bay  2. 

Figure 24. Concluded. 
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Figure 25. 
structural temperatures, FS877. 
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F i g u r e  25. Continued. 
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Figure  2 5 .  Cont inued .  
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Figure 25. Continued. 
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Figure 25. Continued. 
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