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Abst rac t  

A 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  element thermal a n a l y s i s  computer program 
was used i n  t h e  hea t  t r a n s f e r  a n a l y s i s  of t h e  
space s h u t t l e  o r b i t e r  t h a t  w a s  subjected to  
r e e n t r y  aerodynamic hea t ings .  One wing segment 
of t h e  r i g h t  wing (WS 240) and the  whole l e f t  wing 
were s e l e c t e d  f o r  the  thermal ana lys i s .  Resul ts  
showed t h a t  t h e  pred ic ted  thermal pro tec t ion  sys- 
t e m  (TPS) temperatures w e r e  i n  good agreement with 
t h e  space t r a n s p o r t a t i o n  system, t r a j e c t o r y  5 
(STS-5) flight-measured temperatures. In  a d d i t i o n ,  
ca lcu la ted  aluminum s t r u c t u r a l  temperatures w e r e  
i n  f a i r l y  good agreement with f l i g h t  d a t a  up to 
t h e  poin t  of touchdown. Resul t s  a l s o  showed t h a t  
t h e  i n t e r n a l  f r e e  convection had a considerable  
e f f e c t  on t h e  change of  s t r u c t u r a l  temperatures 
a f t e r  touchdown. 

In t roduct ion  

The space s h u t t l e  o r b i t e r  r e e n t e r s  t h e  e a r t h ' s  
atmosphere a t  an a l t i t u d e  of about  121,920 m 
(400,000 f t )  and a t  extremely high v e l o c i t y  
(near ly  Mach 25 a t  t h e  t i m e  of reent ry) .  In  order  
t o  p r o t e c t  t h e  s h u t t l e  s t r u c t u r e  from severe  
r e e n t r y  aerodynamic hea t ing ,  t h e  e n t i r e  s h u t t l e  
s t r u c t u r e  i s  covered with a thermal pro tec t ion  
system (TPS). The reg ions  of t h e  s h u t t l e  s u r f a c e s  
rece iv ing  lower hea t ing  rates ( f o r  example, wing 
upper sur faces ,  fuse lage  s i d e  w a l l s ,  and bay doors )  
a r e  covered with h ighly  f l e x i b l e  f e l t  reusable  
sur face  i n s u l a t i o n  (FRSI), and t h e  regions exposed 
t o  higher  hea t ing  rates ( f o r  example, wing and 
fuse lage  lower s u r f a c e s )  are covered with Tps 
tiles. A l a y e r  of h ighly  f l e x i b l e  s t r a i n  i s o l a -  
t i o n  pad (SIP)  i s  sandwiched between t h e  TPS tiles 
and t h e  aluminum s k i n  f o r  absorpt ion of t h e  s t r a i n  
incompat ib i l i ty  between the b r i t t l e  TPS tiles and 
t h e  aluminum skin .  Overheating of the  aluminum 
s t r u c t u r e  may cause thermal creep  r e s u l t i n g  i n  t h e  
loss of s t r u c t u r a l  i n t e g r i t y  required f o r  subse- 
quent f l i g h t s .  Although t h e  SIP layer  may absorb 
t h e  aluminum s k i n  thermal buckling e f f e c t  on t h e  
TPS t i l e s  t o  some exten t ,  t h e  excess thermal buck- 
l i n g  of  t h e  aluminum s k i n  because of overheat ing 
could cause a debonding of  TPS t i les r e s u l t i n g  i n  
p a r t i a l  o r  to ta l  loss of  t h e  TPS p r o t e c t i n g  func- 
t i o n s .  In former space t r a n s p o r t a t i o n  system ( STS) 
f l i g h t s  t h e  performance of the TPS w a s  so good 
t h a t  the s h u t t l e  s t r u c t u r a l  temperatures during 
r e e n t r y  w e r e  k e p t  w e l l  below the design l i m i t  t e m -  
pera ture  of 176O C (350O F), and thus the above 
mentioned concerns were p r a c t i c a l l y  e l iminated.  
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Since t h e  s h u t t l e  i s  designed to be used a s  
many as one hundred t i m e s ,  it is e s s e n t i a l  t o  
understand t h e  mechanical performance ( t h a t  i s ,  
s t r u c t u r a l  stress l e v e l s )  under t h e  r e e n t r y  aero-  
dynamic and thermal loadings so  t h a t  confidence i n  
t h e  s h u t t l e  s t r u c t u r a l  i n t e g r i t y  can be e s t a b l i s h e d .  
The f l i g h t  load d a t a  obtained from onboard s t r a i n  
gage measurements c c n t a i n  both *-he mechanical and 
thermal  ccmponects. Uninrortunately these  two com- 
ponents cannot  be separa ted  experimental ly .  I n  
order  t o  o b t a i n  mechanical stress, thermal stresses 
must be removed from t h e  s t r a i n  gage measured 
stresses. This can be done a n a l y t i c a l l y  by f i r s t  
c a l c u l a t i n g  t h e  thermal stresses and then removing 
t h e  thermal stresses from t h e  s t r a i n  gage measured 
stresses t o  give t h e  t r u e  mechanical stresses. To 
c a l c u l a t e  t h e  thermal stresses, the  s t r u c t u r a l  t e m -  
p e r a t u r e  d i s t r i b u t i o n  must be known. Since t h e  
number of onboard thermocouples a r e  i n s u f f i c i e n t  
t o  a c c u r a t e l y  record t h e  s t r u c t u r a l  temperature 
d i s t r i b u t i o n ,  h e a t  t r a n s f e r  a n a l y s i s  must be per- 
formed t o  c a l c u l a t e  accura te  s t r u c t u r a l  tempera- 
t u r e  d i s t r i b u t i o n  which w i l l  be used as i n p u t  to a 
s t r u c t u r a l  model f o r  thermal stress c a l c u l a t i o n s .  
The prel iminary h e a t  t r a n s f e r  ana lyses  of  t y p i c a l  
wing cross s e c t i o n s  w e r e  reported i n  Refs. 1, 2, 
and 3. This paper p r e s e n t s  r e s u l t s  of a n  exten- 
s i o n  of those analyses  and d iscusses  f i n i t e  ele- 
ment h e a t  t r a n s f e r  a n a l y s i s  of a wing segment of 
t h e  r i g h t  s h u t t l e  wing and t h e  whole l e f t  s h u t t l e  
wing. The r e s u l t s  are compared with t h e  STS-5 
temperature d a t a  ( t h e  most complete set of STS 
f l i g h t  d a t a ) .  
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Descript ion of Problem 

Figure 1 shows t h e  l o c a t i o n  of t h e  wing seg- 
ment WS 240 of t h e  r i g h t  s h u t t l e  wing s e l e c t e d  
f o r  t h e  h e a t  t r a n s f e r  ana lys i s .  WS 240 is bounded 
by yo 240 and yo 254 (Fig. 1).  The leading  edge 
por t ion  of t h e  wing and t h e  elevon were not  
included i n  t h e  ana lys i s .  Figure 2 shows the l e f t  
s h u t t l e  wing t h a t  w a s  analyzed. The region of the 
whole wing w a s  bounded by l o n g i t u d i n a l  s t a t i o n s  
xo 1040 and xo 1365 ( t h a t  is, elevon, glove, and 
leading  edge regions w e r e  n o t  included i n  the 
ana lys is ) .+  

The r e e n t r y  t r a j e c t o r y  f o r  the s h u t t l e  is 
shown i n  Fig. 3. The t i m e  w a s  counted from the 
s ta r t  of the r e e n t r y  t h a t  occurred a t  an a l t i t u d e  

*The e x i s t i n g  s t r u c t u r a l m o d e l  f o r  t h e  thermal 
stress c a l c u l a t i o n s  does n o t  inc lude  the  secondary 
load car ry ing  s t r u c t u r e s ,  elevon, leading edge 
regions of the wing, and t h e  glove. Therefore, i n  
t h e  thermal a n a l y s i s ,  on ly  the major load car ry ing  
s t r u c t u r e s  w e r e  modeled. 

of 121,920 m (400,000 f t ) .  The nominal (or 
designed)  t r a j e c t o r y  is  shown with s o l i d  curves ,  
and d a t a  p o i n t s  were obtained from the  space t r a n s -  
p o r t a t i o n  system, t r a j e c t o r y  5 (STS-5) f l i g h t .  
The trajectories f o r  STS-1 through STS-4 are s i m i -  
l a r  to  t h e  STS-5 f l i g h t  t r a j e c t o r y  and, t h e r e f o r e ,  
are not  shown. 

The c a l c u l a t i o n  of t h e  r e e n t r y  aerodynamic 
hea t ing  w a s  based on t h e  a c t u a l  STS-5 f l i g h t  t r a -  
j e c t o r y .  The STS-5 f l i g h t  w a s  chosen because it 
provided t h e  m o s t  complete se t  of f l i g h t  d a t a  com- 
pared with o t h e r  STS f l i g h t s  i n  which some of t h e  
f l i g h t  d a t a  w e r e  lost .  

Descr ipt ion of Wing St ruc tures  

A s  shown i n  Fig. 2, t h e  r i b s  of the  wing a r e  
f a b r i c a t e d  with v e r t i c a l  and diagonal  t r u s s e s .  
A l l  of  t h e  s p a r  webs and t h e  wheel w e l l  v e r t i c a l  
w a l l s  are made of corrugated aluminum s k i n s .  Both 
t h e  l o w e r  and upper wing s k i n s  ly ing  between 
xo 1191 and xo 1365 are made of ha t - s t r inger -  
re inforced  aluminum panels .  The lower and upper 
wing s k i n s  l y i n g  between xo 1040 and xo 1191, and 
t h e  leading edge beam assembly are made of alumi- 
num honeycomb-core-reinforced sandwich panels .  
The landing gear  door i s  made of double-walled, 
ha t - s t r inger - re inforced  aluminum panels  separa ted  
by aluminum s t r i n g e r s .  The e n t i r e  lower wing is 
covered with high temperature reusable  s u r f a c e  
i n s u l a t i o n  (HRSI) t i l es ,  with a l a y e r  of SIP ly ing  
between t h e  wing sk in  and t h e  HRSI f o r  absorp t ion  
of thermal s t r a i n  incompat ib i l i ty  between t h e  wing 
s k i n  and t h e  HRSI. Most of t h e  upper s k i n  near  
t h e  leading edge region is covered with l o w  t e m -  
p e r a t u r e  reusable  sur face  i n s u l a t i o n  (LRSI) t i l es .  
A SIP l a y e r  lies under t h e  LRSI. The rest of t h e  
upper wing s k i n ,  which is subject to  l o w  hea t ing ,  
i s  covered with FRSI under which there is  no SIP 
layer .  The room temperature vJlcanize6 (RTV) 
rubber bonding agent  gas used iii bonding t h e  TPS 
and SIP to  t h e  subs t ruc tures .  Some of t h e  gaps 
between t h e  TPS tiles i n  t h e  high temperature areas 
w e r e  f i l l e d  with ceramic coated alumina m a t  (gap 
f i l l e r s )  to  prevent  h o t  gases  from coming i n  con- 
t a c t  with t h e  subs t ruc ture  a t  t h e  bottom of  each 
gap. Figure 4 shows t h e  s t r u c t u r a l  d e t a i l s  of t h e  
wing segment WS 240 of the r i g h t  s h u t t l e  wing. 

Thermal Modeling? 

S t r u c t u r a l  S impl i f ica t ions  

Because of t h e  complex na ture  of t h e  s h u t t l e  
s t r u c t u r e ,  some s t r u c t u r a l  s i m p l i f i c a t i o n s  w e r e  
requi red  before  s e t t i n g  up thermal models so t h a t  
t h e  a n a l y s i s  would be manageable using e x i s t i n g  
computers. Excessively d e t a i l e d  models could lead  
t o  ted ious  radiation-view-factor computations, i n  
which the g a i n  i n  s o l u t i o n  accurac ies  may n o t  be 
as much compared with t h e  s o l u t i o n  obtained from 
simpler ,  y e t  reasonably d e t a i l e d  models. I n  order  
t o  examine the adequacy of represent ing  t h e  h a t -  
s t r inger - re inforced  s k i n s  with smooth s k i n s  of 
uniform equiva len t  thicknesses ,  t h e  convent ional  
f i n i t e  d i f f e r e n c e  method w a s  used i n  t h e  two- 
dimensional h e a t  t r a n s f e r  a n a l y s i s  of a s i n g l e  
ha t - s t r inger .  A s  shown i n  Fig. 5, the h a t - s t r i n g e r  
that  w a s  analyzed w a s  loca ted  a t  the lower s k i n  of 
WS 240, bay 3. The upper s k i n ,  t h e  s p a r  webs, and 
t h e  lower s k i n  - excluding t h e  h a t  s t r i n g e r  - 
w e r e  assumed to  have uniform thicknesses .  In  t h e  
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a n a l y s i s ,  a l l  types of r a d i a t i o n  h e a t  exchanges 
w e r e  considered: ( 1 )  e x t e r n a l  r a d i a t i o n  from t h e  
TPS sur face  i n t o  space; ( 2 )  r a d i a t i o n  exchanges 
between t h e  ha t - s t r inger  ou ter  sur face  and t h e  
inner  sur face  of the  bay; and ( 3 )  i n t e r n a l  rad ia-  
t i o n  i n s i d e  t h e  h a t  s t r i n g e r .  The h e a t  i n p u t  w a s  
based on t h a t  used on Mission 3.  The c a l c u l a t e d  
temperatures i n  Fig. 6 show t h e  peak temperature 
d i f f e r e n c e  between p o i n t s  A and B t o  be about  
14.44O C (26O F). The temperature curves  f o r  the 
case where there  w a s  no i n t e r n a l  r a d i a t i o n  within 
t h e  h a t  s t r i n g e r  i s  almost i d e n t i c a l  to  correspond- 
ing  temperature curves  i n  which t h e  h a t - s t r i n g e r  
i n t e r n a l  r a d i a t i o n  w a s  considered.  This suggests  
t h a t  t h e  e f f e c t  of t h e  h a t - s t r i n g e r  i n t e r n a l  radia-  
t i o n  i s  negl ig ib le .  Because t h e  temperature d i f -  
ferences between p o i n t s  A and B of the  h a t  s t r i n g e r  
w e r e  small, i n  t h e  f i n i t e  element modeling, the 
h a t  s t r i n g e r ,  corrugated s p a r  webs, wheel w e l l  
wal l s ,  and honeycomb-core sandwich panels  were 
represented by smooth s o l i d  panels  of equiva len t  
th icknesses  having i s o t r o p i c  thermal c o n d u c t i v i t i e s .  

F i n i t e  Element Modelings 

A 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  element thermal a n a l y s i s  computer program 
(Ref. 4) w a s  used f o r  t h e  r e e n t r y  h e a t  t r a n s f e r  
a n a l y s i s  of the space s h u t t l e  o r b i t e r .  

Wing Segments. The SPAR f i n i t e  element model 
se tup  f o r  t h e  wing segment WS 240 is  shown i n  
Fig. 7. The model is three-dimensional and has 
920 j o i n t  loca t ions  (JLOCS). The wing s k i n s ,  
spar  webs, r i b  cap shear  webs, RTV l a y e r s  ( l y i n g  
on both s i d e s  of t h e  S I P ) ,  and t h e  TPS sur face  
coa t ings  w e r e  modeled with K41 elements (four-node 
h e a t  conduction elements). The spar  caps,  r i b  
caps,  and t h e  r i b  t r u s s e s  w e r e  modeled with K21 
elements (two-node h e a t  conduction elements) .  The 
TPS w a s  modeled i n  10 l a y e r s  on t h e  l o w e r  sur face ,  
and 3 t o  4 l a y e r s  on t h e  upper sur face  using K 8 1  
elements (eight-node three-dimensional h e a t  con- 
duct ion elements) and K61 elements (six-node three-  
dimensional h e a t  conduction elements) .  The K61 
elements were used o n l y  i n  t h e  region where t h e  
modeled TPS l a y e r s  changed from four  to  t h r e e  lay-  
ers on t h e  bay 1 upper s u r f a c e  (see Fig. 7) .  The 
SIP was  modeled with o n l y  one l a y e r  of K81 ele- 
ments. The aerodynamic sur faces  were modeled 
using one l a y e r  of K41 elements of u n i t  th ickness  
t o  provide source h e a t  generat ion.  The e x t e r n a l  
and t h e  i n t e r n a l  r a d i a t i o n s  w e r e  handled by a t t a c h -  
i n g  a l a y e r  of R41 elements (four-node r a d i a t i o n  
elements) t o  the  r a d i a t i o n  sur faces .  The rad ia-  
t i o n  i n t o  space was modeled by one R41 element. 
N o  r a d i a t i o n  elements w e r e  a t tached  to the sur -  
f a c e s  of  the r i b  cap shear  webs and t h e  r i b  t r u s s e s  
because of s m a l l  exposed areas. The f r o n t  and rear 
ends of t h e  model were t o t a l l y  insu la ted .  

Because of t h e  e x i s t e n c e  of t h e  gaps between 
t h e  TPS tiles HRSI and LRSI, t h e  h e a t  flow through 
t h e  TPS tiles was  r e s t r i c t e d  only i n  t h e  t i l e  
th ickness  d i r e c t i o n  f o r  t h e  thermal models men- 
t ioned  above. In  t h e  a n a l y s i s ,  two thicknesses  
w e r e  used f o r  t h e  HRSI and LRSI tiles: 100-percent 
and 80-percent TPS thicknesses .  The purpose of 
using the e f f e c t i v e  th ickness  of 80 percent  of the 
o r i g i n a l  TPS thickness  w a s  t o  account f o r  t h e  gap 
hea t ing  between the  TPS tiles. The e f f e c t  of 

i n t e r n a l  n a t u r a l  convect ive h e a t  t r a n s f e r  w a s  no t  
considered."" The e f f e c t  of the  forced convect ive 
cool ing  on t h e  s t r u c t u r a l  temperatures p r i o r  to  
touchdown w a s  found to be n e g l i g i b l e  and, there-  
f o r e ,  w a s  no t  considered f o r  t h e  wing thermal 
models except  the  WS 240, 

Whole Wing. The SPAR thermal model ( c a l l e d  
WING model) set up f o r  t h e  whole l e f t  s h u t t l e  wing 
i s  shown i n  Fig. 8. This wing model was pa t te rned  
a f t e r  e x i s t i n g  s t r u c t u r a l  models. The e n t i r e  W I N G  
SPAR thermal model has  2289 j o i n t  l o c a t i o n s .  
Because of t h e  exs is tence  of gaps between t h e  TPS 
t i les,  HRSI and LRSI, and because of t h e  th inness  
of both FRSI and SIP l a y e r s ,  t h e  h e a t  f low through 
TPS and SIP w a s  assumed t o  be one-dimensional i n  
th ickness  d i r e c t i o n .  Thus t h e  TPS f o r  t h e  lower 
s u r f a c e  w a s  modeled i n  f i v e  l a y e r s  with K21 ele- 
ments, and t h e  TPS f o r  t h e  upper sur face  w a s  mod- 
e l e d  i n  t h r e e  l a y e r s  with K21 elements. Using K21 
elements w a s  found t o  be more e f f i c i e n t  (wi th  
respect to  computation t i m e )  than using K 8 1  ele- 
ments and r e s t r i c t i n g  t h e  h e a t  flow to  one d i r e c -  
t i o n .  The SIP layer  w a s  modeled with only  one 
l a y e r  of K21 elements. The r i b  t ru s ses  and t h e  
r i b  and s p a r  caps w e r e  modeled with K 2 1  elements. 
All of t h e  aluminum s k i n s ,  t h e  corrugated s p a r  
webs, t h e  wing r o o t  w a l l  ( fuse lage  w a l l ) ,  and t h e  
wheel w e l l  w a l l s  were modeled with K31 and K41 
elements. The aerodynamic sur faces  w e r e  modeled 
with one l a y e r  of K41 elements of u n i t  th ickness  
f o r  source h e a t  generat ion.  The i n t e r n a l  and 
e x t e r n a l  r a d i a t i o n  e f f e c t s  w e r e  handled by a t t a c h -  
i n g  R31 (three-node r a d i a t i o n  elements)  and R41 
elements a t  t h e  r a d i a t i o n  sur faces  of t h e  aluminum 
s k i n s  and t h e  TPS. The wing r o o t  ve r t i ca l  w a l l  
and t h e  v e r t i c a l  boundary w a l l s  of t h e  wing were 
completely insu la ted .  The r a d i a t i o n  i n t o  space 
w a s  modeled with only one R41 element which w a s  
k e p t  a t  a cons tan t  temperature of 26.7O C ( 8 0 °  F) .  
The e f f e c t  of n a t u r a l  convection i n s i d e  t h e  wing 
w a s  n o t  considered. 

There w e r e  three purposes f o r  s e t t i n g  up t h e  
WING SPAR thermal model f o r  t h e  whole wing. The 
f i r s t  w a s  t o  generate  the temperature d i s t r i b u t i o n  
requi red  f o r  i n p u t  to  t h e  e x i s t i n g  whole wing SPAR 
s t r u c t u r a l  model f o r  t h e  c a l c u l a t i o n s  of  thermal 
stresses. The second w a s  t o  compare the predic-  
t i o q s  with those based on wing segment models. 
The t h i r d  purpose w a s  t o  examine t h e  adequacy of 
t h e  wing model because it was  recognized t h a t  t h e  
WING model w a s  no t  f i n e  enough t o  d e f i n e  tempera- 
t u r e  g r a d i e n t s  near s p a r s  and r i b s .  The reason 
f o r  using coarser  elements f o r  t h e  whole wing 
model compared with those used f o r  t h e  wing seg- 
ment model w a s  to  match the e x i s t i n g  s t r u c t u r a l  
model for t h e  whole wing and to l i m i t  the e f f o r t  
i n  t h e  computations of view f a c t o r s  f o r  the three-  
dimensional r a d i a t i o n  exchanges i n s i d e  t h e  wing. 

Aerodynamic Heating 

The e x t e r n a l  h e a t  i n p u t s  t o  t h e  thermal  models 
w e r e  computed by a NASA computer program c a l l e d  
t h e o r e t i c a l  s k i n  hea t ing  (THEOSKIN) which uses  t h e  
veloci ty-al t i tude-angle-of-at tack t i m e  h i s t o r y  of 

**At t h e  t i m e  of t h i s  wr i t ing ,  t h e  c a p a b i l i t y  of 
handl ing two-dimensional f r e e  convection is being 
introduced to  t h e  SPAR program. 
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the  flight-measured STS-5 trajectory given i n  The i n i t i a l  temperature d i s t r i b u t i o n  used i n  t h e  
Fig. 3 .  The THEOSKIN program so lves  the one- a n a l y s i s  w a s  obtained from the  a c t u a l  f l i g h t  d a t a .  
dimensional t h i n  sk in  hea t ing  equat ion and com- In  thermal modeling, t h e  major i ty  of the  t i m e  w a s  
putes  t i m e  h i s t o r i e s  of s u r f a c e  temperatures, consumed i n  t h e  computations of view f a c t o r s .  
heat ing 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 
sk in  f r i c t i o n .  The thermodynamic and t r a n s p o r t  
p roper t ies  of a i r  used i n  t h i s  a n a l y s i s  are given 
i n  Ref. 5. 

Representat ive hea t ing  rates f o r  WS 240 a r e  
presented i n  Fig. 9. The hea t ing  r a t e s  f o r  t h e  
lower sur face  w e r e  computed assuming laminar flow 
up t o  1160 sec and t u r b u l e n t  f low from 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  computed by r e l a t i n g  h e a t  t r a n s f e r  t o  
a s k i n - f r i c t i o n  equation through a modified Rey- 
nolds analogy. In  t h i s  a n a l y s i s ,  t h e  Blasius  
incompressible sk in  f r i c t i o n  equat ion was r e l a t e d  
to  hea t  t r a n s f e r  by the P r a n d t l  number t o  t h e  neg- 
a t i v e  s i x - t e n t h  power .6 
were accounted f o r  by using Eckerts '  re fe rence  
enthalpy t r a n ~ f o r m a t i o n . ~  D e t a 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 
a r e  given i n  R e f .  8. 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 imi la r  procedure except  that +he 
van Driest t ransformation w a s  used t o  account f o r  
compress ib i l i ty ,  and the  Reynolds analogy f a c t o r  
w a s  assumed t o  be a cons tan t  value of 1.1 . 9 ~  l o  

Compressibi l i ty  e f f e c t s  

Transient  Thermal Solut ions 

The SPAR thermal a n a l y s i s  f i n i t e  element com- 
p u t e r  program w a s  used i n  the  c a l c u l a t i o n  of t e m -  
p e r a t u r e  t i m e  h i s t o r i e s  a t  a l l  j o i n t  l o c a t i o n s  of 
t h e  thermal models. The SPAR program used t h e  
approach descr ibed below to  obta in  t r a n s i e n t  t h e r -  
mal s o l u t i o n s .  

The t r a n s i e n t  h e a t  t r a n s f e r  matrix equat ion  

(Kk + Kr)T + CT = Q + R ( 2 )  

where 

Kk = conduction matr ix  
Kr = r a d i a t i o n  matr ix  
T = temperature 
C = capaci tance matr ix  

a r  1 
[ 1 =at 

Q = source load vec tor  
R = r a d i a t i o n  load vec tor  
t = t i m e  The boundary l a y e r  flow on  t h e  upper s u r f a c e  

of bay 1 a t  W S  240 w a s  assumed t o  be a t tached .  
The rest of t h e  upper s u r f a c e  of t h e  wing w a s  
assumed t o  be i n  a region of separated flow. The 
h e a t  t r a n s f e r  f o r  the  a t tached  flow areas w a s  com- 
puted using t h e  same h e a t  t r a n s f e r  codes t h a t  were 

was i n t e g r a t e d  by assuming t h a t  t h e  temperature 
ve tor  ~ i + ~  a t  t i m e  s t e p  ti+l can  be expressed as 

T i f l  = Ti + k i A t  + L $ i A t 2  + - + ? . A t 3  1 '. 
used t o  c a l c u l a t e  t h e  lower sur face  heat ing.  To 2! 3! 1 

+ . . . ( 3 )  

where c a l c u l a t e  t h e  hea t ing  rates f o r  t h e  separated flow 
areas on t h e  upper sur face ,  t h e  h e a t  t r a n s f e r  codes 
w e r e  empir ica l ly  modified. - -  a2[ I 
t i o n s  t h a t  w e r e  used w e r e  determined from compari- [ 1 =- 
sons with previous measured f l i g h t  da ta .  a t 2  

The hea t ing  rates f o r  t h e  whole wing w e r e  gen- - -  a31 I 
[ 1 =- 

a t 3  

The empir ical  correc- 

era ted  from c a l c u l a t i o n s  made f o r  WS 240 and o t h e r  
wing segments through l i n e a r  i n t e r p o l a t i o n s  and 
ex t rapola t ions .  and T i  is t h e  temperature vector  a t  t i m e  s t e p  ti 

and A t  i s  t h e  t i m e  increment. 
determined d i r e c t l y  from Eq. ( 2 ) ;  t h a t  is, 

The vec tor  Ti i s  Radiation Exchange 

For both t h e  e x t e r n a l  and t h e  i n t e r n a l  thermal 
r a d i a t i o n  exchanges, a l l  o f  t h e  view f a c t o r s  w e r e  ii = -c-'(Kk + Kr)Ti + C-l(Q + R )  ( 4 )  
ca lcu la ted  from t h e  equat ion 

Higher-order d e r i v a t i v e s  are obtained by d i f f e r e n -  
t i a t i n g  Eq. ( 2 )  according to  t h e  assumption t h a t  

where Ai i s  t h e  sur face  area of r a d i a t i o n  exchange properties are Over Atr 
( 2 )  Q v a r i e s  l i n e a r l y  with t i m e ,  and ( 3 )  R i s  con- 
s t a n t  over  A t .  For example, element i, and F j i  i s  t h e  view f a c t o r ,  def ined as 

t h e  f r a c t i o n  of  r a d i a n t  h e a t  leaving element j 
i n c i d e n t  on element i . l l  
view f a c t o r s  f o r  t h e  e x t e r n a l  r a d i a t i o n  exchanges 
(consider ing that element i represents  t h e  space 
element and element j any r a d i a t i o n  exchange ele- 
ment on t h e  wing or fuse lage  s u r f a c e ) ,  F j i  w a s  
taken t o  be uni ty ;  therefore ,  F i j  = A j / A i  accord- 
i n g  to  Eq. ( 1 ) .  Values of  e m i s s i v i t y  and 
r e f l e c t i v i t y  used t o  compute r a d i a n t  h e a t  f l u x e s  
w e r e  : 

In  t h e  c a l c u l a t i o n  of  

Surface Fmissivi ty  R e f l e c t i v i t y  

Windward 0.850 0.150 
Leeward 0.800 0.200 
I n t e r n a l  s t r u c t u r e  0.667 0.333 
Space 1 .ooo 0 

.. 
Ti  = -C-'(Kk + 4Kr)4i + C-l; (5) 

16) 
. *  .. . .  
T i  = -C-l(Kk + 4K,)Ti + 4KrTi 

I n  t h e  p r e s e n t  computations, the Taylor series 
expansion (Eq. ( 3 ) )  w a s  terminated a f t e r  t h e  t h i r d  
t e r m .  The pressure  dependency of t h e  TPS and SIP 
thermal p r o p e r t i e s  w a s  converted i n t o  t i m e  depen- 
dency based on t h e  t r a j e c t o r y  given i n  Fig. 3. 
Time-dependent p r o p e r t i e s  were averaged over  " t i m e  
i n t e r v a l s "  (RESET TIME) which w e r e  taken t o  be 2 
or 25 sec. Temperature-dependent p r o p e r t i e s  w e r e  
evaluated a t  t h e  temperatures computed a t  t h e  
beginning of each t i m e  i n t e r v a l .  Q, Q, and R w e r e  
computed every 2 sec. 
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Resul t s  

TPS Surface Temperatures 

Figures  10 to 13 show t h e  loca t ions  and num- 
b e r s  of thermocouples a t  the TPS sur faces  and t h e  
aluminum skins ,  

In Fig. 14 t h e  STS-5 flight-measured TPS sur -  
face  tempzratures are compared with the  c a l c u l a t e d  
values a t  t h e  wing c r o s s  s e c t i o n  yo 240. The 
agreements are q u i t e  good, i n d i c a t i n g  t h a t  t h e  
c a l c u l a t i o n s  of t h e  aerodynamic hea t ings  w e r e  
accurate .  In  a narrow t i m e  range of t = 1500 to  
2000 sec (immediately before  and a f t e r  t h e  touch- 
down t i m e ) ,  t h e  f l i g h t  d a t a ,  e s p e c i a l l y  f o r  t h e  
lower TPS sur faces ,  showed temperatures l o w e r  than 
t h e  c a l c u l a t e d  temperatures. This discrepancy 
could be caused by i n s u f f i c i e n t  forced convect ive 
cool ings i n  t h e  h e a t  i n p u t  c a l c u l a t i o n s  and the 
neglec t  of i n t e r n a l  f r e e  convection r e s u l t i n g  p r i -  
marily from t h e  e n t e r i n g  of  cool a i r  i n t o  t h e  
shut t1e . t  Resul ts  showed t h a t  use of t h e  forced  
convective cool ing  near t h e  touchdown t i m e  (nega- 
t i v e  hea t ing)  r e s u l t e d  i n  excess  computation t i m e  
because of t h e  change of s i g n  i n  h e a t  i n p u t ,  and 
t h a t  t h e  e f f e c t  of using negat ive  hea t ing  on t h e  
s t r u c t u r a l  temperatures w a s  almost p i c t o r i c a l l y  
inconspicuous. Therefore, nega t ive  hea t ing  was  
not  included i n  t h e  thermal ana lyses  of t h e  whole 
wing. The f l i g h t  d a t a  f o r  t h e  lower TPS s u r f a c e  
of WS 240, bay 3 conta in  void d a t a  as ind ica ted ,  
because t h e  l o w e r  l i m i t s  of t h e  thermocouple t e m -  
pera ture  readouts  were set t o o  high. 

S t r u c t u r a l  Temperatures 

Figure 15 shows the c a l c u l a t e d  aluminum s k i n  
temperatures a t  t y p i c a l  p o i n t s  of WS 240, compared 
with t h e  STS-5 f l i g h t  d a t a .  For t h e  wing segment, 
t h e  temperature c a l c u l a t i o n s  made were based on 
80-percent TPS thickness  ( s o l i d  l i n e s )  and 100- 
percent  TPS thickness  (dashed l i n e s ) .  For the 
whole wing, 100-percent TPS th ickness  w a s  used i n  
t h e  temperature ca lcu la t ions .  For WS 240 (Fig. 15) 
t h e  measured lower s k i n  temperature d a t a  fol lows 
f a i r l y  close to  t h e  c a l c u l a t e d  temperature curves 
based on 100-percent TPS th ickness  up t o  almost 
touchdown t i m e ;  a f t e r  that t h e  f l i g h t  d a t a  cont in-  
ued to  show l o w e r  temperatures. The s t r u c t u r a l  
temperatures ca lcu la ted  from t h e  wing segment 
model WS 240 (100-percent TPS th ickness)  and from 
t h e  WING model are q u i t e  close. The marked d i s -  
crepancies  between t h e  c a l c u l a t e d  and t h e  measured 
lower s k i n  temperature a f t e r  touchdown could be 
caused by t h e  e f f e c t s  of f r e e  convective cool ing  
and t h e  e n t e r i n g  of cool a i r  i n t o  the wing. The 
e f f e c t  of f r e e  convections w a s  n o t  considered i n  
t h e  a n a l y s i s  because a t  the t i m e  of t h e  a n a l y s i s ,  
the  SPAR program was  s t i l l  incapable  of handl ing 
f r e e  convect ive h e a t  t r a n s f e r .  For the upper s k i n  
of yo 240, the measured and t h e  ca lcu la ted  tempera- 
t u r e s  (based on 100-percent TPS th ickness)  compare 
reasonably w e l l  even after the touchdown. The 
agreement w a s  e s p e c i a l l y  good f o r  t h e  bay 1 upper 
skin.  

t a r  enters t h e  i n t e r io r  of  the s h u t t l e  o r b i t e r  
a t  an a l t i t u d e  of 30,048 m (100,000 f t )  (about  
1400 sec from reent ry) .  

Figure 16 shows t h e  chordwise d i s t r i b u t i o n s  of 
aluminum s k i n  temperatures f o r  t h e  r e e n t r y  t i m e  
of 1600 sec f o r  w s  240. The "scalloped" shape 
r e f l e c t s  t h e  drop i n  temperature a t  the  h e a t  s i n k s  
( t h a t  is, s p a r  caps) .  The sca l loped  d i s t r i b u t i o n s  
of t h e  s k i n  temperatures are a d i r e c t  c o r r e l a t i o n  
t o  t h e  degree of thermal stress bui ldups i n  t h e  
s t r u c t u r e .  The STS-5 f l i g h t  d a t a  c o r r e l a t e  rea- 
sonably w e l l  wi th  the  p r e d i c t i o n s  except  f o r  a few 
d a t a  poin ts .  

Conclusions 

The 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  element computer program w a s  used i n  t h e  
r e e n t r y  h e a t  t r a n s f e r  a n a l y s i s  of one wing seg- 
ment and t h e  whole l e f t  wing of the space s h u t t l e  
o r b i t e r .  The SPAR f i n i t e  element thermal models 
w e r e  set up i n  t h r e e  dimensions. The r e s u l t s  of 
t h e  thermal a n a l y s i s  showed t h a t :  

1 .  The predic ted  thermal p r o t e c t i o n  system 
(TPS) s u r f a c e  temperatures agree q u i t e  w e l l  wi th  
t h e  f l i g h t  measured d a t a .  

2. The measured and predic ted  s t r u c t u r a l  
temperatures  correlate f a i r l y  w e l l  p r i o r  to  touch- 
down. This implies  t h a t  t h e  SPAR thermal models 
set up f o r  both the  wing and the wing segment were 
adequate. 

3. The i n t e r n a l  f r e e  convection has  con- 
s i d e r a b l e  e f f e c t  on t h e  s t r u c t u r a l  temperatures  
a f t e r  touchdown and cannot  be ignored. 

4. The e f f e c t  of t h e  i n t e r n a l  r a d i a t i o n  w a s  
found t o  be s i g n i f i c a n t  and cannot  be ignored even 
a t  t h e  r e l a t i v e l y  low s t r u c t u r a l  temperatures. 
The v i e w  f a c t o r  computations f o r  t h e  i n t e r n a l  
r a d i a t i o n  r e s u l t e d  i n  a major t a s k  i n  thermal  mod- 
e l i n g ;  therefore ,  c a p a b i l i t y  of view f a c t o r  com- 
p u t a t i o n s  i n t e r n a l l y  i n  t h e  SPAR program i s  h ighly  
recommended. 

5.  Although the f i n i t e  elements used i n  t h e  
' SPAR WING model are r e l a t i v e l y  coarse, t h e  thermal 

model g i v e s  f a i r l y  good s t r u c t u r a l  temperature  pre- 
d i c t i o n s .  Thus t h e  s t r u c t u r a l  temperature d i s t r i -  
bu t ion  obtained from t h e  WING model could be  used 
with confidence f o r  i n p u t  t o  the whole wing SPAR 
s t r u c t u r a l  model f o r  thermal stress c a l c u l a t i o n s .  

6. The SPAR WING thermal model g i v e s  only  
coarse  s t r u c t u r a l  temperature d i s t r i b u t i o n  f o r  t h e  
o v e r a l l  es t imat ion  of thermal stresses i n  the 
whole wing. For t h e  d e t a i l e d  local thermal stress 
c a l c u l a t i o n s ,  t h e  wing segment models g ive  b e t t e r  
so lu t ions .  
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Fig.  10 Wing lower TPS s u r f a c e  j o i n t  locations and thermocouple 
1 ocat ions. 
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