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SUMMARY 

Th is  paper p resen ts  an overv iew o f  hea t  t r a n s f e r  r e l a t e d  research  i n  sup- 
p o r t  o f  aerospace p r o p u l s i o n ,  p a r t i c u l a r l y  as seen from the  p e r s p e c t i v e  o f  the  
NASA Lewis Research Center .  For t h i s  paper,  aerospace p r o p u l s i o n  i s  d e f i n e d  
t o  cover the  f u l l  spectrum from conven t i ona l  a i r c r a f t  power p l a n t s  th rough  t he  
Aerospace Plane t o  space p r o p u l s i o n .  The conven t iona l  subson ic l superson ic  
a i r c r a f t  arena, whether commercial o r  m i l i t a r y ,  r e l i e s  on t he  t u r b i n e  engine.  

r-l 
A key c h a r a c t e r i s t i c  o f  t u r b i n e  engines i s  t h a t  t hey  i n v o l v e  fundamenta l l y  

I unsteady f l o w s  which must be p r o p e r l y  t r e a t e d .  Space p r o p u l s i o n  i s  charac- m 
2 t e r i z e d  by ve r y  demanding performance requ i rements  which f r e q u e n t l y  push sys- 
* I tems t o  t h e i r  l i m i t s  and demand ve ry  t a i l o r e d  des igns .  The hyperson ic1  

t ransatmospher ic  f l i g h t  p r o p u l s i o n  systems a re  s u b j e c t  t o  ve r y  severe heat  
loads and the  engine and a i r f rame a re  t r u l y  one e n t i t y .  The impact o f  t he  spe- 
c i a l  demands of  each of  these aerospace p r o p u l s i o n  systems on heat  t r a n s f e r  
w i l l  be exp lo red  i n  t h i s  paper .  

INTRODUCTION 

Aerospace p r o p u l s i o n  p resen ts  a  demanding cha l lenge  t o  t h e  hea t  t r a n s f e r  
eng ineer .  The des igner  seeks t o  t r a n s f o r m  the  chemical  energy o f  t h e  f u e l  i n t o  
t h e  u s e f u l  work of p r o p u l s i v e  t h r u s t  a t  maximum e f f e c t i v e n e s s .  To do t h i s  the  
p r o p u l s i o n  system must be opera ted  a t  v e r y  h i g h  temperatures and p ressures  w i t h  
ve r y  few p a r a s i t i c  l osses ,  a l l  concen t ra ted  i n t o  as smal l  a  package as p o s s i b l e  
t o  min imize weight .  These requi rements  a r e  f r e q u e n t l y  i n  c o n f l i c t  and t he  con- 
f l i c t  o f t e n  cen te rs  around t he  a b i l i t y  t o  p r o t e c t  t he  p r o p u l s i o n  su r faces  f r om 
t h i s  h o s t i l e  thermal environment.  

One approach, be ing  a g g r e s s i v e l y  pursued today  on a  n a t i o n a l  s ca le ,  i s  t o  
develop m a t e r i a l s  capable o f  w i t h s t a n d i n g  these h o s t i l e  environments and o f f e r  
an e s s e n t i a l l y  a d i a b a t i c  su r f ace  t h a t  w i l l  n o t  m e l t  o r  l o se  i t s  s t r u c t u r a l  
i n t e g r i t y .  F a i l i n g  t h i s ,  t h e  o t h e r  approach i s  t o  a c t i v e l y  coo l  t h e  exposed 
sur faces.  Both o f  these r e q u i r e  t he  hea t  t r a n s f e r  engineer ,  a l t hough  the  
cooled system i s  p robab ly  t h e  more demanding and i s  a  major a c t i v i t y  i n  t o d a y ' s  
p r o p u l s i o n  system des igns.  

There a re  numerous f i g u r e s  o f  m e r i t  f o r  t h e  performance o f  an aerospace 
p r o p u l s i o n  system, depending on t h e  m iss i on  o f  t h e  f l i g h t  system: s p e c i f i c  f u e l  
consumption (SFC); t h rus t - t o -we igh t  r a t i o  (TIN) ;  and s p e c i f i c  impulse ( I s p ) ,  t o  
name a  few. S p e c i f i c  impulse,  which i s  t h e  r a t i o  o f  t he  t h r u s t  t o  t h e  weight  
( n o t  mass) f l o w  r a t e  o f  t he  p r o p e l l a n t s ,  i s  p a r t i c u l a r l y  u s e f u l  i n  d e c i d i n g  t he  
engine requi rements  f o r  a  m i ss i on  s ince  i t  r e l a t e s  t h e  engine and p r o p e l l a n t s  
t o  t he  t o t a l  system t o  be p r o p e l l e d .  An example o f  a  h y p o t h e t i c a l  Ear th - to -  
o r b i t  m iss ion ,  taken f r om c h a r t s  prepared by t h e  A i r  Force Wr igh t  Ae ronau t i ca l  
Labs (AFWAL) i s  shown i n  f i g u r e  1, i l l u s t r a t i n g  t h e  range o f  I s p  needed t o  do 



t h e  m iss ion .  A companion f i g u r e  2 shows t h e  engine s e l e c t i o n s  a v a i l a b l e  f o r  
such a m i ss i on  us i ng  e i t h e r  hydrogen o r  hydrocarbon f u e l s .  Another i n t e r e s t i n g  
l o o k  a t  engine s e l e c t i o n  i s  shown i n  f i g u r e  3 .  No t i ce  t h a t  one o f  t h e  bounda- 
r i e s  i s  heat  t r a n s f e r ;  a  l i m i t  des igners  a r e  c o n s t a n t l y  s t r i v i n g  t o  move, i n  
o r d e r  t o  expand an eng ine ' s  o p e r a t i n g  c o r r i d o r .  

Char ts  such as these show t h a t  aerospace p r o p u l s i o n  has ve ry  complex 
requi rements ,  which demand a wide v a r i e t y  o f  ve r y  h i g h  performance engines. 
Thus, f o r  purposes of t h i s  paper aerospace p r o p u l s i o n  i s  d e f i n e d  i n  i t s  broad- 
e s t  con tex t ,  r ang ing  from t h e  p r o p u l s i o n  o f  subsonic and supersonic  a i r c r a f t  
through p r o p e l l i n g  v e h i c l e s  t o  t he  deep reg ions  o f  space. 

The paper w i l l  beg in  by examining some i n t e r e s t i n g  aspects  o f  conven t iona l  
subsonic1supersonic a i r c r a f t  p r o p u l s i o n .  I t  w i l l  move then  t o  t he  o t h e r  end o f  
t he  spectrum t o  space p r o p u l s i o n .  The f i n a l  s e c t i o n  w i l l  b r i d g e  t he  gap f r om 
a i r c r a f t  t o  space i n  t r u e  "aerospace" p r o p u l s i o n  - t ransa tmospher i c  f l i g h t  p ro -  
p u l s i o n .  Such a v a s t  t e r r i t o r y  by n e c e s s i t y  r e q u i r e s  some nar row ing .  Thus, i t  
i s  the  au tho rs '  i n t e n t i o n  t o  s e l e c t  a  few l i m i t e d ,  b u t  h o p e f u l l y  i n t e r e s t i n g ,  
i n s i g h t s  t o  t h e  type of  hea t  t r a n s f e r  problems f a c i n g  des igners  today i n  aero- 
space p ropu l s i on .  Th i s  paper i s  n o t  in tended  t o  be an in -dep th  s t a t e - o f - a r t  
rev iew on any one s u b j e c t .  I n  o r d e r  t o  f a c i l i t a t e  assembl ing t h e  m a t e r i a l  t h e  
au thors  have drawn on t h e  work of NASA and NASA c o n t r a c t o r s ,  w i t h  supplements 
f rom the  genera l  l i t e r a t u r e  where necessary t o  make a p o i n t .  I n  do ing  t h i s ,  
t he  authors  wish t o  acknowledge i n  advance t he  ve ry  s i z a b l e  research  a c t i v i t y  
i n  aerospace p r o p u l s i o n  hea t  t r a n s f e r ,  even though o n l y  a  smal l  p a r t  o f  i t  i s  
re ferenced.  

SUBSONICISUPERSONIC PROPULSION 

The p r o p u l s i o n  system f o r  subsonic and low end (Mach 2 t o  4) supersonic  
f l i g h t  i s  the t u r b i n e  engine,  now e n t e r i n g  i t s  second h a l f  cen tu r y .  I n  bo th  
t he  c i v i l  and m i l i t a r y  arenas the  engine des igners  have s e t  t h e i r  s i g h t s  on 
ach iev i ng  a major  advancement i n  t u r b i n e  engine techno logy  by t he  t u r n  o f  t h e  
cen tu ry .  An example i n  t he  commercial arena,  f o c u s i n g  on very  h i g h  p r o p u l s i o n  
e f f i c i e n c y ,  i s  an u l t r a - h i g h  bypass r a t i o  engine shown i n  f i g u r e  4, b a s i c a l l y  a  
shrouded turboprop.  I n  t he  m i l i t a r y  arena t he  focus  i s  on ve ry  h i g h  per form- 
ance and very  l i g h t w e i g h t ,  as f o r  example shown i n  f i g u r e  5. A common f e a t u r e ,  
which i s  o f  p a r t i c u l a r  i n t e r e s t  t o  hea t  t r a n s f e r  eng ineers ,  i s  t h a t  t h e  core 
o f  the engine - the  h o t  s e c t i o n  - w i l l  be opera ted  a t  ve r y  h i g h  temperatures,  
approaching s t o i c h i o m e t r i c .  

The ho t  s e c t i o n  i n c l u d e s :  t he  combustor, t he  t u r b i n e ,  and the  exhaust 
nozz les,  and a l s o  some a l l i e d  components. They a l l  o f f e r  spec ia l  hea t  t r a n s f e r  
cha l lenges .  However, t he  t u r b i n e  i s  e s p e c i a l l y  demanding, so we w i l l  concen- 
t r a t e  on i t .  The t e c h n i c a l  cha l lenges  a re  many. They i nc l ude :  t he  proper  
t rea tment  o f  t ime  dependency; tu rbu lence  ( c l o s u r e )  model ing;  f i l m  c o o l i n g ;  com- 
p l e x  i n t e r n a l  passages; r o t a t i o n a l  e f fec ts ;  and a l s o  new m a t e r i a l s  and thermal d 

s t r e s s  a n a l y s i s .  We w i l l  e xp l o re  t he  f i r s t  t o p i c  i n  some depth,  a l b e i t  l i m -  
i t e d ,  and touch on t he  o t h e r s .  

A c e n t r a l  f a c t  t o  be addressed i n  t u r b i n e s  i s  t h a t  t he  f l o w  i n  them i s  
fundamenta l l y  unsteady. Most f l u i d  mechanics and hea t  t r a n s f e r  analyses 
d i r e c t e d  a t  t u r b i n e s  today a re  s teady f l ow  analyses.  Th i s  i s  okay as l ong  as 



we unders tand t h a t  " s teady"  r e a l l y  means t i m e  average and t h a t  t h e  a v e r a g i n g  
must be p r o p e r l y  done. 

Be fo re  p u r s u i n g  t h i s  f u r t h e r ,  l e t  us examine some o f  t h i s  unsteady flow. 
Laser anemometry measurements by Suder e t  a l .  (1987) and Hathaway e t  a l .  (1987) 
i n  t h e  wake o f  a  compressor r o t o r  a r e  shown i n  f i g u r e  6  and d i s p l a y  t h e  " t u r b u -  
l e n t "  k i n e t i c  energy d i s t r i b u t i o n  i n  t h e  downstream s t a t o r  passage. The 
uns tead iness  i n  t h i s  f l o w  has s e v e r a l  components. One i s  t h e  change i n  mean 
v e l o c i t y  due t o  t h e  p a s s i n g  a i r f o i l s .  T h i s  has been removed f r o m  f i g u r e  6  by 
ensemble a v e r a g i n g .  The r e m a i n i n g  d i s t u r b a n c e s  a r e  l a b e l l e d  "un reso lved  
uns tead iness"  by Hathaway s i n c e  t h e y  c o n t a i n  b o t h  c l a s s i c a l  s t o c h a s t i c  t u r b u -  
l ence  c o n v e c t i n g  t h r o u g h  t h e  machine and v o r t e x  shedding f r o m  t h e  p a s s i n g  
b lades .  These cannot  be removed f r o m  t h i s  da ta ,  because t h e y  occur  a t  a  f r e -  
quency d i f f e r e n t  t h a n  t h e  b lade  p a s s i n g  f r e q u e n c y .  By a  d i f f e r e n t  a n a l y s i s  o f  
s i m i l a r  d a t a  Hathaway e t  a l .  (1986) e s t a b l i s h e d  t h a t  tu rbomach ine ry  a i r f o i l s  
have shed v o r t i c e s  d e s p i t e  t h e i r  v e r y  h i g h  Reynolds numbers and near  s o n i c  
v e l o c i t i e s .  Another  v iew o f  tu rbomach ine ry  uns tead iness  has been p r o v i d e d  by 
Sharma (1983) i n  t h e  wake o f  a  t u r b i n e  r o t o r .  A computa t iona l  v iew o f  f l o w  
uns tead iness  i s  p r o v i d e d  by  Jorgenson and Chima (19881, and shown i n  f i g u r e  7  
f o r  t h e  Space S h u t t l e  Main Engine (SSME) f u e l  t u r b i n e .  The v a r i a b l e  d a r k  
areas near  t h e  f r o n t  o f  t h e  r o t o r  b lades  r e p r e s e n t  unsteady v e l o c i t i e s  o r  p res -  
sure  f o r c e s  on these b lades  as t h e y  pass t h r o u g h  t h e  upst ream s t a t o r  wakes. 

What does a l l  t h i s  mean f o r  h e a t  t r a n s f e r ?  The q u e s t i o n  can p r o b a b l y  be 
b e s t  answered by l o o k i n g  a t  some remarkab le  work b e i n g  per formed by  Dunn 
(1982, 1988).  Dunn 's  f a c i l i t y  i s  a  shock t u n n e l  i n  wh ich a  f u l l  t u r b i n e  s tage 
can be o p e r a t e d  a t  f u l l y  s c a l e d  c o n d i t i o n s  f o r  a  p e r i o d  o f  30 ms. F i g u r e  8  
shows a  t u r b i n e  i n s t r u m e n t e d  w i t h  v e r y  h i g h  response (100 kHz) t h i n  f i l m  h e a t  
f l u x  gages and t h e  co r respond ing  h e a t  f l u x  d a t a  on t h e  s u c t i o n  s i d e  o f  t h e  
b lade  for  one s t a t o r  vane p a s s i n g  even t ,  wh ich l a s t e d  f o r  97 ps .  N o t i c e  t h a t  
t h e  h e a t  f l u x  jumps f r o m  l a m i n a r  t o  t u r b u l e n t  l e v e l s  d u r i n g  eve ry  c y c l e .  Data  
l i k e  these have conv inced r e s e a r c h e r s  t h a t  t h e y  w i l l  e v e n t u a l l y  need f u l l  f l o w  
f i e l d  and h e a t  t r a n s f e r  d a t a  taken  i n  t h e  same f a c i l i t y .  T h i s  i s  a lmos t  impos- 
s i b l e  i n  t h e  shock t u n n e l .  Blowdown r i g s  such as d e s c r i b e d  by  Guerne t te  (1988) 
o f f e r  a  p o s s i b i l i t y .  Another  approach b y  O I B r i e n  (1986, 1988a, 1988b) i s  t o  
employ a  s i m u l a t e d  t u r b i n e  r o t o r  wake r i g .  Data  f r o m  these exper iments  a r e  
shown i n  f i g u r e  9 .  By combin ing t h e  f l o w  f i e l d  and h e a t  f l u x  i n f o r m a t i o n  and 
employ ing t h e  w i d e l y  used Lowery and Vachon (1975) c o r r e l a t i o n  f o r  t h e  e f f e c t  
of f r e e - s t r e a m  t u r b u l e n c e  on h e a t  t r a n s f e r  t o  t h e  s t a g n a t i o n  r e g i o n  o f  a  c i r c u -  
l a r  c y l i n d e r ,  one f i n d s  s u r p r i s i n g l y  good agreement f o r  t h e  e f f e c t  o f  t h e  r o t o r  
wake on t h e  downstream s t a t o r  s t a g n a t i o n  h e a t  t r a n s f e r .  I t  shou ld  be no ted  
t h a t  t h i s  r e s u l t  i s  an average r e s u l t ,  b u t  t h a t  t h e  average i s  an ensemble 
based on t h e  c h a r a c t e r i s t i c s  o f  t h e  f l o w  and t h e  b l a d e  p a s s i n g  uns tead iness  
has been r e t a i n e d .  

O ther  averages a r e  even more g l o b a l ,  y e t  t h e y  a r e  respond ing  t o  t h e  v a r i -  
e t y  o f  uns tead iness  i n  t h e  f l o w .  An example i s  h e a t  t r a n s f e r  d a t a  by  D r i n g  e t  
a l .  (1986) and B l a i r  e t  a l .  (1988) a c q u i r e d  i n  a  l a r g e  low speed t u r b i n e .  The 
d a t a ,  shown i n  f i g u r e  10, i n d i c a t e  a  v e r y  s u b s t a n t i a l  e f f e c t  o f  i n l e t  t u r b u -  
l e n c e  on t h e  f i r s t  vane row. The r o t o r ,  s u b j e c t e d  to  t h e  s t a t o r  wakes, shows 
v e r y  h i g h  t r a n s f e r ,  b u t  t h e  r e s i d u a l  e f f e c t s  o f  t h e  i n l e t  t u r b u l e n c e  seem t o  
be much l e s s  d r a m a t i c .  Data  i n  t h e  second vane row, downstream o f  t h e  f i r s t  
s tage,  n o t  shown h e r e i n ,  e x h i b i t e d  a  h i g h  degree t h r e e  d i m e n s i o n a l i t y .  T h i s  
may be c o n s i s t e n t  w i t h  t h e  v o r t i c a l  f l o w s  seen by  Sharma (1983) i n  t h e  same 



machine. Measurements of t h e  t ime-averaged t o t a l  p ressure  d i s t r i b u t i o n  e x i t -  
i n g  the  f i r s t  stage r o t o r  of t h i s  same t u r b i n e  have been made by J o s l y n  and 
D r i n g  (1988) and a re  shown i n  f i g u r e  I l ( a > .  A ve r y  complex f l o w  passage s t r u c -  
t u r e  can be seen. Working c l o s e l y  w i t h  these da ta  Man Mohan Rai a t  NASA Ames 
has at tempted t o  c a l c u l a t e  these f l o w s  w i t h  a  t ime  accura te  three-d imensional  
v i scous  r o t o r - s t a t o r  i n t e r a c t i o n  code, Rai (1987). The r e s u l t s  o f  R a i l s  ca lcu -  
l a t i o n s ,  shown i n  f i g u r e  I l ( b > ,  a re  q u i t e  s i m i l a r  t o  t h e  data.  Work i s  c o n t i n -  B 

u i n g  t o  r e f i n e  t he  g r i d  and b lade lvane  count ,  t u rbu lence  model ing,  averag ing  
techniques,  and t rea tment  o f  the  i n l e t  c o n d i t i o n s .  

As an as ide ,  one should  no te  t h a t  much o f  what i s  seen i n  t he  above exper-  
imenta l  and a n a l y t i c a l  f i g u r e s  would n o t  be p o s s i b l e  w i t h o u t  ve r y  s o p h i s t i c a t e d  
computer g raph ics .  The c u r r e n t  a b i l i t y  t o  measure and compute i s  so g r e a t  t h a t  
i t  i s  r a p i d l y  o u t s t r i p p i n g  o u r  a b i l i t y  t o  absorb and comprehend t he  informa- 
t i o n .  G raph i c ' s  and an imat ion ,  as seen above, a l l o w  i n s i g h t s  i n t o  t h e  da ta  
never seen be fo re .  I t  i s  an a rea  r e q u i r i n g  a t t e n t i o n .  A t  t h e  same t ime  i t  i s  
an area r e q u i r i n g  ca re .  The n i c e r  i t  looks  t he  more be1 i e v a b l e  i t  i s .  We 
must never f o r g e t  t h a t  t he  r e s u l t  i s  o n l y  good i f  i t  p r o p e r l y  r ep resen t s  t h e  
phys ics .  Never the less ,  i t  i s  impo r t an t  t o  no te  t h a t  computer g raph i cs  have 
moved beyond n i c e  p r e s e n t a t i o n  i n t o  a  v a l i d  t o o l  f o r  a i d i n g  t h e  unders tanding 
o f  t he  phys ics .  

A l l  o f  t h i s  suggests a  s t r ong  need f o r  a  r a t i o n a l  approach f o r  r e l a t i n g  
t he  t ime reso l ved  i n f o r m a t i o n  t o  t h e  t ime  average. One such methodology i s  
p rov i ded  by Adamczyk (1985).  Adamczyk performed a  sequence o f  averag ing  pro-  
cesses on the  Navier-Stokes equa t ions ,  based on t he  unsteady phys i cs  i n  a  t u r -  
bomachine. He c a l l s  t h i s  t h e  average passage method. Three success averages 
f o r  random unsteadiness,  p e r i o d i c  unsteadiness,  and unequal b lade  count  f r om  
row t o  row y i e l d s  a  s e t  of equa t ions  which r e q u i r e  cons ide rab le  l e s s  computer 
power t o  so lve ,  b u t  a l s o  i n t r o d u c e  many new unknowns which must be determined 
i n  some o t h e r  way. 

Th i s  o t h e r  way i s  what Adamczyk c a l l s  " c l o s u r e "  model ing.  Th is  i s  n o t  t o  
be confused w i t h  c l a s s i c a l  t u rbu lence  model ing,  a l t hough  the  f o rm  o f  t he  c l o -  
sure terms looks  ve ry  s i m i l a r  t o  t u rbu lence  terms and, i n  f a c t ,  they  i n c l u d e  
s t o c h a s t i c  t u rbu lence  as one component. Whi le t h i s  method r e q u i r e s  ve r y  com- 
p l e x  p h y s i c a l  model ing,  i t  o f f e r s  a  sound r a t i o n a l e  unders tand ing  o f  the  t ime  
averages and a l l ows  a  sys temat i c  e v a l u a t i o n  o f  t he  importance o f  t he  va r i ous  
unsteady terms. An example o f  a  m u l t i s t a g e  computat ion w i t h  t h i s  method i s  
shown i n  f i g u r e  12, t h e  t o t a l  temperature d i s t r i b u t i o n  i n  the  SSME f u e l  pump 
t u r b i n e .  Of p a r t i c u l a r  s i g n i f i c a n c e  f o r  heat  t r a n s f e r ,  one can see a  ve ry  
s t r o n g  m ix i ng  and r e d i s t r i b u t i o n  o f  t he  i n i t i a l  t o t a l  temperature p r o f i l e .  
Th is  i s  the  " f ree -s t ream"  boundary c o n d i t i o n  f o r  the  convec t i ve  heat  t r a n s f e r  
and, if we cannot g e t  t h a t  r i g h t ,  we s u r e l y  w i l l  n o t  g e t  the  hea t  t r a n s f e r  
r i g h t .  

The thoughts  expressed i n  t h i s  s e c t i o n  can bes t  be summarized by l o o k i n g  
a t  a  c h a r t  ( f i g .  13) o f  t h e  h i e r a r c h y  o f  exper imenta l  and computat iona l  t o o l s  
a t  ou r  d isposa l  today.  As one c l imbs  t he  s t a i r s  i l l u s t r a t e d  i n  f i g u r e  13, one 
ga ins  i n c r e a s i n g  i n f o r m a t i o n  and d e t a i l  a t  t he  expense o f  i nc reased  computa- 
t i o n a l  and exper imenta l  comp lex i t y ,  t ime  and money. Going down t he  s t a i r s  
y i e l d s  s i m p l i c i t y  and t he  broader  p i c t u r e  (which i s  what the  des igner  r e a l l y  
wants and needs) a t  t h e  expense o f  l o s s  o f  i n f o r m a t i o n  which must be g o t t e n  
elsewhere. The cha l lenge  i s  balance and t he  key i s  a  r a t i o n a l  methodology 



which a l l ows  us t o  move from b l o c k  t o  b l o c k  i n t e l l i g e n t l y .  The shaded areas 
a re  the  ones r e c e i v i n g  t he  most a t t e n t i o n  today.  

As was p o i n t e d  o u t  e a r l i e r ,  t he  au tho rs  i n t ended  t o  concen t ra te  on t he  
unsteady n a t u r e  of t h e  t u r b i n e  and the  t i m e  averag ing  ideas;  however, t h e r e  a re  
many o t h e r  impo r tan t  heat  t r a n s f e r  problems i n  t u r b i n e s  and they  deserve some 
ment ion.  

F i r s t ,  n o t  a l l  impo r t an t  heat  t r a n s f e r  areas a re  s u b j e c t  t o  unsteady 
e x t e r n a l  f l o w s ,  a l t hough  t h e y  may c o n t a i n  embedded unsteadiness,  such as sepa- 
r a t i o n  and t u rbu lence .  One such example i s  t h e  endwal l  r e g i o n  i n  t h e  f i r s t  
vane row, which sees t h e  v e r y  h o t  gases from t h e  combustor. Turb ine  endwal l  
r eg i ons  show ve ry  complex hea t  t r a n s f e r  p a t t e r n s ,  as i l l u s t r a t e d  i n  f i g u r e  14. 
These da ta  were acqu i red  by Hippenstee le  and Russe l l  (1988),  us i ng  l i q u i d  c rys -  
t a l  technology i n  a  l a r g e  p l e x i g l a s s  l i n e a r  cascade. F igure  14(a) i s  the  
ac tua l  l i q u i d  c r y s t a l  i so the rm  ( a l s o  i so -hea t  t r a n s f e r  c o e f f i c i e n t )  and f i g -  
u r e  14(b> i s  a  c o l o r  g raph i c  composite of  t he  da ta .  These con tours  suggest 
t h a t  t he  phenomenon i s  h i g h l y  three-d imensional  and w i l l  r e q u i r e  a  f u l l  th ree-  
dimensional  a n a l y s i s .  These da ta  and r e c e n t  d a t a  by Boy le  and Russe l l  (1988) 
show t h a t  t he  shape of  these contours  i s  s t r o n g l y  dependent on Reynolds number, 
which f u r t h e r  comp l i ca tes  t h e  problem. F u l l  three-d imensional  Navier-Stokes 
codes, such as one by  Chima (1988), i l l u s t r a t e d  i n  f i g u r e  15 a re  under develop- 
ment i n  many p laces .  They show good promise f o r  unders tand ing  these f l ows ,  b u t  
t o  da te  ve r y  few o f  them c a l c u l a t e  heat  t r a n s f e r  w i t h  much accuracy,  i f  a t  a l l .  

A l though f u l l  c l o s u r e  model ing i n  r o t a t i n g  machines r e q u i r e s  averag ing  i n  
severa l  t ime  frames, t h e r e  i s  s t i l l  an i m p o r t a n t  r o l e  f o r  " t u rbu lence  model ing" 
as most people  unders tand i t .  I n  o rde r  t o  p r o p e r l y  eva lua te  w a l l  r e l a t e d  phe- 
nomena, e i t h e r  heat  t r a n s f e r  o r  s k i n  f r i c t i o n ,  t h e  analyses must have a  p roper  
accoun t ing  f o r  t u rbu lence  e f f e c t s .  The f l o w s  i n  p r o p u l s i o n  systems a re  s u b j e c t  
t o  h i g h  l e v e l s  o f  f ree -s t ream tu rbu lence  and a r e  f r e q u e n t l y  a t  Reynolds numbers 
i n  t he  l a m i n a r - t u r b u l e n t  t r a n s i t i o n  r e g i o n .  Thus, t u rbu lence  and t r a n s i t i o n  
model ing go hand i n  hand i n  t u r b i n e  hea t  t r a n s f e r .  The t r a n s i t i o n  assoc ia ted  
w i t h  such f l o w s  i s  l a r g e l y  n o n l i n e a r  and i s  f r e q u e n t l y  r e f e r r e d  t o  as the  
"bypass" mode ( i . e . ,  bypass ing l i n e a r  s t a b i l i t y ) .  The mechanism o f  "bypass" 
t r a n s i t i o n  i s  n o t  w e l l  understood, making t he  use of tu rbu lence  models i n  t h i s  
r e g i o n  an educated guess. 

Turbulence models f o r  d e s c r i b i n g  t r a n s i t i o n  and used t o  p r e d i c t  t u r b i n e  
b lade hea t  t r a n s f e r  and f r i c t i o n  f a c t o r  have i n c l u d e d  zero-equat ion (m i x i ng  
l e n g t h ) ,  one-equat ion ( k i n e t i c  energy equa t i on  and a l g e b r a i c  l e n g t h  sca le )  and 
two-equat ion ( k  - e  equa t i ons ) .  Two-equation models do a  good j o b  o f  s imu la t -  
i n g  t he  t r a n s i t i o n  caused by the  t r a n s p o r t  o f  t u rbu lence  f r om the  f r e e  stream 
i n t o  t he  boundary l a y e r .  Rodi and Scheuerer (1985) and Schmidt and Patankar 
(1987) a re  examples o f  t h e i r  use. Typ i ca l  o f  these analyses,  they  do very  w e l l  
a g a i n s t  s tandard benchmark t e s t  da ta  such as shown i n  f i g u r e  16(a) ,  us i ng  t he  
da ta  o f  B l a i r  (1983).  However, as soon one moves c l ose  t o  t he  t u r b i n e  case, 
such as shown i n  f i g u r e  16(b) ,  us i ng  t he  da ta  o f  H y l t o n  e t  a l .  (1983>,  d i sc rep -  
anc ies beg in  t o  appear.  I n  a d d i t i o n  t o  a  genera l  l a c k  o f  knowledge o f  bypass 
t r a n s i t i o n ,  t h e r e  i s  a l s o  a  l a c k  o f  s u f f i c i e n t  i n f o r m a t i o n  on the  e f f e c t  o f  
cu r va tu re ,  roughness, p ressure  g r a d i e n t ,  e t c .  To produce t he  r e s u l t s  shown i n  
f i g u r e  16, Schmidt and Patankar (1987) determined t h a t  a  m o d i f i c a t i o n  was 
r e q u i r e d  i n  t he  k equa t i on  f o r  t he  t u r b u l e n t  p r o d u c t i o n  term v t (au lay )2 .  
Th i s  was m o d i f i e d  by a  model us i ng  exper imenta l  cons tan ts .  The p r o d u c t i o n  o f  



tu rbu lence  i n  t r a n s i t i o n  i s  a  key unknown. The two-equat ion model i s  sens i -  
t i v e  t o  t he  i n i t i a l  s t a r t i n g  p r o f i l e s  ( k  and e l .  A l l  t h i s  suggests t h a t  
two-equat ion models "mimic" a  t r a n s i t i o n  process;  t hey  do n o t  c o n t a i n  t he  
phys ics .  

V a n c o i l l i e  and D i c k  (1988) s t a t e  t h a t  t h e  reason conven t iona l  t u rbu lence  
models f a i l  t o  g i v e  a  good d e s c r i p t i o n  of t r a n s i t i o n a l  boundary l a y e r s  i s  t h a t  
i n t e r m i t t e n t  f l o w  cannot be modeled by g l o b a l  t ime  averages. They use condi -  
t i o n e d  c o n t i n u i t y ,  momentum, and tu rbu lence  equa t ions  t o  desc r i be  t he  i n t e r m i t -  
t e n t  f l o w  i n  t r a n s i t i o n .  The t r a n s i t i o n  r e g i o n  i s  w e l l  p r e d i c t e d ;  however, a  
knowledge o f  t h e  t r a n s i t i o n  l e n g t h  i s  r e q u i r e d .  There i s  a  need t o  con t inue  
t he  search f o r  t u rbu lence  models more a p p l i c a b l e  t o  bypass t r a n s i t i o n  f o r  use 
i n  p r e d i c t i v e  codes. 

An area o f  spec ia l  concern i n  t u r b i n e  h o t  s e c t i o n  hea t  t r a n s f e r  i s  f i l m  
c o o l i n g .  F i l m  c o o l i n g  i s  n o t  con f i ned  t o  t u r b i n e s .  I t  i s  a l s o  impo r tan t  i n  
combustors, augmentors, and nozz les .  F i l m  c o o l i n g  i s  t he  p r ima ry  method 
whereby t u r b i n e  engine h o t  s e c t i o n  p a r t s  a r e  p r o t e c t e d  from t h e  h o s t i l e  thermal 
environment.  Every manufac tu re r  has an aggress ive  program i n  t h i s  area.  F i l m  
c o o l i n g  des ign  methods a r e  b u i l t  l a r g e l y  on an e m p i r i c a l  base w i t h  c o r r e l a t i o n s  
based l a r g e l y  on ve ry  s p e c i f i c  exper iments  f o r  bo th  h o l e  shape and p o s i t i o n  
p a t t e r n .  Th is  i s  n o t  t o  say t h a t  t h e r e  a re  n o t  any ve ry  f i n e  genera l  da tase ts  
i n  the  l i t e r a t u r e ;  t h e r e  a r e .  One r a t h e r  ex tens i ve ,  and q u i t e  r e a l i s t i c ,  s e t  
was generated by A l l i s o n  Gas Turb ine  under t h e  NASA HOST P r o j e c t .  (See Gladden 
and Simoneau (19881 f o r  a  d e s c r i p t i o n  o f  t h e  HOST Turb ine  .Heat T rans fe r  pro- 
gram.) A sample o f  these da ta ,  r e p o r t e d  b y  H y l t o n  e t  a l .  (1983, 19881, i s  
shown i n  f i g u r e  17. The f i g u r e  shows a p rog ress i on  f r om no f i l m  c o o l i n g ,  t o  
c o o l i n g  i n  t he  l e a d i n g  edge r e g i o n  o n l y ,  t o ,  f i n a l l y ,  f i l m  c o o l i n g  ove r  a  major  
p a r t  o f  t h e  a i r f o i l .  I t  i s  c l e a r  f r om  these t h a t  t o  g e t  optimum e f f e c t  
r e q u i r e s  cons iderab le  t a i l o r i n g ,  something hard  t o  do a p r i o r i  f r om  a n a l y s i s .  
Some a n a l y t i c  progress has been made by m o d i f y i n g  boundary- layer  codes, as i s  
a l s o  shown on f i g u r e  17, b u t  these a re  h i g h l y  s e n s i t i v e  t o  exper imenta l  i n p u t .  
Th is  i s  a  c r i t i c a l  hea t  t r a n s f e r  a rea  t h a t  c r i e s  o u t  f o r  a  s o l i d  a n a l y t i c  
base. There a re ,  o f  course,  many f i n e  e f f o r t s  a t  e s t a b l i s h i n g  a s o l i d  base. 
The work o f  Simon e t  a l .  (1985, 1986) i s  b u t  one example. F i l m  c o o l i n g  i s  
e s p e c i a l l y  unique f r om an a n a l y t i c  pe rspec t i ve .  I t  i s  a  h i g h l y  l o c a l i z e d  phe- 
nomenon t h a t  must be i n t e g r a t e d  i n t o  a  g l o b a l  f l ow code, t h a t  a l r e a d y  has more 
than i t  can handle .  I t  i s  b o t h  an i n t e r n a l - a n d  e x t e r n a l  f l o w  problem, r e l a t i v e  
t o  the  b lade .  The c o o l a n t  f l o w  a f f e c t s  n o t  o n l y  hea t  t r a n s f e r  b u t  a l s o  t he  
aerodynamic and thermodynamic performance o f  the  machine. The a b i l i t y  t o  e f f i -  
c i e n t l y  and e f f e c t i v e l y  f i l m  coo l  t u r b i n e  b lades con t inues  t o  be an impo r tan t  
technology i n  t h e  push t o  i nc rease  engine performance. 

Whi le space does n o t  a l l o w  any in-depth t r ea tmen t  o f  heat  t r a n s f e r  i n  t h e  
i n t e r n a l  passages o f  t u r b i n e  a i r f o i l s ,  a  few remarks a re  i n  o r d e r .  F i r s t ,  t h e  
f l o w  and heat  t r a n s f e r  i s  v e r y  complex. A modern t u r b i n e  a i r f o i l  has complex 
se rpen t ine  f l o w  passages w i t h  r i b s  on the  w a l l s ,  impingement j e t s ,  p i n  f i n s ,  
and o f  course, f i l m  c o o l i n g .  There u s u a l l y  severa l  f l o w  s p l i t s  w i t h i n  t he  a i r -  
f o i l ,  as w e l l  as t he  f l o w  outward by f i l m  c o o l i n g .  The passages a re  a l l  s h o r t  
and thus can be cons idered  en t rance  r e g i o n s .  They a re  s u b j e c t  t o  r o t a t i o n  and, 
consequent ly ,  s t r o n g  buoyancy f o r c e s  and c o r i o l i s  f o r c e s .  The s ta te -o f - the -  
a r t ,  as w i t h  f i l m  c o o l i n g ,  i s  a  heavy e m p i r i c a l  base b u i l t  on s p e c i f i c  con f i gu -  
r a t i o n s  unique and p r o p r i e t a r y  t o  the  engine manufacturers .  The f l o w s  a re  
fundamenta l l y  e l l i p t i c  and thus r e q u i r e  ve r y  l a r g e  computer memories t o  deal 



w i  t h  these complex shapes. The a rea  o f  t u r b i n e  i n t e r n a l  passage hea t  t r a n s f e r  
r e l i e s  h e a v i l y  on c o r r e l a t i o n s  and w i l l  f o r  sometime t o  come. One p a r t i c u l a r l y  
n i c e  gener i c  e f f o r t ,  aga in  done under HOST, (see Gladden and Simoneau (1988>>,  
i s  research  on i n t e r n a l  passages w i t h  and w i t h o u t  t u r b u l a t i n g  r i b s  and s u b j e c t  
t o  r o t a t i o n ,  which was done a t  P r a t t  & Wh i tney lUn i ted  Technologies Research 
Center and i s  i l l u s t r a t e d  i n  f i g u r e  18. The comp lex i t y  i s  obv ious .  P a r t i c u -  
l a r l y  remarkable i s  t h e  v a r i a t i o n  f r om  one su r f ace  t o  t he  o t h e r  i n  t h e  same 
passage. The heat  t r a n s f e r  can go f r om an augmentat ion o f  a  f a c t o r  o f  t h r e e  on 
one w a l l  t o  no augmentat ion on t h e  o p p o s i t e  w a l l .  Data and c o r r e l a t i o n s  such 
as these a re  ve r y  va l uab le  i n  t he  hea t  t r a n s f e r  des ign.  

Because ou r  heat  t r a n s f e r  a n a l y s i s  c a p a b i l i t y  i s  s t i l l  q u i t e  i m p e r f e c t  and 
h e a v i l y  r e l i a n t  on c o r r e l a t i o n  and e m p i r i c a l  da ta ,  exper imenta t ion  remains ve r y  
impo r tan t .  Most o f  t he  above r e s u l t s  a r e  f r om  l a b o r a t o r y  s i m u l a t i o n s ,  a l b e i t  
sometimes ve ry  r e a l i s t i c .  Des igners  a re  always seek ing da ta  f rom " r e a l  eng ine"  
environments.  For hea t  t r a n s f e r  t h i s  i s  q u i t e  a  cha l lenge .  I t  was a  major  
a c t i v i t y  under HOST, as descr ibed  by Englund and Seashol tz  (1988).  Develop ing 
such i n s t r u m e n t a t i o n  and, then,  s u c c e s s f u l l y  us i ng  i t  i s  ve ry  impo r tan t  t o  
e s t a b l i s h i n g  a  r e l i a b l e  l i n k  between t h e  l a b o r a t o r y  and t he  r e a l  wo r l d .  One 
such example i s  r e p o r t e d  by Gladden and P r o c t o r  (1985) and shown i n  f i g u r e  19. 
I n  a  r e a l  eng ine environment cascade t h e  f ue l  f l ow t o  t he  combustor was cyc l ed  
over  a  200 K v a r i a t i o n  a t  a  1500 K mean. Th is  f l u c t u a t i o n  was measured w i t h  a  
dual  element dynamic gas temperature probe developed by Elmore e t  a l .  (1984) 
f o r  HOST. The r e s u l t i n g  i n f l u e n c e  on t h e  t u r b i n e  vane was measured w i t h  t h i n  
f i l m  thermocouples and t r a n s l a t e d  i n t o  hea t  f l u x  by a  dynamic conduc t ion  analy-  
s i s .  The u n c e r t a i n t y  bands a re  q u i t e  h i g h  a t  t h i s  p o i n t  b u t  the  system shows 
r e a l  promise and research  i s  c o n t i n u i n g .  Another example a re  r e a l  t ime ,  a c t u a l  
engine t u r b i n e  b lade temperatures measured by P r a t t  & Whitney (Prz i rembe l  
(1988))  w i t h  a  scanning i n f e rome te r  and computer system and shown i n  f i g u r e  20. 
These da ta  a re  r a t e d  accura te  t o  10 K i n  an engine o p e r a t i n g  nom ina l l y  a t  
1700 K. 

A ve r y  spec ia l  area, looming on t h e  immediate h o r i z o n  f o r  t u r b i n e  engine 
h o t  sec t i ons ,  i s  t he  cha l lenge  o f  new m a t e r i a l s  - t h e  metal  m a t r i x  and ceramic 
m a t r i x  composi tes.  The composi tes o f f e r  t h e  h i g h l y  d e s i r a b l e  f e a t u r e s  o f  l i g h t  
we igh t ,  h i g h  s t r eng th ,  and, e s p e c i a l l y  impo r tan t  f o r  t he  h o t  s e c t i o n ,  h i ghe r  
m e l t i n g  p o i n t s .  We r e a l l y  have j u s t  begun t o  t h i n k  o f  the  hea t  t r a n s f e r  prob- 
lems. One example w i l l  be d iscussed i n  t h e  s e c t i o n  on HYPERSONICS. For now 
j u s t  a  couple  o f  remarks a re  i n  o r d e r .  The e a r l y  g r e a t  hope was uncooled 
ceramic m a t r i x  composite o r  ca rbon lca rbon  h o t  p a r t s .  The ques t i on  becomes what 
i f  these new m a t e r i a l s  need t o  be a c t i v e l y  coo led? What do we know o f  t he  hea t  
t r a n s f e r  o f  composi tes? For example, a  good composite has an " i m p e r f e c t "  bond 
between the  f i b e r  and t h e  m a t r i x .  The bond must be good enough t o  t r a n s f e r  t h e  
l oad  among t he  f i b e r s  y e t  so n o t  good t h a t  i t  breaks t h e  f i b e r s .  The thermo- 
phys i ca l  behav io r  o f  such a  system i s  p r e s e n t l y  unknown. The heat  t r a n s f e r  o f  
h i g h  temperature composites i s  a  new h o r i z o n .  

I n  summary, t he  t u r b i n e  engine remains the  backbone o f  subsonic /supersonic  
f l i g h t .  I n  o r d e r  t o  ach ieve i t s  maximum p o t e n t i a l ,  des igners  a re  pushing t he  
h o t  s e c t i o n  t o  h i ghe r  and h i ghe r  temperatures - approaching s t o i c h i o m e t r i c .  
Th i s  represen ts  a  major cha l lenge  t o  hea t  t r a n s f e r  eng ineers .  The computa- 
t i o n a l  and exper imenta l  t o o l s  a v a i l a b l e  today  a re  t r u l y  impress ive .  The a b i l -  
i t y  t o  compute f l o w s  th rough  t he  engine gas pa th  i s  growing s t e a d i l y ;  however, 
t h e  a b i l i t y  t o  compute t he  hea t  t r a n s f e r  - a  w a l l  phenomenon - i s  n o t  so 



impress ive.  Turbulence model ing i n  these environments has a l o n g  way t o  go. 
Furthermore, t h e  key hea t  t r a n s f e r  component, t he  t u r b i n e ,  i s  fundamenta l l y  
unsteady and t h e  ques t i ons  of t ime  r e s o l u t i o n ,  t ime  averag ing  and t h e  r e s u l t -  
i n g  c l osu re  model ing need much work. Much o f  t he  work, such as f i l m  c o o l i n g  
and i n t e r n a l  passages, i s  h i g h l y  e m p i r i c a l  and c o n f i g u r a t i o n  s p e c i f i c .  L i nk -  
i n g  the  l a b o r a t o r y  t o  t he  r e a l  engine remains a  major  cha l lenge  and t h e  advent 
o f  new composite m a t e r i a l s  opens even newer ho r i zons .  

SPACE PROPULSION 

Space p r o p u l s i o n  i s  by r o c k e t .  Rocket p r o p u l s i o n  i s  u s u a l l y  subd iv ided  
i n t o  l i q u i d  and s o l i d .  With s t a b l e  b i nde rs  s o l i d s  a re  s t o r a b l e ,  immediate 
response, g e n e r a l l y  r e l i a b l e ,  b u t  low I s p .  Some l i q u i d  p r o p e l l a n t s ,  such as 
hydraz ine ,  a re  cons idered s t o r a b l e ,  o t h e r s ,  such as hydrogenloxygen, a re  no t .  
Most t ransatmospher i  c l space  and n e a r l y  a1 1 space m i  ss ions  r e l y  on LH2-LOX 
because o f  i t s  h i g h  performance ( I s p ) .  T h i s  p resen ts  s to rage  problems on and 
near t he  v i c i n i t y  o f  t he  launch pad, and i n  space, p a r t i c u l a r l y  f o r  l u n a r  and 
p l a n e t a r y  miss ions,  which w i l l  be d iscussed l a t e r .  

Much o f  NASA's c u r r e n t  e f f o r t  i n  l i q u i d  r o c k e t r y  i s  d i r e c t e d  a t  t he  Space 
S h u t t l e  Main Engine (SSME). Conceived as an o f f  t he  s h e l f  assembly, t he  per-  
formance demands exceeded a l l  known eng inee r i ng  des igns and SSME has performed 
we1 1.  U n f o r t u n a t e l y ,  t h i  s  o f t e n  l e a d  t o  premature component f a i l u r e s .  Encap- 
s u l a t e d  by a  7.5 f t  d iameter  by 14 f t  l ong  c y l i n d e r ,  t h i s  r o c k e t  engine a t  f u l l  
power produces over  500 000 l b  t h r u s t  w i t h  a  performance I s p  = 452.9 sec a t  
a l t i t u d e .  Fu r t he r  t he  system can be t h r o t t l e d  t o  65 pe rcen t ,  i s  capable o f  
m u l t i p l e  s t a r t s  and weighs i n  a t  7004 l b .  Compare i t  to  an atmospher ic p ropu l -  
s i o n  system, a t  50 000 l b  t h r u s t ,  which m igh t  be about t h e  same s i z e  and 
we igh t .  The heat  t r a n s f e r  engineers  knowledge must span cryogens t o  combustion 
gases w i t h  a l l  t he  a t t e n d a n t  regimes assoc ia ted  w i t h  s t a r t u p  and shutdown t r a n -  
s i e n t s  and thermophys ica l  p r o p e r t y  v a r i a t i o n s .  The engineer  cou ld  e a s i l y  spend 
severa l  l i f e t i m e s  and s t i l l  n o t  unders tand t h e  problems. The SSME powerhead, 
shown i n  c ross -sec t ion  i n  f i g u r e  21, and t h e  accompanying f l o w  schematic i n  
f i g u r e  22, a re  q u i t e  u s e f u l  toward unders tand ing  t he  p h y s i c a l  components and 
f l o w  paths.  

I t  i s  u s e f u l  t o  s t a r t  t h e  d i scuss ion  o f  t h i s  system w i t h  t he  o v e r a l l  one- 
dimensional  systems a n a l y s i s ,  and then  some d i v e r s e  hea t  t r a n s f e r  requi rements  
such as LOX-pump bear ings  and hea t  exchanger; fuel-pump preburner ;  i n j e c t o r ;  
and combustion chamber. Even though s o p h i s t i c a t e d  technology,  such as computa- 
t i o n a l  f l u i d  dynamics (CFD) and comprehensive exper imenta l  research ,  has been 
a p p l i e d  t o  the  components o f  j e t  and r o c k e t  p r o p u l s i o n  systems, d e t a i l s  o f  
t h e i r  ope ra t i on ,  e s p e c i a l l y  as a  system, a r e  u n a v a i l a b l e ;  they  j u s t  work. 
These p ropu l s i on  systems, l i k e  many o t h e r s ,  a re  so complex, ( f i g s .  21 and 22) 
t h a t  even today no one model o r  assembly o f  models i s  a v a i l a b l e  t o  p r o v i d e  
d e t a i l e d  i n f o r m a t i o n  as t o  t h e i r  performance. For example, t h e  one- 
dimensional  SSME powerbalance models a re  used t o  desc r i be  what o the rw i se  can- 
n o t  y e t  be q u a n t i f i e d .  

The powerbalance models a re  lumped one-d imensional ly ,  p a r t i a l l y  e m p i r i c a l ,  
p a r t i a l l y  thermodynamic, and p a r t i a l l y  a n a l y t i c  models w i t h  severa l  b l a c k  boxes 
and a d j u s t a b l e  cons tan ts  t o  emulate engine performance. The e n t i r e  engine i s  
c o n t r o l l e d  by o n l y  two components, t he  o x i d i z e r  va lves  on the  p reburner  and 



f u e l  f l o w  meter ,  ( f i g s .  21 and 22).  Thus, f i x i n g  any one i t e m  o f  t h e  model p re -  
c i p i t a t e s  ad justments  th roughou t  t h i s  f i ne - t uned  engine.  F lowra tes ,  p ressures ,  
temperatures,  and i n  genera l  a l l  t h e  pumping requi rements  a re  f u n c t i o n s  o f  t he  
SSME system - y e t  a re  n o t  q u a n t i f i e d  excep t  th rough  t h e  powerbalance model. As 
t o  heat  t r a n s f e r  c o n s i d e r a t i o n s  i n  these systems models, e m p i r i c a l  lumped mod- 
e l i n g  i s  o f t e n  i n t r oduced  i n t o  more s o p h i s t i c a t e d  codes t o  p r o v i d e  i n s i g h t  t o  
t he  t r a n s p o r t  o f  energy b u t  t h a t  i s  as f a r  as i t  goes. U n f o r t u n a t e l y ,  ve r y  
l i t t l e  heat  t r a n s f e r  d e t a i l  can be p rov i ded  f r om these systems analyses t o  a  
turbopump manufacturer  as t o  t he  h o t  gas gene ra t i on  t o  d r i v e  t he  t u r b i n e  o r  the  
c ryogen ic  na tu re  o f  t h e  pump i n te r connec ted  by a  s h o r t  common s h a f t .  

Wi thout  q u a l i f i c a t i o n ,  t h e  SSME i s  a  ve r y  comp l i ca ted  hea t  exchanger. L e t  
us l ook  a t  some examples. Re fe r r i ng  t~ f i g u r e s  21 and 22, t h e  LOX pump c o o l i n g  
pa th  s t a r t s  by  pass ing  LOX th rough  a  h o l e  i n  t h e  cen te r  o f  t h e  i m p e l l e r  s h a f t .  
The low p ressure  LOX c i r c u l a t e s  a l ong  t h e  s h a f t  i n t o  t he  p reburner  gas d i s t r i -  
b u t i o n  dome. The p reburners  f o r  b o t h  t h e  f u e l  and o x i d i z e r  pump t u r b i n e s  a re  
o f  the  same des ign  as an i n t e r n a l  r o c k e t  engine w i t h  i n j e c t o r s  and combustors 
t h a t  a re  p r o t e c t e d  a g a i n s t  r a d i a l  and c i r c u m f e r e n t i a l  v i b r a t i o n  modes by ba f -  
f l e s .  Th is  i s  t u r n  p rov i des  a  p e r i o d i c  c i r c u m f e r e n t i a l  gas temperature d i s t r i -  
b u t i o n  o f  some 100 O F  d i f f e r e n c e  e n t e r i n g  the  t u r b i n e .  There i s  a l s o  a  r a d i a l  
temperature d i s t r i b u t i o n ,  as shown i n  computat ions by VanOverbeke and Claus 
(1986) ( f i g .  23 ) .  I t  shou ld  be no ted  s i m i l a r  problems occur  i n  b o t h  f u e l  and 
o x i d i z e r  pumps. Some LOX c o o l a n t  i s  b l e d  t o  coo l  t h e  t u r b i n e  bear ings  and 
sea ls .  Leakage down t h e  backs ide o f  t h e  i m p e l l e r  and through the  s h a f t  sea l  
coo ls  bo th  t h e  seal  and t h e  pump bea r i ng .  A complex CFD thermohydrau l i c  analy-  
s i s  o f  a  LOX b a l l l r a c e  i n t e r f a c e  ( f i g .  24) performed by Tam e t  a l .  (1987) 
i l l u s t r a t e s  t h a t  temperature d i f f e r e n c e s  cause severe c y c l i c  thermomechanical 
l oad ings  t h a t  e v e n t u a l l y  l ead  t o  b e a r i n g  f a i l u r e .  Coo lan t  a l s o  f l o w s  a long  t he  
t u r b i n e  d i s c  t o  the  b lade  r o o t s ,  and e v e n t u a l l y  en te r s  t he  exhaust stream t h a t  
en te r s  t he  LOX-GOX hea t  exchanger. I n  t h e  upper shroud r i n g ,  hydrogen en te r s  
v i a  o r i f i c e s  around t h e  upper r i n g  w i t h  a  m u l t i p l i c i t y  o f  connected tubes t h a t  
feeds c o o l a n t  t o  t h e  shroud t h a t  p r o t e c t s  the  pump hous ing f r om the  h o t  gas 
turnaround duc t ;  some dumps i n t o  t h e  chamber t h a t  coo l s  t he  shroud and eventu- 
a l l y  a l l  winds up i n  t he  exhaust  stream t o  the  LOX-GOX heat  exchanger 
( f i g .  25).  

The LOX-GOX hea t  exchanger c o n s i s t s  o f  a  s i n g l e  0.19 I D  tube b i f u r c a t e d  t o  
p rov i de  25.8 f t  o f  0.325 I D  316 SS c o i l e d  t u b i n g .  J o i n t  i n t e g r i t y  i s  c r i t i c a l .  
Whi le t he  exchanger leakage i s  ex t reme ly  low, t h e r e  a re  s a f e t y  concerns and a  
redes ign  i s  under c o n s i d e r a t i o n .  H igh p ressure  LOX en te r s  t h e  exchanger assem- 
b l y ,  i s  heated i n  c r o s s f l o w  by h i g h  p ressure ,  h i g h  temperature p reburner  
exhaust gases and e x i t s  i n t o  t he  GOX o u t l e t  man i f o l d .  Thermal c o n t r o l  i s  pro-  
v ided  th rough  a  bypass system t h a t  produces a  showerhead spray o f  LOX i n t o  t he  
man i f o l d .  The GOX produced i s  used f o r  t ank  p r e s s u r i z a t i o n  and t h e  pogo accu- 
mu la to r ,  see f l o w  schematic f i g u r e  22. Another major  concern i s  t h a t  t he  t u r -  
b i ne  exhaust gases c i r c u l a t i n g  th rough  t h e  exchanger do n o t  become low enough 
i n  temperature t o  f r e e z e  up o r  shed i c e  i n t o  t h e  t r a n s f e r  duc ts  and t he  i n j e c -  
t o r .  As a  r e s u l t ,  t h e  lower  t h r o t t l e  l i m i t  i s  65 pe rcen t .  

The main i n j e c t o r  i s  a l s o  q u i t e  a  complex hea t  exchanger, f i g u r e  26.  Baf- 
f l e s  a t t enua te  d i r e c t  gas f l o w s  f r o m  t h e  t r a n s f e r  man i f o l ds  t h a t  a r e  m a l d i s t r i -  
buted. Of t h e  t h r e e  h o t  gas duc ts  t o  t he  i n j e c t o r ,  the  o u t e r  two c a r r y  t he  



gases, w i t h  t h e  i n n e r  and l a r g e s t  duc t  v i r t u a l l y  f l ow less ;  maybe even backf low-  
i n g  ( f i g .  21).  F l u i d  hydrogen f r om the  r e g e n e r a t i v e l y  coo led combustion cham- 
ber  p rov ides  t he  en tha lpy  d rop  t o  d r i v e  t h e  p r ima ry  pump t u r b i n e  and coo ls  t he  
powerhead duc ts  and bowls;  i t  then f l o w s  i n t o  t h e  i n j e c t o r  between t h e  p r ima ry  
and secondary f ace  p l a t e s  ( f i g .  22). Hot hydrogen r i c h  gases f r om t h e  LOXIGOX 
exchanger and t he  f u e l  pump t u r b i n e s  exhaust a re  impinged o n t o  the  LOX pos ts  
t h a t  a re  p r o t e c t e d  a g a i n s t  v i b r a t i o n  by v o r t e x  shedding s p i r a l  t r i p s .  An 
a n a l y s i s  o f  t he  f l o w  over  t h e  LOX pos t s  i n  t he  main i n j e c t o r  was c a r r i e d  o u t  
by Rogers e t  a l .  (1986) a t  NASA Ames. I t  was d i r e c t e d  a t  unders tand ing  f o r c e d  
v i b r a t i o n  o f  t he  pos t s .  The complex f l ow  p a t t e r n s  a r e  i l l u s ' t r a t e d  i n  f i g -  
u r e  27. To da te  heat  t r a n s f e r  has n o t  been i nco rpo ra ted  i n t o  these analyses 
b u t  the  p o t e n t i a l  f o r  these codes f o r  c o n t r i b u t i n g  t o  t h e  heat  t r a n s f e r  ana ly -  
s i s  i s  q u i t e  impress ive .  These h o t  gases heat  t he  LOX which i s  f l o w i n g  f r om 
the  upper LOX plenum i n t o  t h e  combustion chamber. 

The main problem on t he  c o o l a n t  s i d e  o f  these hea t  exchangers i s  t he  t r e -  
mendous v a r i a t i o n  o f  thermophys ica l  p r o p e r t i e s ,  p a r t i c u l a r l y  t he  d e n s i t y .  
Hendr icks (1979, 1980) has shown t h a t  a  v a s t  a r r a y  o f  da ta  can be c o r r e l a t e d  
by r e l a t i n g  t h e  da ta  t o  t he  f l u i d  c o m p r e s s i b i l i t y  and by u s i n g  cor respond ing  
s t a t e s  t ype  concepts f r om  thermodynamics. An example o f  such a  c o r r e l a t i o n  
i s  shown i n  f i g u r e  28. S i m i l a r  t o  t he  s i t u a t i o n  w i t h  t h e  t u r b i n e  engine,  
which was d iscussed above, advanced computat iona l  t o o l s  a re  be ing  b rough t  t o  
bear on t he  gas pa th  f l o w s ,  w h i l e  t he  i n t e r n a l  passages s t i l l  r e l y  l a r g e l y  on 
c o r r e l a t i o n .  

The main combustion chamber i s  r e a l l y  a  combustor and nozz le  combinat ion 
( f i g .  21) .  I n  a d d i t i o n  t o  t he  severe c o o l i n g  requi rements  a t  t he  t h r o a t  and 
t he  c o n s t r a i n t  t h a t  Twal l  < I000  O F ,  t he  l i n e r  thermomechanical c y c l e  e x h i b i t s  
2.5 percen t  s t r a i n  ( w i t h  0.2 cons idered y i e l d )  i . e . ,  opera tes  i n  t h e  p l a s t i c  
zone. I t  must deform w i t h o u t  c r a c k i n g  o r  b u c k l i n g  d u r i n g  s t a r t u p  and run ,  and 
i t  must r e f o r m  upon shutdown w i t h o u t  f a i l u r e s .  Many s t r u c t u r a l  f a i l u r e s  a re  
i n s t i g a t e d  by the rmocyc l ing  components t h a t  a re  n o t  thermocompl iant .  Thermo- 
comp l ian t  systems deform w i t h  changes i n  temperature and f l o w  passages must 
conform t o  t ake  advantage of  su r f ace  a l t e r a t i o n s .  The s t r a i n s  i n t r oduced  by  
welds o r  r i g i d  su r faces  can be severe and g i v e  way t o  f a t i g u e  c r a c k i n g .  The 
t u r b i n e  i n l e t  shroud t h a t  d i v e r t s  hydrogen r i c h  combustor gas t o  t he  t u r b i n e  
cou ld  be r i g i d  o r  f a b r i c a t e d  o f  m a t e r i a l s  t h a t  deform t o  m i t i g a t e  thermal  
shock. Turb ine  b lade temperatures a re  l i m i t e d  by m a t e r i a l s  and coa t i ngs  a r e  
n o t  a l l  t h a t  thermocompl iant  o r  r e l i a b l e .  F a i l u r e s  a r e  most o f t e n  due t o  
excess ive compressive s t r e s s  t h a t  causes t h e  c o a t i n g  t o  spa11 o r  break f r e e .  

As w i t h  t he  t u r b i n e  engine,  h e a l t h  m o n i t o r i n g  i n  f l i g h t  and research  
i n s t r u m e n t a t i o n  o f  r o c k e t  p r o p u l s i o n  systems i s  ve r y  impo r tan t .  I n  a d d i t i o n  
t o  the  severe o p e r a t i n g  environmen-t an i ns t r umen t  f a i l u r e  o f f e r s  t h e  p o t e n t i a l  
f o r  opening a  pa th  between t he  oxygen and hydrogen. Thus, a  major  prob lem 
p lagu ing  des igners  and researchers  a l i k e  i s  sensor f a i l u r e .  

Space s torage and t r a n s f e r  o f  c ryogen ic  p r o p e l l a n t s  whether near the  
v i c i n i t y  o f  t he  launch pad, on t he  space s t a t i o n ,  and i n  p a r t i c u l a r  f o r  l u n a r  
and p l a n e t a r y  m iss ions ,  pose unusual hea t  t r a n s f e r  and m a t e r i a l s  problems. 
M iss ions  such as space s t a t i o n  and beyond w i l l  r e q u i r e  l a r g e  p r o p e l l a n t  s to rage  
depots and f o r  some miss ions  p r o p e l l a n t  p r o d u c t i o n  on t he  p l a n t s  o r  t h e i r  moons 
have been g i ven  ser ious  c o n s i d e r a t i o n .  For s u b c r i t i c a l  p r o p e l l a n t  s to rage  on 



Ear th  one u s u a l l y  knows where t he  l i q u i d  i s ;  b u t  i n  space ( o r  bases w i t h  micro-  
g r a v i t y )  p r o p e l l a n t  o r i e n t a t i o n  i s  a  se r i ous  concern.  I n  a d d i t i o n  heat  leaks  
f rom suppor t  s t r u c t u r e ,  f i t t i n g s ,  i n s u l a t i o n ,  and deg rada t i on  due t o  impalement 
o f  space d e b r i s  r ep resen t  cha l lenges  t o  l o n g  te rm s to rage  o f  cryogens i n  space. 
I n  m i c r o g r a v i t y ,  l o c a l  nonuni form sources o f  hea t  u s u a l l y  d i s t u r b  t h e  average 
v o i d l l i q u i d  f r a c t i o n  which, a long  w i t h  t he  energy o f  t h e  c o n t a i n e r  su r face ,  
determines how t h e  l i q u i d  w i l l  be d i s t r i b u t e d .  One cannot a f f o r d  t o  ven t  l i q -  
u i d ,  nor  p e r m i t  a  gaseous pocke t  t o  become over  heated pos ing  t he  t h r e a t  o f  
f l u i d  r o l l o v e r  caus ing a  sudden u n c o n t r o l l a b l e  r i s e  i n  p ressure .  I n  many cas- 
es separated f l u i d s  can be mixed by shaking, so one method o f  c o n t r o l l i n g  pro- 
p e l l a n t  d i s t r i b u t i o n  i s  t o  use smal l  t h r u s t e r s  t o  c r e a t e  pu lsed  s e t t l i n g ,  i . e . ,  
c rea te  a  smal l  g - f i e l d .  The cha l lenge  i s  t o  determine t he  p roper  f requency,  
ampl i tude,  and d u r a t i o n .  CFD r e s u l t s  by Hochste in  (1987) ( f i g .  29) i l l u s t r a t e  
p r o p e l l a n t  d i s t r i b u t i o n  response i n  a  t ank  sub jec ted  t o  0.008 g  a t  0.1 Hz f o r  
0 .1  sec d u r a t i o n .  P r o p e l l a n t  o r i e n t a t i o n  i s  necessary  i n  a  l ong  t e rm  storage 
regimen, b u t  more i m p o r t a n t l y  t o  m i c r o g r a v i t y  t r a n s f e r  o f  p r o p e l l a n t s  where i t  
i s  impor tan t  t o  t r a n s f e r  l i q u i d .  T rans fe r  can be a s s i s t e d  by f l u i d  r i f l i n g ,  
i . e . ,  us i ng  a  p o r t i o n  o f  t h e  a x i a l  momentum f o r  angu la r  momentum thereby  
o r i e n t i n g  t he  p r o p e l l a n t  and p e r m i t t i n g  i t s  l i g h t e r  components t o  go t o  a  
l i q u i f i e r l e x p a n d e r - h e a t  exchanger p r i o r  t o  ven t .  Bu t  v e n t i n g  i s  a  l a s t  r e s o r t .  

Most o f  t h e  above has been d i r e c t e d  a t  t he  low E a r t h  o r b i t  SSME; however, 
the  l ong  term goal  i s  t o  e x p l o r e  t he  f a r  r eg ions  o f  t h e  s o l a r  system. Over t he  
years ,  r e s u l t s  f o r  minimum o r b i t a l  t r a n s f e r  energ ies  a l ong  w i t h  p r o p u l s i o n  sys- 
tems as i on ,  a r c ,  and beaming have been s t u d i e d  and assessed. Minimum energy 
t r i p s  t o  Mars take  a  l o n g  t ime  (3  yea rs )  and u s u a l l y  i m p l i e s  a  nuc lea r  power 
source (0 .1  t o  1  MWe), and i o n  t h r u s t e r s  which have v e r y  low t h r u s t  b u t  h i g h  
performance ( I s p  t o  5000 a t  50 cm d iamete r ) .  They a r e  o f t e n  cons idered f o r  
i n t e r p l a n e t a r y  and e x t r a  s o l a r  a c t i v i t i e s .  Such an a p p l i c a t i o n  m igh t  be a  
cargo t r a n s f e r  v e h i c l e .  However, i f  m iss i on  t r a n s f e r  t imes a re  t o  be reasona- 
b l y  s h o r t  (months) then chemical  r o c k e t  p r o p u l s i o n  appears necessary.  

The r e t u r n  f r om  deep space o r  h i g h  Ea r t h  o r b i t  r e q u i r e s  some t ype  o f  slow- 
down o r  b rak i ng .  One approach i s  t o  use t he  atmosphere as a  brake, as shown i n  
f i g u r e  30. I n  t he  ae roass i s t ed  o r b i t a l  t r a n s f e r  v e h i c l e ,  t he  p r o p u l s i o n  system 
and the  v e h i c l e  must be combined t o  p r o v i d e  t r a n s f e r  from h ighe r  t o  lower 
o r b i t s .  I n  hypersonic  r e e n t r y ,  t he  forward body o f  t h e  v e h i c l e  becomes ve ry  
h o t .  I f  f l o w  about t he  body i s  n o t  s t a b l e ,  hea t  can be d i r e c t e d  i n t o  the  pay- 
load o r ,  even worse, an unscheduled r e e n t r y  can t ake  p l ace .  The s u b j e c t  o f  
aerodynamic h e a t i n g  w i l l  be d iscussed i n  t he  n e x t  s e c t i o n .  

I n  summary, t he  backbone o f  space p r o p u l s i o n  i s  t h e  chemical r o c k e t  
engine. I t  has numerous severe hea t  t r a n s f e r  problems. I n  genera l  the  hea t  
t r a n s f e r  and f l u i d  f l o w  techno logy  f o r  r o c k e t  p r o p u l s i o n  c u r r e n t l y  lags  t h a t  
f o r  t u r b i n e  engines. As w i t h  t u r b i n e  engines, t he  tendency i n  pe r f o rm ing  f l u i d  
f low and heat  t r a n s f e r  analyses i s  t o  use advanced CFD codes on t h e  gas p a t h  
s ide  and c o r r e l a t i o n s  on t he  coo lan t  s i de .  A key t o  advanc ing t he  heat  t r ans -  
f e r  technology w i l l  be deve lop ing  t he  a b i l i t y  t o  unders tand and p r e d i c t  c ryo-  
genic  f l u i d  behav io r  w i t h  t h e  same l e v e l  o f  s o p h i s t i c a t i o n  as i s  done w i t h  
gases. The Space S h u t t l e  was b u i l t  l a r g e l y  on 1960 's  techno logy .  That i s  a l l  
changing r a p i d l y .  The space s t a t i o n ,  t h e  C i v i l  Space Technology I n i t i a t i v e  
(CSTI) and t h e  Mars m i ss i on  ( P r o j e c t  P a t h f i n d e r )  a re  a l l  demanding advanced 
technology.  



HYPERSONICITRANSATMOSPHERIC PROPULSION 

The f l i g h t  regime of v e h i c l e s ,  such as t he  Na t i ona l  Aerospace Plane 
(NASP), which - w i l l  c a r r y  one f r om runway t o  o r b i t  i s  p a r t i c u l a r l y  e x c i t i n g ,  
because i t  i s  t h e  t r u e  mar r iage  between aero- and space- t o  f o rm  aerospace 
f l i g h t .  Several  ae rop ropu l s i on  concepts a r e  p o s s i b l e  f o r  t h e  t ransa tmospher i c  
f l i g h t  regime. These concepts cover a  range o f  o p e r a t i n g  cyc l es  f r o m  the  
t u r b o j e t l t u r b o f a n  t o  t he  r a m j e t l s c r a m j e t .  S ince t he  lower-speed f l i g h t  regime 
( t u r b o j e t / t u r b o f a n )  and t h e  upper end o f  t h e  f l i g h t  regime ( r o c k e t s )  have been 
d iscussed,  t h i s  s e c t i o n  w i l l  be concerned w i t h  t h e  i n t e r v e n i n g  regime ( i . e . ,  
hyperson ics ) .  The t r a n s i t i o n  from supersonic  t o  hyperson ic  f l i g h t  i s  somewhat 
i l l - d e f i n e d  b u t  i s  g e n e r a l l y  cons idered t o  occur  i n  t h e  Mach number range o f  4 
t o  6. Th i s  t r a n s i t i o n  does n o t  r ep resen t  p h y s i c a l  phenomena, such as t h a t  
which occurs  a t  Mach one, b u t  i s  more o f  a  conven ien t  r e fe rence .  The a i r t u r b o -  
r am je t ,  shown i n  f i g u r e  31, i s  capable o f  o p e r a t i o n  i n  t he  Mach number range o f  
0 t o  6. When combined w i t h  a  r o c k e t  t h i s  p r o p u l s i o n  system cou ld  conce i vab l y  
boost  the  v e h i c l e  t o  o r b i t a l  v e l o c i t y .  The i n c l u s i o n  o f  a  sc ramje t  ( f i g .  31) 
(supersonic  combust ion) can extend t h e  v e h i c l e  f l i g h t  Mach number range t o  
about 12 be fo re  i t  would be necessary t o  s w i t c h  t o  a  r o c k e t  t o  a t t a i n  o r b i t a l  
v e l o c i t y .  Th i s  s e c t i o n  w i l l  d i scuss  some o f  t h e  hea t  t r a n s f e r  cha l lenges  i n  
a c c e l e r a t i n g  f r om  supersonic  f l i g h t  t o  o r b i t a l  v e l o c i t y .  

Veh i c l e  f l i g h t  a t  hyperson ic  speeds p resen ts  s i g n i f i c a n t  hea t  t r a n s f e r  
cha l lenges  throughout  t he  p r o p u l s i o n  system and t he  a i r f r a m e  because o f  t he  
ve r y  h i g h  aerodynamic heat  loads encountered.  Local  s t a g n a t i o n  areas can expe- 
r i e n c e  hea t  f l u x  l e v e l s  exceeding 50 kL4/cm2. Heat f l u x  l e v e l s  up t o  10 kL4/cm2 
a re  common throughout  t he  p r o p u l s i o n  system. By n e c e s s i t y ,  t he  engine and t h e  
a i r f r a m e  a re  h i g h l y  i n t e g r a t e d .  Not o n l y  do they  share a  common s t r u c t u r e  a t  
t he  eng ine la i r f r ame  i n t e r f a c e  b u t  t h e  a i r f r a m e  a l s o  a c t s  as a  compression sur -  
f ace  f o r  the  i n l e t  and as an expansion su r f ace  f o r  t he  nozz le .  

A l i s t  o f  heat  t r a n s f e r  cha l lenges  f o r  h i g h  speed f l i g h t  i n c l udes :  v e r y  
h i g h  aerodynamic loads,  l a m i n a r - t u r b u l e n t  t r a n s i t i o n ,  shock lshock and shock1 
boundary l a y e r  i n t e r a c t i o n s ,  f i l m  c o o l i n g  and s k i n  f r i c t i o n  r e d u c t i o n ,  advanced 
composite m a t e r i a l s ,  combined t h e r m a l l s t r u c t u r a l  a n a l y s i s ,  r e a l  gas e f f e c t s  and 
w a l l  c a t a l y s i s ,  and thermal/management o f  t h e  i n t e g r a t e d  e n g i n e l a i r f r a m e  env i -  
ronment. These chal lenges p robab l y  l o o k  f a m i l i a r  s i nce  they  a re  major  i ssues  
common t o  any t ype  o f  advanced heat  engine,  i . e . ,  management o f  h i g h  heat  loads 
i n  o rde r  t o  m a i n t a i n  s t r u c t u r a l  l i f e  and i n t e g r i t y .  However, t h e r e  i s  an 
emphasis here on high-speed f l o w  phenomena such as shock i n t e r a c t i o n s  near a  
su r face ,  advanced m a t e r i a l  performance, and thermal management i n  an i n t e g r a t e d  
e n g i n e l a i r f r a m e  environment.  Th is  l i s t  i s  n o t  meant t o  be i n c l u s i v e  b u t  t o  
i l l u s t r a t e  t he  scope o f  t he  cha l lenge .  Each o f  these elements w i l l  be d i s -  
cussed i n  the  f o l l o w i n g  paragraphs. 

Knowing where t he  boundary l a y e r  t r a n s i t i o n  t o  t u rbu lence  begins and i t s  
e x t e n t  i s  j u s t  as impo r tan t  a t  hypersonic  f l i g h t  speeds as i t  i s  a t  subsonic 
speeds. The momentum Reynolds number a t  which t r a n s i t i o n  occurs  i s  shown i n  
f i g u r e  32 as a  f u n c t i o n  o f  t h e  f ree -s t ream Mach number. A " ru le-of - thumb" t h a t  
has been used i n  the  p a s t  i s  t h a t  t r a n s i t i o n  occurs  when ReIM = 300 (momentum 
th i ckness  Reynolds number over  Mach number) which i s  t he  upper curve i n  t h e  
f i g u r e .  Th is  approach i s  o b v i o u s l y  inadequate s i nce  most o f  t h e  exper imenta l  
da ta  show t h a t  the  boundary l a y e r  would t r a n s i t i o n  much f u r t h e r  upstream than  
t he  p r e d i c t e d  l o c a t i o n .  Model ing o f  t he  phys i cs  o f  t r a n s i t i o n  a re  r e q u i r e d  t o  



improve p r e d i c t i o n  c a p a b i l i t y .  Mack (1975) o f  JPL and Hefner and Bushnel l  
(1979) a t  t h e  NASA Langley have had some success on e x t e r n a l  a i r f o i l  su r faces  
w i t h  l i n e a r  s t a b i l i t y  t heo ry  and t h e  n - fac to r  approach. Demetriades e t  a l .  
(1980) o f  Montana S t a t e  U n i v e r s i t y  has at tempted t o  d e f i n e  a  s u f f i c i e n t  and 
necessary c o n d i t i o n  f o r  t r a n s i t i o n  w i t h  some success over  a  range o f  Mach num- 
bers and su r f ace  c o n d i t i o n s ,  e t c .  However, t he  p r e d i c t i o n  o f  boundary l a y e r  
t r a n s i t i o n  i n  i n t e r n a l  passages w i t h  supersonic  f l o w  i s  comp l i ca ted  by t he  
a d d i t i o n  o f  expansion and compression waves, weak shocks, e t c .  

Shock wave i n t e r a c t i o n  w i t h  t h e  boundary l a y e r  can have a  s i g n i f i c a n t  
e f fec t  on t he  l o c a l  aerodynamic h e a t i n g  o f  a  sur face.  The impact o f  an o b l i q u e  
shock i n t e r a c t i n g  w i t h  a  t u r b u l e n t  boundary l a y e r  i n  a  f ree -s t ream Mach number 
of 4  i s  shown i n  f i g u r e  33. These da ta  f r om  Hayashi e t  a l .  (1984) show a  sub- 
s t a n t i a l  i n c rease  i n  p ressu re  as w e l l  as t h e  hea t  t r a n s f e r  c o e f f i c i e n t .  I n  
a d d i t i o n ,  t he  measured hea t  t r a n s f e r  c o e f f i c i e n t  shows a  l o c a l  boundary l a y e r  
sepa ra t i on  and a  subsequent augmentat ion o f  about 3 : l .  A comparison o f  expe r i -  
mental da ta  f o r  a  normal shocklboundary l a y e r  i n t e r a c t i o n  and a  two-dimensional 
Navier-Stokes a n a l y s i s  i s  shown i n  f i g u r e  34. These da ta  were acqu i r ed  i n  t h e  
NASA Lewis 1 - f t  supersonic  tunne l  by means o f  l a s e r  anemometry. There i s  a  
good comparison o f  Mach number con tours  w i t h  t h e  a n a l y s i s  i n  t he  upstream por -  
t i o n  o f  t he  f l o w  f i e l d .  However, i n  t he  downstream r e g i o n  three-d imensional  
e f f e c t s  a re  s i g n i f i c a n t  and none of  t he  f l ow phys i cs  i s  adequate ly  represen ted .  
A n a l y t i c a l  model i ng and exper imenta l  v e r i f i c a t i o n  o f  t h i s  phenomena a re  c o n t i -  
nu ing.  However, t h e r e  i s  a  s i g n i f i c a n t  amount o f  c h a l l e n g i n g  work l e f t  t o  com- 
p l e t e  t h e  c u r r e n t  e f f o r t  and extend t he  r e s u l t s  t o  h i g h  en tha lpy  f l o w s .  

Another phenomena t h a t  occurs  i n  high-speed f l i g h t  i s  t h e  shock-on-shock 
i n t e r a c t i o n  t h a t  occurs  a t  an engine i n l e t  o r  s t r u t  l e a d i n g  edge as t h e  v e h i c l e  
acce le ra tes  through a  p a r t i c u l a r  Mach number r e g i o n .  The p h y s i c a l  phenomena i s  
reasonably  w e l l  unders tood and i s  dep i c t ed  i n  f i g u r e  35. S i x  c lasses  o f  i n t e r -  
a c t i o n  have been i d e n t i f i e d ,  however, t h e  most severe h e a t i n g  occurs  w i t h  t h e  
t ype  I V  i n t e r a c t i o n .  W ie t i ng  (1987) o f  t h e  NASA Langley has measured stagna- 
t i o n  p o i n t  hea t  t r a n s f e r  augmentat ion f a c t o r s  o f  up t o  10 : l  f o r  t he  t ype  I V  
i n t e r f e rence  h e a t i n g  phenomena. Recent d i scuss ions  w i t h  W ie t i ng  suggest these 
f a c t o r s  may approach 30:1 under c e r t a i n  c o n d i t i o n s .  A t y p i c a l  s c h l i e r e n  photo- 
graph o f  a  t ype  I V  i n t e r f e r e n c e  p a t t e r n  i s  shown i n  f i g u r e  36. Navier-Stokes 
a n a l y s i s  has been a b l e  t o  cap tu re  most o f  the  f l o w  phys ics  c h a r a c t e r i s t i c s  o f  
t h i s  phenomena, however, t h e  cha l lenge  i s  f i n d i n g  methods t o  reduce t he  hea t  
load  and/or  f i n d i n g  c o o l i n g  schemes t h a t  can t o l e r a t e  o r  accommodate these h i g h  
heat  loads .  These cou ld  be e i t h e r  a c t i v e  o r  pass ive  c o o l i n g  techn iques .  

Much research  was conducted i n  t he  1960 's  and e a r l y  1970 's  on f i l m  c o o l i n g  
i n  a  supersonic  f ree -s t ream env i ronment .  However, ve r y  l i t t l e  research  on f i l m  
c o o l i n g  has taken p l ace  s i n c e  t h a t  t ime p e r i o d .  F i g u r e  37 d e p i c t s  t h e  c u r r e n t  
s t a t u s  o f  supersonic  f i l m  c o o l i n g .  Depending on t he  d a t a s e t l c o r r e l a t i o n  used, 
s u b s t a n t i a l  d i f f e r e n c e s  i n  e f f e c t i v e n e s s  (and s k i n  f r i c t i o n  r e d u c t i o n )  w i l l  be 
p r e d i c t e d .  These d i f f e r e n c e s  may be a t t r i b u t e d  t o  v a r i a t i o n s  i n  t e s t  f a c i l i -  
t i e s ,  however, unders tand ing  t he  phys i cs  and adequa te ly  r e p r e s e n t i n g  t h a t  
phys ics  i n  t h e  a n a l y t i c a l  model i s  a  major  d r i v e r .  I n  p a r t i c u l a r ,  p r o p e r l y  
model ing t he  shear l a y e r  m i x i n g  between t h e  f i l m  l a y e r  and t he  f r e e  stream 
cou ld  improve t he  p r e d i c t i o n  accuracy.  I n  p r a c t i c a l  a p p l i c a t i o n s ,  f i l m  c o o l i n g  
may be t h e  method o f  cho ice  t o  accommodate the  l a r g e  hea t  f l u x  augmentat ion 
t h a t  occurs  i n  a  shock-boundary l a y e r  i n t e r a c t i o n .  The cha l lenge  w i l l  be t o  



maintain the film integrity through a lotal boundary layer separation that may 
occur at this location. 

Heat pipes are a potential means of passively cooling structures exposed 
to high heat flux levels. These devices have been studied for several years to 
develop this technology and to understand their functional characteristics and 
their operating limits. Silverstein (1985) has shown (fig. 38) the heat flux 
limits of several substances. Lithium, operating at a high vapor pressure, 
could theoretically transport the high heat flux levels associated with shock- 
on-shock interference heating to a heat sink thereby protecting the structure 
and maintaining reasonable material temperatures. However, many questions 
remain regarding the fabricability and operability of the devices in a hostile 
environment. Material selection must be concerned about operating temperature 
1 imi ts, corrosion/erosion, ducti bi 1 i ty, etc. The successful operation of the 
heat pipe is dependent on its "dry-out" limits, the sonic velocity of the 
transport medium as shown in figure 38, and its ability to respond to transient 
phenomena. Although research is continuing on these devices at places such as 
Los Alamos National Lab, demonstrating this technology in a simulated high heat 
flux environment presents a challenge. 

The high heat flux encountered by the leading edge of a hypersonic vehicle 
in flight imposes severe demands on the materials and structures used for these 
applications. The aerodynamic heating, including the shock-on-shock discussed 
previously, at high flight Mach numbers creates the high heat flux with corre- 
sponding high surface temperatures which can exceed the melting point of con- 
ventional metallic and potential ceramic materials available for aerospace 
applications today. Not only must the high heating rates be tolerated but the 
distortions caused by thermal warping of the structure must be kept to a mini- 
mum to achieve high inlet performance. Consequently, there is a need to 
develop new materials incorporating activelpassive cooling schemes able to 
withstand these severe environmental and thermomechanical conditions. 

A combined analyti cal and experimental research effort has been i ni ti ated 
at NASA Lewis (Melis et al. (1988)) to assess the capability of actively1 
passively cooled structures to tolerate the high heating rates typical of 
hypersonic flight. In addition, materials technologies and fabrication tech- 
niques are being studied for applying advanced metal matrix and ceramic matrix 
composite technology to activelylpassively cooled structures. This program 
represents an interdisciplinary approach to focus the structures, fluids, mate- 
rials, design and instrumentation disciplines on the problem. This approach is 
represented by the flow diagram in figure 39. The final step in the loop is 
the experimental verification in the Hot Gas Test facility (shown in the upper 
right) which can provide heat flux levels up to 10 k ~ l c m ~  at the stagnation 
point. Earlier experiments on simpler shapes are reported by Melis et al. 
(1988) and indicate that the analytical and experimental tools being brought to 
bear on this problem will be most useful. 

Thermal management may we1 1 be the critical element in permitting flight 
at hypersonic speeds. The very large aerodynamic heating loads on both the 
engine and airframe must be dealt with, if the vehicle is to survive. The mag- 
nitude of the problem is indicated in figure 40, taken from Anderson et al. 
(1987) which shows that at Mach 10 flight velocity, 80 percent of the heat 
capacity of flowing fuel heat is needed for thermal management. This assumes a 
cryogenic fuel, such as hydrogen, is being used. In addition, there must be a 



b a l a n c e  between t h e  h e a t  gene ra ted ,  t h e  h e a t  absorbed,  t h e  f u e l  r e q u i r e d  for  
p r o p u l s i o n ,  and t h e  f u e l  r e q u i r e d  t o  o p e r a t e  a u x i l i a r y  equipment i n  o r d e r  t o  
g e t  c l o s u r e  o n  t h e  prob lem.  The u n c e r t a i n t y  g e n e r a l l y  a s s o c i a t e d  w i t h  h e a t  
t r a n s f e r  (*I0 t o  20 p e r c e n t )  i s  a  c h a l l e n g e  t o  t h e  d e s i g n e r  i n  t r y i n g  t o  g e t  
t h i s  c l o s u r e .  These u n c e r t a i n t y  l e v e l s  r e p r e s e n t  a  s i g n i f i c a n t  i n c r e a s e  i n  
f u e l  r e q u i r e m e n t s  to  s a t i s f y  t h e  h e a t  s i n k  r e q u i r e m e n t s  and wou ld  have a  s e r i -  
ous impac t  o n  t h e  p a y l o a d  c a p a b i l i t y  o f  t h e  v e h i c l e .  

I n  summary, t h e  t r a n s a t m o s p h e r i c  f l i g h t  enve lope  w i l l  p r o b a b l y  r e q u i r e  a  
h y b r i d  eng ine  c o m b i n a t i o n .  I n  t h e  l ow  h y p e r s o n i c  reg ime  t h e  a i r t u r b o r a m j e t  i s  
a  c a n d i d a t e ,  b u t  f o r  most  o f  t h e  h y p e r s o n i c  reg ime  t h e  s c r a m j e t  i s  t h e  backbone 
p r o p u l s i o n  system. Fo r  h e a t  t r a n s f e r  e n g i n e e r s  t h e  i n t e r e s t i n g  f e a t u r e  i n  t h i s  
reg ime ,  wh ich  i s  d i f f e r e n t  f rom t h e  two ex t remes a l r e a d y  d i s c u s s e d ,  i s  t h a t  i t  
i s  a l m o s t  i m p o s s i b l e  t o  s h a r p l y  d i v i d e  where t h e  a i r f r a m e  l e t s  o f f  and t h e  
eng ine  b e g i n s .  The h e a t  t r a n s f e r  p rob lems a r e  v e r y  s i m i l a r ,  whether  one i s  
t a l k i n g  abou t  t h e  e n g i n e  o r  t h e  a i r f r a m e .  Thus, t h e  r e a d e r  w i l l  n o t e  t h a t  
t h e r e  was v e r y  l i t t l e  eng ine  s p e c i f i c  d i s c u s s i o n  i n  t h i s  s e c t i o n  i n  c o n t r a s t  
t o  t h e  p r e v i o u s  s e c t i o n s .  P r i o r  t o  NASP, h y p e r s o n i c s  had been on  a  15 y e a r  
h i a t u s .  The work shown h e r e  i s  r a t h e r  p r e l i m i n a r y ,  b u t  i t  i s  mov ing f a s t .  

Two a d d i t i o n a l  p o i n t s  s h o u l d  be emphasized.  P rog ress  i n  t h i s  f l i g h t  
reg ime  i s  h i g h l y  dependent  o n  t h e  c o m p u t a t i o n a l  power o f  advanced computers  and 
an a b i l i t y  to  a n a l y t i c a l l y  model p rob lems and s o l v e  Nav ie r -S tokes  e q u a t i o n s  
w i t h  t h e  ene rgy  e q u a t i o n  and r e a l - g a s  e f f e c t s  ( h i g h  t e m p e r a t u r e ,  r e a c t i n g  
f l o w s ,  e t c . ) .  The s t a t u s  o f  CFD f o r  h y p e r s o n i c s  i s  d i s c u s s e d  i n  a  r e c e n t  
a r t i c l e  by  Dwoyer e t  a l .  ( 1987 ) .  F i n a l l y ,  e x p e r i m e n t a l  v e r i f i c a t i o n  o f  t h e s e  
models i s  g e n e r a l l y  l i m i t e d  t o  t h e  l o w e r  end o f  t h e  f l i g h t  reg ime .  V e r i f i c a -  
t i o n  o f  t h e  h i g h e r  f l i g h t  Mach numbers i s  dependent  on  p r o t o t y p e  v e h i c l e s .  

CONCLUDING REMARKS 

I n  t h i s  v e r y  b r i e f  r e v i e w  o f  h e a t  t r a n s f e r  i n  aerospace p r o p u l s i o n  we have 
seen a reas  o f  commonal i ty  and a reas  of d i f f e r e n c e .  I n  t h e  s u b s o n i c / s u p e r s o n i c  
p r o p u l s i o n  a rena  t h e  p r i m a r y  p r o p u l s i o n  system, t h e  t u r b o j e t l t u r b o f a n  e n g i n e ,  
i s  a  v e r y  s o p h i s t i c a t e d  machine and some v e r y  advanced c o m p u t a t i o n a l  and exper -  
i m e n t a l  t o o l s  a r e  b e i n g  b r o u g h t  t o  bear  o n  a c h i e v i n g  an opt imum d e s i g n .  
Sparked by  t h e  advanced f l u i d  mechanics and s t r u c t u r a l  a n a l y s i s  c a p a b i l i t i e s  
and t h e  adven t  o f  e x c i t i n g  new m a t e r i a l s ,  t h e  i n d u s t r y  and government have l a i d  
down a  c h a l l e n g e  t o  doub le  t h e  per formance o f  t o d a y ' s  eng ine  by  t h e  t u r n  o f  t h e  
c e n t u r y .  The space program, on t h e  o t h e r  hand, has b u i l t  a  v e r y  s o p h i s t i c a t e d  
power p l a n t  l a r g e l y  on  an e m p i r i c a l  base.  The p r e s e n t  r e v i t a l i z a t i o n  o f  t h e  
space program i s  c a l l i n g  f o r  a  s i g n i f i c a n t  advancement i n  t h e  t e c h n o l o g i c a l  
t o o l s  used t o  d e s i g n  and b u i l d  space p r o p u l s i o n  sys tems.  F i n a l l y ,  i n  a  new-old 
a rea ,  h y p e r s o n i c s ,  a  b r e a k t h r o u g h  demanding t e c h n o l o g y  o f  15 y e a r s  ago i s  b e i n g  
r e s u r r e c t e d  and combined w i t h  new advances t o  b r i n g  t o  r e a l i t y  t h e  t r u e  aero-  
space v e h i c l e ,  t h e  t r a n s a t m o s p h e r i c  v e h i c l e .  

I n  a l l  o f  these  areas  t h e  goa l  i s  t o  c o n c e n t r a t e  more and more ene rgy  i n t o  
a  s m a l l e r  and s m a l l e r  enve lope ,  p l a c i n g  e v e r  i n c r e a s i n g  demands on t h e  knowl -  
edge o f  h e a t  t r a n s f e r .  As a  g e n e r a l  r u l e  o f  thumb, t h e  h e a t  t r a n s f e r  p r o b l e m  
i s  h a r d e r  t o  s o l v e  t h a n  t h e  f l u i d  mechan ics ,  and t h e  a b i l i t y  t o  a c c u r a t e l y  
d e s c r i b e  t h e  h e a t  t r a n s f e r  s i g n i f i c a n t l y  l a g s  t h e  f l u i d  mechan ics .  



As t h e  ASME Heat Transfer  D i v i s i o n  e n t e r s  i t s  second h a l f  c e n t u r y ,  t h e  
f i e l d  o f  aerospace p r o p u l s i o n  o f fers  i t  a  c h a l l e n g e  w o r t h y  o f  i t s  h i s t o r y .  
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FIG. 1 HIGH MACH PROPULSION EARTH-TO-ORBIT MISSION SENARIO. 
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FIG. 2 PROPULSION OPTIONS IN THE HIGH MACH NUMBER FLIGHT ARENA. 



AND PRESSURE LIMITS 

0 2 4 6 8 10 

MACH NUMBER 

F I G .  3 OPERATING CORRIDOR FOR A I R  BREATHING PROPULSION 
OPTIONS I N  THE H I G H  MACH NUMBER F L I G H T  ARENA. 

F I G  . 4 CROSS-SECT I ON OF A CONCEPTUAL ULTRA-H I GH BY-PASS RAT I 0  ADVANCED C O M E R  I CAL TURBINE ENGINE 
OF THE FUTURE. 



FIG. 5 ARTIST'S VIEW OF A CONCEPTUAL ADVANCE .d 
MILITARY TURBINE ENGINE OF THE FUTURE. 

FIG. 6 DISTRIBUTION OF THE KINETIC ENERGY OF A ROTOR WAKE AS 
IT PROGRESSES THROUGH THE DOWNSTREAM STATOR PASSAGE (ONE FRAME 
FROM A DATA MOVIE). 
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FIG. 7 TIME-ACCURATE TWO-DIMENSIONAL NAVIER-STOKES CALCULATION 
OF THE MACH CONTOURS IN THE SSME FUEL PUMP TURBINE (3/2, BLADE- 
VANE COUNT). 

PHOTO OF A ROTOR BLADE INSTRUMENTED 
WITH THIN-FILM SENSORS 
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SHOWING THE PROGRESSION OF 
TRANSITION ALONG THE AIRFOIL 

FIG. 8 EFFECT OF WAKES ON LAMIMAR-TURBULENT TRANSITION IN A TURBINE STAGE. 
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(b)  PHASE-RESOLVED RNS (C 1 PHASE-RESOLVED HEAT 
FLOW UNSTEADINESS. TRANSFER (FROESSLING 

NUMBER. 1 . 
F I G .  9 ENSEMBLE AVERAGES OF FLOW UNSTEADINESS AND STAGNATION HEAT 

TRANSFER MEASURED I N  A ROTOR-WAKE SIMULATION RIG. 



LARGE SCALE ROTARING RIG 1-1/2 STAGE 
TURBINE CONFIGURATION FIRST VANE AND 
ROTOR CASE REMOVED 

HIGH REYNOLD'S NUMBER; 

r FIRST 

65-PERCENT GAP : Cx/U, = 0 . 7 8  

ROTOR 0 LOW TURB 
HIGH TURB 

.006  

F IG.  1 0  EFFECTS OF BOTH INLET TURBULENCE LEVELS AND ROTOR/STATOR ON TURBINE MID-SPAN AVERAGE HEAT TRANSFER. 
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(b) ANALYSIS. 

FIG. 11 RELATIVE TOTAL PRESSURE DISTRIBUTION AT FIRST STAGE 
ROTOR EXIT OF A LARGE LOW SPEED TURBINE. 



F I G .  12 COMPUTATION OF THE EVOLUTION OF' THE TOTAL TEMPERATURE 
F I E L D  WITH IN  THE SSME FUEL TURBINE BY THE AVERAGE PASSAGE 
METHOD. 

COMPUTATIONAL 

EXPERIMENTAL 
PATH CD-87-29000 

F I G  . 13 HIERARCHY OF EXPERIMENTAL AND COMPUTATIONAL TOOLS AVAILABLE FOR TURBONACH I NERY 
RESEARCH. 



(a EXPER I MENTAL LIQUID CRYSTAL I SO-THERM (ALSO I SO-HEAT TRANSFER COEFFICIENT . 

( b )  COPIPUTER BASED CONTOURS OF ENDWALL HEAT TRANSFER EXPERIMENTAL DISTRIBUTION. 

FIG. 14 HIGH-RESOLUTION TURBINE ENDWALL HEAT TRANSFER DATA, USING LIQUID CRYSTAL 
TECHM I QUES . 
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(b) FLOW VECTORS NEAR THE ENDWALL (y+ OF 3) .  

FIG.  15 TURBULENT THREE-DIMENSIONAL NAVIER-STOKES TURBINE FLOW 
CODE CALCULATIONS . 
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o GRID 2, Tu = 1.9% 
m GRID 1, Tu = 1.0% 

(a) FLAT PLATE SUBJECT TO MILD PRESSURE . 

GRAD I ENT . 
TURBULENCE = 6.5 PERCENT; EXIT MACH NUMBER = 0.90 

I J CALCULATED WITHOUT 
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(b)  SUCTION SURFACE OF HEATED VANE CASCADE. 

FIG. 16 COMPARISON OF A MODIFIED LOW REY- 
NOLDS NUMBER K-& TURBULENCE MODEL WITH EX- 
PERIMENTAL HEAT TRANSFER DATA. 
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( C )  FILM COOLING IN BOTH LEADING EDGE AND DOWNSTREAM. 

FIG. 17 FILM COOLING HEAT TRANSFER DATA IN A HEATED 
VANE CASCADE. INCLUDING SOME COMPARISONS WITH A HODI- 
FIED BOUNDARY LAYER ANALYSIS. 
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F IG.  18 THE EFFECTS OF ROTATION ON HEAT TRANSFER I N  MULTIPASS COOLANT PASSAGES 
WITH AND WITHOUT TURBULATORS ARE SHOWN FOR THE FIRST OUTWARD FLOWING LEG. 
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FIG. 20 TEMPERATURE DISTRIBUTION ON A ROTOR BLADE IN REAL 
OPERATING TURBINE ENGINE. USING A SCANNING OPT1 CAL PYRO- 
METER. 



FIG. 21 SSNE POWERHEAD CONPONENT ARRANGEMENT. 

FIG. 22 SSME PROPELLANT FLOW SCHEMATIC AT FULL POWER LEVEL. 
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FIG. 23 CALCULATION OF THE RADIAL TEMPERATURE DISTRIBUTION 
FLOWING FROM THE FUEL PUMP PREBURNER INTO THE TURBINE. 

WARM 

ARM SPOT 

FIG. 24 PERSPECTIVE VIEW OF A CALCULATION OF THE TEMPERATURE 
DISTRIBUTION WITHIN A BALL BEARING ELEMENT I N  THE LOX TURBO- 
PUMP. 



ANTI-FLOOD 
VALVE 

\ BYPASS LINE 

FIG.  25 LOX-GOX HEAT EXCHANGER FOR SSME OXIDIZER PUMP ASSEMBLY. 

F IG.  26 MAIN COMBUSTION CHAMBER INJECTOR FOR 
SSME ENGINE. 



F I G .  27 PARTICLE TRACES NEAR THE POST-PLATE JUNCTION FOR TWO 
ROWS OF POSTS I N  THE COMPUTATIONAL ANALYSIS OF THE LOX POST 
TYPE GEOMETERIES. 

# 
F I G .  28 CORRELATION OF HYDROGEN HEAT TRANSFER DATA I N  THE NEAR-CRITICAL REGION BY ACCOUNTING 

FOR STRONG DENSITY VARIATIONS. 
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VAPOR 7 r LIQUID 

F IG.  29 COMPUTATION OF CHANGING FLUID ORIENTATION I N  A PROPELLANT 
USING A SMALL PULSED FREQUENCY THRUSTOR ( 0 . 1  SEC DURATION AT 0 . 1  
Hz) .  

( a >  ARTIST'S SKETCH. 

( b EXPER IHENTAL CONFIGURATION BE I NG W I ND-TUNNEL TESTED. 

F IG.  30. AEROBRAKING OF AN ORBITAL TRANSFER VEHICLE. 



(a )  AIRTURBO RAHJETIROCKET. 

/- SUPERSONIC COMBUSTION 

(b) SCRAM JET. 

FIG. 3 1  CONCEPTUAL CROSS-SECTIONS OF POTENTIAL ENGINES FOR 
HYPERSONIC PROPULSION. 
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FIG. 32  BOUNDS ON BOUNDARY LAYER TRANSITION CRITERIA FOR HIGH 
MACH NUMBER FLIGHT. 



0 
( a )  PRESSURE DISTRIBUTION. 

(b HEAT TRANSFER COEFFICIENT DISTRIBUTION. 

FIG. 33 EFFECT OF AN OBLIQUE (20.2') SHOCK ON A 
SURFACE. 



ANALYSIS-20 NAVIER-STOKES 

MACH NO. 

r 

FLOW 

EXPERIMENT-U\SER ANEMOMETRY 

F I G .  34 COMPARISON OF ANALYSIS AND LDV MEASUREMENTS FOR A NORMAL 
SHOCK WAVE BOUNDARY LAYER INTERACTION. 
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SHOCK 
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TYPE 

F I G .  35 REGIONS OR CLASSES OF SHOCK-ON-SHOCK INTERFERENCES AND THEIR 
INFLUENCE ON PRESSURE AND HEAT TRANSFER. 



FIG. 36 SCHLIEREN PHOTOGRAPH OF A TYPE IV SHOCK-ON-SHOCK 
INTERFERENCE PATTERN. 



FIG. 37 RANGE OF SLOT FILM COOLING EFFECTIVENESS DATA 
FOR HIGH MACH NUMBER FLOW. 
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FIG.  3 8  THEORETICAL L IMITS FOR VARIOUS FLUIDS 
TO ACT AS A HIGH ENERGY HEAT REMOVAL MEDIUM 
I N  A HEAT PIPE.  



F I G . 39 I NTERDI SC IPL I NARY STRUCTURES, FLU IDS, MATERIALS, DESIGN, AND I NSTRUMENTATION 
RESEARCH METHODOLOGY FOR VERY H I GH TEMPERATURE, HIGH HEAT LOAD ENVIRONMENTS . 
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FIG. 40 PERCENT OF THE FLOWING FUEL NEEDED TO 
PROVIDE A HEAT SINK FOR ENGINE/VEHICLE HEAT 
LOADS. 
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