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SUMMARY 

H e a t - t r a n s f e r  d a t a  were  o b t a i n e d  on t h e  windward s u r f a c e  of the 
Manned S p a c e c r a f t  Cen te r  (MSC) o r b i t e r  f u s e l a g e  (wi thou t  wings) a t  a 
f r e e s t r e a m  Mach number of 7 .4  and a n g l e s  of a t t a c k  from 40' t o  70'. 
Heat ing  and t r a n s i t i o n  d a t a  have been compared w i t h  a p p r o p r i a t e  t h e o r i e s  
and c o r r e l a t i o n s ,  and some e f f e c t s  o f  s u r f a c e  roughness have been s i rnu la led ,  
Conclusions  of t h e  s t u d y  are: 1 )  Laminar h e a t i n g  is  p r e d i c t a b l e  by 
s imple ,  modif ied-swept-cyl inder  theory ;  2 )  I n i t i a l  boundary-layer t rans-  
i t i o n  c o r r e l a t i o n s  proposed f o r  t h e  s h u t t l e  a r e  somewhat c o n s e r v a t i v e  for 
t h e  p r e s e n t  d a t a ;  3) S u r f a c e  roughness was s u f f i c i e n t  t o  cause  premature  
t r a n s i t i o n  and l o c a l  i n c r e a s e s  of 20% i n  t r a n s i t i o n a l  and t u r b u l e n t  h e s t ~ n g  
r a t e s .  
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SYMBOLS 

c s p e c i f i c  h e a t  

h  w i r e  h e i g h t  

k  the rmal  c o n d u c t i v i t y  
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t t o t a l  c o n d i t i o n  

m f r e e s  t ream c o n d i t i o n  



INTRODUCTION 

The s u c c e s s f u l  d e s i g n  o f  t h e  s p a c e  s h u t t l e  t r a n s p o r t a t i o n  sysrem 
i s ,  i n  p a r t ,  c o n t i n g e n t  on p r o v i d i n g  a b road  d a t a  b a s e  from which t o  
e v a l u a t e  technology requ i rements  and c o n f i g u r a t i o n  concep t s .  S ince  
much of t h e  aerothermodynamic technology i s  based on emper ica l  t h e o r i e s  
o r  c o r r e l a t i o n s ,  t h e  need  f o r  e x p e r i m e n t a l  d a t a  is  p a r t i c u l a r l y  i m p o r t a n t ,  
Consequent ly ,  t h i s  i n v e s t i g a t i o n  was one of many under taken t o  p rov ide  
aerodynamic h e a t i n g  d a t a  on proposed s p a c e  s h u t t l e  c o n f i g u r a t i o n s ,  

I n  t h e  p r e s e n t  s t u d y  t h e  MSG o r b i t e r  f u s e l a g e  w i t h o u t  wings was 
0 

t e s t e d  a t  a f r e e s t r e a m  Mach number of 7.4 and a n g l e s  of a t t a c k  from 40 
t o  70'. The phase-change-paint t echn ique  was used t o  o b t a i n  h e a t i n g  
d a t a  on t h e  windward s u r f a c e .  The r e s u l t s  a r e  compared w i t h  t h e o r i e s  
f o r  p r e d i c t i n g  h e a t  t r a n s f e r  from laminar  and t u r b u l e n t  boundary 
l a y e r s  and t h e  l o c a t i o n  of boundary l a y e r  t r a n s i t i o n .  I n  a d d i t i o n ,  some 
e f f e c t s  of s u r f a c e  roughness on h e a t i n g  and t r a n s i t i o n  have been sim- 
u l a t e d .  

MODEL 

H e a t - t r a n s f e r  d a t a  were  o b t a i n e d  on t h e  windward s u r f a c e  o f  a O.CI-- 
s c a l e  model of t h e  Manned S p a c e c r a f t  Cen te r  (MSC) o r b i t e r  body ( f i g ,  11, 
The f u s e l a g e  l e n g t h  was 43.82 cm. , (17.25-in) . The o v e r a l l  l e n g t h ,  used 
t o  normal ize  a x i a l  d i s t a n c e s  and t o  de te rmine  model s c a l e ,  was 46 *69 cm. , 
(18.38-in).  The i n c l i n a t i o n  and ha l f -wid th  o f  t h e  bot tom s u r f a c e  are 
shown i n  f i g u r e  2. The c h i n e  r a d i u s  was 1.016 mrn (0.040-in).  

e model w a s  c a s t  w i t h  an  a luminum-f i l led  epoxy f o r  w i c h  7 441.5 jou les /mete r2-  ( s e c )  ' l 2 - O ~  (0.7 ~ t u / f t ~ -  (sec) '  2 - 0 ~ )  , 

This  v a l u e  was determined by a comparison of temperature-sensi t ive--pain: .  
h e a t i n g  d a t a  and t h e  thermocouple d a t a  of r e f e r e n c e  1. 

TEST PROCEDURE AND CONDITIONS 

The t e m p e r a t u r e - s e n s i t i v e - p a i n t  t e c h n i q u e  f o r  de te rmin ing  h e a t  e r a s -  
f e r  i s  d e s c r i b e d  i n  r e f e r e n c e  2.  B r i e f l y ,  i t  c o n s i s t s  of de te rmin ing  
t h e  h i s t o r y  and p o s i t i o n  of an i s o t h e r m  (photographing a m e l t  l i n e ) *  and 
w i t h  a knowledge o f  t h e  thermophysical  p r o p e r t i e s  ( $p-ck') of t h e  model. 
m a t e r i a l ,  deducing t h e  h e a t  t r a n s f e r .  

T e s t s  were  conducted i n  t h e  Ames 3 .5-foot  h y p e r s o n i c  wind t u n n e l  a t  
a f r e e s t r e a m  Mach number of 7.4. A l i s t  o f  t e s t  c o n d i t i o n s  is  g iven  i n  
Table  I. Nominal t o t a l  c o n d i t i o n s  were;  t empera tu re  7 2 2 O ~  ( 1 3 0 0 ~ ~ )  an$ 
p r e s s u r e ,  13.6  t o  81.6 a tmospheres .  The a n g l e s  of a t t a c k  were 40°, 50 , 

0 
60°, and 70 measured between t h e  wind v e c t o r  and t h e  s u r f a c e  o f  zero-degree 
i n c l i n a t i o n  ( f i g .  2 ) .  



h 
A number of tests was made i n  which s m a l l  ( - < 1 )  w i r e s  were p laced  

a c r o s s  t h e  windward s u r f a c e  of t h e  model t o  s i m u l a t e  t h e  e f f e c t s  of two- 
d imensional  p r o t u b e r a n c e s  on h e a t i n g  and t r a n s i t i o n .  The w i r e s  were 
0.079-mm (0.0031-in) i n  d iamete r  and were spaced a t  approximately  2.54-cm 
(l-in') i n t e r v a l s  a long  t h e  a x i s .  The w i r e  g r i d  was r e p l a c e d  a f t e r  
each run because  some of  t h e  wires would b reak .  As a r e s u l t ,  t h e  g r i d s  
a r e  n o t  l o c a t e d  e x a c t l y  t h e  same from run  t o  run  and f o r  a g iven  run a few 
w i r e s  may b e  miss ing .  

RESULTS AND DISCUSSION 

The b a s i c  d a t a  are p r e s e n t e d  i n  f i g u r e s  3 t o  10 a s  con tours  of G / c j c  

where 4 i s  t h e  c a l c u l a t e d  s t a g n a t i o n - p o i n t  h e a t i n g  r a t e  on a r e f e r e n c e  
S 

hemisphere w i t h  a r a d i u s  o f  0.305 cm (0 .120- in)  (Table  I ) .  Each f i g u r e  
i s  f o r  a s p e c i f i c  a n g l e  of a t t a c k  and c o n s i s t s  of d a t a  a t  v a r i o u s  
Reynolds numbers. Although d a t a  are p r e s e n t e d  f o r  t h e  e n t i r e  windward 
s u r f a c e ,  on ly  c e n t e r l i n e  r e s u l t s  w i l l  b e  ana lyzed  i n  d e t a i l .  Laminar- 
h e a t i n g  p r e d i c t i o n s  were made u s i n g  i n f i n i t e  swept-cyl inder  t h e o r y  
w i t h  t h e  v e l o c i t y  g r a d i e n t  modi f i ed  t o  account  f o r  t h e  f l a t  s u r f a c e  
and c h i n e  r a d i u s  ( r e f .  3 ) .  For  t u r b u l e n t  f low,  t h e  f l a t p l a t e  theory  
of S p a l d i n g  and Chi ( r e f .  4) was used w i t h  t h e  d i s t a n c e  from t h e  o r i g i n  
of t u r b u l e n t  f low a d j u s t e d  t o  account  f o r  s t r e a m l i n e  d ivergence .  The 
Spaulding and Chi  t h e o r y  was chosen because  i t  gave t h e  b e s t  p r e d i c t i o n  
of h e a t i n g  f o r  t h e  t h e o r i e s  examined i n  r e f e r e n c e  1. The o r i g i n  of 
t u r b u l e n t  f low was assumed t o  b e  t h e  beg inn ing  of t r a n s i t i o n ,  and the 
Reynolds analogy f a c t o r  was assumed t o  b e  1 . 0  ( a  v a l u e  exper imenta l ly  
v e r i f i e d  i n  r e f e r e n c e  5 by d a t a  on f l a t  p l a t e s  i n  t h e  same f a c i l i t y *  For 
b o t h  l aminar  and t u r b u l e n t  f low t h e  l o c a l  boundary-layer-edge c o n d i t i o n s  
were t aken  t o  b e  t h o s e  c a l c u l a t e d  on a swept s y l i n d e r  a t  t h e  same local 
a n g l e  of a t t a c k .  

Comparisons of t h e o r e t i c a l  and e x p e r i m e n t a l  h e a t i n g  rates a r e  given 
i n  f i g u r e  11. The laminar  p r e d i c t i o n s  a r e  good o v e r  t h e  angle-of-a t tack 

0 range.  A t  a = 40 t h e  f low was e n t i r e l y  l aminar  a t  a l l  Reynolds numbers, 
Boundary-layer t r a n s i t i o n  occurgd a t  t h e  h i g h e r  a n g l e s  and some turbulent 
f low o c c u r r e d  g t  a = 50' and 60 . Turbu len t  e s t i m a t e s  were made f o r  

0 
a = 50 and 60 a t  t h e  h i g h  Reynolds number, however, t h e  l i m i t e d  amount 
o f  d a t a  p r e c l u d e s  any assessment  of t h e  Spa ld ing  and Chi t h e o r y ,  

R e f e r r i n g  a g a i n  t o  f i g u r e s  3 t o  10,  i t  can b e  s e e n  t h a t  o f f -  
c e n t e r l i n e  l a m i n a r  h e a t i n g  i n c r e a s e s  as t h e  c h i n e s  are approached. A s  che 
Reynolds number i s  i n c r e a s e d  and t h e  boundary l a y e r  becomes t u r b u l e n t ,  tT?e 
h e a t i n g  i s  f a i r l y  c o n s t a n t  a c r o s s  t h e  body, a t  a f i x e d  a x i a l  l o c a t i o n .  
Th is  s u g g e s t s  t h a t  c r o s s f l o w  a f f e c t s  l aminar  more t h a n  t u r b u l e n t  heating; 
an  o b s e r v a t i o n  t h a t  h a s  been made b o t h  e x p e r i m e n t a l l y  and t h e o r e t i c a l l y  
i n  connec t ion  w i t h  s imple  shapes  such a s  cones.  

Some e f f e c t s  of roughness were s i m u l a t e d  by p l a c i n g  s m a l l  w i r e s  
a c r o s s  t h e  windward s u r f a c e  a t  approximately  2.54-cm ( l - i n )  i n t e r v a l s  



a long  t h e  a x i s .  The arrangement of t h e  w i r e s  on t h e  model s u r f a c e  
does n o t  s i m u l a t e  any proposed p a t t e r n  o f  p a n e l  j o i n t s  o r  c o r r i g a t i o n s .  
Ra ther ,  they i l l u s t r a t e  t h e  e f f e c t s  of d i s c r e t e ,  two-dimensional roughnesses 
on t h e  h e a t i n g  and boundary- layer  t r a n s i t i o n .  The w i r e  i n f l u e n c e  w a s  ie ,~res t -  
i g a t e d  a t  a l l  a n g l e s  of a t t a c k ,  and t h e  d a t a  a r e  shown i n  f i g u r e  12, 

The d a t a  p r e s e n t e d  i n  f i g .  12 i l l u s t r a t e  t h a t  t h e  e f f e c t  of t h e  wrres 
on h e a t i n g  i s  a f u n c t i o n  of t h e  s t a t e  of t h e  boundary l a y e r  ( i . e . ,  Laminar, 
t r a n s i t i o n a l ,  o r  t u r b u l e n t )  . For  example, i n  t h e  t r a n s i t i o n a l  and turbrr- 
e n t  p o r t i o n s  of t h e  boundary l a y e r ,  t h e r e  i s  c o n s i d e r a b l e  v a r i a t i o n  i n  
h e a t i n g  rate between t h e  w i r e s .  Whereas, f o r  l aminar  f low t h e  v a r i a t i o n  
i s  no more t h a n  t h a t  on a smooth model. I n  t h e  former i n s t a n c e ,  fr2e 

magnitude o f  t h e  v a r i a t i o n  i n  h e a t i n g  between w i r e s  appears  t o  be  pra- 
p o r t i o n a l  t o  t h e  amount of t u r b u l e n c e  i n  t h e  boundary l a y e r .  Consider-  

0 
i n g  f i g u r e  12 ( c )  (a = 60 ) ,  t h e r e  i s  a lmost  no change i n  h e a t i n g  '3etween 
w i r e s  a t  t h e  s ta r t  of t r a n s i t i o n ,  however, a t  t h e  end of t r a n s i t i o n  there 
i s  a lmos t  a  20% v a r i a t i o n  i n  t h e  h e a t i n g  r a t e .  

I n  an e f f o r t  t o  g a i n  some i n s i g h t  i n t o  t h e  mechanism by which wires 
a f f e c t  h e a t i n g ,  n o n s i m i l a r  boundary- layer  s o l u t i o n s  were genera ted  u s i n g  
t h e  program of r e f e r e n c e  6.  As d e s c r i b e d  i n  r e f e r e n c e  6 t h e  program 
c a l c u l a t e s  a  l aminar  boundary l a y e r  i n  two-dimensional f low,  however, i t  
was r e c e n t l y  modi f i ed  t o  pe rmi t  t h e  c a l c u l a t i o n  o f  t r a n s i t i o n a l  and t u r -  
b u l e n t  boundary l a y e r s .  I n  a d d i t i o n  an account  was made f o r  c r o s s f l o w  
a s  d e s c r i b e d  i n  r e f e r e n c e  3. R a t i o s  of w i r e  h e i g h t  t o  boundary-layer 
t h i c k n e s s  a r e  i n d i c a t e d  on t h e  f i g u r e  8  f o r  t h e  d i f f e r e n t  f low regimes.  
These r e s u l t s  i n d i c a t e  t h a t  t h e  w i r e  h e i g h t s  a r e  q u i t e  s m a l l  r e l a t i v e  t o  
t h e  boundary l a y e r ,  p a r t i c u l a r l y  i n  t u r b u l e n t  f low. Although t h e  relative 
h e i g h t  of t h e  w i r e s  i n  t h e  t u r b u l e n t  l a y e r  i s  l e s s  than  t h e  l aminar  l a y e r  
t h e i r  e f f e c t  on t u r b u l e n t  f low i s  much g r e a t e r ,  as i n d i c a t e d  by t h e  heatLng 
r e s u l t s .  A  similar o b s e r v a t i o n  can b e  made i n  f i g u r e  13. 

0 
Figure  1 3  i s  a shadowgraph of a  s e c t i o n  of t h e  model a t  a = 50 and 

a t  t h e  h i g h  Reynolds number c o n d i t i o n  shown i n  f i g u r e  12 ( b ) .  As i n d i c a t e d  
i n  t h e  f i g u r e ,  t h e  boundary l a y e r  i s  i n i t i a l l y  l a m i n a r ,  undergoes transition, 
and i s  f i n a l l y  t u r b u l e n t .  Not ice  t h a t  i n  t h e  l aminar  and i n i t i a l  p e n t i o ~ ? s  
of t h e  t r a n s i t i o n a l  boundary l a y e r  t h e  w i r e s  do n o t  g e n e r a t e  shock waves, 
however, i n  t h e  t u r b u l e n t  p o r t i o n  they  do. From t h e  r e s u l t s  o f  boundary- 
l a y e r  s o l u t i o n s ,  t h e  u n d i s t u r b e d  Mach number a t  t h e  t o p  of t h e  w i r e  a t  the 
beg inn ing  of t r a n s i t i o n  was found t o  b e  0.43; whereas ,  a t  t h e  end o f  tra.i- 
s i t i o n  i t  was found t o  b e  0 .84.  These r e s u l t s  s u g g e s t  t h a t  t h e  i n c r e a s e d  
e f f e c t i v e n e s s  of t h e  w i r e s  i n  t h e  t r a n s i t i o n a l  and t u r b u l e n t  l a y e r s  may Je 
a s s o c i a t e d  w i t h  t h e  f u l l e r  v e l o c i t y  p r o f i l e s  o f  t h e  t u r b u l e n t  boundary layer 

Other  i n v e s t i g a t i o n s  on p r o t u b e r a n c e s  were examined t o  determine i f  
similar o b s e r v a t i o n s  could  b e  made. However, t h e  m a j o r i t y  o f  t h e  invesei- 
g a t i o n s  were  n o t  a p p l i c a b l e  t o  t h e  p r e s e n t  s i t u a t i o n .  The t h e o r i e s  of 
r e f e r e n c e s  7 and 8  c a l c u l a t e  t h e  h e a t i n g  on t h e  p ro tuberance  i t s e l f ,  
whereas ,  i n  t h e  p r e s e n t  s t u d y  t h e  h e a t i n g  downstream of  t h e  d i s t u r b a n c e  



i s  of i n t e r e s t .  Exper imenta l ly ,  t h e  s i t u a t i o n  i s  much t h e  same w i t h  the 
m a j o r i t y  of t h e  h e a t i n g  d a t a  b e i n g  l i m i t e d  t o  t h e  d i s t u r b a n c e  i t s e l f ,  
I n  a d d i t i o n ,  t h e  d a t a  a r e  u s u a l l y  o b t a i n e d  on wavy w a l l s  where t h e  h e i g h t  
i s  of t h e  o r d e r  of t h e  boundary- layer  t h i c k n e s s  o r  g r e a t e r .  I n  t h e  preserit 
s t u d y  t h e  d i s t u r b a n c e  i s  much s m a l l e r  than  t h e  boundary l a y e r ,  a s  was s? - 
own earlier. Although t h e  p r e s e n t  d a t a  cannot  be  r e l a t e d  t o  any p r e v i o ~ s  
work i n  t h e  s t r i c t e s t  s e n s e ,  t h e r e  a r e  some i n t e r e s t i n g  s i m i l a r i t i e s .  
For example, i n  f i g .  12 of r e f e r e n c e  7  t h e  h e a t i n g  downstream of a 
s i n g l e ,  two-dimensional d i s t u r b a n c e  from which a t u r b u l e n t  boundary l a y e r  
had s e p a r a t e d  and then  r e a t t a c h e d  was found t o  b e  30% g r e a t e r  than  the 011- 

d i s t u r b e d  l e v e l  a t  t h e  rea t t achment  p o i n t .  Th i s  i s  v e r y  c l o s e  t o  the  
maximum v a l u e  measured immediately downstream of t h e  w i r e s  i n  t h i s  in-  
v e s t i g a t i o n .  I n  t h e  same s t u d y  and t h a t  of r e f e r e n c e  8 ,  i t  was f o ~ n d  
t h a t  sweeping t h e  s u r f a c e  waves w i t h  r e s p e c t  t o  t h e  f low,  by a s  much as 70'- 
had no a p p r e c i a b l e  e f f e c t  on t h e  maximum v a l u e  of h e a t i n g  on t h e  wave 
i t s e l f .  I n  t h e  p r e s e n t  s t u d y ,  t h e  m a j o r i t y  o f  t h e  d a t a  show t h a t  a t  a 
f i x e d  p o s i t i o n  downstream o f  a  w i r e ,  t u r b u l e n t  h e a t i n g  i s  c o n s t a n t  
a c r o s s  t h e  model even though t h e  w i r e s  a r e  e f f e c t i v e l y  b e i n g  swept w i t h  
r e s p e c t  t o  t h e  l o c a l  f low ( f o r  l o c a l  f low d i r e c t i o n s ,  s e e  t h e  s t ream- 
l i n e  p a t t e r n s  of r e f .  I ) .  

Boundary Layer T r a n s i t i o n  

The m a j o r i t y  of t h e  d a t a  d i s c u s s e d  p r e v i o u s l y  con ta ined  examples 
of t r a n s i t i o n  from l a m i n a r  t o  t u r b u l e n t  flow. The l o c a t i o n  a t  which 
t r a n s i t i o n  o n s e t  t a k e s  p l a c e  i s  d e f i n e d  a s  t h e  i n t e r s e c t i o n  of s t r a i g h t  
l i n e s  f a i r e d  through t h e  l aminar  and t r a n s i t i o n a l  p o r t i o n s  o f  t h e  '?eat ;ram-- 
f e r  d a t a .  Th i s  l o c a t i o n  i s  used i n  c o n j u n c t i o n  w i t h  local-bounda~y-layelc- 
edge p r o p e r t i e s  t o  compare w i t h  proposed Space S h u t t l e  t r a n s i t i o n  criteria, 

I n  f i g u r e  1 4  t h e  t r a n s i t i o n  d a t a  are compared w i t h  two t r a n s i t i o n  
c r i t e r i a  ( r e f s .  9  and 10 . )  proposed d u r i n g  t h e  e a r l i e r  phases  o f  tlne space 
s h u t t l e  p r e l i m i n a r y  des ign .  These c r i t e r i a  evolved from wind-tunnel da t a  
on cones  and d e l t a  wings and some f l i g h t  d a t a .  The p r e s e n t ,  smoot'n.-model 
d a t a  on an a c t u a l  s h u t t l e  shape  g e n e r a l l y  l i e  above t h e s e  c r i t e r i a ;  
i n d i c a t i n g  a  c o n s e r v a t i v e  p r e d i c t i o n  f o r  t h e  wind t u n n e l  case .  The 
rough-model t r a n s i t i o n  d a t a  are i n c l u d e d  on t h i s  f i g u r e  o n l y  f o r  com- 
p a r i s o n  w i t h  t h e  smooth-model d a t a  and have no r e l a t i o n s h i p  t o  t h e  c r f t e r i a ,  
However, a  comparison o f  t h e s e  d a t a  does i n d i c a t e  t h a t  a t  l e a s t  t h i s  partic- 
u l a r  s i z e  and t y p e  of roughness i s  c a p a b l e  of s i g n i f i c a n t l y  reduc ing  the 
smooth-wall, t r a n s i t i o n  Reynolds number. 

CONCLUSIONS 

H e a t - t r a n s f e r  d a t a  on a 0 .01-scale  MSC o r b i t e r  body have bee;; 
o b t a i n e d  a5 a  f r e e s t r e a m  Mach number o f  7.4 a n g l e s  of a t t a c k  of 40 , 5Q ,, 

60' and 70 , and f o r  a  Reynolds number range o f  1 . 3  t o  9 m i l l i o n .  Some 
e f f e c t s  of s u r f a c e  roughness  on h e a t i n g  and t r a n s i t i o n  were s i m u l a t e d  on 
t h e  windward s u r f a c e  by p l a c i n g  0.079 mm (0.0031-in) d iamete r  w i r e s  



normal t o  t h e  model a x i s .  The d a t a  o b t a i n e d  on t h e  windward c e n t e r l i n e  were 
ana lyzed  and, t h e  fo l lowing  i s  concluded: 

1. Laminar h e a t i n g  r a t e s  a r e  p r e d i c t e d  q u i t e  w e l l  by modif ied swept- 
c y l i n d e r  theory .  

2 .  I n i t i a l  boundary- layer  t r a n s i t i o n  c o r r e l a t i o n s  proposed for the 
space  s h u t t l e  a r e  somewhat c o n s e r v a t i v e  f o r  t h e  c o n d i t i o n s  of t h e  present 
s t u d y .  

3.  The roughness used i n  t h i s  i n v e s t i g a t i o n  was s u f f i c i e n t  t o  cause 
premature  t r a n s i t i o n .  

4 .  Roughness h e i g h t s  l e s s  t h a n  t h e  l o c a l  boundary-layer t h i c k n e s s  
were s u f f i c i e n t  t o  c a u s e  a s  much as a 20% i n c r e a s e  i n  h e a t i n g  r a t e  between 
w i r e s  i n  a t r a n s i t i o n a l  o r  t u r b u l e n t  boundary l a y e r .  No e f f e c t  was 
observed when t h e  flow was l aminar .  
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