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A number o f  da ta  se t s  f rom t h e  open l i t e r a t u r e  t h a t  i n c l u d e  hea t  t r a n s f e r  
da ta  i n  a p p a r e n t l y  t r a n s i t i o n a l  boundary l aye rs ,  w i t h  p a r t i c u l a r  a p p l i c a t i o n  
t o  t h e  t u r b i n e  environment, were reviewed and analyzed t o  e x t r a c t  t r a n s i t i o n  
i n f o r m a t i o n .  The da ta  were analyzed by u s i n g  a  v e r s i o n  o f  t h e  STAN5 two- 
d imensional  boundary l a y e r  code. The t r a n s i t i o n  s t a r t i n g  and ending p o i n t s  
were determined by a d j u s t i n g  parameters i n  STAN5 u n t i l  t h e  c a l c u l a t i o n s  matched 
t h e  da ta .  The r e s u l t s  a r e  presented as a  t a b l e  o f  t h e  deduced t r a n s i t i o n  
l o c a t i o n  and l e n g t h  as f u n c t i o n s  o f  t h e  t e s t  parameters.  The da ta  s e t s  
rev iewed cover  a  wide range o f  f l o w  c o n d i t i o n s ,  f r om  low-speed, f l a t - p l a t e  
t e s t s  t o  f u l l - s c a l e  t u r b i n e  a i r f o i l s  o p e r a t i n g  a t  s imu la ted  t u r b i n e  engine 
c o n d i t i o n s .  The r e s u l t s  i n d i c a t e  t h a t  f ree -s t ream tu rbu lence  and p ressure  
g r a d i e n t  have s t rong ,  and oppos i te ,  e f f e c t s  on t h e  l o c a t i o n  o f  t h e  s t a r t  o f  
t r a n s i t i o n  and on t h e  l e n g t h  o f  t h e  t r a n s i t i o n  zone. 

INTRODUCTION 

Design ing e f f i c i e n t  c o o l i n g  c o n f i g u r a t i o n s  f o r  t h e  a i r f o i l s  i n  a  gas t u r -  
b i n e  engine r e q u i r e s  a  d e t a i l e d  knowledge o f  t h e  v a r i a t i o n s  o f  t h e  hea t  t r a n s -  
f e r  c o e f f i c i e n t  on t h e  hot-gas s i de .  However, i n  many cases, t h e r e  i s  a  r e g i o n  
on t h e  b l ade  su r f ace  where t h e  hea t  t r a n s f e r  c o e f f i c i e n t  exper iences a  d ramat i c  
r i s e  i n  magnitude. Th is  i s  t h e  r e g i o n  where t h e  boundary l a y e r  t r a n s i t i o n  f rom 
l am ina r  t o  t u r b u l e n t  f l o w  occurs .  The l o c a t i o n  o f  t h e  s t a r t  o f  t h i s  t r a n s i t i o n  
and t h e  l e n g t h  o f  t h e  t r a n s i t i o n  zone depend s t r o n g l y  on a  number o f  f l o w  
parameters,  such as t h e  Reynolds number, t h e  f ree -s t ream tu rbu lence  l e v e l ,  and 
t h e  p ressure  g r a d i e n t .  

Computing 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  t h e  t r a n s i t i o n  r e g i o n  r e q u i r e s  
t h a t  a  mathematical  model be used t o  smoothly t u r n  on t h e  t u r b u l e n t  c a l c u l a -  
t i o n s .  A t  p resen t  no model i s  a v a i l a b l e  t h a t  adequate ly  accounts f o r  t h e  
e f f e c t s  o f  these  parameters i n  t h e  t u r b i n e  environment.  One o f  t h e  reasons 
f o r  t h i s  i s  a  l a c k  o f  good exper imenta l  da ta  on boundary l a y e r  t r a n s i t i o n  under 
t h e  severe c o n d i t i o n s  encountered i n  a  gas t u r b i n e  engine. However, a  number 
o f  hea t  t r a n s f e r  da ta  se ts  do e x i s t  t h a t  i n c l u d e  t r a n s i t i o n a l  boundary l a y e r s .  
I n  t h i s  s tudy  these  da ta  se t s  were analyzed by  u s i n g  t h e  STAN5 two-dimensional  
boundary l a y e r  computer code i n  o r d e r  t o  e x t r a c t  t r a n s i t i o n  i n f o r m a t i o n .  The 
code was r u n  a g a i n s t  t h e  da ta  w i t h  d i f f e r e n t  t r a n s i t i o n  parameters assumed 
u n t i l  a  match between da ta  and c a l c u 1 a t i o . n ~  was found. The t r a n s i t i o n  da ta  
were t hen  t a b u l a t e d  i n  a  f o rm  u s e f u l  t o  t h e  researcher  a t t emp t i ng  t o  model t h e  
t r a n s i t i o n  process i n  t h e  t u r b i n e  environment.  

f ~ l s o  pub l i shed  as NASA Techn ica l  Memorandum 86880. 
"Member, ASME. 



METHOD OF ANALYSIS 

An i t e r a t i v e  method was used t o  d e r i v e  t r a n s i t i o n  d a t a  f rom t h e  s e l e c t e d  
hea t  t r a n s f e r  d a t a  s e t s .  The genera l  procedure was t o  assume a  t r a n s i t i o n  
s t a r t i n g  p o i n t  and a  t r a n s i t i o n  l e n g t h ,  t o  do a  numer ica l  boundary l a y e r  
a n a l y s i s  t o  compute hea t  t r a n s f e r  parameters, and f i n a l l y  t o  compare t h e  com- 
pu ted  r e s u l t s  w i t h  t h e  data .  I f  t h e  agreement was poor ,  new t r a n s i t i o n  p o i n t s  
were assumed, and t h e  process was repeated u n t i l  reasonable  agreement was found 
between computed and measured r e s u l t s .  The f i n a l  va lues o f  t r a n s i t i o n  s t a r t i n g  
p o i n t  and t r a n s i t i o n  zone l e n g t h  a r e  r e p o r t e d  h e r e i n ,  i n  terms o f  l o c a t i o n  as 
w e l l  as o f  momentum t h i c k n e s s  Reynolds number. 

The boundary l a y e r  a n a l y s i s  used was t h e  w i d e l y  accepted STAN5 two- 
d imens iona l  boundary l a y e r  code, developed a t  S t a n f o r d  U n i v e r s i t y  by Crawford 
and Kays ( r e f .  1 )  and based on t h e  scheme o f  Patankar and Spa ld ing  ( r e f .  2 ) .  
The v e r s i o n  o f  STAN5 used has been m o d i f i e d  a t  t h e  NASA Lewis Research Center 
as d e s c r i b e d  i n  r e f e r e n c e  3. I n  t h i s  v e r s i o n  t h e  user  has t h e  o p t i o n  o f  
s u p p l y i n g  t h e  program w i t h  a  s p e c i f i c  l o c a t i o n  where t r a n s i t i o n  i s  t o  s t a r t  and 
w i t h  a  s p e c i f i c  l e n g t h  o f  t h e  t r a n s i t i o n  r e g i o n .  W i t h i n  t h e  t r a n s i t i o n  zone 
t h e  t u r b u l e n t  eddy v i s c o s i t y  i s  g r a d u a l l y  t u r n e d  on by u s i n g  an i n t e r m i t t e n c y  
f a c t o r  v a r i a t i o n  taken  f rom t h e  work o f  Abu-Ghannam and Shaw ( r e f .  4 ) .  The 
i n t e r m i t t e n c y  f a c t o r  v a r i e s  smoothly f r o m  zero a t  t h e  t r a n s i t i o n  s t a r t i n g  p o i n t  
t o  1  a t  t h e  end o f  t h e  s p e c i f i e d  t r a n s i t i o n  l e n g t h .  No a t t e m p t  was made t o  
account  f o r  l o c a l  e f f e c t s  such as p ressure  g r a d i e n t  o r  f ree -s t ream t u r b u l e n c e  
i n  comput ing i n t e r m i t t e n c y .  The P r a n d t l  m i x i n g  l e n g t h  mode1 was used t o  com- 
p u t e  t h e  t u r b u l e n t  eddy d i f f u s i v i t y .  

SELECTION OF DATA SETS 

A  number o f  hea t  t r a n s f e r  d a t a  se ts  were reviewed f o r  t h e i r  a p p l i c a b i l i t y  
t o  t h i s  r e p o r t .  From these, s i x  d a t a  s e t s  were s e l e c t e d  f o r  a n a l y s i s .  The 
p r ime  c r i t e r i o n  used I n  t h e  s e l e c t i o n  process was t h a t  t h e  d a t a  show ev idence 
o f  boundary l a y e r  t r a n s i t i o n .  When t h i s  was met, t h e  completeness o f  t h e  
documentat ion o f  t h e  exper imen ta l  c o n d i t i o n s  became t h e  p r ime  c r i t e r i o n .  As a  
minimum, t o  do t h e  boundary l a y e r  a n a l y s i s ,  t h e  aerodynamic and the rma l  bound- 
a r y  c o n d i t i o n s  must be known, i n c l u d i n g  t h e  s p e c i f i c a t i o n  o f  f r e e - s t r e a m  
t u r b u l e n c e  parameters.  

Each o f  t h e  s e l e c t e d  d a t a  se ts  i s  desc r ibed  here  and summarized i n  
t a b l e  I. 

( 1 )  The f i r s t  d a t a  s e t  was e x t r a c t e d  f rom a  r e p o r t  by B l a i r  and Werle 
( r e f .  5 ) .  T h e i r  t e s t s  concerned incompress ib le  f l o w  over a  heated, smooth f l a t  
p l a t e  f o r  d i f f e r e n t  l e v e l s  o f  f ree -s t ream tu rbu lence .  They were p r i m a r i l y  
l o o k i n g  f o r  t h e  e f f e c t s  o f  f ree -s t ream t u r b u l e n c e  l e v e l  on hea t  t r a n s f e r  t o  t h e  
f u l l y  t u r b u l e n t  boundary l a y e r ,  b u t  they  d i d  a l l o w  t h e  boundary l a y e r  t o  
undergo a n a t u r a l  t r a n s i t i o n  f r o m  l a m i n a r  t o  t u r b u l e n t .  Two o f  t h e i r  t e s t  runs 
were s e l e c t e d  f o r  t h i s  a n a l y s i s ,  and t h e  c o n d i t i o n s  a r e  summarized i n  t a b l e  I 
as cases 1 (a )  and (b) .  The o n l y  d i f f e r e n c e  between t h e  two i s  t h e  f r e e - s t r e a m  
t u r b u l e n c e  l e v e l .  The I n l e t  Reynolds number i s  based on t h e  t e s t  s e c t i o n  
l e n g t h ,  2 . 4 4  m  (8.0 f t ) .  

( 2 )  The second d a t a  s e t  used was taken  f rom another  r e p o r t  by B l a i r  and 
Werle ( r e f .  6 )  and one by B l a i r  ( r e f .  7 ) .  The t e s t s  were s i m i l a r  t o  t h e  f i r s t  
s e t  b u t  w i t h  t h e  a d d i t i o n  o f  a  c o n s t a n t  f l o w  a c c e l e r a t i o n .  Three o f  these  



t e s t  runs, encompassing two p ressure  g rad ien t s  and two t u rbu lence  l e v e l s ,  were 
se lec ted  f o r  a n a l y s i s .  The p e r t i n e n t  t e s t  parameters a r e  summarized i n  t a b l e  I 
as cases 2 (a ) ,  ( b ) ,  and ( c ) .  Again, t h e  i n l e t  Reynolds number i s  based on t h e  
t e s t  s e c t i o n  l eng th ,  2.44 m  (8.0  f t ) .  

( 3 )  The t h i r d  da ta  s e t  was taken  f r om t h e  work o f  Han e t  a l .  ( r e f .  8 ) .  
They measured t h e  heat  t r a n s f e r  f r om  t h r e e  d i f f e r e n t  l a rge -sca le  t u r b i n e  a i r -  
f o i l s  over  a  range o f  Reynolds number and f ree-s t ream tu rbu lence  l e v e l .  The 
a i r f o i l s  had a  t r u e  chord o f  53.3 cm (21  i n )  and a  h e i g h t  o f  61 cm (24  i n ) .  
One o f  these da ta  se ts ,  f o r  an a i r f o i l  s u c t i o n  (convex) su r face ,  was se lec ted  
f o r  a n a l y s i s  i n  t h i s  study, and t h e  t e s t  parameters a r e  summarized i n  t a b l e  I 
as case 3. For t h i s  case, and those remaining, t h e  i n l e t  Reynolds number i s  
based on a i r f o i l  t r u e  chord.  The da ta  s e t  f r om  re fe rence  8 i s  f o r  incompress- 
i b l e  f l ow ,  as t h e  t e s t  used ambient a i r  f l o w i n g  over  an e l e c t r i c a l l y  heated 
a i r f o i l .  

( 4 )  The f o u r t h  da ta  s e t  cons idered was e x t r a c t e d  f rom t h e  r e p o r t  by 
Consigny and Richards ( r e f .  9 ) .  They used t h e  i s e n t r o p i c  l i g h t - p i s t o n  t unne l  
a t  t h e  Von Karman I n s t i t u t e  t o  c l o s e l y  s imu la te  a c t u a l  t u r b i n e  engine cond i -  
t i o n s  and measured t h e  heat  t r a n s f e r  r a t e s  t o  t h e  model a i r f o i l .  The a i r f o i l  
had a  t r u e  chord o f  8.0 cm (3.15 i n )  and a  h e i g h t  o f  10 cm (3.94 i n ) .  I n f o r -  
mat ion  f r om two o f  t h e i r  runs was used f o r  t h i s  r e p o r t ,  and t h e  c o n d i t i o n s  a r e  
t a b u l a t e d  i n  t a b l e  I as cases 4 (a )  and ( b ) .  The runs se lec ted  d i f f e r e d  o n l y  i n  
t h e  i n i t i a l  f ree -s t ream tu rbu lence  l e v e l .  Again, o n l y  t h e  s u c t i o n  su r f ace  da ta  
were cons idered he re i n .  For these cases t h e  a i r  was h o t t e r  than  t h e  sur face .  

( 5 )  The f i f t h  da ta  s e t  was taken f r om t h e  r e p o r t  o f  Schu l t z  e t  a l .  
( r e f .  l o ) ,  and f rom a d d i t i o n a l  i n f o r m a t i o n  repo r t ed  by Dan ie ls  and Browne 
( r e f .  1 ) .  They used t h e  f r e e - p i s t o n  t unne l  a t  Oxford Un ' t ve r s i t y  and tech-  
n iques s i m i l a r  t o  those i n  case 4  t o  measure heat  t r a n s f e r  r a t e s  t o  a  t u r b i n e  
a i r f o i l .  The a i r f o i l  had a  t r u e  chord o f  5.0 cm (1.96 i n )  and a  h e i g h t  o f  
7.5 cm (2.96 i n ) .  The two cases descr ibed  i n  re fe rences  1 0  and 11 were b o t h  
used he re i n ,  and t h e  c o n d i t i o n s  a r e  t a b u l a t e d  i n  t a b l e  I as cases 5(a)  and ( b ) .  
As i n  t h e  p rev ious  cases o n l y  s u c t i o n  su r f ace  da ta  were cons idered f o r  t h i s  
a n a l y s i s .  The o n l y  d i f f e r e n c e  between cases 5(a) and ( b )  was t h e  i n l e t  
Reynolds number. 

( 6 )  The f i n a l  da ta  s e t  cons idered f o r  t h i s  r e p o r t  was taken f r om t h e  suc- 
t i o n  su r f ace  da ta  r epo r t ed  by Lander ( r e f .  12)  and Lander e t  a l .  ( r e f .  13 ) .  
These da ta  were generated i n  a  t r a n s i e n t  t e s t  by us i ng  h o t  combustion gases t o  
hea t  a  cascade o f  t u r b i n e  a i r f o i l s  t h a t  was q u i c k l y  s h u t t l e d  i n t o  t h e  h o t  
stream. The a i r f o i l s  had a  t r u e  chord o f  6.0 cm (2.36 i n )  and a  h e i g h t  o f  
5.8 cm (2.3  i n ) .  The repo r t ed  t e s t s  were cha rac te r i zed  by ex t reme ly  h i g h  f r e e -  
s t ream tu rbu lence  l e v e l s .  The c o n d i t i o n s  o f  t h e  case used h e r e i n  a r e  t a b u l a t e d  
i n  t a b l e  I as case 6. 

RESULTS AND DISCUSSION 

The r e s u l t s  o f  t h i s  a n a l y s i s  a r e  presented i n  f i g u r e s  1  t o  6, and impor- 
t a n t  parameters a r e  t a b u l a t e d  i n  t a b l e  11. The f i g u r e s  show e i t h e r  Stanton 
number o r  heat  t r a n s f e r  c o e f f i c i e n t  as f u n c t i o n s  o f  t h e  su r f ace  d i s t a n c e  f r om 
t h e  s tagna t i on  p o i n t .  The two parameters most f r e q u e n t l y  found i n  t h e  l i t e r a -  
t u r e  t o  govern t h e  boundary l a y e r  t r a n s i t i o n  a r e  f ree -s t ream pressure  g r a d i e n t  
and t u rbu lence  l e v e l :  t h e  f a v o r a b l e  p ressure  g r a d i e n t  assoc ia ted  w i t h  stream- 
w ise  a c c e l e r a t i o n  has a  s t a b i l i z i n g  e f f e c t ,  and f ree-s t ream tu rbu lence  t r i g g e r s  



i n s t a b i l i t i e s .  These two parameters a r e  t a b u l a t e d  i n  t a b l e  I 1  f o r  t h e  cases 
s t u d i e d  h e r e f n  and a r e  i nc l uded  on t h e  f i g u r e s .  The t u rbu lence  l e v e l  i s  
d e f i n e d  as t h e  r a t i o  o f  t h e  r o o t  mean square o f  t h e  streamwise f l u c t u a t i n g  
v e l o c i t y  u  t o  t h e  f ree -s t ream v e l o c i t y  U. The p ressure  g r a d i e n t  i s  charac- 
t e r i z e d  by t h e  a c c e l e r a t i o n  parameter K, de f i ned  as t h e  p roduc t  o f  t h e  k i n e -  
ma t i c  v i s c o s i t y  u and t h e  streamwise v e l o c i t y  g r a d i e n t  dU/dx d i v i d e d  by t h e  
square o f  t h e  f ree -s t ream v e l o c i t y .  

I nc l uded  i n  t a b l e  I 1  a r e  t h e  de r i ved  va lues o f  momentum th i ckness  Reynolds 
number a t  t h e  s t a r t  and a t  t h e  end o f  t r a n s i t i o n .  The momentum th i ckness  
Reynolds number a t  t h e  s t a r t  o f  t r a n s i t i o n  i s  t h e  parameter c a l c u l a t e d  i n  most 
a t tempts  t o  model t h e  s t a r t  o f  t r a n s i t i o n .  

I n  a l l  cases t h e  f i g u r e s  i n c l u d e  curves f o r  two a d d i t i o n a l  STAN5 c a l c u l a -  
t i o n s :  one where t h e  boundary l a y e r  was assumed t o  remain laminar ,  and one 
where i t  was assumed t o  be f u l l y  t u r b u l e n t  f rom t h e  s t a r t .  These two cases 
f o rm  t h e  l i m i t s  between which t h e  t r a n s i t i o n a l  c a l c u l a t i o n s  f a l l .  I n  genera l  
t h e  laminar  c a l c u l a t i o n s  matched t h e  laminar  da ta  q u i t e  w e l l ,  and t h e  f u l l y  
t u r b u l e n t  c a l c u l a t i o n s  accep tab ly  matched t h e  t u r b u l e n t  data.  For t h e  t u rbu -  
l e n t  case t h e  P rand t l  m i x i n g  l e n g t h  model was used t o  compute t h e  t u r b u l e n t  
eddy d i f f u s i v i t y .  

Case 1  

The da ta  f o r  case 1  ( f i g .  1; t a b l e  11) d i f f e r e d  o n l y  i n  t h e  i n l e t  f r e e -  
t ream tu rbu lence  l e v e l .  As expected, h i ghe r  f ree -s t ream tu rbu lence  r e s u l t e d  
n  an e a r l i e r  transition as w e l l  as a  s h o r t e r  t r a n s i t i o n  l eng th .  The b e s t  f i t  

occur red  when t r a n s i t i o n  was assumed t o  s t a r t  c l o s e  t o  t h e  p o i n t  o f  minimum 
measured hea t  t r a n s f e r .  Th i s  was n o t  t r u e  f o r  t h e  cases t h a t  i n c l u d e  p ressure  
g r a d i e n t  e f f e c t s .  

Case 2 

The da ta  f o r  case 2 ( f i g .  2; t a b l e  11) had t h e  added c o m p l i c a t i o n  o f  an 
a c c e l e r a t i n g  f ree -s t ream f l o w .  For r e fe rence  t h e  f ree-s t ream v e l o c i t y  d i s t r i -  
b u t i o n  i s  i n c l u d e d  on f i g u r e  2  and a l l  subsequent f i g u r e s .  An i n t e r e s t i n g  
f e a t u r e  o f  t h e  c a l c u l a t i o n s  i s  t h a t ,  i n  o rder  t o  match t h e  data,  t h e  t r a n s i t i o n  
s t a r t i n g  p o i n t  must be l oca ted  cons ide rab l y  ahead o f  t h e  minimum hea t  t r a n s f e r  
p o i n t .  The l a r g e s t  e f f e c t  o f  a c c e l e r a t i o n  i s  seen i n  comparing f i g u r e s  2(a) 
and ( b ) ,  which a r e  f o r  about t h e  same tu rbu lence  l e v e l .  The h i ghe r  acce le ra -  
t i o n  o f  case 2 (b )  r e s u l t e d  i n  a  cons ide rab l y  longer  t r a n s i t i o n  zone than  t h a t  
f o r  case 2 ( a ) .  Comparing f i g u r e s  2 (b )  and ( c )  shows t h a t  f o r  a  cons tan t  f r e e -  
s t ream a c c e l e r a t i o n  parameter f ree -s t ream tu rbu lence  had a  s t r o n g  e f f e c t  on t h e  
l e n g t h  o f  t h e  t r a n s i t i o n  zone, w i t h  t h e  more t u r b u l e n t  case 2 ( c )  hav lng  a  s h o r t  
transition reg ion .  

Case 3 

Case 3  ( f i g .  3; t a b l e  11) represen ts  f l o w  over  an a c t u a l  a i r f o i l ,  so f l o w  
a c c e l e r a t i o n s  a r e  n o t  cons tan t  and su r f ace  c u r v a t u r e  e f f e c t s  a r e  p resen t .  How- 
ever ,  t h e  f ree -s t ream tu rbu lence  l e v e l  i s  r e l a t i v e l y  low. The t r a n s i t i o n  had 
t o  be f o r c e d  I n  t h e  c a l c u l a t i o n s  t o  s t a r t  i n  a  r e g i o n  where t h e  f l o w  



a c c e l e r a t i o n  was h igh,  w e l l  ahead o f  t h e  minimum hea t  t r a n s f e r  p o i n t ,  i n  o rde r  
t o  match t h e  behav io r  o f  t h e  data.  

Case 4  

Case 4 ( f i g .  4 ;  t a b l e  11) was f o r  a  t u r b i n e  vane s u c t i o n  su r face .  Essen- 
t i a l l y  t h e  o n l y  d i f f e r e n c e  between t h e  two cases was t h e  f ree-s t ream tu rbu lence  
l e v e l .  The d i s t r i b u t i o n  o f  t h e  f l o w  a c c e l e r a t i o n  parameter K over  t h e  a i r -  
f o i l  su r f ace  was t h e  same f o r  bo th .  I n  bo th  cases i t  was necessary i n  t h e  
c a l c u l a t i o n s  t o  f o r c e  t r a n s i t i o n  t o  beg in  ve ry  c l o s e  t o  t h e  leading-edge s tag-  
n a t i o n  p o i n t ,  b u t  t h e  l e n g t h  o f  t h e  t r a n s i t i o n  zone was markedly d i f f e r e n t  i n  
each case. For lower  t u rbu lence  ( f i g .  4 ( a ) )  t h e  c a l c u l a t e d  boundary l a y e r  
never reached a  f u l l y  t u r b u l e n t  s t a t e .  The agreement between t h e  STAN5 laminar  
and t u r b u l e n t  c a l c u l a t i o n s  and t h e  da ta  was s i g n i f i c a n t l y  worse f o r  t h e  h i ghe r  
t u rbu lence  case. 

Case 5  

The da ta  f o r  case 5 ( f i g .  5; t a b l e  11) d i f f e r e d  o n l y  i n  t h e  Reynolds num- 
ber .  S ince  t h e  v e l o c i t y  d i s t r i b u t i o n s  were t h e  same, t h i s  r e s u l t e d  i n  a  d i f -  
f e r e n t  l e v e l  o f  a c c e l e r a t i o n  parameter.  For an i n l e t  Reynolds number o f  1.26 
m i l l i o n  (case  5 (b ) ) ,  t h r e e  t imes t h e  va lue  f o r  case 5(a) ,  major  d i f f e r e n c e s  a r e  
apparent  i n  t h e  hea t  t r a n s f e r  da ta  f o r  t h e  t r a n s i t i o n a l  boundary l a y e r .  The 
most obvious reason f o r  t h i s  i s  t h e  e f f e c t  o f  K which,  f o r  a  cons tan t  ve loc -  
i t y ,  v a r i e s  i n v e r s e l y  w i t h  Reynolds number. Thus t h e  t r a n s i t i o n  zone was 
l onge r  f o r  t h e  low-Reynolds-number case s i nce  t h e  s t a b i l i z i n g  parameter, K, was 
h i ghe r .  

Case 6 

The d i s t i n g u i s h i n g  f e a t u r e  o f  case 6 ( f i g .  6; t a b l e  11) i s  t h e  h i g h  i n l e t  
t u rbu lence  l e v e l .  However, t h e  e f f e c t  o f  t h e  f ree -s t ream tu rbu lence  was o f f s e t  
by a  s t r o n g l y  a c c e l e r a t i n g  f l o w  f o r  about t h e  f i r s t  15 percen t  o f  t h e  vane 
sur face.  Once t h e  f l o w  a c c e l e r a t i o n  d im in ished ,  t h e  t r a n s l t i o n  progressed 
r a p i d l y .  

CONCLUDING REMARKS 

A number o f  heat  t r a n s f e r  da ta  se ts  were analyzed t o  determine t h e  l oca -  
t i o n  o f  t h e  s t a r t  o f  t h e  boundary l a y e r  t r a n s i t i o n  from laminar  t o  t u r b u l e n t  
f l o w  and t h e  l e n g t h  o f  t h e  t r a n s i t i o n  zone. The a n a l y s i s  used was t h e  STAN5 
two-dimensional  boundary l a y e r  program. The t r a n s i t i o n  s t a r t i n g  p o i n t  and t h e  
l e n g t h  o f  t h e  t r a n s i t i o n  zone were ad jus ted  I n  t h e  program i n p u t  u n t i l  t h e  
c a l c u l a t e d  heat  t r a n s f e r  d i s t r i b u t i o n  s a t i s f a c t o r i l y  matched t h e  measured d i s -  
t r i b u t i o n .  From t h i s  a n a l y s i s  t h e  momentum th i ckness  Reynolds numbers a t  t h e  
s t a r t  and end o f  t r a n s i t i o n  were determined, and t h e  r e s u l t s  were t a b u l a t e d  as 
a  f u n c t i o n  o f  exper imenta l  c o n d i t i o n s .  The l o c a t i o n  o f  t h e  s t a r t  o f  t h e  
boundary l a y e r  t r a n s l t i o n  e x h i b i t e d  a  s t r ong  dependence on bo th  f ree -s t ream 
pressure  g r a d i e n t  and t u rbu lence  l e v e l .  A f avo rab le  p ressure  g r a d i e n t  tended 
t o  de lay  t h e  onset  o f  t u r b u l e n t  f l ow ,  b u t  t h e  e f f e c t  o f  f ree -s t ream tu rbu lence  
was t o  hasten t h e  t r a n s i t i o n .  The l e n g t h  o f  t h e  t r a n s i t i o n  zone appeared t o  
depend s t r o n g l y  on f ree-s t ream parameters w i t h i n  t h e  zone r a t h e r  than  j u s t  on 
t h e  c o n d i t i o n s  a t  t h e  s t a r t  o f  t r a n s i t i o n ,  as i s  f r e q u e n t l y  assumed. 
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TABLE I .  - EXPERIMENTAL CONDITIONS FOR SELECTED DATA SETS 

Case an1 
f i g u r e  

TABLE 11. - DERIVED LOCAL TRANSITION PARAMETERS 

Case ana 
f i g u r e  

l ( a )  
l ( b )  

2 ( a )  
2 (b )  
2 ( c )  

3  

4 ( a )  
4 (b )  

5 (a )  
5 (b )  

6  

! S t a r t  o f  t r a n s i t i o n  1 End o f  t r a n s i t i o n  

Assumed ~ c c e l e r a t ~ o n  ~ i r e a m w ~ s e  Momentun) Assumed Momentum 
t r a n s i t i o n  ( p a r a r t e r ,  / t u rbu lence  1 t h ~ c t n e s s  1 l e n g t h  o f  I t h i cknes  

s t a r t l n g  i n t e n s i t y  Reynolds t r a n s i t i o n  Reynolds 

Reference 

B l a i r  and Werle ( 5 )  
B l a i r  and Werle ( 5 )  

B l a i r  and Werle ( 6 )  and 
B l a i r  ( 7 )  

Han e t  a l .  ( 8 )  

Consigny and Richards (9 )  

Shu l t z  e t  a l .  ( 10 )  and 
Dan ie l s  and Brown (11 )  

Lander (12)  

E x i t  
Mach 
number 

0.09 
.09 

.07 
.12 
.12 

I n l e t  

p o i n t  number zone number 

m f t  m f t  

0.213 0.70 0  0.012 400 0.262 0.86 985 
.076 .25 0  .025 2  60 . I 83  .60 730 

Test  c o n d i t i o n s  

Heated f l a t  p l a t e ,  
no acce le ra t i on ,  
low speed 

Heated f l a t  p l a t e ,  
cons tan t  acce le ra t i on ,  
low speed 

Heated 1  arge-scale 
a i r f o i l ,  l ow  speed 

Sho r t  t e s t ,  
h i g h  speed 

Sho r t  t e s t ,  
h i g h  speed 

T rans ien t  t e s t ,  
combust ion heated 

a T r a n s i t i o n  n o t  complete a t  end o f  vane sur face.  

. 
Pressure, 

atm 

1.0 

1.09 

.76 

.76 

.68 
.68 

.53 

R a t i o  o f  
w a l l  t o  gas 
temperature 

1.02 

v 

7.23 

4.2 1.88 
12.6 .040 5.75 

3.75 . l b7  2.7 .b5 

Reynolds 
number 

47.3~105 
47.3 

24.1 
15.1 
15.1 

Streamwi se 
t u rbu lence  

i n t e n s i t y  

0.012 
.025 

.021 

.023 

.053 



0 Data 
Transitional -- All turbulent I STAN5 

-OM t\ ----- All laminar ] 

0 25 50 75 100 125 
Surface distance, cm 

0 10 20 30 40 50 
Surface distance, in  

(a) Inlet turbulence level, 0.012. 
(b) Inlet turbulence level, 0.025. 

Figure 1. . - Stanton nwnber as a function of surface distance. Flate plate; f ree-steam velocity, 
30.5 Msec (100 ft/sec) . (Data from ref. 5). 



0 Data 
Transitional -- All turbulent STAN5 ---- All laminar --- I 
Free-stream velocity 

0 50 100 150 200 
Surface distance, cm 

-- 
Surface distance, in~  

(a) Inlet turbulence level, 0.021; local acceleration parameter, K, 0.2x10d. 
(b) Inlet turbulence level, 0.023; local acceleration parameter, K, 0.75~10-~. 
(c) Inlet turbulence level, 0.053; local acceleration parameter, K, 0.75xl0-~. 

Figure 2. - Stanton number as a function of surface distance. Flat plate; constant acceleration. 
(Data from ref. 6). 



0 Data 
Transitional 

---- All laminar --- 
lm I- I", 

0 . 2  .4 .6 .8 1.0 
Dimensionless distance. X I L  

Figure 3. - Heat transfer coefficient as a function o f  surface distance. Large-scale turbine 
vane; suction surface; i n l e t  turbulence level,  0.008; local acceleration parameter K a t  
transit ion s tar t ,  0 .39xl0-~.  (Data from Han e t  a l .  ( ref .  8) .) 



o Data - Transitional -- All turbulent STAN5 ---- All laminar --- i 
Free-stream velocity - 

1200 - /----I 

0 
340 

loo0 - / O O  0 
0 300 

260 

220 

180 

140 --. 
End 

0 .03 .06 .09 .I2 .15  
Surface distance, m 

c 
0 .1 .2 .3 .4 . 5  

Surface distance, f t  

(a) I n l e t  turbulence level,  0.030. 
(b) I n l e t  turbulence level,  0.052. 

Figure 4. - Heat transfer coefficient as a function of  surface distance. Turbine vane suction 
surface; simulated engine conditions; local acceleration parameter K a t  transition start ,  
0 . 1 1 ~ 1 0 - ~ .  (Data from r e f .  9.) 



o Data 
Transitional 
A l l  turbulent I STAN5 ---- Al l  laminar ) 

250 r Free-stream velocity 

0 L lt I I (b )  I 
0 .01 .02 -03 .M .05 .06 .07 

Surface distance, m 

s 
0 .05 .10 .15 .20 .25 

Surface distance, f t  

(a) Local acceleration parameter K a t  transit ion start,  0.21~10-~; Reynolds number, Re, 
4.2x105. 

(b) Local acceleration parameter K a t  transit ion start,  0.88~10-~; Reynolds number, Re, 
12.6x105. 

Figure 5. - Heat transfer coefficient as a function o f  surface distance. Turbine vane suction 
surface; simulated engine conditions; i n le t  turbulence level, 0.040. (Data from ref.  10.) 



C 0 Data 
Transitional -- 

250 r 14M1 ---- All laminar --- Free-stream velocity 

0 .01 .02 .03 .M -05 .06 
Surface distance, m 

s 
0 .04 .08 .12 .16 .20 

Surface distance, i t  

Figure 6. - Heat transfer coefficient as a function o f  surface distance. Turbine vane suction 
surface; simulated engine conditions; i n l e t  turbulence level,  0.187; local acceleration parameter 
K a t  transit ion start ,  0 . 1 2 ~ 1 0 ' ~ .  (Data from r e f .  12 for very high turbulence.) 




