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TKE EFFECT OF FREE-STREAM TURBULENCE ON HEAT TRANSFER 
TO A STRONGLY ACCEIiERATED TURBULENT BOUNDARY LAYER 

B. W, Kearney*, W. M. Kays**, R. J. Moffat**, R e  J. Loyd* 

ABSTRACT 

Heat t r a n s f e r  experiments have been c a r r i e d  ou t  on a  t u r b u l e n t  
boundary l a y e r  sub j ec t ed  t o  a  s t r o n g l y  a c c e l e r a t e d  f r ee - s t r eam 
( K  = 2.5 x  w i th  i n i t i a l  tu rbu lence  i n t e n s i t y  l e v e l s  o f  0.7 
pe rcen t ,  and 3.9 pe rcen t .  S tan ton  number, mean temperature  and 
v e l o c i t y  p r o f i l e s ,  and tu rbu lence  i n t e n s i t y  p r o f i l e s  were measured 
a long  t h e  a c c e l e r a t e d  r eg ion .  The tu rbu lence  i n t e n s i t y  p r o f i l e s  
i n d i c a t e  t h a t  a t  t he  end of' t he  a c c e l e r a t e d  r e g i o n  both  c a s e s  s t i l l  
e x h i b i t  t h e  c h a r a c t e r i s t i c  shapes of f u l l y  t u r b u l e n t  l a y e r s ,  though 
t h e  l e v e l  of t h e  tu rbu lence  i s  no t ab ly  reduced.  Addi t iona l ly ,  t h e  
h e a t  t r a n s f e r  d a t a  f o r  t h e  two ca se s  a r e  i d e n t i c a l  w i t h i n  t h e  un- 
c e r t a i n t y  of  t h e  exper imenta l  d a t a ,  d i s p l a y i n g  v i r t u a l l y  no e f f e c t  
o f  t he  f r ee - s t r eam turbu lence  i n t e n s i t y .  T h e o r e t i c a l  p r e d i c t i o n s  
ob ta ined  by a  numerical  s o l u t i o n  of t h e  boundary l a y e r  equa t ions ,  
t a k i n g  i n t o  account t h e  boundary c o n d i t i o n s  on t he  t u r b u l e n t  
energy corresponding t o  t h e  two cases ,  ag ree  w e l l  wi th  t he  r e s u l t s .  

ANALYSIS 

I n t r o d u c t i o n  

It has  been demonstrated by numerous exper imenters  t h a t  when 
a  t u r b u l e n t  boundary l a y e r  i s  sub j ec t ed  t o  a  s u f f i c i e n t l y  l a r g e  
nega t ive  p r e s s u r e  g r a d i e n t  ( o r  f r ee - s t r eam a c c e l e r a t i o n ) ,  a  r e -  
t r a n s i t i o n  t o  a laminar boundary l a y e r  w i l l  t ake  p lace  [I, 2,3 ]. 
This  phenomenon is accompanied by very  s u b s t a n t i a l  r e d u c t i o n s  i n  
h e a t  t r a n s f e r ,  i f  indeed h e a t  t r a n s f e r  i s  t ak ing  p l ace ,  and i s  f o r  
t h i s  r ea son  of cons ide rab l e  t e c h n i c a l  s i g n i f i c a n c e  . 

It was o r i g i n a l l y  thought t h a t  a n  a b r u p t  decrease  i n  t h e  
S t an ton  number, when a  h igh  a c c e l e r a t i o n  i s  app l i ed ,  was evidence 
of  a  complete r e t r a n s i t i o n  t o  a  laminar  boundary l a y e r ,  and t h e  
term " l amina r i za t i on" ,  coined by ~ a u n d e r  [2 1, has  f r e q u e n t l y  been 
used i n  connec t ion  wi th  such dec rease s  i n  S t an ton  number. More 
r e c e n t l y  i t  has  been demonstrated [31 t h a t  even r e l a t i v e l y  m i l d  
a c c e l e r a t i o n s  can cause a  r e d u c t i o n  i n  S t an ton  number, and t h a t  
t h e  degree  of  r e d u c t i o n i n e r e a s e s  con t inuous ly  wi th  t h e  s t r e n g t h  of 
t h e  a c c e l e r a t i o n .  It i s  thus  d i f f i c u l t  o r  impossible  t o  determine 
from h e a t  t r a n s f e r  d a t a  a lone  whether l a m i n a r i z a t i o n  i s  t a k i n g  
p l ace .  Examination of mean v e l o c i t y  p r o f i l e s ,  and t h e  succes s  of  
a  t h e o r e t i c a l  model of the  a c c e l e r a t e d  boundary l aye r ,  i s  used by 
Kays, e t  a l ,  [ 3 ] ,  as evidence t h a t  a n  equ i l i b r ium t u r b u l e n t  boun- 
d a r y  l a y e r  can e x i s t  even though S t an ton  number is dec reas ing  
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v i r t u a l l y  a s  i t  would were t h e  boundary l a y e r  e n t i r e l y  laminar .  It 
appea r s  t h a t  a c c e l e r a t i o n  causes  a n o t i c e a b l e  i n c r e a s e  i n  t h e  t h i c k -  
n e s s  of  t h e  v i s cous  sub l aye r  ( a n  i n c r e a s e  t h a t  u l t i m a t e l y  w i l l  en- 
v e l o p  t h e  e n t i r e  boundary l a y e r  a t  s u f f i c i e n t l y  s t r o n g  a c c e l e r a -  
t i o n s ) ,  whi le  a t  t he  same time t h e  thermal  boundary l a y e r  pene- 
t r a t e s  beyond t h e  momentum boundary l a y e r  such t h a t  i t  encounte rs  
a r e g i o n  of very  low o r  n e g l i g i b l e  eddy conduc t iv i t y .  

An important  q u e s t i o n  r a i s e d  by t h i s  exp lana t ion  i s  whether o r  
n o t  h igh  f r ee - s t r eam tu rbu lence  has  a n y - s u b s t a n t i a l  e f f e c t  on t he  
h e a t  t r a n s f e r  performance of a s t r o n g l y  a c c e l e r a t e d  t u r b u l e n t  
boundary l a y e r .  Most of t h e  experiments have taken  p l a c e  i n  wind 
t u n n e l s  where tu rbu lence  l e v e l  i s  ve ry  smal l ,  b u t  many of t h e  
i n t e r e s t i n g  t e c h n i c a l  a p p l i c a t i o n s  ( t u r b i n e  b lades ,  r o c k e t  nozz les ,  
f o r  example) invo lve  h i g h l y  t u r b u l e n t  f r ee - s t r eam environments.  
For non-accelera ted boundary l a y e r s  i t  seems t h a t  f r ee - s t r eam t u r b -  
u lence  i s  n o t  p a r t i c u l a r l y  s i g n i f i c a n t  [ 4 ] ,  b u t  t h i s  may no t  be t he  
ca se  when t h e  o u t e r  p a r t  of  t h e  boundary l a y e r  i s  prov id ing  any 
s u b s t a n t i a l  p a r t  of  t h e  o v e r a l l  h e a t  t r a n s f e r  r e s i s t a n c e ,  a s  i t  
a p p a r e n t l y  does f o r  prolonged h i g h l y  a c c e l e r a t e d  f lows.  

The o b j e c t i v e  of  t h i s  paper i s  t o  d e s c r i b e  t h e  r e s u l t s  of  some 
experime ts a t  r e l a t i v e l y  high a c c e l e r a t i o n  [ K  = 2.5 x 10-6, where 9 K = (v/u,) ( d ~ d d x ) ]  t aken  f irst  under low tu rbu lence  cond i t i ons ,  
and then  wi th  cons ide rab ly  h ighe r  f r ee - s t r eam turbu lence  a r t i f ' i -  
c i a l l y  induced by a crossed-rod g r i d .  The s u r f a c e  h e a t  t r a n s f e r  
measurements were accompanied by mean v e l o c i t y  and temperature  
t r a v e r s e s ,  b u t  more impor t an t ly  by hot-wire t r a v e r s e s  ofduT/u,. 
Ac tua l ly ,  one o b j e c t i v e  of  t h e  hot-wire measurements was t o  demon- 
s t r a t e  t h a t  wi th  K = 2.5 x t he  boundary l a y e r  i s  indeed s t i l l  
a t u r b u l e n t  one s i n c e ,  as suggested above, t h e  o v e r a l l  h e a t  t r a n s -  
f e r  behavior  i s  by no means conc lus ive  on t h i s  p o i n t .  

Experimental  Apparatus 

The exper iments  were conducted on t h e  Heat and Mass T rans fe r  
t e s t  r i g  i n  t h e  Mechanical Engineer ing Department a t  S tanford  
U n i v e r s i t y .  The boundary l a y e r  was formed on t h e  lower s u r f a c e  of  
a r e c t a n g u l a r  channel  having i n i t i a l  c r o s s - s e c t i o n  dimensions of 
s i x - inches  by twenty-inches.  The e n t i r e  channel  i s  e i g h t  f e e t  i n  
l e n g t h .  The r e g i o n  of a c c e l e r a t i o n ,  extending over  a d i s t a n c e  of 
twenty-inches,  beg ins  16 inches  downstream of a 1/16" high,  1/4" 
wide f l a t  boundary l a y e r  t r i p ,  The he igh t  of t h e  upper w a l l  of  
t h e  duc t  can be v a r i e d  t o  ach ieve  t he  d e s i r e d  f r ee - s t r eam v e l o c i t y ;  
i n  t h e  experiments descr ibed  he re  a l i n e a r  v a r i a t i o n  of t he  w a l l  
was u t i l i z e d  i n  o rde r  t o  ach ieve  a cons t an t  va lue  of t h e  a c c e l e r -  
a t i o n  parameter  K ,  

I n  t h e  h igh  f r ee - s t r eam turbu lence  runs ,  a  crossed-rod g r i d  
was placed 13 inches  upstream of t he  t r i p ,  The g r i d  cons i s t ed  of  
1/4-inch round wooden dowels formed i n t o  a square ,  i n t e r l o c k e d  
mesh ( i . e , ,  a i l  of t h e  dowels were i n  t he  same p l a n e )  on 1- inch 
c e n t e r s ,  

The lower w a l l  of t h e  e i g h t - f o o t  channel  i s  comprised of 24 
segments of 1/4-inch t h i c k  s i n t e r e d  bronze, a l lowing  f o r  t e s t s  
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wi th  t r a n s p i r a t i o n  when d e s i r e d .  Surface  temperature  i s  mea- 
sured by f i v e  thermocouples imbedded i n  t h e  c e n t e r  s i x - i n c h  
span of each segment. The segments a r e  heated by w i r e s  s i t -  
uated i n  grooves i n  t h e  bottom s u r f a c e ,  spaced such t h a t  t h e  
t o p  s u r f a c e  of each  segment i s  uniform i n  temperature  t o  
w i t h i n  0 . 0 4 ' ~  under a l l  cond i t i ons .  The h e a t  t r a n s f e r  between 
t h e  s u r f a c e  and t h e  boundary l a y e r  i s  deduced from a n  energy 
balance based on power and temperature  measurements i n  each 
segment. A d e t a i l e d  d e s c r i p t i o n  of t h e  appa ra tu s  and the  d a t a  
r e d u c t i o n  method i s  conta ined i n  [5] . 

Mean f low v e l o c i t y  p r o f i l e s  were ob ta ined  wi th  a f l a t -  
tened p i t o t  probe,  whi le  temperature  p r o f i l e s  were measured 
w i t h  an i ron-cons tan tan  thermocouple wi th  the  j unc t ion  
f l a t t e n e d .  Longi tud ina l  tu rbu lence  p r o f i l e s  were t aken  
wi th  a  0.0002-inch c o n s t a n t  temperature  p la t inum h o t  wire  
and a  l i n e a r i z e d  anemometer system. 

E x ~ e r i m e n t a l  R e s u l t s  

Two expe r imen t swere  conducted wi th  f r ee - s t r eam tu rb -  
u lence i n t e n ~ i t i e s , , , / u ~ / ~ ~ ,  of 0.7 pe rcen t  and 3.9 pe r -  
c e n t ,  r e s p e c t i v e l y ,  a t  t he  s t a r t  of a c c e l e r a t i o n .  The 
f r ee - s t r eam turbu lence  i n t e n s i t y  decayed t o  0.4 pe rcen t  
and 0.9 pe rcen t ,  r e s p e c t i v e l y ,  i n  t h e  recovery  r eg ion .  
The l e v e l  of h igh  f r ee - s t r eam turbu lence  emplo ed is  of 
t h e  same o r d e r  of magnitude a s  used by Kes t in  ?4] i n  h i s  
i n v e s t i g a t i o n  of t h e  e f f e c t s  of  f r ee - s t r eam turbu lence  on 
a boundary l a y e r  sub j ec t ed  t o  a  moderate a c c e l e r a t i o n .  
The f r ee - s t r eam energy s p e c t r a  e x h i b i t e d  i n  bo th  runs  was 
t h a t  of normal t u rbu l ence .  The g r i d  des ign  was based i n  
p a r t  on t h e  work of Uberoi  and Wallis [6] , i n  which, 29- 
inches  downstream of a  similar the  tu rbu lence  was 

2 .  ~ 0 t h  t e s t s  r e -  found t o  be homogeneous wi th  u  
por ted  here  were conducted w i th  a  f r ee - s t r eam v e l o c i t y  of 
about  23 f p s .  

I n  F ig .  1 i s  shown a  p l o t  of S t an ton  number ve r sus  
l o c a l  e n t h a l p y  t h i c k n e s s  Reynolds number f o r  t h e  two ca se s .  
The d i f f e r e n c e s  i n  t h e  d a t a  s e t s  on Fig .  1 a r e  no g r e a t e r  
t han  t h e  e s t ima ted  exper imenta l  u n c e r t a i n t y .  It appears  
t h a t  i n  t h e  a c c e l e r a t e d  reg ion ,  where t h e  a b r u p t  decrease  
i n  S t an ton  number i s  t ak ing  p l ace ,  t h e r e  i s  n e g l i g i b l e  
d i f f e r e n c e  i n  performance. I f  any th ing  t h e  h igh  turbu-  
l ence  case  y i e l d s  lower S t ,  which does n o t  seem p h y s i c a l l y  
p l a u s i b l e .  I n  t h e  recovery  r eg ion ,  where f r ee - s t r eam 
v e l o c i t y  i s  a g a i n  cons t an t ,  i t  appears  t h a t  recovery  i s  
s l i g h t l y  more a b r u p t  wi th  high f r e e - s t r e a m  turbu lence ,  
and t h i s  would be c o n s i s t e n t  wi th  t h e  proposed model. 
Thus t h e  conc lus ions  t h a t  one can draw a r e  t h a t  i n i t i a l  
f r ee - s t r eam turbu lence  l e v e l s  a s  h igh  a s  3.9 pe rcen t  have 
very  l i t t l e  e f f e c t  on S t an ton  number f o r  s t r o n g l y  a c c e l -  
e r a t e d  f lows ,  b u t  t h i s  f a c t  i n  i t s e l f  i s  of s i g n i f i c a n c e .  
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Figs .  2 and 3 a r e  p l o t s  of t r ave r ses  o f p / ~  taken j u s t  
before acce le ra t ion ,  and near the end of accelerat?on; f o r  both the 
low free-stream turbulence case and the high free-s tream turbulence 
case.  E s s e n t i a l l y  they demonstrate t h a t  a t  t h i s  r e l a t i v e l y  high 
r a t e  of a c c e l e r a t i o n  the  boundary l aye r  i s  i n  f a c t  s t i l l  a  turbu- 
l e n t  one, but w i t h  a  lowered turbulence i n t e n s i t y ,  e s p e c i a l l y  i n  
t h e  wake. The r e s u l t s  f o r  the  higher f ree-s tream turbulence case 
a r e  s i m i l a r  t o  those f o r  low free-stream turbulence,  with the  d i f f -  
erences confined p r imar i ly  t o  the  wake. 

The g l o b a l  c h a r a c t e r i s t i c s  of thebboundary l a y e r s  en te r ing  
the  acce lera ted  region f o r  the two cases  a r e  q u i t e  d i f f e r e n t  i n  
na ture ;  the t e s t  with high free-s tream turbulence e x h i b i t s  a  very 
t h i c k  boundary l aye r  with a  52 percent  l a r g e r  momentum thickness .  
It i s  not  c e r t a i n  whether t h i s  e f f e c t  i s  a  d i r e c t  r e s u l t  of the  
high turbulence on the  growth of the layer ,  or  whether the  g r i d  rod 
n e a r e s t  t h e  wal l  simply introduces a  momentum decrement i n t o  the 
developing boundary l aye r .  Nevertheless,  the important po in t  i s  
t h a t ,  i n  the  acce lera ted  regions ,  the outer  l aye r s  a r e  a f f e c t e d  
whereas t h e  inner  l a y e r s  appear t o  d i sp lay  l i t t l e ,  i f  any, e f f e c t  
of the free-s tream turbulence l e v e l .  In  Fig. 4, f o r  example, a r e  
shown the  v e l o c i t y  p r o f i l e s ,  i n  inner  coordinates ,  a t  the end of 
the  acce lera ted  region f o r  both cases .  The p r o f i l e s  devia te  from 
the accepted law of the wal l  f o r  a  f l a t  p l a t e  boundary l aye r ,  a s  
i s  t y p i c a l  of highly acce lera ted  boundary l aye r s ,  but  a r e  q u i t e  
s i m i l a r  t o  each o ther .  

P red ic t ion  of E x ~ e r i m e n t a l  Resul t s  

Fig. 5 shows the  r e s u l t s  of t h e o r e t i c a l  c a l c u l a t i o n s  made 
under the  condi t ions of the  experiments, using a  combination of a  
k i n e t i c  energy model of turbulence i n  the  outer  regions,  and the  
Van D r i e s t  mixing-length model near the wal l .  The c a l c u l a t i o n s  
were performed by a  numerical solut ion* of the  following simultan- 
eous s e t  of equations:  

Continui ty au av = 0 = + 3 j 7  

Momentum au a u  [ ( v + c M ) $ 1  
u~ + "5 = Ucodx- -5 

Energy 

Turbulent as as UE + V-J- = y Kinet ic  
( 4 )  

Energy 

*The numerlcal procedure employed i s  a modif lcat icn of the 
spalding/patankar procedure [7 I .  
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To o b t a i n  c l o s u r e ,  t h e  fo l lowing  model of t h e  t u r b u l e n t  
s t r u c t u r e  was assumed i n  t h e  o u t e r  r e g i o n  

The r e l a t i o n s h i p  f o r  t h e  t u r b u l e n t  P r a n d t l  number as a 
f u n c t i o n  o r  (E v )  i s  based on t h e  work of Simpson, e t  a1 . [8 ] .  
I n  t h e  c o r r e l a  used here ,  t h e  va lues  f o r  Prt  ranged from 
1 / ~ r  a t  t h e  w a l l  t o  0.86 i n  t h e  o u t e r  l a y e r s  ( t h i s  c o r r e l a t i o n  i s  
a l s o  p resen ted  i n  [3  I)+ The e f f e c t s  o f  a c c e l e r a t i o n  on t h e  
Van D r i e s t  cons t an t ,  A , can be adequa t e ly  modeled i n  a c c e l e r a t e d  
f lows  by t h e  f u n c t i o n  A+(pf) shown on F ig .  6. I n  t h e  ca se s  under 
c o n s i d e r a t i o n ,  P+ 3.9 approximately  -0.022, and A+ r eaches  a max- 
imum of about  65. 

I n  t h e  i n n e r  r e g i o n s ,  on ly  equa t ions  ( 1 )  through (3 )  a r e  
u t i l i z e d ,  w i t h  t h e  a d d i t i o n a l  s t i p u l a t i o n  t h a t  

This  mixing-length model of t h e  t u r b u l e n t  boundary l a y e r ,  wi th  a 
mod i f i ca t i on  i n  t h e  o u t e r  reg ion ,  has  been s u c c e s s f u l l y  used to 
p r e d i c t  exper imenta l  r e s u l t s  over a wide range of cond i t i ons  In- 
c lud ing  t r a n s p i r a t i o n  and f avo rab l e  p r e s s u r e  g r a d i e n t s  [ 3  ]. It wa,s 
hoped t h a t  t h e  a d d i t i o n  of t he  t u r b u l e n t  k i n e t i c  energy model, 
b e s i d e s  p rov id ing  a p o t e n t i a l  improvement i n  t h e  prcdj-ctlol?. mctb.od 
i n  gene ra l ,  would i n  p a r J ~ r i c ~ ~ . l a r  permit  a, p.~edcliction of  tbc i n f luence  
of f r ee - s t r eam tu rbu lence .  

The t h e o r e t i c a l  cal-cul.atLons presen ted  I n  Fig. 5 a r e  i n  
r ea sonab le  agreement -rurlth t h e  exper imenta l  f 9nd ings  , The devfa-  
t i o n  between t h e  %r.ro t h e o r e t i c a l  curves  i s  due t o  t he  fact t h a t  
t h e  boundary r,ondri%ri.ons .for t h e  v a r i a t i o n  of the free-sJc,rec?m. ve1.o- 

'-7 n c i t y ,  I, e , , I.~,;I-, ,?io~?cri.se 2 eve1  at14 phys5-i_cc?,,l l.oc.a.'i;ion of tl?e ilnpo?,cd 
accel.eraJcj-on, 3,re ~ 3 3  :jgbt,I_;v d3.fferent i1.2 i;he truo ca se s .  Tt i~Tl.3. be 
:;hos~n nex t  t h a t ,  ~re1"e the  Imposed exper imenta l  conci.S_trions idenJ~?- -  
c a n ,  -i;b.e ' t l ?c~re t j . ca l  model ~ ; o u l d  predrlct 11cc?,r7.~~ iclci?'c;:ical curire?; 
for tlhc two cases, 
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A quest ion n a t u r a l l y  a r i s e s  concerning the e f f e c t  of s t i l l  
higher  i n i t i a l  l e v e l s  of f ree-s tream turbulence under these same 
condit ions of acce le ra t ion .  To i n v e s t i g a t e  the  t h e o r e t i c a l  a spec t s  
of t h i s  poin t ,  t h ree  p red ic t ions  were made u t i l i z i n g  the  exper i -  
mental boundary condi t ions and mean-flow s t a r t i n g  p r o f i l e s  of the  
3.9 percent  case.  

The r e s u l t s  a r e  shown i n  Fig.  7 f o r  i n i t i a l  f ree-s tream t u r -  
bulence l e v e l s  of 0.7 percent ,  3.9 percent ,  and 10  percent .  The 
curves f o r  the  lower two i n t e n s i t i e s  a r e  ind i s t ingu i shab le  on the  
p l o t ,  whereas the  higher turbulence l e v e l  c l e a r l y  decreases  the  
e f f e c t  of a c c e l e r a t i o n  on S t ,  and s i g n i f i c a n t l y  increases  S t  i n  the  
recovery region.  Eventually,  a l l  t h ree  p red ic t ions  converge on the  
accepted c o r r e l a t i o n  f o r  the f l a t - p l a t e  tu rbu len t  boundary l aye r .  

P r io r  t o  acce le ra t ion ,  the free-s tream turbulence f o r  the 10 
percent  case i s  on the order  of the  self-generated turbulence 
wi th in  the  boundary layer .  It is  not  unreasonable t h a t  the hea t  
t r a n s f e r  should be a f fec ted  under these condi t ions.  An experimen- 
t a l  hydrodynamic study by Kline, e t  a l .  [g] f o r  a  constant  v e l o c i t y  
tu rbu len t  flow s u b s t a n t i a t e s  the not ion t h a t  a  f ree-s tream turbu- 
lence l e v e l  of t h i s  magnitude has s i g n i f i c a n t  e f f e c t s  on the char- 
a c t e r i s t i c s  of the boundary layer .  In  the  acce lera ted  zone and 
t h e r e a f t e r ,  however, i t  i s  believed t h a t  the inf luence of the  high 
turbulence i s  manifested through a  d i f f e r e n t  mechanism. A s  the  
thermal l a y e r  grows outs ide  of the momentum layer ,  the  higher  f r e e -  
stream turbulence a c t s  t o  increase  the apparent conduct ivi ty  i n  
t h i s  laminar-l ike ou te r  region, r e s u l t i n g  i n  higher Stanton numbers. 

Conclusions 

The following a r e  the conclusions t h a t  may be drawn from t h i s  
work: 

( a )  For the a c c e l e r a t i o n  parameter, K, a s  high a s  2,5 x 10- b 

t he  boundary l aye r  i s  s t i l l  a  tu rbu len t  one, d e s p i t e  the f a c t  t h a t  
when hea t  t r a n s f e r  i s  taking place the Stanton number decreases  
very markedly; 

( b )  The decrease i n  Stanton number observed during s t rong 
a c c e l e r a t i o n  i s  independent of i n i t i a l  f ree-s tream turbulence 
l e v e l s  up t o  a t  l e a s t  4 percent;  

( c )  Theore t ica l  ca lcu la t ions  f o r  an i n i t i a l  f ree-s tream t u r -  
bulence l e v e l  of 10  percent  suggest t h a t  i f  i n i t i a l  f ree-s tream 
turbulence i s  of the same order  of magnitude a s  the self-generated 
turbulence wi th in  the boundary l aye r ,  a  s u b s t a n t i a l  increase  i n  
Stanton number w i l l  be obtained throughout the  acce lera ted  region.  
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NOMENCLATURE 

Symbol 

A+ 

Desc r ip t ion  - .- - 

Van D r i e s t  cons t an t  (def ined  by Eq. 9 )  
1 2  Sur face  s h e a r  s t r e s s  c o e f f i c i e n t  (= T W / ( ? ~ U ~  ) )  

D i s s i p a t i o n  term i n  the  t u r b u l e n t  k ine t ic -energy  
equa t ion  (def ined  by Eq. 6 )  

Van D r i e s t  damping f a c t o r  (def ined  by Eq. 9 )  

dUw 2  Acce le ra t ion  parameter ( = v  - /u, ) dx 

l e n g t h  s c a l e  (def ined  by Eq. 8 )  

Acce le ra t ion  parameter (= -K/(cf/2) 3/ 2 ) 

Prand t 1 number (= v/d ) 

Turbulent  P r a n d t l  number (= E ~ E ~ )  

Enthalpy th i ckness  Reynolds number (= U , A ~ V )  - - - 
1 Turbulent  k i n e t i c  energy (= T(u12  + v t 2  + w I 2 ) )  ; 

Temperature 

Mean v e l o c i t y  components i n  streamwise and normal 
d i r e c t i o n s  

Normalized s treamwise v e l o c i t y  (= U/U, ) 

Shear v e l o c i t y  (= d T P )  
Free-stream v e l o c i t y  i n  streamwise d i r e c t i o n  

F l u c t u a t i n g  v e l o c i t y  components i n  streamwise, 
normal, and t r a n s v e r s e  d i r e c t i o n s  

-Denotes  streamwise d i r e c t i o n  

Denotes normal d i r e c t i o n  

Inner  r e g i o n  normal coord ina te  ( = y u T / ~ )  

Molecular thermal  d i f f u s i v i t y  
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5pmb0 1 Descript lon 

E Eddy d i f f u s i v i t y  ,- 00 

Enthalpy thickness  (= )dy) 

K Von Karman constant  (= 0.44) 

v Kinematic v i s c o s i t y  

P Density 

T Shear s t r e s s  

Subscr ip ts  

H Denotes heat  

co Denotes free-stream 

M Denotes momentum 

w Denotes wal l  

4 Denotes turbulent  k i n e t i c  energy 
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FIGURES 

0.010 
I NIT1 AL FREE - STREAM 
TURBULENCE INTENSITY 

0 0.7 % 
+ 3.9 % 

St 

Fig ,  1. Experimental hea t  t r a n s f e r  f o r  low and high i n i t i a l  f r e e -  
stream turbulence i n t e n s i t i e s  i n  a  s t rong ly  acce lera ted  flow, 

Typical c o c r e l a t i  n  f o r  constant  Uw, 
S t  = 0.0128 ReH - ~ 9 4 ~ ~ - 1 / 2 ~  
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Fig.  2. Experimental turbulence i n t e n s i t y  p r o f i l e s  i n  the  cons tant  
U, region p r i o r  t o  acce le ra t ion .  ReH 600. 
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pig.  3. Experimental turbulence i n t e n s i t y  p r o f i l e s  near the end of 
the  acce le ra ted  region.  ReH 9 1430. 



%- - ;Kearney e t  a l .  : Accelerated Turbulent Boundary Layer 

INITIAL FREE-STREAM 
TURBULENCE INTENSITY 

0.7% 
+ 3 .9% 

Y +  

Fig.  4. Experimental v e l o c i t y  p r o f i l e s  near the end of the acce l -  
e ra ted  region.  ReH = 1430. 
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Fig. 5. Comparison of predicted and experimental  hea t  t r a n s f e r  
r e s u l t s .  
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F ig .  6. C o r r e l a t i o n  f o r  t he  Van D r i e s t  cons t an t  i n  a c c e l e r a t e d  
f lows.  
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Fig .  7. E f f e c t  of i n i t i a l  f r ee - s t r eam turbu lence  l e v e l  on t h e  
p r e d i c t e d  h e a t  t r a n s f e r  performance. Typical  c o r r e l -  
a t i o n  f o r  cons t an t  urn, st  = 0.0128 R 




