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D u r in g  t r a n s i e n t  r u n n i n g  o f  an  a x i a l  f low c o m p re s s o r ,  c o n s i d e r a b l e  

t e m p e r a t u r e  d i f f e r e n c e s  a r c  s e t  up be tween  t h e  met;. 1 s u r f a c e s  and th e  

a d j a c e n t  a i r s t r e a r n .  I t  was s u g g e s t e d  t h a t  t h e s e  t e m p e r a t u r e  

d i f f e r e n c e s  migh t  have an a d v e r s e  e f f e c t  upon th e  ae rodynam ic  

p e r fo rm a n c e  of  th e  c o m p re s s o r ,  and i n c r e a s e  t h e  l i k e l i h o o d  o f  s t a l l .  

R o l l s - R o y c e  L td .  e x p r e s s e d  i n t e r e s t  i n  t h i s  h y p o t h e s i s ,  and o f f e r e d  

t o  sp o n so r  a  t h r e e - y e a r  programme o f  i n v e s t i g a t i o n .

The e s s e n t i a l  s tudy  was c o n s i d e r e d  t o  be  t h a t  o f  t u r b u l e n t

s e p a r a t i o n  o f  b ounda ry  l a y e r s  from h e a t e d  s u r f a c e s ,  b u t  an i n i t i a l

e x p e r i m e n t a l  i n v e s t i g a t i o n  o f  l a m i n a r  t r a n s i t i o n  was c a r r i e d  o u t

f o r  lo w -s p e e d  f lo w  ove r  a  f l a t  p l a t e .  T h i s  i n d i c a t e d  t h a t  th e

t r a n s i t i o n  p o i n t  i s  g e n e r a l l y  advanced  by v/a l l  h e a t i n g ,  and con f i rm ed

t h e  r e s u l t s  o f  o t h e r  a u t h o r s .  The t u r b u l e n t  s e p a r a t i o n  measurements  
si

were  made on th e  i n n e r  w a l l  o f  a  c u rv e d  d u c t ,  a g a i n  a t  low a i r  

v e l o c i t i e s .  Advancement o f  the  s e p a r a t i o n ^  p o i n t  i n  r e s p o n s e  to  v /al l  

h e a t i n g  was o b s e r v e d ,  b u t  dependence  on f lo w  v e l o c i ty ^ 'w a s  e v i d e n t .  

A t t e m p t s  were made to  r e l a t e  s e p a r a t i o n  p o i n t  movement t o  a  s i n g l e  

p a r a m e t e r ,  b u t  t h e s e  were u n s u c c e s s f u l .

The c u rv ed  d u c t  r e s u l t s  were compared w i t h  p r e d i c t i o n s  from an 

i n t e g r a l - t y p e  boundary  l a y e r  c a l c u l a t i o n  p rogram ,  which  had been  

d e v e l o p e d  by s t a f f  a t  R o l l s - R o y c e .  T h i s ,  a f t e r  m o d i f i c a t i o n  by t h e  

a u t h o r ,  gave  a c c e p t a b l e  r e s u l t s  f o r  the  m a j o r i t y  o f  t h e  e x p e r i m e n t a l  

d a t a .  The p r e d i c t i o n s  were  th e n  e x t e n d e d  to  co v e r  f lo w  o v e r  

co m p re ss o r  b l a d e s .

I t  was c o n c lu d e d  t h a t  p r e m a tu r e  s e p a r a t i o n  o f  t h e  boundary  l a y e r



t

i n  a  c o m p re ss o r  i s  most  l i k e l y  t o  o c c u r  on t h e  a e r o f o i l  s u c t i o n
i

s u r f a c e s ,  a l t h o u g h  s e p a r a t i o n  from th e  drum i s  a  f u r t h e r  p o s s i b i l i t y .  

On the  a e r o f o i l s ,  s e p a r a t i o n  p o i n t  movements a s  a  r e s u l t  o f  t h e rm a l
v -

t r a n s i e n t s  a r e  l i k e l y  t o  be sm a l l  ( l e s s  th a n  5$ o f  t h e  c h o r d ) .  

However, a  s m a l l  d e p a r t u r e  from d e s i g n  c o n d i t i o n s  i s  l i k e l y  to  

p roduce  a l a r g e r  one f u r t h e r  downst ream.  Thus i t  was c o n s i d e r e d  

t h a t  t h e  ae ro d y n a m ic  c o n s e q u e n c e s  o f  h e a t  t r a n s f e r  f rom t h e  b l a d i n g  

can be a m a jo r  f a c t o r  i n  r e d u c i n g  c o m p re ss o r  s t a l l  m a rg i n s  d u r i n g  

t r a n s i e n t  r u n n i n g .

/
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CHAPTER I 

INTRODUCTION

The work d e s c r i b e d  i n  t h i s  t h e s i s , i s  q u i t e  g e n e r a l  i n  n a t u r e ,  and 

i t  i s  hoped t h a t  i t  w i l l  be o f  a s s i s t a n c e  i n  many ae ro d y n a m ic  s t u d i e s .  

However,  t h e  r e s e a r c h  was embarked upon w i t h  a  s p e c i f i c  i n d u s t r i a l  

p rob lem  i n  mind,  a n d  f i n a n c i a l  s u p p o r t  was p r o v i d e d  by t h e  company 

c o n c e r n e d .

1 * 1 The Prob lem

F o r  s e v e r a l  y e a r s ,  t h e r e  h a s  been  c o - o p e r a t i o n  be tw een  Glasgow 

U n i v e r s i t y  E n g i n e e r i n g  d e p a r t m e n t  and t h e  S c o t t i s h  b r a n c h e s  o f  R o l l s -  

Royce L td .  In  June  1968 , R o l l s - R o y c e  c o n t a c t e d  t h e  U n i v e r s i t y  to  

d i s c u s s  a  f a i l u r e  o c c u r r i n g  w i t h  c e r t a i n  j e t  e n g i n e s  on t e s t ,  d u r i n g  

what  t h e y  te rm t h e  " h o t  r e - s l a m "  p r o c e d u r e .  T h i s  c o n s i s t s  o f  a l o n g  

p e r i o d  o f  r u n n i n g  a t  maximum c o n t i n u o u s  t h r u s t ,  d u r i n g  which t ime  a l l  

t e m p e r a t u r e s  w i t h i n  t h e  e n g i n e  a t t a i n  a  s t e a d y  v a l u e .  The f u e l  

s u p p ly  i s  t h e n  r e d u c e d ,  t o  c u t  e n g i n e  r e v o l u t i o n s  t o  t h o s e  a t  ground 

i d l i n g  c o n d i t i o n s ,  a t  which  p o i n t  th e  t h r o t t l e  i s  opened  a g a i n  to  

r e t u r n  t h e  e n g i n e  t o  maximum t h r u s t .  The c y c l e  i s  co m p le te d  i n  a b o u t  

20 s e c o n d s .

In c e r t a i n  t e s t s ,  however,  t h e  e n g i n e s  f a i l e d  t o  r e s p o n d  t o  t h e  

i n c r e a s e  i n  f u e l  s u p p l y .  R o t a t i o n a l  s p e e d s  r e m a i n e d  c o n s t a n t  o r  even, 

f e l l ,  w h i l e  a  r a p i d  r i s e  in  t u r b i n e  e x i t  t e m p e r a t u r e  i n d i c a t e d  a 

r e d u c t i o n  i n  t h e  a i r / f u e l  r a t i o .  The e n g i n e s  showed no s i g n s  o f  

r e c o v e r i n g  from t h i s  c o n d i t i o n ,  and th e  f u e l  s u p p l y  had  to  be  c u t  o f f  

t o  a v o i d  pe rm a nen t  damage.  An i m p o r t a n t  p a r a m e t e r  was found  to  be t h e



t im e  s p e n t  a t  g round i d l i n g  speed  b e f o r e  a c c e l e r a t i o n  was a t t e m p t e d ;  

i f  t h i s  was more th a n  a  few s e c o n d s ,  e n g in e  r e s p o n s e  was no rm al .  

F o r t u n a t e l y ,  R o l l s - R o y c e  had no e v i d e n c e  of p rob lem s  o f  t h i s  n a t u r e  

o c c u r r i n g  i n  f l i g h t ,  a l t h o u g h  c e r t a i n  c i r c u m s t a n c e s ,  f o r  example 

a b a u l k e d  l e n d i n g ,  make i n - f l i g h t  d i f f i c u l t i e s  c o n c e i v a b l e .  I n t e r e s t  

i n  t h e  phenomenon i s  n o t  c o n f i n e d  t o  R o l l s - R o y c e ;  f o r  example ,

Y/arne ( 36) h a s  d e s c r i b e d  i t s  a d v e r s e  e f f e c t  on p e r m i s s i b l e  o v e r f u e l  

m a r g i n s .

I t  was a g r e e d  t h a t  t h e  eng ine  f a i l u r e  was th e  r e s u l t  o f  s t a l l i n g  

i n  t h e  c o m p re s s o r ,  p r o b a b l y  in  t h e  h i g h - p r e s s u r e  s t a g e s .  Th is  caused  

t h e  r e d u c e d  a i r f l o w  and a f f e c t e d  t h e  a i r / f u e l  r a t i o .  I t  was th e n  

s u g g e s t e d  by Dr. Macca llum of  th e  U n i v e r s i t y  ( l l )  t h a t  t h e  s t a l l  

m i g h t  be t h e  r e s u l t  of  t r a n s i e n t  t h e rm a l  e f f e c t s  on t h e  i n t e r n a l  

a e ro d y n a m ic s  o f  t h e  c o m p re s s o r .  F o r  a  v e r y  r a p i d  " r e - s l a m " ,  t h e  m e ta l  

components ,  and n o t a b l y  t h e  b l a d e s ,  would be a t  a  r e l a t i v e l y  h i g h e r  

t e m p e r a t u r e  tha n  t h e  a i r  f l o w i n g  th ro u g h  a t  low e n g i n e  r e v o l u t i o n s ;  

a  l e s s  r a p i d  c y c l e  would g i v e  t h e  b l a d e s  more t im e  t o  c o o l .  Th i s  

t h e o r y  a. ccounted f o r  t h e  im p o r t a n c e  of  c y c l e  t im e  a s  a  c o n t r o l l i n g  

f a c t o r ,  b u t  r e s t e d  on t h e  h y p o t h e s i s  t h a t  th e  a i r f l o w  was s u f f i c i e n t l y  

d i s t u r b e d  by t h e l i o t b l a d e s  f o r  co m p re s s o r  s t a l l  t o  r e s u l t .  However,  

i t  co u ld  be a rg u e d  t h a t  a  sm al l  change  i n  f low  p a t t e r n  a t  one 

co m p re ss o r  s t a g e  would d i s t u r b  e n t r y  c o n d i t i o n s  f o r  t h e  n e x t  s t a g e ,  

and  d e t e r i o r a t i o n  would th e n  be r a p i d .

1 . 2  The R o l l s - R o y c e  C o n t r a c t

I t  was c l e a r  t h a t  knowledge  o f  boundary  l a y e r  b e h a v i o u r  o v e r



h e a t e d  s u r f a c e s  was r e q u i r e d  b e f o r e  f u r t h e r  p r o g r e s s  c o u l d  be made.

On c o m p re s s o r  b l a d i n g ,  t h e  boundary  l a y e r  i s  p r e d o m i n a n t l y  t u r b u l e n t ,  

and  an  i n v e s t i g a t i o n  of  t u r b u l e n t  s e p a r a t i o n  was c o n s i d e r e d  e s s e n t i a l .
v. -

I n  S ep tem ber  I 96B, an  a p p ro a c h  was made t o  R o l l s - R o y c e  i n  Derby,  who 

e x p r e s s e d  c o n s i d e r a b l e  i n t e r e s t  and  a g r e e d  t o  p r o v i d e  f u l l  f i n a n c i a l  

s u p p o r t  f o r  a  r e s e a r c h  programme. Three  a r e a s  of  s t u d y  were a g r e e d  

u p o n .*-

( a )  e x p e r i m e n t a l  i n v e s t i g a t i o n s  o f  l a m i n a r  t r a n s i t i o n  

on a  f l a t  p l a t e ,  w i th  h e a t i n g ;  t h i s  would n o t  be 

an e x h a u s t i v e  s t u d y ,  b u t  would be i n c l u d e d  p a r t l y

t o  deve lop  i n s t r u m e n t a t i o n  and  e x p e r i m e n t a l  t e c h n i q u e s .

(b)  d e t a i l e d  e x p e r i m e n t a l  i n v e s t i g a t i o n s  o f  t u r b u l e n t  

s e p a r a t i o n ,  p r o b a b ly  i n  a  c u rv e d  d u c t  o f  c o n s t a n t  

r a d i u s ,  w i t h  a  h e a t e d  i n n e r  w a l l .  In  a d d i t i o n  to  

t h e  s e p a r a t i o n  m e asu re m en ts ,  v e l o c i t y  and t e m p e r a t u r e  

p r o f i l e s  would be p r o d u c e d ,  and s k i n  f r i c t i o n  and 

S t a n t o n  Number d i s t r i b u t i o n s  c a l c u l a t e d .  Measurements  

on t h e  o u t e r  w a l l ,  which were l i k e l y  to  p ro v e  

t r o u b l e s o m e ,  were p r o v i s i o n a l l y  i n c l u d e d .

( c )  deve lopm ent  of  a t h e o r y ,  u s i n g  c o m p u t a t i o n a l  

t e c h n i q u e s ,  t o  e x t e n d  t h e  r e s u l t s  o f  (b)  t o  p r e d i c t i o n  

o f  a e r o f o i l  p e r fo rm a n c e  d u r i n g  t e m p e r a t u r e  t r a n s i e n t s .

E x p e r i m e n t a l  m easurem ents  on a e r o f o i l s  were n o t  c o n t e m p l a t e d ,  a s  

o n ly  u n a c c e p t a b l y  l a r g e  b l a d e s  would p r o v i d e  boundary  l a y e r s  of  s u i t a b l e  

t h i c k n e s s  f o r  i n v e s t i g a t i o n .

A t h r e e - y e a r  r e s e a r c h  c o n t r a c t ,  c o v e r i n g  t h e  y e a r s  1969-71> v/as
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F i g u r e  1: A x i a l - f l o w  compressor  b la d in g ,

j \

STATOR

F ig u r e  2: Flow around t h e  compressor  drum.
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drawn up and  s i g n e d  i n  J u l y .  lySj.

B l a d i n g  Aerodynamics  * q
v —

I t  i s  n o t  p ro p o s e d  t o  g i v e  d e t a i l s  o f  t h e  o p e r a t i n g  p r i n c i p l e s  

o f  an a x i a l - f l o w  c o m p re s s o r ;  t h e s e  a r e  a v a i l a b l e  f rom o t h e r  s o u r c e s ,  

e . g .  I lo r lo c k  ( 7 ) en d  Howell  ( p ) .  The ae rodyna m ic  c o n d i t i o n s  i n  t h e  

f l o w  th ro u g h  t h e  b l a d i n g ,  however ,  w i l l  be d i s c u s s e d ,  a s  t h e s e  a r e  

f u n d a m e n ta l  t o  t h e  p rob lem  t o  be i n v e s t i g a t e d .  An a x i a l - f l o w  

c o m p re ss o r  o p e r a t e s  by d ra w in g  a i r  t h r o u g h  a number o f  b l a d e  row s ,  the  

b l a d e s  b e i n g  s h ap ed  t o  fo rm  a  s e r i e s  o f  d i v e r g e n t  p a s s a g e w a y s ,

( F i g u r e  l ) .  These b l a d e  rows a r e  a l t e r n a t e l y  f i x e d  s t a t o r s  o r  moving 

r o t o r s ,  and each  p a i r  o f  rows i s  te rmed a  s t a g e  o f  t h e  c o m p re s s o r .

On i t s  Y/ay th rough  th e  b l a d i n g  the  a i r  f o l l o w s  a  h e l i c a l  pa th

a b o u t  t h e  a x i s  o f  t h e  a n n u l u s ,  and so e x p e r i e n c e s  a c e n t r i p e t a l

a c c e l e r a t i o n  to w a rd s  t h i s  a x i s .  A ls o ,  t h e  cu rved  b l a d e s  i m p a r t  a

f u r t h e r  a c c e l e r a t i o n ,  a p p r o x i m a t e l y  a t  r i g h t - a n g l e s  t o  t h e  d i r e c t i o n

of  f l o w ,  w i t h  no r a d i a l  component  ( s e e  F i g u r e  2 ) .  The d i r e c t i o n  i s

r e v e r s e d  a t  each b l a d e  row, and so t h i s  a c c e l e r a t i o n  may be r e g a r d e d

a s  an a l \ e r n a t i n g  one .  Compared w f th  g r a v i t y ,  t h e s e  a c c e l e r a t i o n s  a r e

v e r y  s e v e r e ;  t y p i c a l  v a l u e s  a r e  8 , 0 0 0 g  and  8 0 ,0 0 0 g  r e s p e c t i v e l y .

However, such  i s  t h e  v e l o c i t y  o f  the a i r  t h ro u g h  t h e  co m p re ss o r  t h a t

t h e y  have  e f f e c r  f o r  a v e r y  s h o r t  t im e ,  t y p i c a l l y  5 x 10 s eco n d s  

-3and 0 .3  x 10 s e c o n d s .  The a c c e l e r a t i o n  tow ards  t h e  e n g i n e  a x i s  

i s  r e l a t i v e l y  s t e a d  r , and a p p l i e s  t h r o u g h o u t  t h e  t im e  a  g iv e n  a i r  

p a r t i c l e  i s  w i t h i n  t h e  c o m p re ss o r ;  t h a t  due to  t h e  b l a d i n g ,  b e i n g  

r e v e r s e d  a t  each  row, Ccin o n ly  have  e f f e c t  f o r  th e  t im e  r e q u i r e d  t o  

p a s s  o v e r  one b l a d e  rov/.



The in f lu en ce  of th ese  a c c e le r a t io n s  on aerodynamic behaviour  

may be con s id erab le .  As soon as temperature d i f f e r e n t i a l ’s between metal 

components and a ir  are s e t  up, a ir  d e n s ity  changes are produced, and the  

action  of c e n tr ip e ta l  f i e l d s  in  t h e s e ' con d ition s  may be most d is r u p t iv e .

But the duration of the a c c e le r a t io n  i s  a fa c to r  in  determining the exten t  

to which d en s ity  and pressure grad ients  are s e t  up in  the a irs iream .

Another s ig n i f i c a n t  fa c to r  i s  l i k e l y  to be the turbulence in  the main 

body of the a irstream . The flow w ith in  a compressor i s ,  o f  course, h igh ly  

complex; the s c a le  of turbulence i s  i n i t i a l l y  la r g e ,  but decreases  towards 

the h igh -pressure  s ta g e s .  I n te n s i ty  of turbulence has been measured 

experim enta lly ,  and as expected in cr ea se s  w ith d is ta n ce  from the i n l e t ;  

ty p ica l  va lu es  may be around 5 / .  In the au th or's  experim ents, the e f f e c t  

of heat tra n s fe r  was the main con sid eration ;  a separate in v e s t ig a t io n  of 

turbulence e f f e c t s  was not attempted. However, c er ta in  re lev a n t  c o n tr ib u t io n s  

on t h i s  to p ic  by other authors are reviewed in  the fo l lo w in g  s e c t io n ,  and a 

general d iscu ss io n  on turbulence, in c lud ing  the l i k e l y  e f f e c t s  of performing  

the author’ s experiments in a h igh ly  turbulent environment, i s  given in  

Appendix A.

The review of l i t e r a t u r e  o v er lea f  completes Chapter 1, ana the fo llo w in g  

chapter d escr ib es  the experimental work «n the f l a t  p la t e .  The curved duct 

experiments are d e a lt  with in Chapters 3 and 4 , w h ile  Chapters 3> 0 and 7 

d escr ibe  the p red ic tion  method, i t s  development and t e s t i n g .  F in a l ly ,

Chapter 8 attempts to estim ate  the e f f e c t  of heat tr a n s fe r  to  the boundary 

layer  on the tr a n s ie n t  performance o f  turb ojet  eng ines .

Three appendices fo llow  the main t e x t .  The f i r s t  two attempt to r e la t e  

the au thor's  experimental data to the flow con d it ion s  in  compressor b lad ing ,  

by considering  r e s p e c t iv e ly  the e f f e c t s  of freestream  turbulence and of  

buoyancy and other fo rce s  normal to the d ir e c t io n  of f low . The th ird  appendix



contains a calculation of temperature corrections for the author's 

thermocouple probe.

I • li I' i t e r a tore S ur v ey

I ntroduction  v-

The work described in this thesis is a study of the effects of heat 

transfer on laminar transition and on turbulent separation of the boundary 

layer. The former effect is reasonably well documented, especially for 

supersonic flows; references to the latter are extremely rare. The literature 

on surface curvature and buoyancy effects was also of interest, as these 

subjects were relevant both to the author's experimental work and to flow over 

compressor blading; a serious lack of reliable experimental data was noted. 

Further topics examined were reverse transition, especially under the action 

of body forces, and the effect of free-siream turbulence on boundary layer 

development; study of the latter was necessary in order to relate the author’s 

resulhs to conditions within an axial-flow compressor. Here again, the 

literature is incomplete in certain respects.

The publications reviewed below have been grouped under the headings 

of transition, separation, curvature, buoyancy, reverse transition and free-
I

stream turbulence.

Laminar Transition

The phenomenon of boundary layer transition is now reasonably well 

understood. Instability in the laminar layer begins with the amplification 

of small disturbances to the flow. However, the observed transition point is 

always some distance downstream from the calculated origin of instability, 

and so an empirical approach involving a parameter based on boundary layer 

thickness and pressure gradient is generally used to predict transition.



H e a t  t ransfer  effects  in subsonic  flows are the main concern 

of the p resen t  author,  but a re la ted  problem is that of superson ic  f lows,  

where the reported experimental  work is ex te n s iv e .  Typical  papers  are 

those  of Jack and Diaconis  (9) and Czarnecki  and S incla ir  (2), who 

measured t ransi t ion  on bodies  of revolution which could be h ea ted  or 

cooled re la t ive  to the a i rs t ream.  In th ese  and many other  such experiments  

on aerodynamic models ,  curvature e f fec ts  (both ax ia l  and transverse)  

might have had some influence on the data obta ined .  A flat  plate exper iment ,  

aga in  in superson ic  flow, was performed by Higgins and Pappas (6); the 

plate was  mounted Horizontally, and boundary layer  measurements  were 

taken  on the upper surface .

The only ex tens ive  invest iga t ion  in subsonic  flow appears  to be that  

of Liepmann and Fiia (10), using a ve r t ica l  plate a t  a f ree - s t ream  veloc i ty  

of 200 f t / s ;  some th ree-d im ens ional  e f fec ts  were apparen t  when the plate 

was  h e a te d ,  but appeared to be intermit tent  in nature .  An unusual  feature 

was the repeti t ion of the experiment  a t  a higher  f ree - s t ream  turbulence 

leve l ,  us ing a grid a t  entry to the working sec t io n .

All the above experiments agree  that wall  hea t ing  caused  an upstream 

movement of the t ransi t ion  point,  while cooling of the wall  was  found to 

de lay  t rans i t ion ,  and could be used to e l iminate  it in cer ta in  c i rcum stances .  

A temperature ratio TWall/Tco of 1 .4  was found to reduce the t ransi t ion  

Reynolds number to approximately ha l f  i ts  a d iab a t ic  v a lu e ,  the ex ac t  

reduct ion depending on buoyancy and curvature e f f e c t s ;  this  is d i s c u s s e d
Vi * t

in more de ta i l  in Section 2 . 6 . 8 .  Liepmann and Fila observed  that  the 

effect of wall  heat ing was increased  a t  a higher  turbulence leve l .



Separat ion

The topic  most re levant  to the p resen t  s tudy  is the effect  of heat  

t ransfer  on separa t ion  of the turbulent  boundary layer in subson ic  flow, 

but the l i teratu re revea ls  that  no de ta i led  inves t iga t ions  of this have been 

made. The s i tua t ion  is ra ther  differen t for superson ic  flow, where a 

number of contribut ions  have appeared .  The majority of these  are 

ad iab a t ic  s tud ies  involving shock-w ave  boundary layer  in te rac t ions ,  

compression corners or sudden s teps  to promote separa t ion ,  but considerable  

effort has  a l so  been made to obtain h ea t  t ransfe r  coeff ic ien ts  in regions of 

reversed  flow. More recen t  exper iments  on subson ic  separa t ion  from bodies  

with continuous surfaces  have led to the r ea l i sa t io n  that  detachment of the 

boundary layer  is in th is  c a se  a regional  phenomenon, with a t tached  and 

separa ted  flow occuring a l te rna te ly  in th is  separa t ing  region^ Reviews of 

the l i tera ture on separa t ion  of the boundary layer  have been published by 

Ch i lco tt  (47) and more recent ly  by Elf strom (49).

General  Inves t iga t ions

Typical of the majority of exper imental  work are the e a n v  papers of 

Gadd, Cope and Attridge (54) and Bogdonoff and Kepler (41),  who measured 

ve loc i ty  p ro f i le s  and hea t  t ransfer  coeff ic ien ts  around a se r ie s  of forward 

and backward facing s teps  in superson ic  flow. In a more recent  experiment ,  

Chui and Kline (48) observed separa t ion  from one wal l of a suddenly  - 

diverging channe l ,  and measured boundary layer  profi les  well  beyond the 

separa t ion  point,  in this case for subson ic  flow. Chapman,  Kuehn and 

Larson (4 6) compared subson ic  and superson ic  separa t ion  d a ta ,  using a 

range of models with s t e p s ,  compression corners and concave compress ion



su r fa c e s .  It was found that  Reynolds number ef fec ts  were cons iderab le  in 

superson ic  flow, but tha t  they could be ignored for M = 0 .4  to M = 1 .0

The papers of Sandborn (70), von Doenhoff and Tetervin (3),  Stratford (3 

and Schubauer  and Klebanoff (2 8) a l l  descr ibe  how adverse  pressure  gradients
V "

have been employed to produce separa t ing  or n ea r - s ep a ra t in g  boundary 

layers  on continuous surfaces  in subson ic  flow. The data presented  are 

helpful in describ ing  the development, of the turbulent boundary layer and 

the var ia t ion in its ch a rac te r i s t i c  parameters  a s  it nears  the point of 

separa t ion .  The Schubauer and Klebanoff experiment is par t icular ly  well  

documented,  and their  data have been used e x tens ive ly  in the development 

of predict ion methods.

C urvature Effects

The effects  of curvature on superson ic  separa t ion  were s tudied by 

Gadd (53),  who employed a model with a convex trail ing edge which fell 

away from the a i r s t ream .  A laminar boundary layer  was found to separa te  

much more rapidly than a turbulent  one.  In th is  exper iment ,  however ,  the 

effect  of surface curvature was l ikely to be minor compared with that  of 

the adverse  pressure  gradient  c rea ted  by the model shape .

Curved surfaces  were a l so  employed by Sandborn and Liu (71),  in a 

recent  de ta i led  s tudy of turbulent separa t ion  in subson ic  flow. In th is  

c a s e ,  however ,  the purpose of the experiment was  a thorough examination 

of the separa t ing  region. Forward and reversed  pitot  tu b e s ,  a pair of hot 

wires (one in the wake of the other) and flow v isu a l i s a t io n  techniques  were 

all  used  to explore the region; a l l  sugges ted  s l igh t ly  different  "separa t ion  

p o in t s" ,  a s  a resu l t  of the u n s te a d in e ss  of the flow. Downstream, where



reversed  flow was con t inuous,  i t  was  found that  the ve loc i ty  profi les  

were s imilar  to those  for laminar boundary layers  a f te r  sepa ra t ion .

H ea t  Transfer Effects  * -■j
K -

The effects  of a change in wTal l  temperature on separa t ing  flows have 

not been widely  s tud ied .  In an ear ly  exper iment by Gadd (52),  a flat  

plate  was used along with a compress ion  su rface ,  which brought about  

separa t ion  of the boundary layer .  The plate could be h ea ted  or cooled over 

a moderate temperature range.  With a turbulent boundary layer on the p la te ,  

Gadd found that  the upstream effect of the compress ion surface could be 

inc reased  by ra is ing  the plate temperature ,  but the effect v;as a small  one.  

Measurements  of boundary layer data were not e x te n s iv e ,  and the exper iment 

was  res t r ic ted  to superson ic  flow. More recen t ly ,  Back, M a ss ie r  and 

Cuffel (40) s tudied the effect  of p re -cool ing  the flow in a subson ic  

convergent  nozz le .  A short separa t ion  bubble was noted a t  entry to the 

convergent  sec t ion  in ad iaba t ic  flow; however ,  wall  cooling was  not appl ied  

a t  this point ,  but some d i s tance  ups tream.  Thus no s ign if ican t  changes  in 

the separa t ion  behaviour were observed .  Direct  wall  cooling was inves t iga ted  

by Lynes, N ie lsen  and Goodwin (61),  on a compress ion  corner model in 

hyperson ic  flow. H ere ,  the cool ing was  appl ied  to the wall a t  the separa t ion  

region.  For a laminar boundary layer ,  the d is tan ce  be tween separa t ion  and 

reat tachment  points progress ive ly  reduced a s  the wal l  temperature was 

lowered, the implication being that  i t  might be p o s s ib le ,  a t  a very high 

rate  of h ea t  t ransfe r ,  to el iminate  separa t ion  en t i re ly .  Unfortunately ,  the 

inves t iga t ion  did not cover turbulent  boundary l ay e r s ,  nor were the e f fec ts  

of wall  hea t ing  s tud ied .



C urvature

The e a r l i e s t  experiments  involving surface curvature 'were those 

of Schmidbauer (27) and Wilcken (37),  who employed ducts  of 

rec tangular  c r o s s - s e c t io n  and cons tan t  radius of curvature .  Some
v -

at tempt was made to i so la te  the ef fec ts  of the cu r /a tu re  of the inner and 

outer duct  walls  on the boundary lay e rs .  However ,  a t tempts  to achieve  

zero s treamwise pressure  gradient were u n su c c e s s fu l ,  and considerable  

changes  in s ta t i c  pressure  were noted a t  entry to the curved ducts  in all- 

t e s t s ;  th is  was partly a consequence  of the small radii  of curvature of 

the d u c t s .

More recen t ly ,  Patel (16) and So (29) have performed similar  

experiments  on. appara tus  of a somewhat  larger s c a l e .  Detailed  measurements  

near the inner wall  disclosed, a cons ide rab le  curvature influence on the 

turbulent  boundary layer ,  and Patei rev ised  the momentum integral equation 

to allow for cons tan t - rad ius  s treamline curvature .

Curvature effec ts  on complete  duct  flows have been  studied by 

Eskinazi  and Yeh (50) and Mori,  Uchida and Ukon-. (63).  The former 

measured a developing flow in a very narrow curved duct  of cons tant  r ad ius ,  

with particular  a t ten t ion  to the turbulence s t ruc ture .  The la tter  invest iga t ion  

was res t r ic ted  to laminar flow, but included an ana ly t ica l  model,  in which 

the duct  c r o s s - s e c t io n  was divided into a wall  region and. a core region: in 

the wall  region,  secondary flows were a major factor.

It is generally accep ted  that  the de ta i l e a  flow pat tern near  a concave suiface  

is th ree-d im ens ional  in nature ,  a t  l e a s t  in laminar cond i t ions .  Patel (17) 

s tudied a turbulent boundary layer on the outer wall  of a curved duct ,  using 

banks of yaw -mete r  probes,  and d i sc lo sed  a regular  pat tern of secondary



flows within the boundary layer .  This sugges ted  the presence  of an 

underlying se r ie s  of s treamwise v o r t i c e s ,  similar  to those  in co n c a v e -  

surface laminar laye rs .  Vortex flows were a l s o  s tudied by Persen (68) 

who ana ly sed  a swirling stream enter ing a p ipe.  D isc rep an c ie s  with
v -

experimental data were found, notably in hea t  t ransfer  co e f f ic ien ts ,  which

had been ca lcu la ted  from-a universal  temperature  profile assum pt ion .

Persen sugges ted  that  further ro ta tional  flow within the wall layer  in the

pipe might be re sp o n s ib le ,  but had no method of checking this  exper imental ly .

Increased  ra tes  of hea t  transfer  from concave su r f a c e s ,  compared with flat

ones ,  have a l so  been measured by Thomann (34) in superson ic  flow.

The incorporat ion of s treamline curvature ef fec ts  into boundary layer

prediction methods is not far advanced ,  no doubt par tly a s  a re su l t  of the

lack of sui table  experimenta l  da ta .  Bradshaw (42) has  drawn a formal

analogy between buoyancy end curvature inf luences  in turbulent  flow, and

concluded that the la t ter  are cons iderab le  if 8 /R  exceeds  —-—  .
300

Boundary layer  p red ic t ions ,  using the analogy to determine an ef fec t ive  

mixing length dependent  on surface  curvature ,  were made by the method of 

Bradshaw, Ferriss and Atwell (44) for cer ta in  exper imental data; cons ide rab le  

improvement was noted over the "flat  p la te"  predic t ion .  Rastogi and 

Whitelaw (63) have recent ly  developed a vers ion  of the Spalding and 

Patankar (32) method for radii  of curvature of the same order a s  S , in tended 

primarily for ca lcu la t ion  of turbine blading boundary lay e r s .  Again, a mixing 

length theory was  u se d ;  eva lua t ion  of the method was limited by lack of 

experimental  da ta ,  but it appeared  promising.



Buoyancy

In th is  present  s tudy,  buoyancy ef fec ts  in iso la t ion  are not of 

in te res t ;  it is only when they are combined with general  fluid motion 

that  they are of r e lev an ce ,  and this  review has  beer  l imited accordingly .  

Again, the l i terature is not e x te n s iv e .

The early  work of Richardson (23) e s ta b l i s h e d  a parameter for 

s tab i l i ty  in s tra t i f ied  f lows,  af ter  observat ion  of a tmospher ic  boundary 

laye rs ,  and give a qual i ta t ive  picture of the growth and decay  of 

turbulence brought about  by dens i ty  g rad ien ts .  Deta i led  a n a ly se s  of 

boundary layer behaviour  are confined to laminar flow; Sparrow and 

Mmkowycz ( 75) have s tudied flow over a hea ted  floor,  predict ing an 

inc rease  in local skin  friction over the a d iab a t ic  c a s e ,  for zero s tream- 

wise  pressure  gradient .  Gunness  and Gebhar t ( 55) ana lysed  wedge flows 

for a var ie ty  of wedge angles  in both horizonta l  and ver t ica l  conf igurat ions .  

Acrivos (38) has  produced a general  a n a ly s is  of combined free and 

forced convect ion ,  aga in  for laminar boundary laye rs .

Experimental work has  been contr ibuted by Mori and Uchida (62), on 

combined free and forced convect ion effects  between paral le l  p l a t e s ,  and 

by Nichcj l  (66) on turbulent boundary layer  behaviour  in s tab ly  and unstably  

s tra ti fied flow condit ions;  most notable  here  were the observed effects  

of s tab i l i s ing  forces in encouraging reverse  t rans i t ion .  A deta i led  

d i s c u s s io n  of buoyancy and other body forces is included in Appendix B.

Re- laminar isation

The sub jec t  of reverse  t ransi t ion  has  been covered by a number of 

papers ,  typical of which are those  of Narayanan and Ramjee (65) and 

Back, Cuffel and M ass ie r  (39). These authors  measured quan t i t ies  within



a c c e le r a t e d  boundary layers;  reverse  t rans i t ion  was found to be dependent  

on the value  of a parameter based  on s treamwise  pressure  or ve loc i ty  

g rad ien t .  The influence of body forces even in a d iab a t ic  flow was 

demonstra ted  by Eskinazi and Yeh (50) in their curved channel  exper iment,
v •*

where significant turbulent decay  was  noted in the region of the inner wal l .

A fuller account  of cer ta in  of the above papers ,  a long with a general
/

d i s c u s s io n  of reverse  t rans i t ion ,  is presented  in Appendix B.

f ree-Stream Turbulence

The effect of f ree -s t ream  turbulence on the development of boundary 

layers  has  been examined in a number of papers .  Experimental data 

have  been provided by Smith and Kuethe ( 74) on laminar boundary layers ,  

and by Buyuktur, Kestin and Maeder  (4 5),  Junkhan and Serovy (58)/

Kearney ct  al  (59) and Talmcr and Weber (77) for both lamina'r and 

turbulent  layers ; Kestin (60) has  contr ibuted  a general d i sc u s s io n  on the 

to p ic .  There is a general  agreement among these  authors  that  the 

inf luence of turbulence on the turbulent  layer  is a t  most very s l igh t ,  

but tha t  some effect  on the laminar layer  may occur ,  e s p e c ia l ly  in the 

p resence  of s treamwise  pressure  g rad ien ts .  In contradic t ion  to th i s ,  

a measurable  effect  on the turbulent layer  has  been  claimed by Evans (51) 

from his  measurements  on an  aerofoi l  in a c a s c a d e .  Theoret ical  t reatments  

are  rare: Kearney e t  al  (59) employed a prediction method incorporating 

the  turbulent kinetic  energy equation and found good agreement  with 

experiment ,  in tha t  effects  on the turbulent  boundary layer  were negligib le  

up to the exper imental maximum in tens i ty  cf 4%. The theore t ica l  work of 

Morsy and Silver (64),  a t  present  incomplete ,  may wel l throw further 

l ight on the su b jec t .



A more de ta i led  d i s c u s s io n  on f ree-sUeain  turbulence e f fe c t s ,  and 

an appra isa l  of the exper imental  d a ta ,  is contained in Appendix A.

Conclus ions

In th is  rev iew,  an attempt has  been made to desc r ibe  the p resent
V •>

V -
s ta te  of knowledge of boundary layer  behaviour under a var ie ty  of 

in f luences .  Arrival a t  firm conclus ions  has  general ly  been  prevented by 

the incom ple teness  of the l i te ra ture ,  and in par ticula r  by a ser ious  lack 

of exper imental da ta .  Exceptions  to th is  are the s tud ies  of supersonic  

t rans i t ion  and separa t ion ,  from which it may be poss ib le  to obtain a t  l e a s t  

a qua l i ta t ive  picture of the equivalent  behaviour of subson ic  flows.  Certain 

other  re levant  to p ic s ,  notably the inf luence of s treamline  curvature ,  are 

beginning to rece ive  more a t ten t ion ,  and future progress  may be rapid 

It must be em phas ised  that  the ef fect  of wall  hea t ing  on turbulent  

separa t ion  has  undergone no previous deta i led  examinat ion ,  and that  no 

d irec t  comparison may be drawn between the data presen ted  in th is  thes is  

and those from ear l ie r  exper iments .
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CIIAPTEB 2

FLAT PLATE EXPFRIkKMTS ~ THE KFtFCT OF PL'VJE 

HEATING ON TRAITS IT I  OH

An e x p e r i m e n t a l  s tu d y  o f  "boundary j a y e r  t r a n s i t i o n  on a f l a t  p l a t e ,  

and t h e  e f f e c t  of  p l a t e  h e a t i n g  on movement o f  th e  t r a n s i t i o n  p o i n t ,  

began  t h e  r e s e a r c h  programme. The amount of  t im e  t o  be d e v o t e d  to  

t h i s  s t u d y  was o f  n e c e s s i t y  l i m i t e d ,  so t h e  m easu rem en ts  t a k e n  were 

n o t  e x t e n s i v e ;  n e v e r t h e l e s s ,  i t  was hoped  t h a t  co m p a r i s o n s  c o u l d  be 

drawn w i th  o t h e r  p u b l i s h e d  work.  As m e n t io n e d  i n  C h a p t e r  1,  t h e  v a l u e  

o f  t h e s e  t e s t s  l a y  p a r t l y  i n  t h e  d e v e lo p m e n t  o f  i n s t r u m e n t a t i o n  and  

e x p e r i m e n t a l  t e c h n i q u e s ,  f o r  u s e  i n  t h e  more e x t e n s i v e  m easurem ents  i n  

t h e  c u rv e d  d u c t  ( s e e  C h a p t e r s  3 and 4 ) •

2 .1  Tlie Wind Tunne l

A l o w - s p e e d ,  r e c i r c u l & t o r y  wind t u n n e l  was u s e d ,  w i th  an open 

w o rk in g  s e c t i o n ,  t h e  l a y o u t  o f  which i s  shown i n  F i g u r e  3. T h i s  was 

powered  by a B.C. e l e c t r i c  m o to r ,  i n i t i a l l y  o p e r a t i n g  o f f  a  440-V 

s u p p l y ,  g i v i n g  a i r s p e e d s  of  up t o  120 f t / s .  L a t e r ,  t h i s  s u p p ly  was 

removed ( s e e  S e c t i o n  2 . 4 )  i n  f a v o u r  o f  t h e  no rm al  250-V A.C. m a in s ,  

w i th  f u l l - w a v e  r e c t i f i c a t i o n .  The c o n t r a c t i o n  r a t i o  o f  the. t u n n e l  

was a p p r o x - m a t e l y  6 : 1 ,  g i v i n g  a  16 i n c h  d i a m e t e r  j e t  a c r o s s  t h e  w ork ing  

s e c t i o n ,  th e  l e n g t h  o f  which  was l i m i t e d  t o  f 6 i n .

2 . 2  The F l a t  P l a t e

A p l a t e  o f  h ig h  th e rm a l  c a p a c i t y  was t h o u g h t  d e s i r a b l e ,  t o  m in im ise  

t e m p e r a t u r e  f l u c t u a t i c n s .  A c c o r d i n g l y  a  0 . 5  i n .  c o p p e r  p l a t e  was u s e d ,  

measuring;  26 i n .  x 6 i n .  I t s  l o a d i n g  edge was ch a m fe re d  and t h e
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s u r f a c e  h i g h l y  p o l i s h e d .  S t a t i c  p r e s s u r e  t a p p i n g s  and th e rm o c o u p le  

l o c a t i o n s  were d r i l l e d ,  and t h e  p o s i t i o n s  o f  t h e s e  a r e  giver ,  i n  

F i g u r e  4 . I t  was d e c i d e d  to  b u i ld . -u p  a  d u c t ,  w i t h  t h e  cop p e r  

p l a t e  a c t i n g  a s  the  f l o o r  ( a  v e r t i c a l  a l i g n m e n t  was c o n s i d e r e d ,  b u t  

i t  was f e a r e d  t h a t  buoyancy e f f e c t s  m i g h t  c a u s e  t h r e e - d i m e n s i o n a l  

f l o w ) .  P e r s p e x  w a l l s  and  an  a lum in ium  r o o f ,  which  was a d j u s t a b l e  

t o  v a r y  t h e  s t r eam v/ i se  p r e s s u r e  g r a d i e n t ,  com ple te d  t h e  d u c t .  B e fo re  

i n s t a l l a t i o n ,  th e  copper  p l a t e  was f i t t e d  w i th  2 i n .  s p a c e r s  i n  t h i n  

a lum in ium  a l o n g  i t s  s i d e s ,  to  p r o t e c t  t h e  p e r s p e x  w a l l s  from 

e x c e s s i v e  h e a t .  The r o o f  was a d j u s t e d  so t h a t  th e  d u c t  c r o s s - s e c t i o n  

was a b o u t  10 i n .  s q u a r e  a t  e n t r y .  Th i s  was j o i n e d  to  the  c i r c u l a r  

e x i t  o f  t h e  t u n n e l  by c u r v e d  a lumin ium p a n e l s  on t h r e e  s i d e s ,  th e  

f l o o r  b e i n g  k e p t  open t o  a l l o w  a l a m i n a r  boundary  l a y e r  t c  form on 

t h e  cop p e r  p l a t e .  The co m p le te  i n s t a l l a t i o n  i s  shown i n  F i g u r e  5 .

P l a t e  h e a t i n g  was pe r fo rm e d  by a  [300 V/ Is opad  c l e m e n t ,  m e a s u r i n g  

24 i n .  x 6 i n . , d i r e c t l y  u n d e r  the  c o p p e r ,  i n s u l a t e d  b e n e a t h  by 

a s h e e t  of  S indanyo  ( s e e  F i g u r e  4 )* The r e g u l a t o r  employed a 

v a r i a b l e  o n / o f f  c y c l e ,  t h e  t h e rm a l  i n e r t i a  o f  th e  c o p p e r  e n s u r i n g  

t h a t  no m e a s u r a b l e  c y c l i c  t e m p e r a t u r e  f l u c t u a t i o n s  r e a c h e d  t h e  u p p e r  

s u r f a c e  o f  t h e  p l a t e .  Such f l u c t u a t i o n s  a s  d i d  e x i s t  must  t h e r e f o r e  

have  been  be low I' 0 .1  deg C a t  a l l  t i m e s  ( s e e  S e c t i o n  2 . 4 ) .

2 .4 I n s t r u me n t a t io n

• P r o v i s i o n  w \s  made f o r  up t o  f o u r  p i  t o t - s t a t i c  t u b e s  to  be 

i n s e r t e d  th r o u g h  t h e  d u c t  r o o f ,  to  m o n i t o r  t h e  m a in s t r e a m  f l o w .  A 

t o t a l - h e a d  p ro b e  ( s e e  F i g u r e  6 ) ,  was c o n s t r u c t e d ,  u s i n g  f o u r  h y p o d e rm ic -
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n o e d l e  t u b e s  o f  0 ,C 2 j  irio o u t e r  d i a m e t e r  and  0 . 0 1 0  i n .  b o r e ,  t o  

m e asu re  t h e  t o t a l  head  p r e s s u r e  and he n c e  th e  v e l o c i t y  d i s t r i b u t i o n  

w i t h i n  t h e  boundary  l a y e r .  Th i s  p robe  was c a r r i e d  on t r a v e r s i n g  

g e a r  and  i n s e r t e d  t h ro u g h  t h e  r o o f  o f  t h e  d u c t .  The d e s i g n  

i n c o r p o r a t e d  a p e d e s t a l  which made c o n t a c t  w i th  t h e  p l a t e  s u r f a c e  

when t h e  p robe  was i n  p o s i t i o n .  S p a c e r s  c o u ld  be f i t t e d  be low t h i s  

p e d e s t a l  t o  e x t e n d  t h e  r a n g e  o f  t h e  p r o b e .

P r e s s u r e  l e a d s  from p i  t o t - s t a t i c  and t o t a l - h e a d  p r o b e s ,  and 

f rom t h e  s t a t i c -  p r e s s u r e  t a p p i n g s  i n  t h e  p l a t e  i t s e l f ,  were c o n n e c t e d  

t o  a  m u l t i - t u b e  manometer .  T h i s  had a  s c a l e  o f  24 i n .  and i n c o r p o r a t e d  

a  t i l t i n g  mechanism which  p e r m i t t c d  any  a t t i t u d e  b e tw ee n  h o r i z o n t a l  

and v e r t i c a l .  The manometer  f l u i d  was hexane  ( s p e c i f i c  g r a v i t y  0 . 6 8 ) .

W:i t h  t h i s  i n s t r u m e n t ,  p r e s s u r e s  were m e a s u r a b l e  to w i t h i n  0.001  i n .  

o f  w a t e r ,

P l a t e  t e m p e r a t u r e  was measured  by i r o n - c o n s t a n  t a n  th e rm o c o u p le s  

i n s e r t e d  i n t o  d r i l l i n g s  i n  t h e  c o p p e r ,  so  t h a t  t h e  h o t  j u n c t i o n s  l a y  

a l o n g  t h e  p l a t e ' s  c e n t r e - l i n e .  These were  c o n n e c te d  th rough  a  m u l t i -  

p o s i t i o n  s w i t c h  t o  a p o t e n t i o m e t e r ,  g i v i n g  a c c u r a c y  o f  measurement  

t o  w i t h i n  0 ,1  deg  C.

2 •4  E a r l y  Tes t i n g  a n d Development

D u r in g  e a r l y  t e s t i n g  o f  th e  f l a t  p l a t e  a s s e m b l y ,  i t  became c l e a r  

t h a t  th e  speed  s t a b i l i t y  o f  the  t u n n e l  m o to r ,  p a r t i c u l a r l y  a t  low 

a i r  speeds^  was q u i t e  u n s a t i s f a c t o r y .  The 4/j0-v  ">11 s u p p ly  was 

d i s c o n n e c t e d ,  and a  d iode  c i r c u i t  b u i l t  to  p r o v i d e  f u l l - w a v e  r e c t i f i c a t i o n
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of  t h e  no rm al  A.C, m a in s .  T h i s  supply ,  gave much im proved  

p e r f o r m a n c e ,  and sp eed  f l u c t u a t i o n s  wore h e l d  w e l l  be low  1%
■j

t i n  oughout  t h e  w o rk in g  r a n g e .  I n e v i t a b l y  th e  r e d u c e d  s u p p ly  v o l t a g e  

c u t  t h e  maximum a v a i l a b l e  a i rspeed ,*  t h i s  was found  t o  be 60 f t / s .

A check  on t u r b u l e n t  i n t e n s i t y  i n  t h e  d u c t ,  made w i t h  a  s i n g l e  

h o t  w i r e  o u t s i d e  t h e  boundary  l a y e r ,  showed t h i s  to  be be low O.lyo 

t h r o u g h o u t  t h e  speed  r a n g e . T h i s  was ju d g e d  to  be s a t i s f a c t o r y ,  

and  no m o d i f i c a t i o n s  were made to  t h e  t u n n e l  s c r e e n  sy s t e m .  A s e r i e s  

o f  e x p l o r a t o r y  t e s t s  were t h e n  made, a t  z e ro  p r e s s u r e  g r a d i e n t  t o  

d e t e r m in e  t h e  n a t u r e  o f  t h e  boundary  l a y e r  on t h e  c o p p e r  p l a t e .

I t  was found a t  f i r s t  t h a t  f o r  a l l  a i r s p e e d s ,  t h i s  boundary  

l a y e r  was t u r b u l e n t  t h r o u g h o u t .  A l t e r a t i o n  o f  t h e  p l a t e  a n g l e  of  

a t t a c k ,  which  was p o s s i b l e  w i t h i n  a g e n e r o u s  r*ange, had  no e f f e c t .  

A f t e r  f u r t h e r  t e s t s ,  a  r e g i o n  o f  r e l a t i v e l y  h i g h - p r e s s u r e  a i r  was 

found  t o  e x i s t  im m e d i a t e l y  be low th e  p l a t e  l e a d i n g  edge .  T h i s  was 

d i v e r t i n g -  t h e  a i r  s t r e a m ,  g i v i n g  a  v e r y  l a r g e  e f f e c t i v e  a n g l e  c f  

a t t a c k ,  which  cou ld  n o t  bo c o u n t e r e d  by p l a t e  movement.  S e p a r a t i o n  

from tl ie uppe i  s u r f a c e  was promoted  a t  t h e  l e a d i n g  ed g e ,  w i t h  

t u r b u l e n t  r e a t t a c h m e n t  t a k i n g  p l a c e  some d i s t a n c e  dow nst ream .  The 

cause  o f  ' h e  p rob lem  was e x c e s s i v e  b lo c k a g e  f rom tl ie p l a t e  m oun t ing ,  

o b s t r u c t i n g  t h e  a i r f l o w  below th e  p l a t e ,  A new d e s i g n  o f  s u p p o r t  

r ed u ce d  t h e  b lo c k a g e  and a l l o w e d  a  l a m i n a r  bo u n d a ry  l a y e r  to  form 

on t h e  u p p e r  s u r f a c e .

T o t a l - h e a d  p r e s s u r e  showed no m e a s u r a b le  v a r i a t i o n  e i t h e r  a l o n g  

o r  a c r o s s  t h e  m a in s t r e a m ,  so o n ly  a  s i n g l e  p i t o t  t u b e  was r e q u i r e d  

o u t s i d e  th e  boundary  l a y e r .  To m in im ise  i n t e r f e r e n c e ,  t h i s  was



F ig u re  7: Laminar v e l o c i t y  p r o f i l e s  a t  z e ro  
s tr eam wise  p r e s s u r e  g r a d i e n t .
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p o s i t i o n e d  j u s t  U ps t ream  o f  t h e  d u c t  e x i t .

The r e s t r i c t e d  t u n n e l  w o rk in g  s e c t i o n ,  w i t h  i t s  l i m i t a t i o n s  

on t h e  p o s s i b l e  l e n g t h  o f  t h e  f l a t  p l a t e ,  d i d  n o t  make ' fo r  i d e a l
v —

c o n d i t i o n s .  Low a i r s p e e d s  were e s s e n t i a l  t o  p ro d u c e  a boundary  

l a y e r  o f  g e n e r o u s  t h i c k n e s s ,  b u t  the  r e s u l t i n g  low R eyno lds  numbers  

s u g g e s t e d  t h a t  l a m i n a r  t r a n s i t i o n  a t  z e r o  strearnvd so p r e s s u r e  

g r a d i e n t  would n o t  o c c u r ,

2„5 L a in  Tes t  P rogramme

The n a t u r e  o f  t h i s  boundary  l a y e r  a t  s e v e r a l  f lo w  s p e e d s ,  u n d e r  

a d i a b a t i c  c o n d i t i o n s  a t  z e r o  strcamvd.se p r e s s u r e  g r a d i e n t ,  was then  

i n v e s t i g a t e d .  The ve loc i ty  p r o f i l e s  o b t a i n e d  were  p l o t t e d  i n  th e  fo rm

“ —  a g a i n s t  y  , where

and a r e  shown i n  F i g u r e  7 a l o n g  w i t h  t h e  131a s i  u s  l a m i n a r  p r o f i l e .  I t  

w i l l  be s een  t h a t  t h e r e  i s  c o n s i d e r a b l e  d i s p a r i t y  betv. 'een t h e  two 

p r o f i l e s .  V a r i a t i o n s  o f  u n d e r s i d e  b l o c k a g e  and p l a t e  a n g l e  of  

a t t a c k  f a i l e d  t o  r e d u c e  t h i s  d i s p a r i t y .  I t  was n e v e r t h e l e s s  conc.’uded  

f o r  v a r i o u s  r e a s o n s  ( s e e  S e c t i o n  2 . 6 ) ,  t h a t  t h e  e x p e r i m e n t a l  b o u n d a iy  

l a y e r  was l a m i n a r .  The r e d u c e d  speed  r a n g e  o f  t h e  t u n n e l  p r e c l u d e d  

t h e  a t t a i n m e n t  o f  c r i t i c a l  R ey n o ld s  numbers  w i t h i n  t h e  l e n g t h  o f  th e  

p l a t e .  T e s t s  on t h e  e f f e c t  o f  h e a t i n g  a t  t h i s  ( z e r o )  p r e s s u r e  

g r a d i e n t  were i n c o n c l u s i v e ,  a s  t h e  h e a t e r  o u t p u t  was too  low t o  g i v e  

r i s e  t o  any marked change  i n  v e l o c i t y  p r o f i l e .
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F ig u re  8: Laminar,  t r a n s i t i o n  and t u r b u l e n t
v e l o c i t y  p r o f i l e s .
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I t  was c l e a r l y  n e c e s s a r y  to  i n t r o d u c e  an  adver se p r e s s u r e  

g r a d i e n t  i f  l a m i n a r  t r a n s i t i o n  were t o  be o b s e rv ed  a t  a l l .  F u r t h e r ,  

t h e  f i r s t  t u b e  o f  t h e  p i t o t  p robe  [\»e» t h a t  n e a r e s t  th e  p l a t e  s u r f a c e )  

was s t i l l  r e a d i n g  a round  6 0 /  o f  t l ie  m a in s t r e a m  v e l o c i t y  n e a r  the  

t r a i l i n g  edge ( s e e  F i g u r e  7)» and so a  t h i c k e r  b ounda ry  l a y e r  was 

mos t  d e s i r a b l e .  The n e x t  s e r i e s  o f  t e s t s  was p e r fo rm e d  a t  an 

a d v e r s e  s t a t i c  p r e s s u r e  g r a d i e n t ,  and c o r r e s p o n d i n g  a d v e r s e  v e l o c i t y  

g r a d i e n t ,  g iv e n  by

1 3  U 03
__  *    i  -  0 , 0 8 0  p e r  f o o t ,
Uco d x

w i th  a mean v a l u e  of  u ^  a r o u n d  17*6 f t / s .  P r o f i l e  m e asurem en ts  showed

t h a t  t r a n s i t i o n  took  p l a c e  w e l l  w i t h i n  t l ie t r a v e r s e  zone on the

p l a t e .

The t r a n s i t i o n  p o i n t  was f i x e d  i n  t h e  f o l l o w i n g  manner .  The f o u r

b r a n c h  p i l o t  p ro b e  was t r a v e r s e d  from i t s  most  f o r w a r d  p o s i t i o n ,  and

l a m i n a r ,  t r a n s i t i o n  and t u r b u l e n t  v e l o c i t y  p r o f i l e s  were  r e c o r d e d

i n  t u r n  ( s e e  F i g u r e  8 ) .  P a r t i c u l a r  a t t e n t i o n  was p a i d  t o  th e  r e a d i n g

P c -, o f  t h e  tu b e  n e a r e s t  t o  t h e  p ] a t e  s u r f a c e ,  and to  t h e  dynamic

p r e s s u r e  r a t i o  a t  t h i s  p o i n t ,

P -  P _ o l ____
P ~ P ox>

where P i s  t h e  l o c a l  s t a t i c  p r e s s u r e ,  assumed t o  be i n d e p e n d e n t  o f  y .

I n  t h e  l a m i n a r  r e g i o n ,  a s  t h e  l a y e r  t h i c k e n s ,  t h i s  p r e s s u r e  r a t i o  

f a l l s  s t e a d i l y ' ,  b e c a u s e  y^ i s  c o n s t a n t  and s u c c e s s i v e  p r o f i l e s  a r e  

g e o m e t r i c a l l y  s i m i l a r .  At t r a n s i t i o n  ( s e e  F i g u r e  8 ) ,  t h e  r a t i o  

shows a  sudden r i s e ,  r e a c h i n g  a  maximum and f a l l i n g  a g a i n  when
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T h i s  l a s t  e n t r y  g i v e s  t h e  t r u e ,  t e m p e r a t u r e - c o r r e c t e d  v a l u e s  f o r  

p l o t t i n g  t h e  v e l o c i t y  p r o f i l e .  The r e a d i n g s  were t a k e n  a t  a p o i n t  

1 .79  f t  from t h e  p l a t e  l e a d i n g  edge,  f o r  v a l u e s  -tC* " 11-5 'pA-, X i.mi " ~ ^ *

* A c o r r e c t i o n  of  0 .002  i n ;  i s  t o  be added h e r e  to a l l o w  f o r  t h e  e f f e c t s  

o f  w a l l  p r o x im i ty  - t h i s  i s , i n c l u d e d  i n  a l l  g r a p h s .

** Assuming t h a t  t h e  t h e rm a l  and v e l o c i t y  boundary  l a y e r s  a r e  of

s i m i l a r  t h i c k n e s s .



■turbulence i s  f u l l y  e s t a b l i s h e d ,  The p o s i t i o n s  o f  t h e  minimum 

an d  maximum v a l u e s  were t a k e n  a s  t h e  s t a r t  and end o f  t r a n s i t i o n  

r e s p e c t i v e l y .

T r a v e r s e s  were p r o d u c e d ,  f o r  a d i a b a t i c  f lo w  and  f o r  t h r e e  

h e a t  i n p u t  r a t e s  t o  the  p l a t e .  P l a t e  t e m p e r a t u r e s  wore checked  

r e g u l a r l y ,  and  found  to  be s a t i s f a c t o r i l y  c o n s t a n t  w i t h  t im e .  A 

c o n s i d e r a b l y  r e d u c e d  t e m p e r a t u r e  n e a r  t h e  l e a d i n g  edge was n o t e d  

and  a c c e p t e d  a s  i n e v i t a b l e  w i t h  a  s i n g l e  h e a t e r  c i r c u i t ;  f o r t u n a t e l y  

t h e  t r a v e r s e  zone  was n o t  g r e a t l y  a f f e c t e d .  The r e s u l t i n g  c u r v e s  

o f  dynamic p r e s s u r e  r a t i o  a g a i n s t  x a r e  g iv e n  i n  F i g u r e  11;  i t

w i l l  be s e e n  t h a t  th e  end of  t r a n s i t i o n  h a s  n o t  g e n e r a l l y  been
\

r e a c h e d ,  b u t  t h a t  t h e  s t a r t  of  t r a n s i t i o n  i s  e v i d e n t  i n  a l l  c a s e s .

The R ey n o ld s  number f o r  each  s t a r t  o f  t r a n s i t i o n  v/as c a l c u l a t e d ,  and 

p l o t t e d  a s  a  r a t i o  o f  the  a d i a b a t i c  v a l u e  a g a i n s t  t h e  t e m p e r a t u r e  

r a t i o  T ^/T,^ i n  F i g u r e  12.  Two c u r v e s  a r e  shown, f o r  v a l u e s  

o f  v c a l c u l a t e d  a t  am b ie n t  and w a l l  t e m p e r a t u r e s .

T h ro u g h o u t  t h e s e  t e s t s ,  ex t rem e  c a r e  v/as found  to  be n e c e s s a r y  

when r e a d i n g  t h e  manomete r .  Because  o f  th e  low a i r s p e e d s  i n v o l v e d  

and  t h e  s m a l l  c o r r e s p o n d i n g  p r e s s u r e  d i f f e r e n c e s ,  t h e  manometer  v/as 

t i l t e d  to  1° 3 0 ’ f rom the  h o r i z o n t a l  to  i n c r e a s e  s e n s i t i v i t y ;  even 

s o ,  m e a s u r i n g  a c c u r a c y  w i t h i n  0 .01  i n .  v/as n e c e s s a r y  i n  many c a s e s .  

T a b le  1 shows t h e  r e c o r d i n g  o f  a  t r a n s i t i o n  v e l o c i t y  p r o f i l e  i n  

t y p i c a l  c o n d i t i o n s ,  showing th e  c a l c u l a t i o n s  and c o r r e c t i o n s  n eed e d  to
-  v

o b t a i n  t h e  t r u e  ^ l o c i t y  d i s t r i b u t i o n .  Llanorneter r e s p o n s e  t o  t h e  

b ounda ry  l a y e r  p i t o t  p robe  was i n e v i t a b l y  q u i t e  s l o w :  i n t e r v a l s

be tween  r e a d i n g s  o f  a t  l e a s t  t e n  m in u te s  were r e q u i r e d .
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A second  s e t  o f  t r a v e r s e s  to  s u p p le m e n t  t h e s e  d e s c r i b e d  above ,  

v/as t h e n  o b t a i n e d .  I t  v/as o r i g i n a l l y  i n t e n d e d  t h a t  t h e s e  be t a k e n  

a t  a  h i g h e r  a i r s p e e d ,  t o  r e d u c e  t h e  d i f f i c u l t i e s  w i t h  t h e  manomete r ,  

b u t  t h e  b ounda ry  l a y e r s  t h e n  becar.se to o  t h i n  to  g i v e  c l e a r  e v i d e n c e  

o f  t r a n s i t i o n .  C o n s e q u e n t l y , a i r s p e e d  v/as r e d u c e d  t o  a ro u n d  12 f t / s . ,

and a more s e v e r e  a d v e r s e  p r e s s u r e  g r a d i e n t ,  w i th

1 t) u £3
- —  a „ Q . i i o  n o r  foo t ; ,

u ^  d x  * * '

was s e t  up .  I n  t h i s  c a s e ,  s i x  t r a v e r s e s  o f  dynamic p r e s s u r e  r a t i o

were p ro d u c e d ,  i n  an i d e n t i c a l  manner t o  the  p r e v i o u s  s e t .  Curves

o f  c r i t i c a l  R e y n o ld s  number r a t i o  a g a i n s t  T were a g a i n
vv a  jl J.

p ro d u c e d ,  and a r e  shown i n  F i g u r e  13.

2 . 6  D i s c u s s i o n

2 . 6 . 1  Laminar v e l o c i  l.y p r o f i l c s .

‘Die b e h a v i o u r  o f  t h e  f l a t  p l a t e  boundary  l a y e r  u n d e r  z e r o  

s t ream v/ ise  p r e s s u r e  g r a d i e n t  i s  v/orthy o f  comment. As may bo s een  

from F i g u r e  7> com p ar i so n  w i th  B l a s i u s  would seem to  i n d i c a t e  t h a t  

t h e  mu.a s u r c d  p r o f i l e  i s  i n  t h e  t r a n s i t i o n  r e g i o n .  Y e t  t h i s  c a n n o t  be 

th e  c a s e :  t h e  p r o f i l e  shows r e m a r k a b l e  s t a b i l i t y ,  and  p e r s i s t s  i n

g e o m e t r i c a l l y  s i m i l a r  fo rm  a l o n g  t h e  f u l l  l e n g t h  o f  t h e  p l a t e .  Under 

a d v e r s e  p r e s s u r e  g r a d i e n t s ,  t h e  p r o f i l e  b e h a v e s  i n  an  i d e n t i c a l  f a s h i o n ,  

u n t i l  a  r a p i d  change to a t y p i c a l  t u r b u l e n t  p r o f i l e  t a k ° s  p l a c e ,  Hot 

w ire  i n v e s t i g a t i o n ,  u s i n g  a p robe  too  l a r g e  f o r  a c c u r a t e  bo u n d a ry  l a y e r
r

work,  c o n f i r m s  a  s a t i s f a c t o r i l y  low l e v e l  o f  t u r b u l e n c e  i n  t h e  l a y e r  

u p s t r eam  of  t h i s  r a p i d  change  o f  p r o f i l e .  bo i t  was a c c e p t e d  t h a t  

d e s p i t e  i t s  u n t y p i c a l  v e l o c i t y  d i s t r i b u t i o n ,  th e  boundary  l a y e r
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a t  z e r o  p r e s s u r e  g r a d i e n t  was l a m i n a r  t h ro u g h o u t#

The e x p l a n a t i o n  f o r  t h i s  phenomenon i s  open t o  c o n j e c t u r e .  P l a t e  

a n g l e  o f  a t t a c k  was n o t  r e s p o n s i b l e .  M ention  h a s  a l r e a d y  been  made 

o f  t h e  s h o r t  w o rk in g  s e c t i o n  o f  t h e  t u n n e l  and t h e  r e s t r i c t i o n s  t h i s  

im posed ,  one o f  which was a r a p i d  change  i n  d u c t  c r o s s - s e c t i o n

u p s t r e a m  o f  th e  p l a t e  l e a d i n g  e d g e .  I t  i s  s u g g e s t e d  t h a t  t h e s e  f a r -

f r o m - i d e a l  e n t r y  c o n d i t i o n s  were r e s p o n s i b l e #  The f a c t  t h a t  o t h e r  

w o rk e r s ,  w i t h  g r e a t e r  f r eedom  m  t h i s  a r e a ,  have  had  no t r o u b l e  i n  

o b t a i n i n g  B l a s i u s  l a m i n a r  p r o f i l e s ,  l e n d s  w e ig h t  t o  t h i s  s u g g e s t i o n .

2 . 6 . 2  P l a t e  s p a c e r s .

The c o p p e r  p l a t e  v/as f i t t e d  w i t h  a lumin ium s p a c e r s  t o  

p r o t e c t  th e  p e r s p e x  w a l l s  o f  t h e  d u c t ,  a s  d e s c r i b e d  e a r l i e r .  In  

p r a c t i c e ,  t h e  p l a t e  t e m p e r a t u r e  n e v e r  a p p r o a c h e d  a v a l u e  h i g h  enough 

t o  t h r e a t e n  p e r s p e x ,  and th e  s p a c e r s  c o u l d  hav e  been  o m i t t e d  w i t h o u t  

damage.

2 . 6 . 3  Pro s s u r e  g r a d i e n  t  e f f 0 c t  s

No q u a n t i t a t i v e  s tu d y  was made o f  t h e  e f f e c t s  t o  s t ream v/ ise  

p r e s s u r e  g r a d i e n t .  Tha t  i t s  e f f e c t  on t r a n s i t i o n  i s  c o n s i d e r a b l e  i s  

e v i d e n t  from a s tudy  o f  t h e  t e s t  r e s u l t s ;  a  r e d u c t i o n  i n  c r i t i c a l

Reynolds  number by a f a c t o r  of  a t  l e a s t  7 h a s  been p rod u ced  by an

a d v e r s e  p r e s s u r e  g r a d i e n t  a l o n e  ( F i g u r e s  7 and 13 .) Only t h e  e f f e c t  

of  h e a t i n g  a t  a g iv e n  d u c t  geom et ry  was i n v e s t i g a t e d  i n  d e t a i l .  Of 

c o u r s e ,  a p p l i c a t i o n  o f  h e a t t o  a  b ounda ry  l a y e r  may a l t e r  c o n s i d e r a b l y  

the  s t ream v/ ise  g r a d i e n t  due t o  t h i c k e n i n g  o f  t h e  l a y e r .  H ere ,  however ,

th e  change was q u i t e  s m a l l ,  so th e  p r e s s u r e  g r a d i e n t  was a l m o s t  c o n s t a n t



Compensa tion  map be made by a d j u s t i n g  t h e  d u c t  g e o m e t iy  u n t i l  t h e  

p r e s s u r e  d i s t r i b u t i o n  r e t u r n s  t o  i t s  a d i a b a t i c  fo rm.  T h i s  was n o t  

a t t e m p t e d  i n  t h e s e  e x p e r i m e n t s ,  s i n c e  f i x e d - g e o m o t r y  r e s u l t s  were 

f e l t  t o  have more r e l e v a n c e  t o  f lo w  i n  r o t a r y  m a c h in e s .

2 . 6 . 4  S t s  t i c  p r o s s u r e  v a r . i a t i o n .

The a s s u m p t i o n  v/as made t h a t  s t a t i c  p r e s s u r e  v/as u n i fo rm  

a c r o s s  tlie d u c t ,  f o r  a  g i v e n  v a l u e  o f  x .  T h i s  was v e r i f i e d  by 

c om par ing  t h e  d i s t r i b u t i o n s  g iv e n  by p l a t e  s t a t i c  t a p p i n g s  and ma in-  

s t r  eam p i  to  t - s t a t i c  t u b e s .

2,, 6 . 5  LTanometer a c c u r a c y .

Accuracy i n  manometer  r e a d i n g  was an e s s e n t i a l  f a c t o r ,  a s  

h a s  a l r e a d y  been  m e n t io n e d .  The a d o p t e d  a n g l e  of  103C1 f rom the  

h o r i z o n t a l  f o r  t h e  manometer  t u b e s  was f i x e d  a f t e r  t e s t i n g  a t  a  1° 

a n g l e  d i s c l o s e d  a l a c k  o f  r e p e a t a b i l i t y  i n  t h e  r e a d i n g s .  T h i s  was 

u n f o r t u n a t e ,  a s  more s e n s i t i v i t y  would have  been  a p p r e c i a t e d .  Even 

so ,  r o p e a t b l e  a c c u r a c y  o f  p r e s s u r e  measurement to  v / i t h i n  0 .0006 i n .  

o f  w a t e r  was p o s s i b l e  a t  t h e  adop ted  a n g l e .  For  t e s t s  a t  a i r s p e e d s  

above  30 f t / s ,  the  a n g l e  o f  t i l t  was i n c r e a s e d  to a  s u i t a b l e  v a l u e .

2 . 6 , 6  Bl oyancy e f f e c t s .

The l o c a t i o n  o f  t h e  cop p e r  p l a t e  on t h e  f l o o r  o f  th e  d u c t  

i n e v i t a b l y  gave r i s e  to  buoyancy  e f f e c t s  when h e a t e d .  One method o f  

e l i m i n a t i n g  t h e s e  i s  to  moun t* the  p l a t e  v e r t i c a l l y ,  a s  one o f  t h e  w a l l s  

o f  th e  d u c t ;  Tn i s  a p p ro a c h  was u s e d  by Liepmann and F i l a  ( 1 0 ) .

However,  t h e r e  i s  a  p o s s i b i l i t y  t h a t  a i r  d e n s i t y  ch an g e s  n e a r  th e  

h e a t e d  s u r f a c e  w i l l  s e t  up an upward v e l o c i t y  component ,  and t h e  f low
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Figure 9 : The e f f e c t  o f  h e a t i n g  on t h e  l a m in a r  
boundary l a y e r .
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F i g u r e  10: The e f f ec t "  of h e a t i n g  on t h e  t r a n s i t i o n
boundary  l a y e r



becomes three-dimensional, Liepmann and Fila experienced some 

difficulty in obtaining regular velocity profiles on their plate, 

and it is suggested that this may have been the cause. It was felt 

that with airspeeds an order of magnitude below those used by 

I iepmann and Fila, use of a vertical plate was to be avoided.

No attempt was made to eva luate  experimenta lly  the e f f e c t s  of  

buoyancy from the h or izonta l  p la te .  Although i t  was appreciated  that  

th es e  e f f e c t s  were l i k e l y  to be cons iderab le  in  t h i s  experiment,  i t  was 

considered  that  in  the o v era l l  p ic tu re  of  f low over compressor b lading ,  

g r a v i ta t i o n a l  buoyancy would be i n s i g n i f i c a n t .  A f u l l e r  d i s c u s s i o n  of  

buoyancy e f f e c t s ,  both g r a v i ta t i o n a l  and c e n t r i p e t a l ,  i s  given in  

Appendix B.

2 . 6 . 7  Tran s i t ion  point  f i x i n g .

The method for lo c a t i n g  the point of  t r a n s i t i o n  from laminar 

to turbulent  f low in the boundary layer  has already been descr ibed;  i t  

i s  a w e l l - e s t a b l i s h e d  one (2^ ) ,  I t  i s  to be expected th a t  other  methods,  

for example, us ing  hot w ires ,  might g iv e  s l i g h t l y  d i f f e r e n t  r e s u l t s .  

However, for comparative t e s t s ,  such as in  t h i s  experiment,  the abso lu te  

p o s i t i o n  of  the  t r a n s i t i o n  point i s  of  secondary importance to  i t s  

movement, an accurate p ic tu re  of which 'was given by the method used*

2 . 6 . 8  E f f e c t  of  heat tra n s fer  on t r a n s i t i o n .

In gen era l ,  heat t r a n s fe r  to  the  boundary la y e r  has a s im i la r  

e f f e c t  to that  of an adverse pressure  grad ie n t .  Thus a laminar layer  

in s u f f i c i e n t l y  s t a b l e  condit ions  w i l l  merely be thickened (Figure 9)  

w hile  a t r a n s i t i o n  v e l o c i t y  p r o f i l e  w i l l  become f u l l y  turbulent  as  

in  Figure 10, Most important to  t h i s  i n v e s t i g a t i o n ,  t r a n s i t i o n  takes
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p l a c e  a t  a  l o w e r  R ey n o ld s  number t h a n  b e f o r e .

A s tu d y  o f  F i g u r e s  12 and 15 shows a good a g re e m e n t  be tween  th e  

two t e s t s .  C r i t i c a l  R e y n o ld s  number f a l l s  a l m o s t  l i n e a r l y  w i th  

r i s i n g  v a l u e s  o f  T 1 / T  co , w i t h  a  t e n d e n c y  tow ards  l e v e l l i n g - o f f
*

i n  th e  u p p e r  r a n g e s .  T h i c k e n i n g  o f  t h e  boundary  l a y e r  u n d e r  h e a t i n g  

i s  b e g i n n i n g  to  r e d u c e  t h e  m a g n i tu d e  o f  t h e  a d v e r s e  p r e s s u r e  g r a d i e n t ,  

though  o n ly  t o  a s m a l l  d e g r e e .

P u b l i s h e d  e x p e r i m e n t a l  work on h e a t e d  f l a t  p l a t e s  i s  f a i r l y  

common, b u t  i n v e s t i g a t i o n s  o f  t r a n s i t i o n  i n  such c a s e s  a r e  c o m p a r a t i v e l y  

r a r e .  G e n e r a l l y  t h e s e  a r e  s u p e r s o n i c  t e s t s ,  and  i n v e s t i g a t e  w a l l  

c o o l i n g  e f f e c t s  a s  w e l l  a s  h e a t i n g .  J a c k  and P i a c o n i s  ( 9 ) and 

C z a r n e c k i  and  f i n e . l a i r  ( 2 ) e x p e r i m e n t e d  011 b o d i e s  o f  r e v o l u t i o n ,  w h i l e  

H i g g i n s  and P appas  ( 6 ) u s e d  a h o r i z o n t a l  f l a t  p l a t  wi th  z e r o  p r e s s u r e  

g r a d i e n t ,  t h e  t e s t s  b e i n g  made a t  mach numbers  be tween  1*6 and 5 *2 .

The o n l y  com parab le  s u b s o n i c  r e s u l t s  a r e  t h o s e  o f  Liepmann and F i l a  (10) 

on a v e r t i c a l  f l a t  p l a t e  a t  z e r o  p r e s s u r e  g r a d i e n t  w i t h  a f lo w  v e l o c i t y  

o f  200 f t / s .  The s e v e r e  a d v e r s e  p r e s s u r e  g r a d i e n t s  u s e d  i n  th e  

a u t h o r ’s e x p e r i m e n t s  p r e v e n t e d  e x a c t  c o m p a r i s o n s  w i t h  t h e  above work.  

However,  th e  r e s u l t s  of  Liepmann and F i l a  a r e  i n c l u d e d  i n  F i g u r e s  12 

and  15 t o  g i v e  some g u i d a n c e .

From t h e s e  F i g u r e s ,  i t  w i l l  be s e e n  t h a t  f o r  ~ i ’co) ~ 60 deg .C

g i v i n g  T 1 ] / rjL' 00 ~ -1- * 27 , c r i t i c a l  R ey n o ld s  number a t  ^  f a l l s  by 55/  

and l cf/o f rom i t s  a d i a b a t i c  v a l u e ,  f o r  t h e  two t e s t s .  F o r  t h e  same 

t e m p e r a t u r e  r a t i o ,  Liepmann and F i l a  q u o te  22/ i  the  a u t h o r s  of  ( 9 ) , ( 2 ) 

and ( 6 ) q u o te  a b o u t  50/o, 40 /  and 0̂/o r e s p e c t i v e l y .  Comparison o f  

t h e  f l a t  p l a t f  r e s u l t s  i s  f u r t h e r  c o m p l i c a t e d  by the f a c t  t h a t  Liepmann.
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and F i l a  a v o i d e d  buoyancy e f f e c t s ;  H i g g i n s  and P appas  and the  

a u t h o r  d i d  not*

Comparing c o n d i t i o n s  f o r  t h e  a u t h o r ’ s two t e s t s  i n  some d e t a i l ,  

i t  i s  s e e n  t h a t  t h e  t r a n s i t i o n  boundary  l a y e r  i s  c o n s i d e r a b l y  

t h i c k e r  f o r  t h e  second  t e s t ,  a t  a l l  h e a t  i n p u t s ;  what  i s  more,  i t  

t h i c k e n s  much more r a p i d l y  u n d e r  h e a t i n g .  T h i s ,  i t  i s  s u g g e s t e d ,  

b r i n g s  a b o u t  d i m i n u t i o n  o f  t h e  a d v e r s e  p r e s s u r e  g r a d i e n t  much more 

r a p i d l y ,  r e d u c i n g  t h e  a p p a r e n t  e f f e c t  o f  h e a t i n g .

Thus t h e  r e s u l t s  of  tlie f i r s t '  t e s t  more c l o s e l y  a p p ro a c h  t h e
\

c o n s t a n t  p r e s s u r e  g r a d i e n t  c a s e  f o r  which a r e d u c t i o n  i n  c r i t i c a l  

R e y n o l d s  number o f  a b o u t  4 Oh m igh t  be e x p e c t e d .  T h i s  f i g u r e  i s  s i m i l a r  

t o  t h a t  r e c o r d e d  by H i g g in s  and Pappas  (6 )  a t  z e ro  p r e s s u r e  g r a d i e n t .

I t  may be t h a t  th e  e f f e c t  i s  i n d e p e n d e n t  o f  I.iach number and  p r e s s u r e  

g r a d i e n t ,  p r o v i d e d  t h e  l a t t e r  i s  h e l d  c o n s t a n t .

2 , 6 . 9  Nearness  to  l a m in a r  s e p a r a t i o n

From F i g u r e  11,  i t  i s  a p p a r e n t  t h a t  i n c r e a s i n g  h e a t  i n p u t s  

d e p r e s s  t h e  minimum c r i t i c a l  p r e s s u r e  r a t i o ,  a t  th e  s t a r t  of  t r a n s i t i o n .  

P r e s u m a b ly  u n d e r  s u i t a b l e  c o n d i t i o n s ,  t h i s  p r o c e s s  may c o n t i n u e  

u n t i l  t h e  r a t i o  becomes z e r o  and  laminar '  s e p a r a t i o n  o c c u r s .

S c h l i c h t i n g  ( 29 ) r e p o r t i n g  on th e  work o f  P o h lh a u s e n ,  q u o t e s  a 

d i m e n s i o n l e s s  p a r a m e t e r  f o r  l a m i n a r  bo u n d a ry  l a y e r  s t a b i l i t y ,

r  2 d u oo
A  = ----- ' — — -

- V ?  uxr *
w i t h  / \  < -  12 f o r  s e p a r a t i o n  t o  o c c u r .  C a l c u l a t i o n s  b a s e d  on t h e  

above  e x p e r i m e n t s  g iv e  I\.~ -  10 i n  th e  mos t  ex t re m e  c a s e ,  i n d i c a t i n g
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t h a t  a  l i t t l e  e x t r a  h e a t i n g  c a p a c i t y  m i g h t  p r o d u c e  l a m i n a r  s e p a r a t i o n . '

2 o 7 C o n c l u s i o n s

I t  may be c o n c lu d e d  t h a t  h e a t  t r a n s f e r  i n t o  t h e  boundary  l a y e r  

on a  f l a t  p l a t e  p r o d u c e s  t h e  f o l l o w i n g  e f f e c t s :

(1)  T h i c k e n i n g  o f  th e  boundary  l a y e r .

(2)  Movement of  the t r a n s i t i o n  p o i n t  t o w a r d s  t h e  l e a d i n g  

edge .  i . e .  a  r e d u c t i o n  i n  th e  c r i t i c a l  R eyno lds  number.

These  rue  b o t h ,  q u a l i t a t i v e l y  a t  l e a s t ,  i n d e p e n d e n t  o f  p r e s s u r e  

g r a d i e n t .  I n  a f i x e d - g e o m e t r y  d u c t ,  bou n d a ry  l a y e r  t h i c k e n i n g  h a s  a 

f a v o u r a b l e  e f f e c t  on strearnvd.se p r e s s u r e  g r a d i e n t ,  and  t h i s  r e s t r i c t s  

movement o f  t l ie t r a n s i t i o n  p o i n t .  T h i s  e f f e c t  may w e l l  m e r i t  f u r t h e r  

i n v e s t i g a  t i  o n .

Such com par i son  a s  can  be made w i t h  p u b l i s h e d  work i s  q u i t e  

f a v o u r a b l e .



€

F i g a r o  1 urved duel
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CHAPTSR 5

Cu'uVKl) PLATE FXdFRElKNTo T d h  HFFGCT OF P LATE

h e a t i n g  oh t u r h u l s ht  s k p a u a t i o h

3 • 1 T h e  C u r v e d  P a c  t

At t h i s  p o i n t  t h e  f l a t  p l a t e  work was c o n c l u d e d ,  and t h e  p l a t e  

and duct ing- removed from t h e  t u n n e l .  A second c o p p e r  p l a t e ,  m e a s u r i n g  

52 i n .  x 6 i n .  x 0»5 i n .  was fo rm ed  on an  0 i n .  r o l l e r ,  so t h a t  i t s  

o u t e r  s u r f a c e  had a c o n s t a n t  r a d i u s  of  c u r v a t u r e  o f  0 . 5  i n . ,  a p a r t  

f rom a 6 i n .  l e n g t h  a t  the  l e a d i n g  edge which was k e p t  s t r a i g h t .  The 

l e n g t h  of  t h e  p l a t e  was such t h a t  i t  c u rv e d  t h r o u g h  a p p r o x i m a t e l y  

100° .  I t s  o u t e r  s u r f a c e  was u s e d  a s  t h e  i n n e r  w a l l  o f  a  c u rv e d  

d u c t  o f  r e c t a n g u l a r  c r o s s - s e c t i o n ,  w i t h  an  a d j u s t a b l e  c u r v e d  o u t e r  

w a l l  in  a lum in ium ,  t h e  r e m a i n i n g  w a l l s  b e i n g  o f  f l a t  p e r s p e x  s h e e t i n g .  

However, t h e  d e s i g n  d i f f e r e d  from t h e  f l a t  p l a t e  d u c t  i n  t h a t  t h e  

p e r s p e x  s h e e t s  l a y  i n  th e  h o r i z o n t a l  p l a n e  when f i t t e d ,  i . e .  th e  

copper  p l a t e  was c u r v e d  a b o u t  a  v e r t i c a l  a x i s .  The r e a s o n s  f o r  bh is  

■arrangement a r e  d i s c u s s e d  i n  S e c t i o n  4 •1 •

The l e a d i n g  edge o f  t h e  p l a t e  was a g a i n  b e v e l l e d  to  p e n e t r a t e  

t h e  a i r s t r e a m .  S t a t i c  p r e s s u r e  t a p p i n g s  and th e rm o c o u p le  l o c a t i o n s  

w ere  d r i l l e d  i n  i d e n t i c a l  manner t o  t h o s e  i n  t h e  f l a t  p l a t e ,  a l l  l e a d s  

em erg ing  t h r o u g h  t h e  p e r s p e x  " r o o f "  a s  no s p a c e r s  were f i t t e d  i n  t h i s  

d e s i g n .  Thermal i n s u l a t i o n  was p r o v i d e d  by a s b e s t o s  r o p e  cem ented  to  

t h e  to p  and bo t to m  edges  o f  the p l a t e ,  and s e p a r a t i n g  i t  f rom t h e  

p e r s p e x .  A p l a n  view o f  t h e  d u c t  i s  shown in  F i g u r e  14« A s t a t i c  

p r e s s u r e  t a p p i n g  was lo c a te c l  .on t h e  p l a t e  c e n t r e - l i n e ,  f o r  each  o f  

t h e  s i x  m e a s u r i n g  s t a t i o n s .  Thermocouple  l o c a t i o n s  a r e  i n d i c a t e d  by 

th e  l e t t e r  T i n  the  F i g u r e ,  th e  h o t  j u n c t i o n s  when i n s e r t e d  l y i n g
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r o u g h l y  on t h e  p l a t e  c e n t r e - l i n e .

The p l a t e  h e a t i n g  s y s t e m  was improved by t h e  a d d i t i o n  o f  a  

s econd  JQQSi e l e m e n t ,  w i th  s e p a r a t e  c o n t r o l  a p p a r a t u s .  The two 24 i n .  

e l e m e n t s  were p l a c e d  e n d - t o - e n d  and f o l d e d ,  to  g i v e  a  s t r i p  some JO i n .  

l o n g  o f  d o u b le  t h i c k n e s s  f o r  most  of  th e  l e n g t h .  T h i s  s t r i p  was 

a t t a c h e d  to  t h e  i n n e r  s u r f a c e  o f  t h e  c u rv e d  p l a t e ,  w i t h  th e  d o u b le d  

s e c t i o n  a t  t h e  l e a d i n g  e d g e ,  (see F i g u r e  G la s s  wool i n s u l a t i o n

c o v e r e d  t h e  e l e m e n t s ,  and  was com pressed  by a  cu rv e d  a lumin ium p l a t e ,  

which s e r v e d  t o  h o ld  t h e  a s s e m b ly  i n  p o s i t i o n .

Jo 2 Tnstrurnen t a t l o n

The i n s t r u m e n t a t i o n  u s e d  on t h e  f l a t  p l a t e  was s u p p le m e n te d  by 

two i t e m s .  F i r s t l y ,  i t  was a n t i c i p a t e d  t h a t  s t a t i c  p r e s s u r e s  would 

v a r y  r a d i a l l y  a c r o s s  t h e  d u c t ,  so a s m a l l  s t a t i c  p r o b e  was c o n s t r u c t e d  

to  m e asu re  t h o s e .  S t a i n l e s s  s t e e l  t u b i n g ,  of  o u t e r  d i a m e t e r  0 .05  i n .  

was u s e d  to form a p robe  of  c o n v e n t i o n a l  d e s i g n  ( 15 ) w i th  f o u r  0.015  i n .  

p r o s s u r e  t a p p i n g s .

Secondly^ an i n v e s t i g a t e  on o f  t h e rm a l  boundary  l a y e r s  was to  be 

c a r r i e d  o u t .  The p ro b e  u sed  was o f  s i m i l a r  d e i s g n  t o  t h e  p i  t o t  

p ro b e  ^F ig u re  6 ) ,  b u t  w i t h  s h e a t h e d  th e rm o c o u p le s  i n  p l a c e  o f  th e  

hypodermic  t u b e s .  The f o u r  th e rm o c o u p le s  were of  a  c c m m e r c i a l l y -  

a v a i l a b l e  t y p e ,  w i t h  s t a i n l e s s  s t e e l  s h e a t h s  0 .0 2 0  i n .  i n  d i a m e t e r .

The h o t  j u n c t i o n s ,  i n s u l a t e d  a s  t h e y  were w i t h i n  t h e i r  s h e a t h s ,  

were g iv e n  no f u r t h e r  s h i e l d i n g .  The l e a d s  were c a r r i e d  avray i n  a 

copper  t u b e ,  a s  v, : th  t h e  p i - t o t  probe.,  and  t h i s  was s e a l e d  w i th  

A r a l d i t e .  A change i n  t h e  p e d e s t a l  d e s i g n  was made t o  r e d u c e  c o n d u c t io n  

e r r o r s j  the  p e d e s t a l  was now d i v o r c e d  from t h e  t u b e  f o r  t h e  f i r s t  2 i n .
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o f  i t s  l e n g t h ,  a t  which p o i n t  i t  was a t t a c h e d  by  a  s c rew ed  b r a c k e t  

f o r  e a s e  of  a d j u s t m e n t .  The th e rm o c o u p le s  were c o n n e c t e d  t h r o u g h  a  

s w i tc h b o x  t o  a p o t e n t i o m e t e r ,  t h i s  b e i n g  t h e  same i n s t r u m e n t  a s  was 

u s e d  t o  m easu re  the  c o p p e r  p l a t e  t e m p e r a t u r e s .

3•3 E a r l y  T e s t i n g  and Development  

3 . J . 1  The thermocouple  p robe .

P e r fo rm a n c e  o f  t h e  th e rm o co u p le  p robe  was chec ked  on t h e  f l a t  

p l a t e  a p p a r a t u s  j u s t  p r i o r  to  i t s  d i s m a n t l i n g .  At t h e  same t ime an 

a n a l y s i s  o f  h e a t  t r a n s f e r ,  and t h e  d r a w in g  up o f  a  h e a t  b a l a n c e  f o r  

t h e  p r o b e ,  i n d i c a t e d  t h a t  t e m p e r a t u r e - d i f f e r e n c e  e r r o r s  were w i t h i n  5°/° 

a t  a l l  t i m e s ,  even  f o r  a  th e rm o co u p le  v e r y  c l o s e  t o  t h e  p l a t e  s u r f a c e  

( s e e  Appendix C ) .  T em p era tu re  p r o f i l e s  o b t a i n e d  ( w i t h o u t  c o r r e c t i o n s )  

were of  r e g u l a r  s h a p e ,  and matched  c l o s e l y  t h e  c o r r e s p o n d i n g  v e l o c i t y  

p r o f i l e s .  A l s o ,  i t  was p o s s i b l e  t o  d e t e c t  t r a n s i t i o n  by t r a v e r s i n g  

t h e  p ro b e  i n  t h e  same manner a s  t h e  p i  t o t  p r o b e ,  a l t h o u g h  g r e a t  c a r e  

was n e c e s s a r y .

3 .3*2  Duct e n t r y  c o n d i t i o n s

I n i t i a l l y ,  i t  was i n t e n d e d  t h a t  a  l a m i n a r  b o u n d a ry  l a y e r  

d e v e lo p  on t h e  l e a d i n g  s e c t i o n  o f  t h e  c u rv e d  p l a t e ,  w i th  t r a n s i t i o n  

and f i n a l l y  t u r b u l e n t  s e p a r a t i o n  o c c u r r i n g  f u r t h e r  downst ream.  A 

s e r i e s  o f  e x p l o r a t o r y  t e s t s  was begun t o  see  i f  t h i s  was p o s s i b l e  to  

a c h i e v e .  C o n s i d e r a b l e  d i f f i c u l t y  was e x p e r i e n c e d  i n  p r o d u c i n g  a  

l a m i n a r  l a y e r  a t  a l l ,  u n t i l  t]\e e n t r y  c o n d i t i o n s  to  the  d u c t  were
r

im proved ,  by p o s i t i o n i n g  a g r a d u a l l y  c o n v e r g e n t  s t r a i g h t  d u c t  u p s t r e a m  

o f  th e  p l a t e  l o a d i n g  edge .  N e v e r t h e l e s s ,  i t  was found i m p o s s i b l e  to  

promote  l a m i n a r  t r a n s i t i o n  on t h e  c u rv ed  s u r f a c e ,  a p p l i c a t i o n  o f
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a d v e r s e  p r e s s u r e  g r a d i e n t s  c a u s i n g  im m ed ia te  s e p a r a t i o n  o f  t h e

b o u n d a ry  l a y e r .  A f l a t  p l a t e  s e v e r a l  f e e t  i n  l e n g t h ,  l o c a t e d

u p s t r e a m  of t h e  c u rv ed  d u c t ,  was c l e a r l y  n e c e s s a r y  to  a c h i e v e

n a t u r a l  t r a n s i t i o n  a t  t h e s e  low R eyno lds  numbers ,  b u t  l a c k  o f  space
/

p r e v e n t e d  any such a r r a n g e m e n t .

I t  was thus  d e c i d e d  to  t r i p  t h e  b o u n d a ry  l a y e r  a t  th e  p l a t e  

l e a d i n g  edge ,  and  i n d u c e  s e p a r a t i o n  a t  a  s u i t a b l e  p o i n t  downst ream.

A s im p le  means o f  d o in g  t h i s  was found  t o  be by i n c r e a s i n g  the a n g l e  

o f  a t t a c k  o f  the p l a t e .  ( i t  was p o s s i b l e  t o  move t h e  e n t i r e  c u rv e d  

d u c t  a s s e m b ly  r e l a t i v e  to  t h e  wind t u n n e l ,  so t h a t  t h e  s e l e c t e d  d u c t  

g e o m e t r i c a l  c o n f i g u r a t i o n  was n o t  d i s t u r b e d ) .  A change  i n  a n g l e  of  

l e s s  t h a n  2° was s u f f i c i e n t ,  and an a d v a n t a g e  o f  t h e  method was i t s  

r e v e r s i b i l i t y ;  a  r e t u r n  to  l a m i n a r  f lo w  c o u ld  be made s im p ly ,  i f  

and  when d e s i r e d .

M easurements  were  now made o f  f low  c o n d i t i o n s  n e a r  the i n n e r  

w a l l  o f  t h e  d u c t ,  w i th  t h e  a d j u s t a b l e  o u t e r  w a l l  s e t  to  g i v e  an 

a d v e r s e  streainvd.se p r e s s u r e  g r a d i e n t .  The b ounda ry  l a y e r  n ea^  th e  

l e a d i n g  edge was found  to  be r a t h e r  t h i c k ,  th e  r e s u l t  o f  l a m in a r  

s e p a r a t i o n  and t u r b u l e n t  r e a t t a c h m e n t ,  and f u r t h e r  a d j u s t m e n t s  t o  

a n g l e  o f  a t t a c k  gave  some improvement .

S t a t i c  p r e s s u r e  m e a s u r e m e n t s . -

T r a v e r s e s  i n  a r a d i a l  d i r e c t i o n  wi Vr\ t h e  s t a t i c - p r e s s u r e  

p robe  i n d i c a t e d  t h a t  r a d i a l  e q u i l i b r i u m  c o n d i t i o n s  o b t a i n e d  i n  th e  

m a in s t r e a m  o ver  most  o f  t h e  cu rv ed  d u c t ,  how ever ,  s t a t i c  p r e s s u r e s  

r e c o r d e d  by t h e  w a l l  t a p p i n g s  d id  n o t  l i n o  up w i t i i  t h e  d i s t r i b u t i o n s  

r e c o r d e d  by t}r* p ro b e ,  t h e  d i s c r e p a n c i e s  i n  some c a s e s  b e i n g  a s  h i g h



a s  2 0 /  o f  the  m a in s t r e a m  dynamic p r e s s u r e .  These,  w a l l  t a p p i n g s

w ere  p l a i n  h o l e s ,  o f  0 .050  i n .  d i a m e t e r ,  d r i l l e d ,  no rm a l  to  th e

s u r f a c e .  C a r e f u l  s u r f a c e  p o l i s h i n g  i n  t h e  v i c i n i t y  o f  t h e  h o l e s

r e d u c e d  t h e  d i s c r e p a n c i e s ,  and  s l i g h t  c o u n t e r s i n k i n g  gave  some

f u r t h e r  im provem en t ,  h u t  t h e  d i f f e r e n c e  i n  r e a d i n g s  was s t i l l
*

c o n s i d e r a b l e .  At t h i s  p o i n t ,  a  check  f o r  t h r e e - d i m e n s i o n a l  f lo w  

was made w i t h  y a w - m e t e r s ,  and v a r i o u s  o t h e r  s t a t i c  p r o b e s  were u s e d  

i n  r a d i a l  t r a v e r s e s .  However,  no m e a s u r a b l e  t h r e e - d i m e n s i o n a l  

v e l o c i t i e s  were fou n d ,  and s t a t i c  p r e s s u r e  d i s t r i b u t i o n s  a g r e e d  

t h r o u g h o u t  w i t h  t h o s e  r e c o r d e d  by the f i r s t  p r o b e .  The fo rm e r  r e s u l t  

was s u r p r i s i n g ,  a s  i t  was t o  be e x p e c t e d  t h a t  some c i r c u l a t o r y  

v e l o c i t y  components  would a r i s e  i n  a  d u c t  o f  such  e x t r e m e  c u r v a t u r e ;  

i t  i s  s u g g e s t e d  t h a t  t h e  s t r e a m w i s e  l e n g t h  o f  t h e  d u c t  was i n s u f f i c i e n t  

f o r  t h e s e  components to  a t t a i n  s i g n i f i c a n t  s t r e n g t h .

As a  r e s u l t  o f  t h e s e  o b s e r v a t i o n s ,  i t  was d e c i d e d  t o  i g n o r e  t h e  

r e a d i n g s  o f  t h e  w a l l  s t a t i c  t a p p i n g s ,  i n  f a v o u r  o f  t h o s e  from t h e  

t r a v e r s i n g  p r o b e ;  t h e  l a t t e r  were r e c o r d e d  a c r o s s  t h e  g r e a t e r  p a r t  

o f  vhe boundary  l a y e r ,  and th e  w a l l  v a l u e  co u ld  be  e s t i m a t e d  w i th  

a c c e p t a b l e  a c c u r a c y .  A more d e t a i l e d  d i s c u s s i o n  o f  s t a t i c  p r e s s u r e  

measurement f o l l o w s  i n  S e c t i o n  4*3*

5«3«4 S e p a r a t i o n  p o i n t  l o c a t i o n .

An a v te m p t  was t h e n  made to  l o c a t e  the  p o i n t  o f  t u r b u l e n t  

s e p a r a t i o n  a t  a  m a in s t r e a m  v e l o c i t y  a ro u n d  25 f t / s .  The f o u r - t u b e  

p i t o t  p robe  was t r a v e r s e d  dow nst ream,  w i t h  i t s  f i r s t  tu b e  t o u c h i n g  

the  s u r f a c e  o f  the  c u rv e d  p l a t e .  Loca l  s t a t i c  p r e s s u r e s ,  o b t a i n e d  

from probe  t r a v e r s e s ,  were combined w i t h  the f i r s t  t u b e  r e a d i n g s ,  to
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g i v e  a dynamic p r e s s u r e  d i s t r i b u t i o n  i n  t h e  streamvn.se  d i r e c t i o n ,  

a t  a  sm a l l  f i x e d  d i s t a n c e  from t h e  w a l l . T h i s  d i s t r i b u t i o n  was 

a p p r o x i m a t e l y  l i n e a r ,  f a l l i n g  a s  t h e  d i s t a n c e  from t h e  l e a d i n g  edge 

i n c r e a s e d .  On r e a c h i n g  a v a l u e  n e a r  to  z e r o ,  how ever ,  t h e  r e a d i n g s  

showed c o n s i d e r a b l e  s c a t t e r  which was m a i n t a i n e d  downst ream o f  t h i s  

p o i n t ,  w i t h  a mean v a l u e  n e a r  t o  z e r o .  Even th e  h i g h e s t  o f  t h e s e  

dynamic p r e s s u r e s  was v e ry  sm a l l  i n  a b s o l u t e  t e r m s ,  b e i n g  a round

0 .0 1  i n .  o f  w a t e r ,  and g r e a t  c a r e  was n e c e s s a r y  to  k e e p  s c a t t e r  

w i t h i n  a c c e p t a b l e  l i m i t s .  A ls o ,  c o n s i d e r a b l e  t ime  was r e q u i r e d  f o r  

manometer  r e s p o n s e  t o  t h e  p i t o t  p ro b e .

With t h e  o b j e c t  o f  t a k i n g  m e asurem en ts  even  n e a r e r  the  p l a t e  

s u r f a c e ,  and a t  th e  p o s s i b l e  expense  o f  a c c u r a c y  i n  t h a t  even s m a l l e r  

dynamic p r e s s u r e s  were r e c o r d e d ,  a  f l a t t e n e d  f i r s t  t u b e  was i n s t a l l e d  

i n  t h e  p i t o t  p ro b e ,  a l l o w i n g  p r e s s u r e s  0 .008  i n .  f rom  t h e  w a l l  to  be 

m easu red .  T h i s  p roved  to  be a s u c c e s s ,  i n  t h a t  s c a t t e r  was much 

r e d u c e d ,  e s p e c i a l l y  n e a r  z e r o  dynamic p r e s s u r e .  The d i s t r i b u t i o n  was 

now c l e a r l y  d i s c o n t i n u o u s ,  f a l l i n g  a l m o s t  l i n e a r l y  t o  z e r o ;  and th e n  

r e m a i n i n g  a t  z e r o  a s  downstream d i r e c t i o n  i n c r e a s e d  ( s e e  F i g u r e  1 6 ) .

The p o i n t  a t  which ze ro  p r e s s u r e  was r e a c h e d  ( e x t r a p o l a t e d  from 

p o s i t i v e  v a l u e s )  was t a k e n  to  be t h e  s e p a r a t i o n  p o i n t .

3 . 5 .5  F i r s t  e x p e r i m e n t s  w i t h  p l a t e  h e a t i n g  .

V/ith an  a d i a b a t i c  s e p a r a t i o n  p o i n t  m easured  a t  a b o u t  17 i n .  from 

t h e  l e a d i n g  edge,  s e v e r a l  t e s t s  w i th  p l a t e  h e a t i n g  were  c o n d u c t e d ,  s.nd
-  A

. the movement, of  i h e  s e p a r a t i o n  p o i n t  n o t e d ;  i n l e t  f l o w  v e l o c i t y  

was h e l d  c o n s t a n t .  A sm a l l  q u a n t i t y  o f  h e a t  moved t h e  s e p a r a t i o n  

p o i n t  a b o u t  o n e ' i n c h  downst ream,  a f t e r  which  i t  ad v a n c e d  w i th  i n c r e a s i n g
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vo, 11 t e m p e r a t u r n , Th is  i n i t i a l  downst ream movement was u n e x p e c t e d ,  

and  a  c a r e f u l  e x a m i n a t i o n  o f  f lo w  c o n d i t i o n s  was p e r fo rm e d ,  

e s p e c i a l l y  f o r  th e  a d i a b a t i c  c a s e .  Here i t  was found  t h a t  the  

a d v e r s e  p r e s s u r e  g r a d i e n t  was n o t  a s  s t e a d y  a s  m i g h t  be d e s i r e d .

The a d i a b a t i c  d i s t r i b u t i o n  of  s t a t i c  p r e s s u r e  showed a  s t e e p  i n c r e a s e  

i n  t h e  r e g i o n  a ro u n d  th e  s e p a r a t i o n  p o i n t ,  w i th  r e l a t i v e l y  m i ld  

g r a d i e n t s  on e i t h e r  s i d e .  H eat  t r a n s f e r  to  t h e  boundary  l a y e r  

a p p e a r e d  to  even  o u t  t h i s  d i s t r i b u t i o n ,  so t h a t  a t t a c h e d  f l o w  was 

p r e s e r v e d  f o r  some d i s t a n c e  dow nst ream.  T h i s  cou ld  n o t  be r e g a r d e d  

a s  a  r e p r e s e n t a t i v e  c a s e ,  and a r e v i s e d  d u c t  geoerntry  g i v i n g  a* 

sm oothe r  a d v e r s e  p r e s s u r e  g r a d i e n t  was r e q u i r e d .  I t  was th o u g h t  

t h a t  a  g e n t l e r  o v e r a l l  g r a d i e n t ,  c a u s i n g  s e p a r a t i o n  f u r t h e r  downst ream,  

was a l s o  d e s i r a b l e .

As w i t h  t h e  t r a n s i t i o n  p o i n t ,  t h e  p o s i t i o n  o f  s e p a r a t i o n  was 

e x t r e m e l y  s e n s i t i v e  to  p r e s s u r e  g r a d i e n t .  A s m a l l  a l t e r a t i o n  to  t h e  

d u c t  geoern try  s u f f i c e d  to  g i v e  s e p a r a t i o n  a l i t t l e  o v e r  20 i n 0 from 

t h e  l e a d i n g  edge  o f  the  p l a t e ,  f o r  a d i a b a t i c  f l o w  a t  a  m a in s t r e a m  

v e l o c i t y  o f  2b f t / s .  T h i s  geom etry  was t o  r e m a in  u n a l t e r e d  t h r o u g h o u t  

t h e  r e m a i n d e r  o f  th e  t e s t  p ro g ra m m e . -

3 . 4  Main T e s t  frogr-amrne.

3 . 4 . 1  C o - o r d i n a t e s .

The c o - o r d i n a t e  sys tem  u s e d  i s  shov.n i n  F i g u r e  1 4 . The symbol x 

i s  u s e d  f o r  th e  d i s t a n c e  .along t h e  p l a t e  s u r f a c e  i n  t h e  s t r e a m w i s e
-  A

d i r e c t i o n ,  measured  from t h e  l e a d i n g  edge ;  y i s  t h e  d i s t a n c e  no rm al  

t o  t h e  p l a t e  s u r f a c e  a t  any  p o i n t .  Thus t h e  s e p a r a t i o n  p o i n t  was s e t  

j u s t  downstream of  t h e  p o i n t  x = 20 i n . ,  f o r  the m a in s t r e a m  v e l o c i t y
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q u o t e d .

3*4*2 Laminar  s e p a r a t i o n .

A p r e l i m i n a r y  s e r i e s  o f  t e s t s  was made c o n c e r n i n g  l a m i n a r

s e p a r a t i o n .  Y/ith t h e  same d u c t  geom etry  and  v e l o c i t y ,  i t  was found

t h a t  trie l a m i n a r  l a y e r  s e p a r a t e d  e a r l i e r ,  a t  a b o u t  x -  17 i n .  The

e f f e c t  o f  p l a t e  h e a t i n g  was now examined .  • The t w o - c h a n n e l  h e a t e r

e n s u r e d  an  a c c e p t a b l y  even  t e m p e r a t u r e  d i s t r i b u t i o n  ( s e e  F i g u r e  15

f o r  t y p i c a l  e x a m p le s ) ,  and s e p a r a t i o n  p o i n t s  f o r  p l a t e  t e m p e r a t u r e s

up t o  150°C were m e a su re d ,  u s i n g  t h e  method d e s c r i b e d  i n  t h e  p r e v i o u s

s e c t i o n .  At T ... = 1 5 0 ° C ,  i . e .  T , . / T  ^  = 1*45> a  l i t t l e  h e a t i n g  w a l l  w a n

c a p a c i t y  r e m a in e d ,  b u t  i t  was f e a r e d  t h a t  h i g h e r  t e m p e r a t u r e s  would  

damage t h e  p e r s p e x .

I t  was o b s e rv e d  t h a t  p l a t e  h e a t i n g  advanced  t h e  s e p a r a t i o n  p o i n t  

q u i t e  c o n s i d e r a b l y  f o r  t h e  l a m i n a r  b o u n d a ry  l a y e r ,  t h e  h i g h e s t  w a l l  

t e m p e r a t u r e  r e d u c i n g  th e  s e p a r a t i o n  v a l u e  o f  x by a b o u t  1 (f/o. The 

r e s u l t s  a r e  i l l u s t r a t e d  i n  F i g u r e  17.

3.4*3 T u rb u len  t  s e p a r a t i o n .

The p l a t e  a n g l e  o f  a t t a c k  was r e t u r n e d  t o  i t s  f o r m e r  v a l u e ,

w i th  a t u r b u l e n t  bou n d a ry  l a y e r  formed once more.  A check  showed

t h a t  t h e  a d i a b a t i c  s e p a r a t i o n  p o i n t  had r e t u r n e d  t o  i t s  f o rm e r  p o s i t i o n .

I t  was n o t e d  t h a t  t h i s  p o s i t i o n  was a l m o s t  u n a f f e c t e d  by R eyno lds

inumber e f f e c t s  up t o  t h e  maximum a v a i l a b l e  a i r s p e e d  (65 f t / s ) .

however ,  t h e r e  was a  s p e e d ,  a round  20 f t / s . ,  be low  which  t h e  f lo w
-  >

p a t t e r n  was d i s t u r b e d ,  by th e  i n n e r  and o u t e r  b o u n d a ry  l a y e r s  m e e t i n g  

n e a r  t h e  d u c t  e x i t .
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F i gure  18 : The e f f e c t  of  h e a t i n g  on boundary  l a y e r
s e p a r a t i o n .
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T wo s e p a r a t e  o b j e c t i v e s  w e r e  n o w  f i x e d  f o r  t h i s  e x p e r i m e n t a l

work:  th e  f i r s t  was s e p a r a t i o n  p o i n t  measurem en t ,  o v e r  t h e  f u l l

u s a b l e  speed  r a n g e  (25 t o  6b f t / s )  and p l a t e  t e m p e r a t u r e  r a n g e .

The second  was th e  r e c o r d i n g  o f  v e l o c i t y  and  t e m p e r a t u r e  p r o f i l e s

f o r  a  wide r a n g e  of  v a l u e s  o f  x,  from which d e p e n d e n t  d i s t r i b u t i o n s

o f  s k i n  f r i c t i o n ,  d i s p l a c e m e n t  and momentum t h i c k n e s s ,  and h e a t

t r a n s f e r  c o e f f i c i e n t  c o u ld  be d e r i v e d .  One d i f f i c u l t y  which a r o s e

h e r e  was t h e  c h o i c e  o f  a  r e p r e s e n t a t i v e  m a in s t r e a m  v e l o c i t y ,  s i n c e

i n  a cu rved  d u c t  v e l o c i t y  v a r i e s  c o n t i n u o u s l y  w i t h  y ,  even  i n  t h e

m a in s t r e a m .  I t  was d e c i d e d  to  a d o p t  P a t e l ' s  ( l o )  p o t e n t i a l  f lo w

v e l o c i t y  a t  the  w a l l ,  u , a s  a  s c a l i n g  f a c t o r .

Thus t h e  s e p a r a t i o n  p o i n t  m e asurem en ts  were c a r r i e d  o u t  f o r  u

v a l u e s  from a l i t t l e  below 30 f t / s  t o  a  l i t t l e  above  70  f t / s ;  a t

t h e  h i g h e r  f lo w  s p e e d s  th e  p l a t e  t e m p e r a t u r e  r a n g e  was l i m i t e d  by

h e a t e r  o u t p u t .  The method u s e d  was a g a i n  a s  p r e v i o u s l y  d e s c r i b e d .

F o r  each  f lo w  s p e e d ,  th e  s e p a r a t i o n  p o i n t  R ey n o ld s  number,

x u p „ _.sep__Jiw
sep

u n d e r  h e a t i n g  was d i v i d e d  by the a d i a b a t i c  R , and g r a p h s  of  o o s op  0 x

p e r c e n t a g e  change  drawn ( F i g u r e  1 8 ) .  I t  w i l l  be s e e n  t h a t  f low  

v e l o c i t y ,  w h i l e  h a r d l y  a f f e c t i n g  the  a d i a b a t i c  s e p a r a t i o n  p o i n t ,  may 

have c o n s i d e r a b l e  e f f e c t  when h e a t  i s  a p p l i e d .  I n  g e n e r a l ,  t h e  

h i g h e r  t h e  f lo w  speed ,  t h e  s m a l l e r . t h e  e f f e c t  o f  a  g i v e n  p l a t e  

t e m p e r a t u r e  r a t i o ,  rI \  / f co However,  t h e r e  a p p e a r s  to  be some
WcLJ. .L

r e v e r s a l  o f  t h i s  t r e n d  in  t h e  h i g h e s t  s peed  r a n g e s .  These  r e s u l t s ,
i

and f u r t h e r  i n v e s t i g a t i o n s  o f  them, a r e  d i s c u s s e d  i n  t h e  l a t e r  s e c t i o n  

(4 . 9 )* F o r  any g iv e n  f l o w  v e l o c i t y ,  how ever ,  two c o n c l u s i o n s  c o u ld
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be drawn: p l a t e  h e a t i n g  advanced  the  s e p a r a t i o n  p o i n t ,  and t h e

d e g r e e  o f  advancement  i n c r e a s e d  l i n e a r l y  w i th  p l a t e  t e m p e r a t u r e ,  

o v e r  th e  r an g e  measured .

3.-4• 4 V e l o c i t y  p r o f i l e s ,  and d e r i v e d  q u a n t i t i e s .

A d i a b a t i c  v e l o c i t y  p r o f i l e s  were measured  a c r o s s  th e  d u c t

a t  v a l u e s  o f  x o f  6 i n . ,  10 i n . ,  13 i n . ,  20 i n .  and 25 i n . ,  up to

y  = 3 in# Wo i n v e s t i g a t i o n  o f  the  b ounda ry  l a y e r  on t h e  o u t e r  c u rv e d

w a l l  was a t t e m p t e d .  P r o f i l e s  l o r  u v a l u e s  o f  30 and  70 f t / s .  were

t a k e n ,  b u t  found  t o  be i n d i s t i n g u i s h a b l e ; t h e  same was t r u e  f o r

p r o f i l e s  a t  i n t e r m e d i a t e  s p e e d s .  A c c o r d i n g l y ,  on ly  t h o s e  a t  30 f t / s

a r e  i n c l u d e d ,  and f u r t h e r  e x p e r i m e n t a l  i n v e s t i g a t i o n s  were l i m i t e d

to t h i s  v a l u e  o f  u . I n  a l l  c a s e s ,  the f o u r - t u b e  p i t o t  p robe  waspw r 1
us e d  t o  m easure  the f low  d i s t r i b u t i o n  n e a r  t h e  w a l l ;  a  s m a l l

p r o p r i e t a r y  p i t o t  tu b e  was u s e d  f u r t h e r  away from t h e  w a l l  and i n  t h e

m a in s t r e a m .  S t a t i c  p r e s s u r e  d i s t r i b u t i o n  was m e asu re d  w i th  th e  p robe

d e s c r i b e d  e a r l i e r .  At t h e  same f lo w  v e l o c i t y  c o r r e s p o n d i n g  p r o f i l e s

were measured  'with t h e  p l a t e  h e a t e d  t o  a p p r o x i m a t e l y  145 0 . ,  i >e . f o r

T ] / T  ^  = 1 . 4 2 .  These a r e  i n c l u d e d  f o r  co m p ar i s o n  ( F i g u r e s  19 and

20) and a r e  d i s c u s s e d  i n  a  l a t e r  s e c t i o n .

I n  a d d i t i o n  to  t h e s e ,  v e l o c i t y  p r o f i l e s  w i t h i n  th e  boundary  l a y e r

were m e asu re d  a t  1 i n .  i n t e r v a l s  from x -- 10 i n .  t o  x = 20 i n . ,  f o r

a d i a b a t i c  c o n d i t i o n s  and f o r  T n , /T  -- 1*42 .  From t h e s e ,  l o c a lw a l l '  00

s k i n  f r i c t i o n  c o e f f i c i e n t s  were c a l c u l a t e d  u s i n g  a  C l a u s e r  c h a r t  ( l ) ; 

and  a r e  i l l u s t r a t e d  i n  F i g u r e  21.  A l s o ,  l o c a l  v a l u e s  o f  S* and  0, 

t h e  d i s p l a c e m e n t  and momentum t h i c k n e s s e s ,  were d e r i v e d ,  from which



I - s-4 ! ..

m m

i  ‘ !  T  r  ;  :•  !  '  i  !  '■ )  r•(•I -!- t • - I ' »
1̂1

; Li-

• 
Fi

gu
re

 
23

: 
T

em
pe

ra
tu

re
 

p
ro

fi
le

s.



7-0

1-0

lo

S ta n t o n  numbers



40 -

t h c  de j jenden t  R eyno lds  numbers ,  R  ̂ x. and R(? , an d  th e  shape  f a c t o r  

Ii « £ V G were c a l c u l a t e d ;  t h e s e  a r e  shovm i n  f i g u r e  2 2 .

5 .4 * 5  T e m p e ra tu re  p r o f i l e s ,  and d e r i v e d  q u a n t i t i e s .

T e m p era tu re  p r o f i l e s  c o r r e s p o n d i n g  t o  t i i e s e  v e l o c i t y  p r o f i l e s  

were measured  w i t h  t h e  f o u r - t h e r m o c o u p l e  p r o b e ,  t r a v e r s e d  ou tw ard s  

t h r o u g h  t h e  boundary  l a y e r .  borne d i f f i c u l t y  was e x p e r i e n c e d  i n  

m e a s u r i n g  t h e s e ;  th e  th e rm o c o u p le s  a p p e a r e d  t o  be  r e s p o n d i n g  t o  

v e r y  l o w - f r e q u e n c y  e d d i e s  i n  t h e  t u r b u l e n t  f l o w ,  making  a  mean v a l u e  

d i f f i c u l t  to e s t i m a t e .  . A l a r g e  c a p a c i t o r  a c r o s s  t h e  p o t e n t i o m e t e r  

i n p u t  t e r m i n a l s  r e d u c e d  t h e  f l u c t u a t i o n s ,  b u t  d i d  n o t  e l i m i n a t e  them. 

The p r o f i l e s  a r e  shovm i n  F i g u r e  25; t h a t  a t  x = 10 i n .  h a s  been  

e x c l u d e d  f o r  c l a r i t y .

F u r t h e r  p r o f i l e s  were a g a i n  measured  a t  1 i n .  i n t e r v a l s  from 

x = 10 i n . ,  to  x = 20 i n .  Loca l  S t a n t o n  numbers  were c a l c u l a t e d  

from t h e s e  by v a r i o u s  m e th o d s :

( a )  a  s im p le  R eyno lds  a n a l o g y ,  t a k i n g  no a c c o u n t  of  

s t r e a m w i s e  p r e s s u r e  g r a d i e n t .

(b)  by g r a p h i c a l  e s t i m a t i o n  o f  t e m p e r a t u r e  g r a d i e n t  

a t  t h e  w a l l .

( c )  by t h e  method o f  R e y n o l d s ,  Kays and  K l i n e  ( 2 2 ) .

(d)  by a s i m p l e r  method d e v e l o p e d  by t h e  a u t h o r  and 

u s i n g  a  C l a u s e r  c h a r t .

The S t a n t o n  number d i s t r i b u t i o n s  g i v e n  by t h e s e  f o u r  methods  a r e
-  A

r

shown i n  f i g u r e  24 , a g a i n  d i s c u s s e d  i n  a  l a t e r  s e c t i o n .
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5*4*6 Flow v i s u a l i s a t i o n .

In  view o f  th e  p rob lem s  e n c o u n t e r e d  i n  s t a t i c  p r e s s u r e  

m easurem en t ,  t h e  u s e  o f  an i n d e p e n d e n t  method f o r  l o c a t i o n  o f  th e  

s e p a r a t i o n  p o i n t  was c o n s i d e r e d  d e s i r a b l e .  Flow v i s u a l i s a t i o n  was 

a t t e m p t e d  by p a i n t i n g  t h e  cu rved  s u r f a c e  w i t h  a  s u s p e n s i o n  of  

t i t a n i u m  d i o x i d e  i n  l i n s e e d  o i l ,  i n  a b ro a d  s t r i p  e x t e n d i n g  from 

x = 18 i n .  to  x = 25 i n .  T h i s  v/as o f  l i m i t e d  s u c c e s s ,  a s  a  m i x t u r e  

t h i n  enough t o  be  i n f l u e n c e d  by the a i r f l o w  d e v e l o p e d  r u n s  on t h e  

v e r t i c a l  s u r f a c e .  More u s e f u l  was t h e  somewhat u n o th o d o x  t e c h n i q u e  

o f  p a i n t i n g  a s t r i p  some1 d i s t a n c e  above t h e  d u c t  c e n t r e - l i n e ,  and 

o b s e r v i n g  the movement o f  t h e  r u n s  a s  t h e y  t r a v e l l e d  down to  th e  

f l o o r .  Runs o c c u r r i n g  u p s t r e a m  o f  x = 21 i n .  had  a p ronounced  

downstream component;  a t  g r e a t e r  v a l u e s  o f  x  t h e y  g e n e r a l l y  f e l l  

v e r t i c a l l y ,  b u t  o c c a s i o n a l  r u n s  showed l o c a l  e v i d e n c e  o f  sm a l l  

u p s t r e a m  v e l o c i t i e s .  An i l l u s t r a t i o n  o f  a  t y p i c a l  r u n  p a t t e r n  i s  

g iv e n  i n  F i g u r e  25.  C l o s e r  s c r u t i n y  o f  i n d i v i d u a l  r u n s  d i s c l o s e d  

a temdency tow ards  f l u i d  b u i l d - u p  a t  t h e  dow ns t ream  e d g e ,  u p s t r e a m  

of  x = 21 i n . ,  which d i s a p p e a r e d  t h e r e a f t e r .  E v i d e n c e  o f  t h r e e -  

d i m e n s io n a l  f lo w  n e a r  t h e  d u c t  f l o o r  was g i v e n  by  t h e  r u n  b e h a v i o u r  

i n  t h i s  r e g i o n ;  a l l  r u n s  ( r e g a r d l e s s  c f  x)  d i s p l a y e d  a  c o n s i d e r a b l e  

downstream v e l o c i t y  component .  Th i s  i s  a l s o  i l l u s t r a t e d  i n  F i g u r e  25 

A f u r t h e r  i n v e s t i g a t i o n  was c a r r i e d  o u t  u s i n g  s m a l l  n y lo n  t u f t s ,  

t a p e d  to  the p l a t e  s u r f a c e  so a s  to  hang  v e r t i c a l l y  a l o n g  i t s  c e n t r e 

l i n e .  T h i s  a r r a n g e m e n t  i s ri l l u s t r a t e d  i n  F i g u r e  2 6 . Care  was t a k e n  

to  e n s u r e  t h a t  a l l  t u f t s  hung  f r e e  of  the  w a l l  b e f o r e  t h e  wind t u n n e l  

was s w i tc h e d  on. S u b s e q u e n t  o b s e r v a t i o n s  a g r e e d  w i t h  t h o s e  from th e
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t i t a n i u m  d i o x i d e  ru n  p a t t e r n s .  Upst ream of  x = 21 i n . ,  t h e  t u f t s  

were d e f l e c t e d  downstream, and e x p e r i e n c e d  some a g i t a t i o n ;  th e  

r e m a i n i n g  t u f t s  were n o t  n o t i c e a b l y  d i s t u r b e d ,  a l t h o u g h  s t i l l  h a n g i n g  

f r e e  o f  the  p l a t e  s u r f a c e .

A l l  t h e  f lo w  v i s u a l i s a t i o n  t e s t s  were c o n d u c te d  a t  t h e  maximum 

a v a i l a b l e  f lo w  speed ,  i . e .  a b o u t  60 f t / s .



CHAPTER 4

CURVED PLATE - DI SCUSSION- OF EXPERI?.:EN'TAL RESULTS

4 . 1  Duct  Geometry

Most e x p e r i m e n t e r s  w i t h  cu rv ed  d u c t s  have  p r e f e r r e d  f a i r l y  g e n t l e  

r a d i i  o f  c u r v a t u r e ,  and d u c t  h e i g h t s  s e v e r a l  t im e s  g r e a t e r  tha n  t h e  

r a d i a l  w id th .  These f e a t u r e s  a s s i s t  i n  m i n i m i s i n g  the  t h r e e -  

d im e n s io n a l  f low  which i s  an i n e v i t a b l e  consequence  of  p ro lo n g e d  

s t r e a m l i n e  c u r v a t u r e .  The a u t h o r ,  however ,  found  i t  d e s i r a b l e  f o r  the 

r e a s o n s  g iv e n  below to  u s e  a d u c t  o f  c o m p a r a t i v e l y  ex t rem e  c u r v a t u r e  

and o f  a h e i g h t  o n ly  s l i g h t l y  g r e a t e r  t h a n  t h e  r a d i a l  w i d t h .

I t  has  been mentioned in  S e c t io n  1 .3  t h a t  the  c e n t r i p e t a l  

a c c e l e r a t i o n s  in  an a x i a l - f l o w  compressor  a r e  ve ry  s e v e r e .  In o r d e r  

to  e s t i m a te  t h e i r  e f f e c t  on the  boundary l a y e r ,  s i m i l a r  c o n d i t i o n s  i n  

the  curved duc t  were c l e a r l y  r e q u i r e d .  However, i t  was found t h a t  

the  compressor a c c e l e r a t i o n s  could n o t  be a t t a i n e d  e x p e r im e n t a l l y ;  

a compromise between re a so n a b le  duc t  l e n g t h  and h igh  c e n t r i p e t a l  

a c c e i e r a t i o n  gave the  adopted  c o n f i g u r a t i o n .

The h e i g h t  of  t h e  d u c t ,  a t  a  l i t t l e  o v e r  6 i n . ,  was a l s o  i n f l u e n c e d  

by t h e  need  f o r  h i g h  a c c e l e r a t i o n s .  Given t h a t  t h e  d u c t  w id th  c o u l d  

n o t  be re d u c e d  w i t h o u t  c a u s i n g  th e  boundary  l a y e r s  on th e  i n n e r  and  

o u t e r  curved  w a l l s  to  mee t ,  t h e  h e i g h t - t o - w i d t h  r a t i o  cou ld  on ly  be 

i n c r e a s e d  by a d d i t i o n a l  d u c t  h e i g h t .  The r e s u l  oing i n c r e a s e  m  

c r o s s - s e c t i o n a l  a r e a  would b r i n g  an i n e v i t a b l e  d rop  i n  maximum a i r s p e e d ,  

and r e d u c e  t h e  a v a i l a b l e  c e n t r i p e t a l  f i e l d .  Space  l i m i t a t i o n s  i n  t h e  

t u n n e l  work ing  s e c t i o n  were  a f u r t h e r  r e s t r i c t i o n .

In  p r a c t i c e  (see  S e c t i o n  3*3*3) > n o d i f f i c u l t y  was e x p e r i e n c e d



w i t h  t h r e e - d i m e n s i o n a l  e f f e c t s ,  t h e  s h o r t  d u c t  l e n g t h  up t o  

s e p a r a t i o n  no d o ub t  b e i n g  a  c o n t r i b u t o r y  f a c t o r .

The l o c a t i o n  o f  t h e  cop p e r  p l a t e ,  w i th  i t s  a x i s  01 c u r v a t u r e  

v e r t i c a l ,  was chosen  p u r e l y  f o r  c o n v e n i e n c e .  With th e  p l a t e  h e a t e d ,  

a i r  p a s s i n g  o v e r  i t  e x p e r i e n c e d  a v e r t i c a l  buoyancy  f o r c e ;  on a  f l a t  

p l a t e  t h i s  m igh t  have ca u s e d  t h r e e - d i m e n s i o n a l  f low in  t h e  boundary  

l a y e r .  However,  i n  t h i s  c a s e  the  f o r c e  was swamped by the  f a r  

g r e a t e r  r a d i a l  buoyancy due to the s t r e a m l i n e  c u r v a t u r e ,  and no 

d i f f i c u l t i e s  a r o s e .

4 •2  E n t r y  C o n d i t i o n s

I t  h a s  a l r e a d y  been d e s c r i b e d  ( S e c t i o n  3 .3 * 2 )  how i t  p roved  

i m p o s s i b l e  t o  p roduce  l a m i n a r  t r a n s i t i o n  f o l l o w e d  by t u r b u l e n t  

s e p a r a t i o n  w i t h  t h e  same d u c t  c o n f i g u r a t i o n .  The a d o p t i o n  o f  a  f u l l y  

t u r b u l e n t  boundary  l a y e r  p e r m i t t e d  i n v e s t i g a t i o n  of  t h e  s e p a r a t i o n  

p o i n t  movement a l o n e ,  w i t h o u t  c o m p l i c a t i o n s  due t o  s h i f t i n g  of  t h e  

t r a n s i t i o n  p o i n t .  However,  t h i s  was o n ly  v a l i d  i f  t h e  t r i p p i n g  

mechanism was c o n s i s t e n t  t h r o u g h o u t  t h e  r a n g e  o f  c o n d i t i o n s  a p p l i e d .

An e x a m in a t io n  o f  F i g u r e  19 shows t h a t  t h i s  was n e t  s t r i c t l y  t h e  

c a s e ;  w a l l  h e a t i n g  a p p e a r e d  to  a s s i s t  r e a t t a c h m e n t  of  t h e  l e a d i n g  

edge s e p a r a t i o n  bub b le  ( s e e  p r o f i l e s  a t  x = 6 i n ) .  However, by 

x = l O i n .  t h e  d i s c r e p a n c y  was g r e a t l y  r e d u c e d ,  and  d i s a p p e a r e d  

c o m p le t e ly  a t  x = 12 i n . ,  u n d e r  the  s t a b i l i s i n g  a c t i o n  o f  a  f a v o u r a b l e  

p r e s s u r e  g r a d i e n t .  From th is>  p o i n t  onwards ,  any  change s  b r o u g h t  a b o u t  

by w a l l  h e a t i n g  were t a k e n  a s  u n c o n n e c te d  w i th  e n t r y  c o n d i t i o n s .

I t  i s  a c c e p t e d  t h a t  t h e  above i s  a  l e s s  t h a n  i d e a l  s t a t e  o f  a f f a i r s .  

O the r  fo rms  o f  boundary  l a y e r  t r i p p i n g  would be  l i k e l y  t o  p r o d u c e ’



s i m i l a r  e f f e c t s ,  and t h e  o n ly  s a t i s f a c t o r y  s o l u t i o n  to  the  p roblem 

would be to  employ a f l a t  a d i a b a t i c  p l a t e  u p s t r e a m ,  on which th e  

b o u n d a ry  l a y e r  may be t r i p p e d  o r  e x p e r i e n c e  n a t u r a l  t r a n s i t i o n .

As m e n t io n ed  e a r l i e r ,  space  r e s t r i c t i o n s  f o r b a d e  t h i s .  However,  

i t  i s  c o n s i d e r e d  t h a t  t h e  d i s c r e p a n c i e s  a t  e n t r y  a r e  e l i m i n a t e d  

s u f f i c i e n t l y  r a p i d l y  downstream t o  a l l o w  v a l i d  c o m p ar i s o n s  o f  th e  

p o s i t i o n s  o f  s e p a r a t i o n .

4 • 5 S t a t i c  P r e s s u r e  I leasuremenr

The d i f f i c u l t i e s  e n c o u n t e r e d  w i th  s t a t i c  p r e s s u r e  measurement 

have  a l r e a d y  been  d e s c r i b e d  ( s e e  S e c t i o n  3*3*3)• As a r e s u l t ,  a  

c h o i c e  had to  be made be tween  a c c e p t i n g  th e  v a l u e s  r e c o r d e d  by th e  

w a l l  t a p p i n g s ,  o r  a c c e p t i n g  the  r e a d i n g s  from th e  s e v e r a l  v a r i e t i e  

o f  s t a t i c  p robe  used  i n  the  f r e e s t r e a m  and boundary  l a y e r .  The 

l a  I t e r  were t a k e n  a s  a c c u r a t e  f o r  a  c o m b in a t i o n  o f  r e a s o n s ,  which 

w i l l  now be d i s c u s s e d  i n  d e t a i l .

1.  A l l  t y p e s  of  s t a t i c  p r e s s u r e  p ro b e  gave c o n s i s t e n t  

r e a d i n g s  a t  a l l  p o i n t s  i n  the f r e e s t r e a m  and boundary  

l a y e r ,  e x c e p t  v e ry  c l o s e  t o  th e  w a l l  where i n t e r f e r e n c e  

m igh t  be e x p e c t e d  t o  o c c u r ,

2.  I r  t h e  f r e e s t r e a m ,  the  s t a t i c  p r e s s u r e  p r o f i l e ' i n  th e  

y - d i ' r e c t i o n  ( a s  r e c o r d e d  by t h e  p r o b e s )  was an e x a c t  

f i t  w i th  the  d i s t r i b u t i o n  p r e d i c t e d  from r a d i a l  

e q u i l i b r i u m  c o n d i t i o n s ,  from a ro u n d  x = 10 i n .  downst ream 

Th is  a g a i n  i s  wha t  would be e x p e c t e d  a s  t h e  f low  becomes 

e s t a b l i s h e d  o v e r  th e  c u rv e d  s u r f a c e .
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3* I n  t h e  boundary  l a y e r ,  th e  s t a t i c  p r e s s u r e

d i s t r i b u t i o n  may a g a i n  be p r e d i c t e d  from r a d i a l  

e q u i l i b r i u m  c o n s i d e r a t i o n s ,  up to  t h e  w a l l  where 

3 p/  a  y = 0.  The p robe  r e a d i n g s  f o l l o w e d

t h e  p r e d i c t i o n s ,  up t o  a p o i n t  a p p r o x i m a t e l y  

0 .1  i n .  from t h e  w a l l ,  when r e a d i n g s  were 

t e r m i n a t e d .

The w a l l  s t a t i c  p r e s s u r e  e x t r a p o l a t e d  from 

t h e s e  r e a d i n g s  was g r e a t l y  removed from t h e  w a l l  

t a p p i n g  v a l u e ,  a t  a l l  p o i n t s  on th e  cu rv e d  s u r f a c e .

4 .  Mass f lo w  c o n t i n u i t y  was examined f o r  t h e  d u c t ,  

u s i n g  v e l o c i t i e s  c a l c u l a t e d  from t h e  two s e t s  o f  

s t a t i c  p r e s s u r e s .  Lack o f  i n f o r m a t i o n  a b o u t  t h e  

boundary  l a y e r  on the  o u t e r  c u rv e d  v/al l  p r e v e n t e d  

any f i r m  c o n c l u s i o n s  b e i n g  drawn,  b u t  i n d i c a t i o n s  

were t h a t  a c c e p t a n c e  o f  w a l l  t a p p i n g  r e a d i n g s  would 

c o n t r a v e n e  mass f lo w  c o n t i n u i t y  i n  t h e  d u c t .

5.  Measurement o f  t h e  s e p a r a t i o n  p o i n t  p o s i t i o n  was 

pe r fo rm ed  ( a s  d e s c r i b e d  e a r l i e r )  by p l o t t i n g  l o c a l  

dynamic p r e s s u r e s  n e a r  t h e  v / a l l .  These c l e a r l y  a r e  

i n f l u e n c e d  by t h e  s t a t i c  p r e s s u r e  c h o s e n ;  u s e  of  w a l l  

t a p p i n g  v a l u e s  i n d i c a t e  a  s e p a r a t i o n  p o i n t  a ro u n d

x = 16 i n . ,  a s  opposed to  x = 21.6  i n .  f rom p robe  

v a l u e s ,  f o r  a d i a b a t i c  c o n d i t i o n s .

F o r  t h i s  r e a s o n ,  among o t h e r s ,  t h e  two f lo w  

v i s u a l i s a t i o n  t e s t s  were c a r r i e d  o u t  ( s e e  S e c t i o n  3 . 4 . 6 ).



These p r o v id e d  f u r t h e r  e v id e n c e  in  f a v o u r  o f  u s i n g  

p ro b e  s t a t i c  p r e s s u r e  v a l u e s  t h r o u g h o u t .

No e x p l a n a t i o n  f o r  t h e  poor  p e r fo rm a n ce  o f  t h e  w a l l  t a p p i n g s  

can y e t  be p u t  f o r w a r d .  O the r  w orke rs  w i th  curved  d u c t s  a p p e a r  t o  

have  had  no d i f f i c u l t i e s  in  t h i s  a r e a .

4*4 Se p a r a t io n  P o i n t  L o c a t i o n

The method of  s e p a r a t i o n  p o i n t  f i x i n g  h a s  been  d e s c r i b e d  i n  

S e c t i o n  3.3*4* This  method i s  c o n s i d e r e d  a c c u r a t e ,  a l t h o u g h  a  

s l i g h t  downst ream e x t r a p o l a t i o n  i s  n e c e s s a r y .  The d e s i g n  o f  t h e  d u c t  

was such  t h a t  a l l  m e a s u r i n g  p ro b e s  a p p r o a c h e d  t h e  i n n e r  v /a l l  f rom th e  

f r e e s t r e a m .  Thus a p robe  l o c a t e d  i n  the  s e p a r a t e d  r e g i o n  o f  th e  

boundary  l a y e r  would have  i t s  l e a d s  c a r r i e d  away th r o u g h  t h e  o u t e r ,  

f o r w a r d - f l o w i n g  l a y e r .  The e x p e c t e d  d i s r u p t i o n  o f  t h e  f lo w  p a t t e r n ,  

a s  a  r e s u l t  o f  t h i s ,  mean t  t h a t  m easurem en ts  w i t h i n  t h e  s e p a r a t e d  

r e g i o n  cou ld  n o t  be a c c e p t e d  w i t h  any c o n f i d e n c e ,  and none were a t t e m p t e d  

However,  v e l o c i t y  p r o f i l e s  a t  x = 25 i n ,  were m e asu re d  i n  t h e  o u t e r  

r e g i o n s  o f  t h e  boundary  l a y e r  ( s e c  F i g u r e  2 0 ) . i

The p r e s e n c e  of  t h r e e - d i m e n s i o n a l  f lo w  i n  t h e  d u c t  t o  any g r e a t  

e x t e n t  m igh t  be e x p e c t e d  t o  u p s e t  t h e  s e p a r a t i o n  b e h a v i o u r  o f  t h e  

boundary  l a y e r ,  c a u s i n g  i t  t o  s e p a r a t e  ax w i d e l y  v a r y i n g  v a l u e s  o f  x ,  

d e p e n d in g  on l o c a l  p o s i t i o n  r e l a t i v e  bo the d u c t  c e n t r e l i n e .  In  

f a c t ,  s e p a r a t i o n  a p p e a re d  t o  be d e l a y e d  l o c a i l y  ( s e e  f l o w  v i s u a l i s a t i o n  

r e s u l t s ,  S e c t i o n  3*4*6) ,  b u t  o n ly  w i t h i n  1 .25  ’n * o f  t h e  f l o o r  and  

c e i l i n g  o f  t h e  d u c t .  Betweern t h e s e  p o i n t s  ( i . e .  f o r  a b o u t  60p o f  

t h e  d u c t  h e i g h t ) ,  s e p a r a t i o n  o c c u r r e d  a t  a  u n i f o r m  v a l u e  o f  x .  F robe



r e a d i n g s  i n  a d d i t i o n  t o  f low  v i s u a l i s a t i o n  t e s t s ,  e s t a b l i s h e d  the  

e x i s t e n c e  o f  t h i s  r e g i o n  o f  u n i f o r m i t y .

4• 5 V e l o c i t y  arid T em pera tu re  P r o f i l e s .

In  a d d i t i o n  t o  th e  v e l o c i t y  p r o f i l e s  m easu red  n e a r  th e  e n t r a n c e  

t o  th e  c u rv e d  d u c t ,  and  d i s c u s s e d  above ,  f u l l  v e l o c i t y  d i s t r i b u t i o n s  

e x t e n d i n g  i n t o  t h e  m a in s t r e a m  were m easured  a c r o s s  p l a n e s  15 i n . ,

20 i n .  and 25 i n .  from th e  p l a t e  l e a d i n g  e d g e .  These  a r e  i l l u s t r a t e d

i n  F i g u r e  20,  u s i n g  P a t e l ’ s ( l 6 )  u a s  a  s c a l i n g  f a c t o r ,  and h a v i n g

a  v a l u e  a ro u n d  30 f t / s  f o r  t h e  c u r v e s  shown. I t  w i l l  be s een  t h a t  a 

c o n s i d e r a b l e  v e l o c i t y  g r a d i e n t  ( w i th  r e s p e c t  t o  y )  e x i s t e d  even i n  

t h e  m a in s t r e a m ;  t h i s  was s i m i l a r  f o r  a l l  c u r v e s ,  and i n d i c a t e d  th e  

p r e s e n c e  o f  f u l l  r a d i a l  e q u i l i b r i u m  c o n d i t i o n s  a t  t h e  p l a n e s  c o n s i d e r e d

At x = 15 i n .  Doth a d i a b a t i c  and h e a t e d  p r o f i l e s  a p p e a r e d  to  be 

o f  r e g u l a r  shape  f o r  a  t u r b u l e n t  boundary  l a y e r .  F u r t h e r  downstream,

a t  x = 20 i n .  t h e  p r o f i l e  o f  the  b o u n d a ry  l a y e r  showed a p o i n t  of

i n f l e x i o n ,  s i m i l a r  t o  t h a t  o b s e rv e d  by S t r a t f o r d  (33 )  and Schubauer  

and K lebanoF f  ( 2 8 ) ;  t h i s  was p a r t i c u l a r l y  n o t i c e a b l e  i n  t h e  h e a t e d  

c a s e ,  f o r  which  t h i s  p r o f i l e  c o i n c i d e d  w i t h  t h e  /measured s e p a r a t i o n  

p o i n t .  The a c c u r a c y  of  th e  measurem en ts  a t  x = 25 i n . ,  w e l l  

downst ream o f  the  s e p a r a t i o n  p o i n t  i n  b o t h  c a s e s ,  i s  i n e v i t a b l y  

open to  q u e s t i o n .  W i thou t  d o u b t ,  t h e  boundary  L a y e r  t h i c k n e s s  

i n c r e a s e d  r a p i d l y  a f t e r  s e p a r a t i o n .  Compar ison  o f  a d i a b a t i c  and 

h e a t e d  v e l o c i t y  d i s t r i b u t i o n s -  s u g g e s t e d  t h a t  w a l l  h e a t i n g  r e d u c e d  

th e  amount of  r e v e r s e d  f l o w  a t  t h i s  p o i n t ,  i n d i c a t i n g  t h a t  a  f u r t h e r  

i n c r e a s e  i n  w a l l  t e m p e r a t u r e  migh t  b r i n g  a b o u t  r e - a t t a c h m e n t  o f  th e



Power law v e l o c i t y  p r o f i l e sF i g u r e  27



boundary  l a y e r .  However, no f i r m  c o n c l u s i o n s  may be drawn on 

- t h i s  m a t t e r  w i t h o u t  f u r t h e r  s tu d y .

F u l l  t e m p e r a t u r e  p r o f i l e s  were measured  a t  f i v e  p l a n e s  w i t h i n  

t h e  d u c t ,  and a r e  i l l u s t r a t e d  i n  F i g u r e  2% These ,  o f  c o u r s e ,  

show no v a r i a t i o n  o u t s i d e  t h e  b ounda ry  l a y e r .  The p r o f i l e s  a t  

th e  f i r s t  t h r e e  p l a n e s ,  6 i n . ,  10 i n .  and 15 i n .  from th e  p l a t e  

l e a d i n g  edge ,  were v e ry  s i m i l a r ,  and i n  f a c t  t h e  10 i n .  p r o f i l e  

was o m i t t e d  f rom F i g u r e  25 f o r  c l a r i t y .  P o i n t s  o f  i n f l e x i o n  

a p p e a r e d  to  be a b s e n t  f rom the  p r o f i l e s  f u r t h e r  downst ream,  i n  

c o n t r a s t  to t h e  c o r r e s p o n d i n g  c u r v e s  f o r  v e l o c i t y j  t h e  a c c u r a c y  

o f  t h a t  a t  x = 25 i n . ,  e s p e c i a l l y  c l o s e  to  th e  w a l l ,  i s  however 

a g a i n  d o u b t f u l .  Rap id  g row th  o f  t h e  th e rm a l  boundary  l a y e r  a f t e r  

s e p a r a t i o n  i s  e v i d e n t ,  t h e  t h i c k n e s s e s  o f  the  t h e rm a l  and v e l o c i t y  

l a y e r s  b e i n g  c l o s e l y  com parab le  a t  a l l  p o i n t s .

The r e g u l a r i t y  o f  t h e s e  v e l o c i t y  and t e m p e r a t u r e  d i s t r i b u t i o n s  

was i n v e s t i g a t e d  by com par ing  them w i th  p ow er - law  p r o f i l e s .  

E x p e r i m e n t a l  v e l o c i t i e s  were p l o t t e d  i n  t h e  fo rm  u / u p ,  Up b e i n g  t h e  

l o c a l  p o t e n t i a l - f l o w  v e l o c i t y ,  to  e l i m i n a t e  t h e  e f f e c t  o f  t h e  

m a in s t r e a m  v e l o c i t y  g r a d i e n t .  The v e l o c i t y  and t e m p e r a t u r e  c u r v e s  

a r e  g iven  in F i g u r e s  27 and  28,* th e  e x p e r i m e n t a l  v e l o c i t y  d a t a  r e f e r  

t o  th e  boundary  l a y e r  on t h e  h e a t e d  w a l l ,  and  t h u s  t h e  f lo w  c o n d i t i o n s  

which  p rod u ced  the  c u r v e s  i n  F i g u r e s  27 and 28 were i d e n t i c a l .

As w i l l  be seen  from F i g u r e  27, no s i n g l e  p o w e r - l a w  cu rv e  was an 

e x a c t  f i t  to  any  of  th e  e x p e r i m e n t a l  v e l o c i t y  c u r v e s .  The p r o f i l e  f o r  

x = 10 i n .  was th e  mos t  r e g u l a r ,  r a n g i n g  between a  l / l O t h  power cu rv e  

n e a r  th e  w a l l ,  t o  an  l / 8 t h  power c u rv e  o ver  t h e  o u t e r  h a l f  o f  th e
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boundary  l a y e r .  At x = 15 i n .  the e x p e r i m e n t a l  d a t a  f o l l o w  an 

l / l l t h  power cu rv e  i n  the c u t e r  boundary  l a y e r ,  b u t  d i v e r g e  n e a r  

t h e  w a l l  due t o  th e  t h i c k n e s s  of  the  s u b l a y e r .  The i n f l e c t e d  

p r o f i l e  a t  x -  20 i n .  was o b v i o u s l y  i m p o s s i b l e  to  m atch ;  however ,  

i t  f o l l o w e d  c l o s e l y  a  l / j r d  power c u rv e  o ver  t h e  i n n e r  2Cf/o o f  th e  

boundary  l a y e r ,  and an l / 8 t h  power cu rv e  o v e r  t h e  o u t e r  4 Ofo»

A g e n e r a l l y  s i m i l a r  p a t t e r n  was f o l l o w e d  by the  t e m p e r a t u r e  

p r o f i l e s .  Again ,  the  e x p e r i m e n t a l  c u r v e s  a t  x = 6 i n . ,  10 i n .  and 

15 i n .  were v e r y  s i m i l a r ,  and t r e  second  o f  t h e s e  h a s  been  o m i t t e d .

As F i g u r e  20 d e m o n s t r a t e s ,  the  t h i c k n e s s  o f  t h e  s u b l a y e r s  p r e v e n t e d  

any m a tc h in g  to  a s i n g l e  pow er - law  c u r v e ;  t h i s  i s  even  more 

pronounced  th a n  f o r  the v e l o c i t y  d a t a .  At x = 6 i n .  and x = 15 i n .  

t h e  e x p e r i m e n t a l  p o i n t s  l a y  o u t s i d e  an l / l 8 t h  power cu rve  f o r  t h e  

o u t e r  boundary  l a y e r ,  b u t  i n s i d e  a  l / 4 t h  power c u rv e  v e r y  c l o s e  to  

th e  v /a l l .  At x ~ 20 i n . ,  a  s l i g h t  i n f l e x i o n  i n  t h e  e x p e r i m e n t a l  

cu rv e  was o b s e r v e d ,  o n ly  made a p p a r e n t  by t h i s  method of  p l o t t i n g ,  

and  t h i s  l e d  to  d i f f i c u l t i e s  i n  f i t t i n g .  O u t s i d e  t h e  s u b l a y e r ,  t h e  

e x p e r i m e n t a l  p o i n t s  l a y  on th e  l / 4 t h  power c u rv e  up t o  2CY/o t h i c k n e s s ,  

and the n  r o s e  to  meet  t h e  l / l O t h  cu rve  o ve r  t h e  o u t e r  r e g i o n s  o f  

th e  boundary  l a y e r .

The above s e r v e s  t o  i l l u s t r a t e  t h e  wide v a r i e t y  o f  p r o f i l e s  

o b s e rv e d  i n  t h e  cu rv ed  d u c t .  Flow c o n d i t i o n s  a t  t h e  i n n e r  c u rv e d  

w a l l  a r e  o f  c o u r s e  s t a b l e ;  t h e  r a d i a l  p r e s s u r e  g r a d i e n t s  a c t  to  

r e t a i n  th e  f l u i d  i n  t h e  boundary  l a y e r .  Wall  h e a t i n g  i n c r e a s e s  t h i s
-- v

r

s t a b i l i t y  by d e n s i t y  s t r a t i f i c a t i o n :  t h e  l e s s  dense  th e  f l u i d ,  t h e

s m a l l e r  t h e  c e n t r i p e t a l  f o r c e  e x p e r i e n c e d  by i t .  Thus a  l a y e r  of



h o t  f l u i d  w i l l  t e n d  t o  b u i l d  up a g a i n s t  th e  i n n e r  w a l l .  Th is  

b e h a v i o u r  i s  i l l u s t r a t e d  in  th e  v e l o c i t y  and t e m p e r a t u r e  p r o f i l e s  

d e s c r i b e d  a b o v e .  I t  f o l l o w s  from t h i s  i n v e s t i g a t i o n  t h a t  t h e  u s e  

o f  p r e d i c t i o n s  d e r i v e d  f rom power-lav;  c o n s i d e r a t i o n s  i n  r a d i a l  

e q u i l i b r i u m  f lo w  p ro b le m s  s h o u ld  be a p p ro a c h e d  w i t h  some c a u t i o n ,  

a l t h o u g h  i n  p r a c t i c e  t h e  e r r o r s  i n v o l v e d  may p ro v e  t o  be s m a l l .

4 • 6 The P a r a m e t e r s  $ *,  0 and II

As d e s c r i b e d  i n  S e c t i o n  3*4*4» v e l o c i t y  p r o f i l e s  i n  th e  boundary

l a y e r  were measured  a t  i n c h  i n t e r v a l s  from x = 10 i n .  to  x = 20 i n .

From t h e s e ,  l o c a l  v a l u e s  o f  d i s p l a c e m e n t  and momentum t h i c k n e s s ,  £ x

and Q, were o b t a i n e d ,  b o th  f o r  a d i a b a t i c  f l o w  and f o r  r̂ vriqp/^eo “ 1 *4 2 *

The c o r r e s p o n d i n g  Reyno lds  numbers ,  R ^  and  R^ , b a s e d  on v e l o c i t y

u  and b u lk  f l u i d  v i s c o s i t y ,  were c a l c u l a t e d ,  and a r e  shown i n  pw

F i g u r e  22.  A l s o ,  th e  l o c a l  shape  f a c t o r ,  H -  S * / Q ,  was c a l c u l a t e d ;

t h i s  i s  a l s o  i l l u s t r a t e d  i n  F i g u r e  22. The above  q u a n t i t i e s  were

d e r i v e d  g r a p h i c a l l y  from t h e  v e l o c i t y  p r o f i l e s ,  an d  c o r r e c t e d  a s

n e c e s s a r y  f o r  l o c a l  d e n s i t y  v a r i a t i o n s .  A c e r t a i n  amount o f  i n a c c u r a c y

was i n e v i t a b l e  h e r e ,  a s  v e r y  l i t t l e  change  o f  p r o f i l e  was o b s e rv e d

o v e r  most  o f  t h e  m e a s u r i n g  r a n g e .  The s c a t t e r  was mos t  marked i n  th e

R t „  and R d i s t r i b u t i o n s ;  i n  the  c a l c u l a t i o n  o f  E,  th e  e r r o r s  were 
o y

t o  a  l a r g e  e x t e n t  s e l f - c a n c e l l i n g .

From F i g u r e  22, i t  w i l l  be seen  t h a t ,  i n i t i a l l y ,  bo th  R . ..  and R
o A b

f e l l  w i t h  i n c r e a s i n g  x ,  t o  r e a c h  a  minimum around,  x  = 14 i n .  F o r

a d i a b a t i c  f l o w ,  t h i s  f a l l  -was q u i t e  marked ,  b u t  was much l e s s  p ro m i n e n t

w i th  w a l l  h e a t i n g .  In  b o t h  c a s e s ,  R and R,. i n c r e a s e d  from x = 14 i n .b 0



w i th  R i n  p a r t i c u l a r  r i s i n g  v e r y  r a p i d l y  tow ards  x = 20 i n .  
o

Th is  was r e f l e c t e d  i n  t h e  b e h a v i o u r  of  H, a l s o  i l l u s t r a t e d  i n  

F i g u r e  22,  w i t h  a  c o n s i d e r a b l e  r a t e  of  i n c r e a s e  from a b o u t  x = 16 i n .  

The e f f e c t  o f  w a l l  h e a t i n g  was to  i n c r e a s e  H t h r o u g h o u t  t h e  m e a s u r i n g  

r a n g e ;  however ,  t h i s  i n c r e a s e  was sm a l l  u n t i l  the ap p ro a c h  of  

s e p a r a t i o n ,  when t h e  c u r v e s  r e f l e c t e d  t h e  d i f f e r i n g  p o i n t s  a t  which  

t i i i s  o c c u r r e d .  F o r  the h e a t e d  c a s e ,  t h e  v a l u e  o f  H a t  s e p a r a t i o n  

(x = 2 0 . 0  i n . )  v/as 2 . 1 6 .

4 .7  Skin  F r i c t i o n

The same v e l o c i t y  p r o f i l e s  were u s e d  t o  d e r i v e  C^, the  s k i n  

f r i c t i o n  c o e f f i c i e n t ,  f o r  a . d i a b a t i c  f low  and f o r  r̂ waj ] / T c O  “ 1 . 4 2 .

The method used  was t h e  w e l l - e s t a b l i s h e d  one f i r s t  s u g g e s t e d  by 

C la u s e r  ( l ) .  T h i s  i n v o l v e s  t h e  p l o t t i n g  o f  u / u ^  a g a i n s t  y u ^ / i >  

f o r  a  r a n g e  o f  p o i n t s  on t h e  p r o f i l e .  V e l o c i t y  u ^  was r e p l a c e d  by 

u ^  , th e  v e l o c i t y  im m e d i a t e l y  o u t s i d e  th e  b o u n d a ry  l a y e r .  In  v iew  

o f  th e  i r r e g u l a r i t y  o f  t h e  v e l o c i t y  p r o f i l e s ,  e s p e c i a l l y  i n  th e  w a l l  

r e g i o n  ( s e e  S e c t i o n  4»5)> th e  method was a d o p t e d  w i t h  some r e s e r v a t i o n , ’ 

b u t  no more d i r e c t  method o f  l o c a l  s k i n  f r i c t i o n  m easurement  was 

p o s s i b l e  w i th  t h e  e x i s t i n g  a p p a r a t u s .

The r e s u l t i n g  d i s t r i b u t i o n s  a r e  shown i n  F i g u r e  2 1 j b o th  were 

a p p r o x i m a t e l y  c o n s t a n t  u n t i l  x = 14 i n . ,  when t h e y  began  to  f a l l .

The s e p a r a t i o n  p o i n t s  (measured  from l o c a l  dynamic  p r e s s u r e s )  a r e  

i n d i c a t e d  by p o i n t s  on t h e  x - a x i s ;  i t  w i l l  be s e e n  t h a t  the  C l a u s e r
r

method a p p e a r s  a b o u t  to  p r e d i c t  s e p a r a t i o n  ( i . e .  z e r o  s k i n  f r i c t i o n )  

a t  the  measured p o i n t s ,  u n t i l  w i t h i n  two i n c h e s  o f  them. Then C,
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v a l u e s  to o  h i g h  to  be c o n s i s t e n t  w i th  t h e  measured  s e p a r a t i o n  

p o i n t s  a r e  p r e d i c t e d ;  n o t a b l y ,  i n  t h e  h e a t e d  c a s e  a t  x = 20 i n . ,  

where o b s e r v a t i o n s  s u g g e s t  a  v a l u e  of  z e r o ,  b u t  th e  C l a u s e r  method 

g i v e s  0.0015* T h i s  d i s c r e p a n c y  may be a t t r i b u t a b l e  to  t h e  changes  i n  

t h e  shape  o f  th e  v e l o c i t y  p r o f i l e  p r i o r  to  s e p a r a t i o n .  F o r  v/al l 

h e a t i n g ,  b o t h  th e  19 i n .  and 20 i n .  p r o f i l e s  show a marked p o i n t  

o f  i n f l e x i o n .

The s u i t a b i l i t y  o f  t h e s e  v e l o c i t y  p r o f i l e s  f o r  u s e  on a  C l a u s e r  

c h a r t  was t e s t e d  by p l o t t i n g  them on the  " u n i v e r s a l "  p r o f i l e  of  u / u *  

a g a i n s t  l o g  (y u x/ p  ) ,  w i t h  p a r t i c u l a r  r e f e r e n c e  to  t h e  l i n e a r  

s e c t i o n ,  ^ h i s  i s  i l l u s t r a t e d  in  F i g u r e  29 . The e x p e r i m e n t a l  p r o f i l e s  

e x h i b i t  a  c o m p a r a t i v e l y  s h o r t  l i n e a r  s e c t i o n ,  b u t  t h e i r  f i t  i s  

g e n e r a l l y  good u n t i l  a b o u t  x -  18 i n . ,  when i n c r e a s i n g  d i v e r g e n c e  

f rom the " u n i v e r s a l "  form o c c u r s .  At x = 20 i n ,  ( t h e  s e p a r a t i o n  p o i n t ) ,  

no m a t c h i n g  l i n e a r  s e c t i o n  i s  a p p a r e n t .  In  g e n e r a l ,  t h e  c l o s e n e s s  o f  

f i t  to  t h e  " u n i v e r s a l "  p r o f i l e  was com parab le  t o  t h o s e  o b s e rv e d  by 

P a t e l  ( l 6 )  and  So ( 29 ) from measurem en ts  i n  c u r v e d  d u c t s  w i t h  l e s s  

e x t re m e  v a r i a t i o n s  i n  s t r e a m w ise  p r e s s u r e  g r a d i e n t .

I t  was t h e r e f o r e  c o n c l u d e d  t h a t  th e  C l a u s e r  c h a r t  method gave a 

v e r y  r e a s o n a b l e  p i c t u r e  of  t h e  s k i n  f r i c t i o n  d i s t r i b u t i o n ,  u n t i l  

r u n n i n g  i n t o  i n c r e a s i n g  e r r o r s  n e a r  s e p a r a t i o n .  The a b s o l u t e  v a l u e s  

o f  Ĉ . c a l c u l a t e d  may be q u e s t i o n a b l e  i n  t h i s  a p p l i c a t i o n ,  b e c a u s e  o f  

t h e  e x a g g e r a t e d  s u b l a y e r  t h i c k n e s s e s  m e n t io n ed  a b o v e .  As d e s c r i b e d  

e a r l i e r ,  no d i r e c t  s k in  f r i c t i o n  measurement was a t t e m p t e d .  The 

v e l o c i t y  g r a d i e n t  a t  t h e  w a l l  was e s t i m a t e d  from t h e  l o c a l  v e l o c i t y  

r e c o r d e d  by t h e  i n n e rm o s t  p i  t o t  tu b e  ( a p p r o x i m a t e l y  0 . 0 2 0  i n .  from

/



t h e  w a l l ) ,  and l o c a l  Cp v a l u e s  c a l c u l a t e d ,  t h e s e  were a round  Ô/o 

of  th e  v a l u e s  g iv e n  by t h e  C l a u s e r  method,  t h i s  d i sc repancy -  

r e d u c i n g  v e ry  r a p i d l y  a s  s e p a r a t i o n  a p p r o a c h e d .  T h i s  i n d i c a t e d  

t h a t  t h e  v e l o c i t y  p r o f i l e  i n  th e  s u b l a y e r  was n o t  s t r i c t l y  l i n e a r ,  

v/hich was to  be e x p e c t e d  from the  c o n s i d e r a b l e  v a r i a t i o n s  i n  l o c a l  

t e m p e ra tu r e  i n  th e  h e a t e d  b ounda ry  l a y e r .  C u r v a t u r e  was s t i l l  p r e s e n t  

i n  th e  a d i a b a t i c  s u b l a y e r ;  i t  w a s , how ever ,  l e s s  p ro n o u n ced ,  and t h e  

c a l c u l a t e d  s k i n  f r i c t i o n  more c l o s e l y  a p p ro a c h e d  t h e  C l a u s e r  v a l u e s .  

V e l o c i t y  m easurem ents  c l o s e r  to  t h e  v/a l l  were n o t  a t t e m p t e d ,  a s  l o s s  

o f  a c c u r a c y  due to  i n t e r f e r e n c e  was a n t i c i p a t e d .

F u r t h e r  comments on t h e  p e r fo rm a n c e  o f  t h e  C l a u s e r  method a r e  

g iven  i n  th e  f o l l o w i n g  s e c t i o n .

4• 3 He a t  T r a n s f e r  and S t a n t o n  '/lumbers

As d e s c r i b e d  i n  S e c t i o n  3*4*5j S t a n t o n  numbers f o r  p o i n t s  be tw een  

x = 10 in .  and x = 20 i n .  were  d e r i v e d  by f o u r  m e th o d s .  The f i r s t  v/as 

a  s im ple  f l a t - p l a t e  Reyno lds  a n a l o g y ,  w i t h  th e  e q u a t i o n  from (22 ) ,

s t . P r o . 4  .  _ Q ._qggjsC2 ( h a i i h c J 0 , 4

w i th  S t  and R e v a l u a t e d  a t  th e  f r e e s t r e a m  t e m p e r a t u r e  . V/all 

t e m p e r a t u r e  v/as taken  a s  u n i fo rm  and so no l o c a l  d a t a  were employed.

The r e s u l t i n g  d i s t r i b u t i o n  i s  shown i n  F i g u r e  24 ;  v a r i a t i o n  o f  S t a n t o n  

number w i th  x v/as n o t  g r e a t ,  -with a mean v a l u e  a  l i t t l e  below 0 . 0 0 2 .  

Th i s  method v/as n o t - e x p e c t e d  t o  g iv e  an a c c u r a t e  p r e d i c t i o n ,  a s  i t  

could  n o t  r e s p o n d  to  changes  i n ' s t r e a m w i s e  p r e s s u r e  g r a d i e n t .



S e c o n d l y ,  t e m p e r a t u r e  g r a d i e n t s  a t  tiie w a l l  were e s t i m a t e d  

f rom  t h e  l o c a l  t e m p e r a t u r e  p r o f i l e s ,  i n  a s i m i l a r  manner to  t h e  v /a l l  

v e l o c i t y  g r a d i e n t s  i n  t h e  p r e v i o u s  s e c t i o n .  A ga in ,  t h e  p r e s e n c e  

o f  a  n o n - l i n e a r  s u b l a y e r  v/as a p p a r e n t ;  from t h e  s k i n  f r i c t i o n  

r e s u l t s  o f  t h e  p r e v i o u s  s e c t i o n ,  i t  was e x p e c te d  t h a t  an  u n d e r e s t i m a t e  

o f  w a l l  t e m p e r a t u r e  g r a d i e n t  by a b o u t  5 9 would be  made a t  x = 10 i n . ,  

and t h a t  t h i s  u n d e r e s t i m a t e  would d i m i n i s h  a s  x i n c r e a s e d .  Loca l  

S t a n t o n  numbers were d e r i v e d  from t h e s e  t e m p e r a t u r e  g r a d i e n t s ,  and 

t h e  d i s t r i b u t i o n  i s  a g a i n  shown i n  F i g u r e  24.  V a lu e s  were h i g h e r  

t h a n  f o r  t h e  Reyno lds  a n a l o g y ,  and showed a more marked f a l l  tow ards  

s e p a r a t i o n .  The v a l u e  a t  s e p a r a t i o n  (x = 20 i n )  was s t i l l  c o n s i d e r a b l e .

The t h i r d  s e t  o f  v a l u e s  was o b t a i n e d  u s i n g  t h e  method o f

R e y n o l d s ,  Kays and K l in e  ( 2 2 ) .  T h i s  p o s t u l a t e s  t h e  e x i s t e n c e  o f  a

" u n i v e r s a l "  t e m p e r a t u r e  p r o f i l e  s i m i l a r  ( h u t  n o t  i d e n t i c a l )  t o  th e

a c c e p t e d  p r o f i l e  f o r  v e l o c i  cy. A d i m e n s i o n l e s s  t e m p e r a t u r e  T i s
+

d e f i n e d  by

T+ -  <Twall .  -  Tw  } p  Cp &  / < w a l l

where , t h e  l o c a l  t e m p e r a t u r e  i n  the  b ounda ry  l a y e r  v a r i e s  w i t h  bl

d i r ae n o io r . l c s s  d i s t a n c e  y .-f*

H ea t  t r a n s f e r  c o e f f i c i e n t s  a r e  c a l c u l a t e d  from t h e  above e q u a t i o n

a f t e r  i n s e r t i o n  o f  a p p r o p r i a t e  v a l u e s  f o r  T ^ a n d  T wa-Q> which demands

knowledge of  s k i n  f r i c t i o n  d i s t r i b u t i o n .  T+ i s  t a k e n  f rom th e  " u n i v e r s a l "

p r o f i l e  a t  th e  y c o r r e s p o n d i n g  to  1’ , l e a v i n g  q" a s  th e  o n lyt " b i w a l l

unknown. S t a n t o n  numbers were c a l c u l a t e d  f rom th e  a u t h o r ' s  t e m p e r a t u r e  

and s k in  f r i c t i o n  d a t a ,  and  ai’e shown i n  F i g u r e  2 4 . The v a l u e s  o f  y



ch o s en  were such  a s  t o  p l a c e  them on t h e  i n n e r  p a r t  o f  t h e  l i n e a r  

t e m p e r a t u r e  p r o f i l e .

The S t a n t o n  numbers p ro d u c e d  by t h i s  method were  a l m o s t  d o u b le  

th e  " t e m p e r a t u r e  g r a d i e n t "  v a l u e s  a t  x = 10 i n .  They f e l l  v e r y  

r a p i d l y  i n  r e s p o n s e  t o  th e  a d v e r s e  p r e s s u r e  g r a d i e n t ,  b u t  l e v e l l e d  

o f f  th e  r e m a in  a s  h i g h  a s  0 ,003  a t  x = 19 i n .  No v a l u e  ( o t h e r  t h a n  

z e r o )  co u ld  be o b t a i n e d  a t  x = 20 i n ,  a s  T  d i s a p p e a r e d  w i th

s e p a r a t i o n ;  however,  t n i s  breakdown i s  i n  t h e  n a t u r e  o f  a  d i s c o n t i n u i t y  

i n  th e  method,  and does  n o t  a p p e a r  to  d i s t o r t  t h e  S t a n t o n  number f o r  

v e r y  s m a l l  v a l u e s  o f  w a l l  s h e a r  s t r e s s .  Thus an e x t r a p o l a t i o n  i s  

p e r m i s s i b l e  up to  t h e  s e p a r a t i o n  p o i n t ,  and g i v e s  a S t a n t o n  number 

o f  0 ,0 0 2 8 .

From t h e  co m p ar i so n s  drawn i n  th e  p r e v i o u s  s e c t i o n  be tween C l a u s e r

and " v e l o c i t y  g r a d i e n t "  methods  f o r  d e r i v i n g  l o c a l  , i t  was c l e a r

t h a t  th e  R e y n o ld s ,  Kays and K l i n e  method was t h e  m os t  a c c u r a t e  so f a r

employed.  A ga in ,  no d i r e c t - m e a s u r e m e n t  method was a v a i l a b l e  to  g i v e

a  c l e a r e r  co m p ar i s o n .  The method of  P e r r y ,  B e l l  and  J o u b e r t  (18)

v/as a l s o  examined a t  t h i s  s t a g e .  Th i s  s u g g e s t s  a  s i m i l a r  " u n i v e r s a l "

t e m p e r a t u r e  p r o f i l e  f o r  z e r o  s t r e a m v i s e  p r e s s u r e  g r a d i e n t ,  b u t  employs

a  p a r a m e t e r ,  , t o  p roduce  a  f a m i l y  o f  p r o f i l e s  f o r  o t h e r

p r e s s u r e  g r a d i e n t s .  The most  s e v e r e  a d v e r s e  g r a d i e n t  q u o te d  i s  f o r  

3 /u T / « v )  = 30j f o r  which i t  was e s t i m a t e d  t h a t  t h e  s i n g l e  R eyno lds  

p r o f i l e  would p r e d i c t  S t a n t o n  numbers a ro u n d  rjCf}'o o f  t h e i r  t r u e  v a l u e .

The p r e s s u r e  g r a d i e n t s  i n  t h e  a u t h o r ' s  e x p e r i m e n t s ,  however ,  p roduced  

a minimum p a r a m e t e r  v a l u e  o f ' 3900 ( t h e  low er  t h e  v a l u e ,  t h e  g r e a t e r  

the  a d v e r s i t y  o f  t h e  p r e s s u r e  g r a d i e n t ) ,  which  r e q u i r e d  a  n e g l i g i b l e
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movement from t h e  R eyno lds  p r o f i l e .  Thus t h e  R ey n o ld s  method 

would be e x p e c t e d  to  per fo r in  r e a s o n a b l y  w e l l  i n  th e  a u t h o r ' s  f lo w  

c o n d i t i o n s ,  up t o  t h e  p o i n t  of  s e p a r a t i o n .

The f o u r t h  s e t  o f  S t a n t o n  numbers  were d e r i v e d  by a s im ple  

method d e v e l o p e d  by t h e  a u t h o r  f o r  use  w i th  a C l a u s e r  c h a r t .  The 

e v a l u a t i o n  o f  s k i n  f r i c t i o n  c o e f f i c i e n t  f rom such a  c h a r t  e s s e n t i a l l y  

d e t e r m i n e s  3 u /  3 y  a t  t h e  w a l l ,  f o r  t h e  v e l o c i t y  p r o f i l e  i n  q u e s t i o n .  

The s i m i l a r i t y  i n  shape be tween  v e l o c i t y  and  t e m p e r a t u r e  p r o f i l e s  

w i t h i n  s t a b l e  l a m i n a r  and t u r b u l e n t  boundary  l a y e r s  h a s  l o n g  been  

r e c o g n i s e d ;  h e n c e ,  f o r  exam ple ,  t h e  d e r i v a t i o n  o f  a  " u n i v e r s a l ' '  

t e m p e r a t u r e  p r o f i l e  by R ey n o ld s ,  Kays and  K l i n e .  V a r i a t i o n  i n  

t h i c k n e s s  be tween  th e rm a l  and  v e l o c i t y  l a y e r s  (a  f u n c t i o n  o f  P r a n d t l  

number and r e l a t i v e  s t a r t i n g  p o i n t s )  f r e q u e n t l y  o c c u r s ,  a s  does  

v a r i a t i o n  i n  p r o f i l e  shape u n d e r  ex t rem e  c o n d i t i u n s  ( s e e  t h e  p r o f i l e s  

a t  x = 20 i n .  i n  F i g u r e s  20 and 2 5 ) .  However,  u n d e r  s t a b l e  c o n d i t i o n s  

i t  i s  s u g g e s t e d  t h a t  the  g e o m e t r i c  s h a p e s  o f  th e  two l a y e r s  a r e  

p r a c t i c a l l y  i d e n t i c a l ,  and t h a t  the  t h e rm a l  l a y e r  r e t a i n s  i t s  " s t a b l e "  

shap^  more s u c c e s s f u l l y  n e a r  to  s e p a r a t i o n .

The c a l c u l a t i o n  method,  as  s t a t e d  p r e v i o u s l y ,  i s  a  s im p le  one .

The l o c a l  th e rm a l  boundary  l a y e r  d a t a ,  i n  t h e  form

T -  T w a l l
T -  T 

w a l l  00

i s  t r e a t e d  e x a c t l y  a s  i f  i t  were v e l o c i t y  d a t a ,  u / u f<3 , and  p l o t t e d  

a g a i n s t  yu <#/:>> on a  C l a u s e r  c j ? a r t .  T h i s  y i e l d s  a  "dummy" v a l u e  o f  

C. a t  th e  p o i n t  i n  q u e s t i o n ,  from which a c o r r e s p o n d i n g  3 u / 3 y  may 

bo fo u n d .  T h i s  i s  t r a n s l a t e d  i n t o  a t e m p e r a t u r e  g r a d i e n t ,  3 t/  3 y ,



a f t e r  r e f e r e n c e  t o  th e  t e m p e r a t u r e  and v e l o c i t y  r a n g e s  employed.

From t h i s  c ) T /3 y ,  l o c a l  h e a t  t r a n s f e r  c o e f f i c i e n t  and  S t a n t o n  

number a r e  c a l c u l a t e d  i n  th e  u s u a l  way.

T h i s  was p e r fo rm e d  f o r  the  a u t h o r ' s  d a t a ,  and t h e  r e s u l t s  shown 

i n  F i g u r e  24 . S t a n t o n  numbers g e n e r a l l y  l i e  v e r y  c l o s e  to  t h o s e  

from t h e  method o f  R e y n o ld s ,  Kays and  K l i n e ,  b e i n g  a l i t t l e  low er  

t h r o u g h o u t  th e  r a n g e .  The v a lu e  a t  s e p a r a t i o n  i s  c a l c u l a t e d  t o  be 

0 ,0 0 2 7 .  The l a r g e s t  d i s c r e p a n c y  i s  o v e r  the r a n g e  from x = 10 i n .  

to  x = 14 i n . ,  b e i n g  a l m o s t  vf/j.

Fundam enta l  t o  the  a u t h o r ' s  method i s  the  a s s u m p t i o n  t h a t  t h e  

t h e rm a l  and v e l o c i t y  l a y e r s  behave e s s e n t i a l l y  i n  t h e  same way. 

E v id e n c e  i n  f a v o u r  o f  t h i s  was p r o v i d e d  by a  " u n i v e r s a l "  p l o t  u s i n g  

t e m p e r a t u r e  i n s t e a d  o f  v e l o c i t y  d a t a ;  t h e  p e r fo rm a n c e  was i n  f a c t  

r a t h e r  b e t t e r  th a n  f o r  t h e  v e l o c i t y  p l o t .  S i m i l a r i t y  o f  t h e rm a l  and 

v e l o c i t y  p r o f i l e s  a t  a  g iv e n  p o i n t  on t h e  s u r f a c e  i s  n o t  assumed,  

n o r  i s  the  e x i s t e n c e  of  a  " u n i v e r s a l "  t e m p e r a t u r e  p r o f i l e  of  the  ty p e  

p r o p o s e d  by R e y n o l d s ,  Kays and K l i n e .  These w o rk e r s  compared t h e i r  

p r o ! l i e  w i t h  e x p e r i m e n t a l  r e s u l t s .  The a r e a  o f  g r e a t e s t  d i s c r e p a n c y  

v/as t h e  i n n e r  r e g i o n  o f  t h e  l i n e a r  s e c t i o n ;  t h e  r e s u l t i n g  p r e d i c t i o n s  

o f  S t a n t c n  number were up to  1076 too  h i g h .  I t  was t h i s  r e g i o n  i n t o  

which  t h e  a u t h o r ' s  e x p e r i m e n t a l  d a t a  f e l l .  The o b s e r v e d  d i f f e r e n c e  

be tween  t h e  two d i s t r i b u t i o n s  ( F i g u r e  24 ) s u g g e s t s  t h a t  th e  a u t h o r ' s  

method may be i h e  more a c c u r a t e .

.One a d v a n t a g e  o f  the a u t h o r ' s  method i s  t h a t  i t  does  n o t  b r e a k  . 

down a t  th e  s e p a r a t i o n  p o i n t .  I n d e e d ,  t h e r e  i s  no o b j e c t i o n  to 

e x t e n d i n g  p r e d i c t i o n s  w e l l  i n t o  t h e  s e p a r a t e d  r e g i o n ,  i f  a c c u r a t e



t e m p e r a t u r e  d a t a  a r e  a v a i l a b l e .  A l s o ,  no knowledge  o f  th e  s k i n  

f r i c t i o n  d i s t r i b u t i o n  i s  r e q u i r e d ,  and the  .only v e l o c i t y  i n f o r m a t i o n  

need e d  i s  t h e  l o c a l  v a l u e  o f  u t0 . T h i s  does  n o t  have  t o  be known 

t o  g r e a t  a c c u r a c y .  These p o i n t s  make th e  method v e r y  quick,  and 

s im p le  t o  a p p l y .

A f i f t h  c a l c u l a t i o n  o f  S t a n t o n  number,  by t h e  method o f  M o r e t t i  

and Kays ( l3 )>  i s  a l s o  i l l u s t r a t e d  i n  F i g u r e  24 . T h i s  was p ro d u ced  

by  compute r  c a l c u l a t i o n s ,  and  i s  d i s c u s s e d  i n  S e c t i o n  7*3»

To sum up,  th e  f o u r  methods  d i s c u s s e d  h e r e  f e l l  i n t o  two c a t e g o r i e s .  

The f i r s t  was a p r e d i c t i o n  method,  w h i l e  th e  o t h e r  t h r e e  u s e d  - 

e x p e r i m e n t a l  d a t a  a t  each  p o i n t  t o  c a l c u l a t e  t h e  l o c a l  S t a n t o n  number.

Two o f  t h e  l a t t e r  gave d i s t r i b u t i o n s  which a r e  b e l i e v e d  t o  be r e a s o n a b l y  

a c c u r a t e ;  th e  o t h e r  m e thods ,  f o r  v a r i o u s  r e a s o n s ,  were n o t  e x p e c t e d  

t o  g i v e  good r e s u l t s -  Of t h e  r e l a t i v e  a c c u r a c y  o f  t h e  s u p e r i o r  

m e thods ,  n o t h i n g  c o n c l u s i v e  may be s a i d ,  a l t h o u g h  t h e r e  i s  a  l i t t l e  

e v i d e n c e  i n  f a v o u r  o f  t h e  a u t h o r ' s  i n  t h i s  a p p l i c a t i o n .  F o r  i t s  

s i m p l i c i t y  and f l e x i b i l i t y ,  i t  i s  s u g g e s t e d  t h a t  t h e  a u t h o r ' s  method 

may be u s e f u l  i n  s i t u a t i o n s  i n v o l v i n g  ex t rem e  p r e s s u r e  g r a d i e n t s ,  

c u r v a t u r e  o r  s e p a r a t i o n .  U n f o r t u n a t e l y ,  n e i t h e r  t h i s  method n o r  t h a t  

o f  R ey n o ld s ,  Kays and K l i n e  l e n d s  i t s e l f  t o  i n s t a l l a t i o n  in. boundary  

l a y e r  c a l c u l a t i o n  p ro g ram s .

4 • 9 E f f e c t s  o f  F l ow V e lo c i ty  and V/all T em p era tu re  on S e p a r a t i o n .

The method o f  s e p a r a t i o n  p o i n t  measurement h a s  been  d e s c r i b e d  i n
-

S e c t i o n  5*3*4* The r e s u l t s  o b t a i n e d ,  f o r  a  range  o f  f lo w  s p e e d s  and  

w a l l  t e m p e r a t u r e s ,  a r e  i l l u s t r a t e d  i n  F i g u r e  1 8 .  T h i s  r e l a t e s  t h e
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R ey n o ld s  number a t  s e p a r a t i o n  f o r  a  g i v e n  w a l l  t e m p e r a t u r e ,  to  

t h e  a d i a b a t i c  s e p a r a t i o n  R ey n o ld s  number at- th e  same f lo w  speed ,  

u s i n g  b u lk  v i s c o s i t y  t e rm s  t h r o u g h o u t .  The r a t i o  o f  th e  two 

R ey n o ld s  numbers  i s  p l o t t e d  a g a i n s t  ^Y/a^p/^oo ’ Pr °duce  a  s e t  o f  

c u r v e s ,  one f o r  each  f low s p e e d .  I t  w i l l  be seen  t h a t  t h e  f lo w  

v e l o c i t y  e x e r t e d  a  c o n s i d e r a b l e  i n f l u e n c e  on t h e  e f f e c t  o f  a  g iv e n  

i n c r e a s e  i n  v/a l l  t e m p e r a t u r e .  In  g e n e r a l ,  t h e  h i g h e r  the v e l o c i t y ,  

t h e  s m a l l e r  v/as th e  e f f e c t  o f  w a l l  h e a t i n g ,  a l t h o u g h  t h e  l a t t e r  

a p p e a r e d  to  r e a c h  a minimum and t h e n  r i s e  i n  t h e  u p p e r  v e l o c i t y  

r a n g e .  T h i s  b e h a v i o u r  i s  more c l e a r l y  d e s c r i b e d  by F i g u r e  JO,- which 

i l l u s t r a t e s  t h e  e f f e c t  o f  a  100 deg C r i s e  i n  w a l l  t e m p e r a t u r e  

(Tw a l l / T „  = 1 - M )  on movement o f  t h e  s e p a r a t i o n  p o i n t ,  f o r  th e

r a n g e  o f  f l o w  s p e e d s  em ployed .  The maximum on t h e  c u rv e  ( c o r r e s p o n d i n g  

to  a minimum d i s t a n c e  moved) i s  c l e a r l y  shown, and v/as c o n f i rm ed  by 

r e p e a t e d  m e asu re m en ts .

An e x p l a n a t i o n  f o r  t h i s  phenomenon was r e q u i r e d ,  and f lo w  

c o n d i t i o n s  o v e r  t h e  complete '  v e l o c i t y  r a n g e  were examined  once more .  

A t t e m p t s  were mo.de t o  l o c a t e  t h e  a d i a b a t i c  s e p a r a t i o n  p o i n t  w i th  more 

a c c u r a c y ,  b u t  a  s c a t t e r  o f  ~ 0 . 2  i n .  v/as t h e  s m a l l e s t  which cou ld  be 

a c h i e v e d .  With t h e s e  l i m i t a t i o n s  th e  s e p a r a t i o n  p o i n t s  a t  JO f t / s  

and 70  f t / s  -  t h e  l i m i t s  o f  th e  speed  r a n g e ,  were i d e n t i c a l ,  b u t  a  

s l i g h t  advancement a p p e a r e d  to t a k e  p l a c e  a t  i n t e r m e d i a t e  s p e e d s .

T h i s  advancem ent ,  a l t h o u g h  v e r y  s m a l l ,  was c o n s i d e r e d  s u f f i c i e n t  t o  

c o n t r i b u t e  to  th e  maximum i n  F i g u r e  JO,  and p e r h a p s  t o  be i t s  s o l e  

c a u s e .  ' ^

In  an a t t e m p t  t o  f i n d  the  r e a s o n  f o r  t h e  above  b e h a v i o u r ,  th e  d u c t
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w a l l s  and t h e  s u r f a c e  o f  the curved  p l a t e  were t e s t e d  f o r  v i b r a t i o n  

o v e r  t h e  t u n n e l  s p e e d  r a n g e ,  u s i n g  a s m a l l ' a c c e l e r o m e t e r  c o n n e c te d  

t h r o u g h  an a m p l i f i e r  t o  an o s c i l l o s c o p e .  The r e s u l t s  s u g g e s t e d  an 

e x p l a n a t i o n  f o r  t h e  o b s e rv e d  s h i f t i n g  o f  t h e  a d i a b a t i c  s e p a r a t i o n  

p o i n t .  At '$0 f t / s  and  r(0 f t / s ,  no d e t e c t a b l e  v i b r a t i o n  v/as p r e s e n t ,  

b u t  be tw een  t h e s e  v e l o c i t i e s  a  r e s o n a n t  peak  was o b s e r v e d  ( s e e  

F i g u r e  3 l ) • T h i s  v i b r a t i o n  was p r e s e n t  i n  m e a s u r a b l e  q u a n t i t y  on 

a l l  w a l l s  o f  t h e  d u c t .  A measurement a t  x = 20 i n .  on the  c u r v e d  

p l a t e ,  i n  th e  r a d i a l  d i r e c t i o n ,  d i s c l o s e d  a r e s o n a n t  f r e q u e n c y  i n  t h e  

r a n g e  15 to  20 c y c l e s  p e r  s e c o n d ,  r e a c h i n g  a peak  a m p l i t u d e  of

0 .002  i n .  a c t  a  f low  speed  of  a b o u t  55 f t / s .  T h i s  i s  t h e  d i s t r i b u t i o n  

shown i n  t h e  above f i g u r e .

A v i b r a t i o n  of  t h i s  n a t u r e  c o u ld  o b v i o u s l y  i n t e r f e r e  d i r e c t l y  

w i th  t h e  b ounda ry  l a y e r  on th e  cu rved  surface ,* i t  c o u l d  a l s o  g e n e r a t e  

t u r b u l e n c e  i n  t h e  m a in s t r e a m ,  i f  p r e s e n t  i n  t h e  d u c t i n g  o f  t h e  t u n n e l  

i t s e l f .  F u r t h e r  t e s t s  w i t h  t h e  a c c e l e r o m e t e r  showed t h a t  t h e  

v i b r a t i o n  o r i g i n a t e d  i n  t h e  wind t u n n e l ,  p r e s u m a b l y  from t h e  f a n  b l a d e s  

o r  m o to r ,  and was b e i n g  t r a n s m i t t e d  i n  r e d u c e d  i n t e n s i t y  to  th e  cu rv e d  

d u c t .  A l t e r a t i o n s  t o  the j o i n t s  and m o u n t in g s  o f  th e  l a t t e r  f a i l e d  

t o  c u r e  t h e  p ro b lem ,  and i t  was suspec ted ,  t h a t  th e  v i b r a t i o n  was b e i n g  

t r a n s m i t t e d  t h ro u g h  t h e  f l o o r .

The i n t e n s i t y  of  t u r b u l e n c e  i n  th e  ma ins tream ,  was t h e n  i n v e s t i g a t e d ,  

u s i n g  a s i n g l e  h o t  w i r e  normal  to  t h e  f lo w .  I n t e n s i t y  was fo und  to  

be i n d e p e n d e n t  o f  p o s i t i o n  i n  the  d u c t ,  w i t h i n  t h e  bounds  o f  th e  

m a in s t r e a m .  However, v a r i a t i o n  w i t h  f low  v e l o c i t y  was observed,* 

maximum t u r b u l e n t  i n t e n s i t y  was r e a c h e d  a t  a b o u t  55 f t / s ,  and t h e r e a f t e r
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f e l l  w i t h  i n c r e a s e d ,  v e l o c i t y .  T h i s  i s  i l l u s t r a t e d  i n  F i g u r e  3?> 

showing t h e  r e s u l t s  o f  two e x p e r i m e n t a l  t e s t s .  I t  w i l l  be seen  

t h a t  i n t e n s i t y  v/as r e a s o n a b l y  low, b e i n g  below Vfo t h r o u g h o u t  th e  

s p e e d  r a n g e .

The e f f e c t  of  i n t e n s i t y  of  t u r b u l e n c e  i n  t h e  m a in s t r e a m  on 

t h e  s e p a r a t i o n  o f  a  t u r b u l e n t  boundary  l a y e r  i s  unknown,* i t  i s  

p r o b a b l e  t h a t  i n t e n s i t i e s  below a c e r t a i n  l e v e l  hav e  no s i g n i f i c a n t  

i n f l u e n c e .  S t i l l  more d i f f i c u l t  to  a s s e s s  i s  t h e  e f f e c t  -of 

v i b r a t i o n s  o f  the  cu rv e d  p l a t e  i n  the  r a d i a l  d i r e c t i o n .  These ,  

u n l i k e  t h e  i n t e n s i t y  o f  t u r b u l e n c e ,  showed a  v e r y  wide v a r i a t i o n  o v e r  

t h e  t u n n e l  sp eed  r a n g e ,  and may w e l l  have been  t h e  m a jo r  c au s e  o f  

t h e  p ro b lem .

Thus t h e  e x i s t e n c e  o f  d i s t u r b i n g  i n f l u e n c e s  i n  t h e  a p p a r a t u s  h a s  

been  e s t a b l i s h e d ,  i n f l u e n c e s  which a t t a i n e d  a pe<ik w i t h i n  th e  

e x p e r i m e n t a l  v e l o c i t y  r a n g e .  At the  u p p e r  and lov /e r  v e l o c i t y  l i m i t s ,  

v i b r a t i o n  was p r a c t i c a l l y  a b s e n t .  A s t u d y  o f  F i g u r e  31 shows t h a t ,  

i f  v i b r a t i o n  i s  t a k e n  as  b e i n g  t h e  m a jo r  d i s t u r b i n g  f a c t o r ,  m easu rem en ts  

t a k e n  below 45 f t / s  and a t  th e  peak  v e l o c i t y  o f  JO f t / s  were l a r g e l y  

f r e e  o f  t h e s e  d i s t u r b i n g  i n f l u e n c e s .  Of t h e  s i x  e x p e r i m e n t a l  p o i n t s  

i n  F i g u r e  JO, the  f i r s t ,  s econd  end s i x t h  ( i n  o r d e r  o f  m a in s t r e a m  f lo w  

v e l o c i t y )  would f a l l  w i t h i n  t h i s  u n d i s t u r o e d  range , .  I f  t h e  r e m a i n i n g  

p o i n t s  a r e  i g n o r e d ,  an a s y m p t o t i c  cu rve  may be drar.wn ( d o t t e d  l i n e ) ,  

a p p r o a c h i n g  a R eyno lds  number r a t i o  o f  a b o u t  0 . 9 7 -  The e x p e r i m e n t a l  

p o i n t s  f u r t h e s t  form t h i s  c u rv e  ( t h e  f o u r t h  and f i f t h )  a r e  i n  the  

v e l o c i t y  range  o v e r  which t h e  l a r g e s t  v i b r a t i o n  a m p l i t u d e s  were r e c o r d e d .

I t  i s  s u g g e s t e d  t h a t  th e  e f f e c t  o f  v i b r a t i o n  on t h e  boundary  l a y e r



■would. 1)0 g r e a t l y  d i m i n i s h e d  by w a l l  h e a t i n g .  On t h i s  (convex)  w a l l ,  

a  s t a b l e  t h e r m a l  l a y e r  would be fo rmed,  which  would t e n d  to  damp 

o u t  d i s t u r b a n c e s  in  t h e  r a d i a l  d i r e c t i o n .

To summarise ,  t h e  a c c u r a c y  o f  the  o r i g i n a l  c u r v e  i n  F i g u r e  j>0 

was s t r o n g l y  d o u b te d ,  t h i s  doub t  b e i n g  s u b s t a n t i a t e d  by th e  f i n d i n g s  

i n  t h e  t u r b u l e n t  i n t e n s i t y  and v i b r a t i o n  t e s t s .  V i b r a t i o n  i n  p a r t i c u l a r  

was s u s p e c t e d  of  d i s t u r b i n g  t h e  b ounda ry  l a y e r  b e h a v i o u r .  The 

e x p e r i m e n t a l  p o i n t s  i n  F i g u r e  50 were r e - e x a m in e d  w i t h  t h i s  i n  mind,  

and  a new c u rv e  v/as t e n t a t i v e l y  drawn, i g n o r i n g  th e  p o i n t s  i n  t h e  

v e l o c i t y  r a n g e  where v i b r a t i o n  was l a r g e .  I t  i s  s u g g e s t e d  t h i s  second  

cu rve  would more c l o s e l y  r e f l e c t  b e h a v i o u r  i n  t h e  a b s e n c e  o f  v i b r a t i o n .  

The cu rv e  i n d i c a t e s  t h a t  t h e  e f f e c t  on s e p a r a t i o n  o f  a  g iv e n  i n c r e a s e  

i n  v/al l  t e m p e r a t u r e  i s  d i m i n i s h e d  wi th  i n c r e a s i n g  f l o w  v e l o c i t y ,  b u t  

t h a t  a  m e a s u r a b le  e f f e c t  may s t i l l  be p r e s e n t  a t  v e r y  h ig h  v e l o c i t i e s .

T h i s  i s  o b v i o u s l y  u n s a t i s f a c t o r y  i n  t h e  l o n g  t e rm ,  and m easurem en ts  

w i t h  a p p a r a t u s  from which t h e s e  u n d e s i r a b l e  e f f e c t s  have been  e l i m i n a t e d  

would be  mos t  v a l u a b l e .  As m e n t ioned  e a r l i e r ,  su c h  e l i m i n a t i o n  f rom * 

t h e  a u t h o r ’ s a p p a r a t u s  would have  i n v o l v e d  v e r y  e x t e n s i v e  m o d i f i c a t i o n s ,  

which  were n o t  p o s s i b l e  i n  t h e  t im e  a v a i l a b l e .

4.10 Radial Acceleration Parameters

Whether  t h e  second  c u rv e  i n  F i g u r e  50 i s  a c c e p t e d  o r  n o t ,  i t  i s  

c l e a r  t h a t  t h e  e f f e c t  on s e p a r a t i o n  o f  a  g iv e n  r i s e  i n  w a l l  t e m p e r a t u r e  

v/as s t r o n g l y  i n f l u e n c e d  by f low v e l o c i t y  i n  t h e  d u c t .  I t  was 

c o n s i d e r e d  t h a t  f u r t h e r  i n v e s t i g a t i o n  would be f a c i l i t a t e d  by th e  use  

o f  a  d i m e n s i o n ! e s s  p a r a m e t e r  to  d e s c r i b e  t h e  f l o w  c o n d i t i o n s ,  and i n
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p a r t i c u l a r  t h e  r a d i a l  v e l o c i t y  o r  p r e s s u r e  g r a d i e n t .  Use o f  the  

R i c h a r d s o n  number  (23), ' •

^ P  / , 3 2£ _  "Z_ /  ( “ H-)
P Qy 3 y  w a l l

was c o n s i d e r e d ;  however ,  t h e  form o f  t h i s  number i s  such  t h a t  t h e  

r a n g e  o f  v a l u e s  c o v e re d  e x p e r i m e n t a l l y  was e x t r e m e l y  s m a l l .  A second  

p a r a m e t e r ,  o f  t h e  form

J l _
~ 2 ‘ "c)r"P u  «

was examined,  b u t  t h i s  i s  s im p ly  a check  on r a d i a l  e q u i l i b r i u m .  When 

a p p l i e d  t o  th e  a u t h o r ' s  e x p e r i m e n t a l  c o n d i t i o n s ,  t h e r e f o r e ,  i t  a t t a i n e d  

a v a l u e  o f  u n i t y  s h o r t l y  a f t e r  e n t r y  t o  th e  d u c t ,  which was t h e r e a f t e r  

m a i n t a i n e d .

A second, p a r a m e t e r ,  o f  the form

3 u
2 drupw

w i th  t h e  v e l o c i t y  g r a d i e n t  measured  i n  t h e  m a in s t r e a m ,  was th e n  examined 

T h i s  i s  e s s e n t i a l l y  s i m i l a r  to  t h e  p a r a m e t e r  K u s e d  by M o r e t t i  and 

Kays ( 1 3 ) ,  w i t h  t h e  e x c e p t i o n  t h a t  K c o n t a i n e d  the s t r e a m w i s e  v e l o c i t y  

g r a d i e n t  3 u w /  Ox . A c c o r d i n g l y ,  t h i s  second  p a r a m e t e r  v/as r e f e r r e d  

to  a s  . I t  v/as n o t  s u g g e s t e d  t h a t  Kp p r o v i d e d  a s u f f i c i e n t  

d e s c r i p t i o n  o f  t h e  f low; however ,  no  o t h e r  a c c e p t a b l y  s im p le  p a r a m e t e r s  

o f  t h i s  ty p e  were  a v a i l a b l e .  ^

The a u t h o r ' s  e x p e r i m e n t a l  s e p a r a t i o n  d a t a  were t h e n  i n v e s t i g a t e d .  

The Reynolds  number r a t i o s  o f  F i g u r e  yjO were r e p l o t t e d  a g a i n s t  i n





p l a c e  o f  u , and a r e  shown i n  F i g u r e  33• The maximum i n  t h e  pw

e x p e r i m e n t a l  p o i n t s  was a c c e n t u a t e d  by t h i s  change .

I t  i s  c l e a r l y  p o s s i b l e  t o  a r r i v e  a t  t h e  same v a l u e  o f  using- 

d i f f e r i n g  c o m b i n a t i o n s  of  f low speed  and r a d i u s  o f  c u r v a t u r e .  

Compar isons  o f  s e p a r a t i o n  b e h a v i o u r  would th e n  t e s t  t h e  s i g n i f i c a n c e  

o f  K« a s  a  f l o w  p a r a m e t e r .  E x p e r i m e n t a l  t e s t s  o f  t h i s  n a t u r e ,  which 

would o f  c o u r s e  r e q u i r e  the  c o n s t r u c t i o n  o f  a  s e r i e s  o f  c u rv e d  d u c t s ,  

were n o t  p o s s i b l e  i n  t h e  t ime  a v a i l a b l e .  however .  p r e d i c t i o n  r  

p r o c e d u r e s  a r e  more e a s i l y  m o d i f i e d ,  and a s e r i e s  o f  t e s t s  on th e  

v a l i d i t y  o f  K̂  was c a r r i e d  o u t  u s i n g  a d i g i t a l  com pute r  program f o r  

c a l c u l a t i o n  o f  t h e  b ounda ry  l a y e r  p r o p e r t i e s .  The t h e o r y  b e h in d  t h i s  

program,  and th e  r e s u l t s  o b t a i n e d  from i t ,  a r e  d e s c r i b e d  i n  the  

f o l l o w i n g  s e c t i o n s .
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r).1 Beasons for Adoption

Short ly  a f t e r  the s ign in g  of  the  contract  with Hol ls -Uoyce,  L td . ,  

d i s c u s s i o n s  began on the choice of a p red ic t io n  method to c a l c u l a t e  a 

boundary layer  development for the author’ s experimental  c o n d i t io n s .

I t  vas considered that  th ese  condit ions  would provide an e x c e p t io n a l ly  

severe  t e s t ,  combining as they did a s t ro n g ly  adverse pressure gradient  

and a high ra te  of  heat t r a n s f e r  from the w a l l .  C a lcu la t ion s  based on the  

f l a t  p la t e  experiments were not required ,  and so the p r e d ic t io n  of  laminar 

boundary layers  and t r a n s i t i o n  were unimportant.  The e f f e c t s  of  

surface  curvature in the author’s experiments could not be d iscounted,  

and so i t  was d es ir a b le  th at  the adopted theory e i t h e r  al lowed for  

surface  curvature ( t h i s  was u n l ik e ly )  or could be modified to do so 

with reasonable  f a c i l i t y ,  F i n a l l y ,  the adopted method had to  predic t  

with accuracy the rapid growth of the turbulent  boundary layer  nearing  

sep arat ion ,  and to l o c a te  t h i s  separat ion  po in t .

Three e s ta b l i s h e d  methods were considered at  some length: those

of  Bradshaw, F er r is  and A t tw e l l  ( Vi ) ,  Spalding and Patankar (32) and 

Head ( 5 ) .  At a recent conference  on boundary layer  c a l c u l a t i o n  ( 7 6 ) ,  

where a s e r i e s  of s e l e c t e d  t e s t s  were ap p l ied  on a large  number of  

a l t e r n a t i v e  procedures,  the Bradshaw method was h igh ly  ra ted .  However, 

i t s  performance where heat t r a n s fe r  from the wall  was large  enough to  

a f f e c t  the  flow pattern  was poor at  that  t ime,  and i t s  use was 

discouraged by Bradshaw (4p)« I t  i s  understood that  t h i s  problem has 

now been overcome. A ls o ,  Pate l  and Head (67) have very r e c e n t ly  

reported a modified v ers io n  of  the method, for which i t  i s  claimed  

that  c a l c u la t io n  i s  s impler but no l e s s  accurate .



The same conference rated  the Bpnlding/patankar and Head methods 

rather  l e s s  h igh ly ,  p lac ing  them in the  second of three  c l a s s i f i e d  

groups.  However, for the  author’s a p p l i c a t i o n ,  they were c l e a r l y  

more s u i t a b l e  in t h e i r  to ler a n c e  of  large  heat t r a n s fe r  r a t e s .  Both 

were a v a i l a b l e  as computer programs, the former from re feren ce  ( 32) 

and the l a t t e r  from Hol ls -Uoyce,  Ltd* Hach had i t s  advantages:

Head's method was a t t r a c t i v e l y  simple in  i t s  bas ic  form, whi le  

that of  Spalding and Hatankar was l e s s  dependent on eiupircal data  

for  i t s  operation .

I t  was the n e c e s s i t y  for m od if ica t ion s  to the theory,  to  a l low  

for surface  curvature e f f e c t s ,  which led to the adoption of  Head's  

method; whether th ese  m od i f ic a t ion s  could be made without in cr eas in g  

the empir ical  content unduly remained to be seen .  However, i t  

was considered that  the comparative ease with which curvature  

c o r r e c t io n s  could be made, in a theory which s a c r i f i c e d  nothing in  

working accuracy,  was a s i g n i f i c a n t  advantage.  Another f a c to r  

was of course that  Holls-Uoyce  s t a f f  had been working on Head's  

method, and would be a v a i l a b l e  to g ive  a s s i s ta n c e ;  t h i s  advantage  

disappeared when, a f t e r  the  f in a n c ia l  troub les  of the company, 

these  employees took t h e i r  l eave ,

The computer program developed by Hol ls - l ioyce was known as 

ql95« Although cons iderab le  m od i f ica t ion s  have been made to i t s  

theory ( s e e  Chapter 6) ,  the name Q193 has been re ta in e d .  The
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name Q195 has been retained# The remainder o f  t h i s  chapter d escr ibes  

i t  in  i t s  o r i g i n a l  form.

5*2 Gen e r a l  D e s c r i p t i o n

The program  Q195 v/as d e v e lo p e d  f o r  u s e  on a e r o f o i l s , p r i n c i p a l l y  

t u r b i n e  and c o m p re s s o r  b l a d i n g .  A s e c t i o n  o f  th e  program d e a l s  w i th  

l a m i n a r  f lo w  and t r a n s i t i o n ;  t h i s  i s  o f  l i t t l e  im p o r t a n c e  i n  the .  a u t h o r ' s  

a p p l i c a t i o n .  T u r b u l e n t  f l o w  c a l c u l a t i o n  f o l l o w s  t h e  method o f  IIea$ ( 5 ) 

a s  d e v e lo p e d  f o r  c o m p r e s s i b l e  f lo w  by Green ( 4 ) .  P r o v i s i o n . i s  made 

f o r  s u c t i o n  o r  i n j e c t i o n  a t  t h e  w a l l ,  and f o r  i n c r e a s e d  w a l l  t e m p e r a t u r e s ,  

t h e  r e s u l t i n g  h e a t  t r a n s f e r  c a l c u l a t i o n  f o l l o w i n g  t h e  method of  M ore t . t i  

and Kays ( 1 3 ) .  T u r b u l e n t  s e p a r a t i o n  i s  p r e d i c t e d ,  and a  wake 

c a l c u l a t i o n  i s  a l s o  p r o v i d e d  f o r  a e r o f o i l  work.

I n p u t s

The g e n e r a l  i n p u t s  ( i . e .  t h o s e  i n d e p e n d e n t  o f  g r i d  p o s i t i o n )  a r e  

a s  f o l l o w s

L ea d in g  edge r a d i u s  ( a e r o f o i l )

Number o f  g r i d  p o i n t s  (b o th  s u r f a c e s )

. A x i a l  chord

S t a g n a t i o n  t e m p e r a t u r e  and p r e s s u r e

y, C  ̂ P r a n d t l  number

I n t e n s i t y  o f  t u r b u l e n c e

E n t i y  v a l u e s :  u. , II and S t .m

A sys tem o f  i n t e g e r  i n p u t s  a l l o w s  a c h o i c e  o f  s u c t i o n ,  i n j e c t i o n  

o r  s o l i d  w a l l ;  h e a t e d  o r  a d i a b a t i c  w a l l ;  and n a t u r a l  t r a n s i t i o n  or  

t u r b u l e n t  f low  from t h e  l e a d i n g  edge .
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At each g r i d  p o i n t  i n  t u r n ,  t h e  i n p u t s  a r e  a s  f o l l o w s  j~

C o - o r d i n a t e s  (x  and y)  . ■

V e l o c i t y

Wal l  t e m p e r a t u r e

I n j e c t i o n  r a t i o .

O u tp u t s

F o r  each  g r i d  p o i n t  i n  t u r n ,  t h e  l a m i n a r  o u t p u t  c o n s i s t s  o f  

Momentum t h i c k n e s s ,  0.

C o r r e s p o n d in g  R 

P o lh a u s e n  p a r a m e t e r  

D is p l a c e m e n t  t h i c k n e s s ,  8*

Shape f a c t o r ,  H = £>*/Q

Sk in  f r i c t i o n  c o e f f i c i e n t ,  C^
&

S t a n t o n  number,  S t

H ea t  t r a n s f e r  c o e f f i c i e n t .

The t u r b u l e n t  o u t p u t  i s  s i m i l a r ,  e x c e p t  t h a t  an  i n c o m p r e s s i b l e  

shape  f a c t o r  r e p l a c e s  t h e  P o lh a u s e n  p a r a m e t e r .  A lso  p r i n t e d  a r e  

t r a n s i t i o n  p o i n t  c o - o r d i n a t e s  (where a p p l i c a b l e )  and th e  l o c a t i o n  

o f  t h e  s e p a r a t i o n  p o i n t .

5•3 The E q u a t i o n s  in  D e t a i l

While th e  l a m i n a r  p a r t  o f  Q195 i s  u s e d  i n  mos t  a e r o f o i l  c a l c u l a t i o n s ,  

on ly  t h e  t u r b u l e n t  s e c t i o n  i s  u sed  h e r e  f o r  c o m p ar i s o n  w i t h  e x p e r i m e n t ;  

t h i s  s e c t i o n ,  i n  t h e  form d e v e lo p e d  by R o l l s - R o y c e ,  w i l l  now be 

d e s c r i b e d  in  more d e t a i l .



C a l c u l a t i o n  c e n t r e s  a round  t h e  s i m u l t a n e o u s  e v a l u a t i o n  o f  

shape  f a c t o r  and momentum t h i c k n e s s ,  a t  each  g r i d  p o i n t  i n  tu rn*

The i n t e r v a l  be tween  a d j a c e n t  g r i d  p o i n t s  i s  d i v i d e d  i n t o  t e n
v -

e q u a l  s t e p s ,  which a r e  t h e n  s u b d i v i d e d  i n t o  f o u r  " s u b - s t e p s " :  

a  s e c o n d - o r d e r  R u n g e -K u t t a  t e c h n i q u e  i s  employed o v e r  t h e s e  f o u r  

s u b - s t e p s *  The p r i n t - o u t  l i s t s  v a l u e s  a t  t h e  g r i d  p o i n t s ,  a v o i d i n g  

i n t e r m e d i a t e  v a l u e s  e x c e p t  i n  the  c a s e  o f  f lo w  s e p a r a t i o n ,  when a 

w a rn in g  i s  p r i n t e d  a t  each  a p p l i c a t i o n  o f  t h e  R u n g e - K u t t a  c a l c u l a t i o n  

(a maximum of  40 t i m e s  b e tw ee n  g r i d  p o i n t ’s ) . -

The e q u a t i o n s  u sed  to  d e r i v e  t h e s e  v a l u e s  a r e  l i s t e d  by Green (4 ) 

A b r i e f  d e s c r i p t i o n  o f  t h e s e  i s  g i v e n  be low .  The shape  p a r a m e t e r ,

8 -  S *
H1 “ Q

i s  c a l c u l a t e d  from H e a d ' s  e n t r a i n m e n t  e q u a t i o n

A n - e m p i r i c a l  r e l a t i o n  be tween  the  e n t r a i n m e n t  f u n c t i o n  F and i s
-

t a k e n  i n  t h e  form

- 0*6169
p = 0.0299  ( i q  -  3 )

which i s  a c l o s e  f i t  t o  H e a d ' s  o r i g i n a l  c u r v e ,  an d  t h e  r e l a t i o n  

be tween  H and H^ i s  assumed to be g iv e n  by

-T 0 .915
H = 1 + 1 . 1 2u -  2 i  fOq  -  i f -  3 • • ( 3 )

a n e g a t i v e  v a l u e  of  t h e  s q u a r e  r o o t  b e i n g  t a k e n  f o r  a t t a c h e d  f lo w .  

E q u a t i o n s  (?)  and ( 9 ) d i f f e r  s l i g h t l y  from t h o s e  o f  G r e e n ' s  I 968
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p a p e r  (4 ) ,  and f o l l o w  G r e e n ' s  l a t e r  r ecom m enda t ions  a s  r e p o r t e d  by 

P e r r y  (19)* H i s  th e  i n c o m p r e s s i b l e  shape  f a c t o r  5*/©> th e  

co m p re ss ib ]  e s liape f a c t o r ,  II, i s  c a l c u l a t e d  from H by t h e  e q u a t i o n

where  T , T and T a r e  t h e  s t a t i c ,  w a l l  and a d i a b a t i c  w a l l  t e m p e r a t u r e s  ’ w r

r e s p e c t i v e l y .

Sk in  i r i c t i o n  v a l u e s  a r e  c a l c u l a t e d  from

( ~  + 0 . 3 ) ( I-  -  ° - 4 )  -  0 . 9 ,
f o  ■ H0

where t h e  s u f f i x  o r e f e r s  t o  f l a t  p l a t e  v a l u e s ,  to  f i t  t h e  v a l u e s  o f

Nash and Thompson (35) • The f l a t  p l a t e  Ĉ . i s  g iv e n  by

c * = -------- PiQI?-— ------  -  0 :00093 ,
C f o  l o g 10 -  0.64

g i v i n g  a  good f i t  w i th  th e  v a l u e s  o f  S p a l d i n g  and Chi ( 3 l ) »  F i n a l l y ,

t h e  f l a t  p l a t e  H0 i s  d e r i v e d  from

i -  = 1 - 6 . 0 / %

p  u  r 1« w wAn a d d i t i o n a l  term i n  '—  i s  r e q u i r e d  i f  s u c t i o n  o r  i n j e c t i o n
OO

i s  t o  be s i m u l a t e d .  F o r  th e  p r e s e n t  a p p l i c a t i o n ,  a  s o l i d  w a l l  was u s ee  

a t  a l l  t i m e s .

F o r  c a l c u l a t i o n  o f  momentum t h i c k n e s s ,  t h e  i n t e g r a l  e q u a t i o n  i s

w r i t t e n  i n  t h e  form

d© ° f  , T, 0 ’ 2\ © dur»y~  ® -  (H + 2 -  M ) —  . - —dx 2 v ' u,_ dx<y>



However,  P e r r y  (20) i n c o r p o r a t e d  m o d i f i c a t i o n s  f o r  s u r f a c e  c u r v a t u r e ,  

a l o n g  th e  l i n e s  s u g g e s t e d  by P a t e l  ( 1 6 ) ,  who w r o te  t h e  e q u a t i o n  i n  

p o l a r  c o - o r d i n a t e s s

d © + ( A* + 2 9 )  i -  ~ r -  - — —l . A  U J  n  ^  p n  2

A ( 2 Rt^  k  o i l  l n - 1  .
2 d$ \ 2 '  R

Tw R2

R.

R
P r  d r

f o r  f lo w  o ver  a  w a l1 of  c o n s t a n t  r a d i u s  R. R^ r e f e r s  t o  a  l i n e  of

c o n s t a n t  r a d i u s  i m m e d i a t e l y  o u t s i d e  th e  boundary  l a y e r .  </\'>: and ©

a r e  r e l a t e d  to  t h e  f a m i l i a r  $*  and  0 by th e  e q u a t i o n s

A* „ 6*/R

and ©  y (1 + G/R) 0/ r .

P e r r y  e x p r e s s e d  P a t e l ' s  e q u a t i o n  i n  c u r v i l i n e a r  c o - o r d i n a t e s ,  

f o r  8 P /  d r  -  0,  i . e .  f o r  no s t a t i c  p r e s s u r e  v a r i a t i o n  a c r o s s  t h e

bounda ry  l a y e r .  N e g l e c t i n g  m u l t i p l e s  o f  sm a l l  q u a n t i t i e s ,  and w i th

a n - a d d i t i o n a l  Each number te rm f o r  c o m p r e s s i b i l i t y ,  t h e  e q u a t i o n  

becomes

& '  ,4£ = _ £  _ Ph + 2 ( l  + | )  -  m2

R1
I n  p i  -  4  (1 -  V  ) 

R1

e
-  uoo‘

du

f-0
dx

I t  was t h i s  form o f  t h e  momentum i n t e g r a l  e q u a t i o n  w i th  a d d i t i o n a l  

t e rm s  to  d e a l  w i th  v a r i a b l e  r a d i u s  o f  c u r v a t u r e ,  t h a t  was employed by 

R o l l s - R o y c e  i n  t h e i r  a e r o f o i l  c a l c u l a t i o n s .



Wall  h e a t i n g  makes i t s e l f  f e l t  i n  t h e  e n t r a i n m ^ n t  and momentum 

i n t e g r a l  e q u a t i o n s  th ro u g h  t h e  v a r i a t i o n  o f  II, t h e  c o m p r e s s i b l e  

shape  f a c t o r ,  which v a r i e s  w id e ly  w i t h  w a l l  t e m p e r a t u r e .  As
v -

m e n t io n e d  e a r l i e r ,  S t a n t o n  numbers and h e a t  t r a n s f e r  c o e f f i c i e n t s  

a r e  c a l c u l a t e d  by t h e  method o f  M o r e t t i  and Kays,  and c a l c u l a t i o n  

i s  e x a c t l y  a s  d e s c r i b e d  i n  t h e i r  p a p e r  ( l 3 ) »

T u r b u l e n t  s e p a r a t i o n  i s  i n d i c a t e d  i n  e i t h e r  o f  two ways:  

n e g a t i v e  v a l u e s  o f  s k i n  f r i c t i o n  c o e f f i c i e n t ,  a f t e r  which c a l c u l a t i o n  

c e a s e s ,  o r  r e p e a t e d  w a rn in g s  i f ' d l ^  f a l l s  below a  c e r t a i n  f i g u r e .  In  

t h e  R o l l s - R o y c e  v e r s i o n ,  t h i s  f i g u r e  was 3 -7A ( l o w e r  v a l u e s  c a u s i n g  

breakdown o f  e q u a t i o n  (3))>  e q u i v a l e n t  t o  an  H o f  2 . 8 6 ;  t h i s  c o u l d ,  

o f  c o u r s e ,  be a d j u s t e d .

. I t  was i n  t h e  form d e s c r i b e d  above t h a t  t h e  p rogram  Q195 was 

made a v a i l a b l e ;  to  t h e  a u t h o r .



CHAPTER 6

PREDICTION PROGRAM Q199 -  TESTING AMD DEVELOPMENT

6 . 1  Computing  F a c l . l i t . i e s

The R o l l s - R o y c e  v e r s i o n  of Q195 had. been  w r i t t e n  f o r  u s e  on an 

IBM 360 com pute r  i n  Derby .  I t  was d e c i d e d ,  on th e  g ro u n d s  of  

c o n v e n i e n c e ,  t o  employ f a c i l i t i e s  n e a r e r  to  hand ,  and th e  l i s t i n g  

was m o d i f i e d  f o r  u s e  on t h e  Univac 1108 a t  th e  N a t i o n a l  E n g i n e e r i n g  

L a b o r a t o r y  a t  E a s t  K i l b r i d e .  C o n s i d e r a b l e  t e e t h i n g  t r o u b l e s  were 

e x p e r i e n c e d ,  e s p e c i a l l y  a s  t h i s  deve lopm en t  c o i n c i d e d  w i t h  t h e  

d e p a r t u r e  f rom R o l l s - R o y c e  of  t h e  two em ployees  most  f a m i l i a r  w i t h  

t h e  p rog ram .

6 . 2  S chubauer  and IQ e-ban o f f  1 s D ata

F o r  an i n i t i a l  e v a l u a t i o n  o f  Q193> 'the e x p e r i m e n t a l  d a t a  c f  

Sch u b au e r  and  K1 e b a n o f f  (28) were a p p l i e d .  T h e i r  e x p e r i m e n t  f e a t u r e d  

m e asu re m en ts  i n  t h e  a d i b a t i c  boundary  l a y e r  ( p r e d o m i n a n t l y  t u r b u l e n t )  

o v e r  a  wing s e c t i o n ,  t h e  w ork ing  s i d e  o f  which c o n s i s t e d  o f  two 

cu rv e d  s e c t i o n s  o f  c o n s t a n t  r a d i u s ,  j o i n e d  by a  f l a t  s u r f a c e .

P r e s s u r e  g r a d i e n t  was f a v o u r a b l e  a t  e n t r y ,  becoming a d v e r s e  a round  

30}'j c h o rd ,  and i n c r e a s i n g  i n  a d v e r s i t y  f u r t h e r  downst ream.  S e p a r a t i o n  

o f  t h e  t u r b u l e n t  l a y e r  was n o te d  a s h o r t  d i s t a n c e  u p s t r e a m  o f  t h e  

t r a i l i n g  edge.  E n t r y  f l o w  speed  was a ro u n d  100 f t / s ,  so c o r n p r e s s i b i l i  

e f f e c t s  were s m a l l .

F o r  t h e  com par i son ,  a t t e n t i o n  was c o n c e n t r a t e d  on t h e  two p r im a r y  

o u t p u t s  from QI95> th e  momentum t h i c k n e s s  © and shape  p a r a m e t e r  11 ,̂ 

which  l e d  to  t h e more u s u a l  shape f a c t o r  H. C a l c u l a t i o n  o f  0 was
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pe r fo rm e d  f i r s t l y  by t h e  s im p le  momentum i n t e g r a l  e q u a t i o n  and th e n  

by e q u a t i o n  ( 4 ) w i th  t h e  added  c u r v a t u r e  t e rm s .  The r e s u l t s  a r e  

shown in  F i g u r e  54? a l o n g  w i th  Schubauer  and  K l e b a n o f f ’ s e x p e r i m e n t a l
v —

p o i n t s .  I t  w i l l  be seen  t h a t  a g ree m en t  i s  v e r y  s a t i s f a c t o r y  u n t i l  

a ro u n d  x = 22 f t ,  where Q195 b e g i n s  t o  u n d e r - p r  e d i c t , t h e  d i s c r e p a n c y  

i n c r e a s i n g  p r o g r e s s i v e l y  to w a rd s  t h e  t r a i l i n g  edge .  C u r i o u s l y ,  

t h e  s i m p l e r  momentum i n t e g r a l  e q u a t i o n  g i v e s  a b e t t e r  f i t  o v e r  t h i s  

r e g i o n ,  b u t  c a n n o t  be a c c e p t e d  a s  s a t i s f a c t o r y .  V a lu e s  o f  H 

c a l c u l a t e d  from t h e  e n t r a i n m e n t  e q u a t i o n  and e q u a t i o n  ( 5 ) were g e n e r a l l  

a  l i t t l e  low, and a g a i n  t h i ^  d i s c r e p a n c y  i n c r e a s e d  n e a r  t h e  t r a i l i n g  

edge ,  where t h e  e x p e r i m e n t a l  v a l u e s  r e f l e c t e d  t h e  a p p r o a c h  o f  

s e p a r a t i o n  ( F i g u r e  55)*

I n  an a t t e m p t  to  a c h i e v e  b e t t e r  p r e d i c t i o n  o f  0 dev e lo p m en t ,  

P a t e l ' s  ( l 6 )  momentum i n t e g r a l  e q u a t i o n  f o r  c o n s t a n t  r a d i u s  o f  

c u r v a t u r e  was examined once  more.  One r e l a t i v e l y  s im p le  a d j u s t m e n t ,  

s u g g e s t e d  b;y P a t e ] ,  was t h e  i n t r o d u c t i o n  o f  t h e  r a d i a l  e q u i l i b r i u m  

e q u a t i o n ,

u 2 1 > 9 P
r   ̂ <5r

t o  d e s c r i b e  th e  s t a t i c  p r e s s u r e  d i s t r i b u t i o n  i n  t h e  boundary  l a y e r .  

A f t e r  e v a l u a t i o n  o f  th e  i n t e g r a l  te rm and r e v e r s i o n  t o  c u r v i l i n e a r  

c o - o r d i n a t e s ,  P a t e l ’ s e q u a t i o n  becomes

C,
(1 + 6  ) d© „ _ f
v H ' dx 2 1 -}• ™ -  M2 R

fi 1
u * dx

CO

bL _ 1

. " l 2

„ d u ,Q  cc
u dxCO

. . . ( 5 )

With t h i s  e q u a t i o n ,  i t  was q u i c k l y  a p p a r e n t  t h a t  the  c h o i c e  o f  R
1



had  a  c o n s i d e r a b l e  i n f l u e n c e  on t h e  Q d i s t r i b u t i o n  p r e d i c t e d ,  and  

a l lo w a n c e  had to  be made t o  a c j u s t  Fa t o  be im m e d i a t e l y  o u t s i d e  t h e  

boundary  l a y e r  a t  each  g r i d  p o i n t .  T h i s  o f  c o u r s e  gave  a s t e p w i s e  

t i o n ;  t h e  c a l c u l a t i o n s  u s i n g  e q u a t i o n  ( 5 ) ,  made L . t

s t e p s ,  were made a t  a  c o n s t a n t  v a l u e  o f  R. . A p r e d i c t e d  0 

d i s t r i b u t i o n  f o r  Schubauer  and  K l e b a n o f f 1 s d a t a  i s  shown i n  F i g u r  34? 

i t  w i l l  be s een  t h a t  g r e a t l y  a c c e l e r a t e d  b o u n d a ry  l a y e r  g row th  i s  

i n d i c a t e d ,  c o n s i d e r a b l y  i n  e x c e s s  o f  the  e x p e r i m e n t a l  o b s e r v a t i o n s .

I f  e q u a t i o n  ( 5 ) i s  taken  a s  a c c u r a t e  f o r  a  r a d i a l  e q u i l i b r i u m  boundary  

l a y e r  (an  a s s u m p t i o n  which  h a s  y e t  t o  be j u s t i f i e d ) ,  t h e  i n d i c a t i o n s  

a r e  t h a t  s t a t i c  p r e s s u r e s  w i t h i n  t h e  b o u n d a ry  l a y e r  were u n i f o r m  o v e r  

t h e  g r e a t e r  p a r t  o f  t h e  a e r o f o i l ,  b u t  t h a t  some v a r i a t i o n  s e t  in  some 

22 f e e t  from the  l e a d i n g  edge ;  t h i s  v a r i a t i o n  a t  no t ime a p p r o a c h e d  

t h a t  which  would a r i s e  i n  r a d i a l  e q u i l i b r i u m  j l o w .  The above c o n c l u s i o n s  

seem r e a s o n a b l e  from a s t u d y  o f  t h e  e x p e r i m e n t a l  d a t a .

The p e r fo rm a n c e  of  the  e n t r a i n m e n t  e q u a t i o n  c o u l d  n o t  be a s s e s s e d  

i n  company w i th  an i n a c c u r a t e  momentum i n t e g r a l  e q u a t i o n ,  a s  t h e  two . 

a r c •i n t e r l i n k e d ;  a c c o r d i n g l y ,  t h e  l a t t e r  was m o d i f i e d  e m p i r i c a l l y  

to  g i  re an a c c e p t a b l e  f i t  w i th  t h e  e x p e r i m e n t a l  r e s u l t s  n e a r  t h e  

t r a i l i n g  edge .  T h i s  cu rve  i s  a l s o  shown i n  F i g u r e  34• However, 

t h e  c o r r e s p o n d i n g  e n t r a i n m e n t  e q u a t i o n  was n o t  e n t i r e l y  s a t i s f a c t o r y ,  

th e  H d i s t r i b u t i o n  l e v e l l i n g  o f f  to w a rd s  th e  t r a i l i n g  edge r a t h e r  t h a n  

r i s i n g  s t e a d i l y  t o  s e p a r a t i o n  ( F i g u r e  33)*
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6 .5  The Author- ' s Ik;t a  -  H o d o fo c a t i o n s  f o g  Duct  Plow

The p r o s e n '  a u t h o r ’ s e x p o r tm e n ta l  d a t a  f o r  a d i a b a t i c  c o n d i t i o n s  

were  the n  u s e d  i n  f u r t h e r  t e s t i n g  o f  t h e  p r e d i c t i o n s .  I t  was hoped 

t h a t  the se  would d e t e r m i n e  t h e  a c c u ra c y  o f  e q u a t i o n  ( Lj) f o r  r a d i a l  

e q u i l i b r i u m  flow* and th row  more l i g h t  on th e  need  f o r  changes  i n  t h e  

e n t r a i n m e n t  r e l a t i o n s .  The 0 deve lopm en t  was t h e r e f o r e  t h e  f i r s t  

c o n c e r n .  A llowance  was made f o r  th e  e x p e r i m e n t a l  method o f  boundary  

l a y e r  t r i p p i n g ,  and t h e  r e s u l t i n g  t h i c k e r  l a y e r s ,  by i n t r o d u c i n g  an 

e x t r a  " s t a r t i n g  l e n g t h "  o f  fJ  a t  p l a t e  on t h e  p r e d i c t i o n  model .

A l e n g t h  was s e l e c t e d  to  g i v e  m a tc h in g  0 a t  x » 10 i n . ,  and th e  

d i s t r i b u t i o n  compared w i t h  th e  e x p e r i m e n t a l  o v e r  t h e  f o l l o w i n g  t e n  

i n c h e s .

A prob lem a r o s e  i n  c h o o s i n g  a l o c a l  v e l o c i t y ,  t o  be s p e c i f i e d

a t  each  g r i d  p o i n t -.. The- c a l c u l a t i o n  i s  e x t r e m e l y  s e n s i t i v e  to  t h e s e

v e l o c i t i e s ,  f rom which th e  l o c a l  s trcamwj.se  p r e s s u r e  g r a d i e n t s  a r e

c a l c u l a t e d .  P a t e l ’s v e l o c i t y  u  was used  i n i t i a l l y ,  b u t  w i t h  poor

r e s u l t s ,  and was r e p l a c e d  by u , t h e  v e l o c i t y  j u s t  o u t s i d e  th e
&

b oundary  l a y e r .  However,  t h i s  was o n ly  a  l i m i t e d  im provement .  The 

p r e d i c t e d  g row th  o f  the  b ounda ry  l a y e r  was g e n e r a l l y  too  slow; 

c a l c u l a t i o n s  o f  mass f lo w  f o r  hie e x p e r i m e n t a l  d u c t  d im e n s io n s  snowed 

t h a t  th e  d i s p l a c e m e n t  t h i c k n e s s  and m a in s t r e a m  v e l o c i t y  d i s t r i b u t i o n s  

were i n c o n s i s t e n t ,  even w i t h  g e n e ro u s  a l l o w a n c e  made f o r  boundary  

l a y e r  growth  on th e  r e m a i n i n g  t h r e e  w a l l s .

In  o r d e r  to  o b t a i n  c o n s i s t e n c y  be tween  l o c a l  d u c t  b lo c k a g e  and 

m a in s t r e a m  v e l o c i t y ,  and t o  av o id  t h e  n e c e s s i t y  o f  s p e c i f y i n g  a
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somewhat a r b i t r a r y  l o c a l  v e l o c i t y  i n p u t ,  a  now s u b r o u t i n e  wag 

w r i t t e n  i n t o  0195.  Th i s  p u t s  the  e n t i r e  program th r o u g h  s e v e r a l  

i t e r a t i o n s ;  th e  f i r s t  u s e s  v e l o c i t y  i n p u t s  c a l c u l a t e d  f rom d u c t  

geom etry  a lo n e*  th e  second  adds a f a c t o r  accoun t ing -  f o r  b lo c k a g e  

due to  b o u n d a ry  l a y e r  g row th ,  a s  do t h e  s u b s e q u e n t  i t e r a t i o n s .

In  p r a c t i c e ,  s i x  r u n s  gave a  ve ry  r e a s o n a b l e  c o n v e r g e n c e  o f  c a l c u l a t e d  

v a l u e s .  F o r  s t r a i g h t  d u c t s ,  t h e  b l o c k a g e  i s  e a s i l y  e v a l u a t e d ,  a s  

a l l  s u r f a c e s  have  s i m i l a r  boundary  l a y e r s  upon them; t h e  cu rv e d  

d u c t  o b v i o u s l y  p o s e s  more o f  a  p rob lem .  Lack o f  m e asu re m en ts  on a l l  

b u t  th e  i n n e r  w a l l  made an  e s t i m a t e  n e c e s s a r y ,  a  f i g u r e  o f  two to  

t h r e e  t i m e s  t h e  i n n e r  w a l l  b lo c k a g e  seeming  r e a s o n a b l e  i n  v iew of t h e  

r a p i d  bou n d a ry  l a y e r  g rowth  on t h e  l a t t e r .  A f i g u r e  a round  2 . 5  was 

d e c i d e d  upon,  f a l l i n g  s l i g h t l y  w i th  x a s  a  f u r t h e r  c o n c e s s i o n  to  t h e  

above  growth  r a t e .

An o b v io u s  ad v a n ta g e  o f  t h i s  ap p ro a c h  i s  t h a t  no v e l o c i t y  o r  

p r e s s u r e  g r a d i e n t  d a t a  a r e  r e q u i r e d  f o r  d u c t  p r o b le m s .  A lso  t h e  

d im e n s io n s  of  a  d u c t  a r e  u s u a l l y  m e a s u ra b le  to  a  much g r e a t e r  d e g r e e  

of  a c c u r a c y  th a n  a r e  l o c a l  f low  v e l o c i t i e s ,  and so form a more 

s a t i s f a c t o r y  i n p u t .  R e s u l t s  from t h e  a u t h o r ' s  d u c t  geom e t ry  were most  

e n c o u r a g i n g ;  t h e  c a l c u l a t i o n  o f  momentum t h i c k n e s s  u s e d  a l l  t h r e e  

fo rm s  oi toe  i n t e g r a l  e q u a t i o n .  A f t e r  the  f l a t  p l a t e  e n t r y  s e c t i o n ,  

e q u a t i o n  (/}) was used  f o r  a p p r o x i m a t e l y  f o u r  i n c h e s  o f  c u rv ed  s u r f a c e  

b e f o r e  th e  r a d i a l  e q u i l i b r i u m  e q u a t i o n  (5)  was i n t r o d u c e d .  The 

r e s u l t i n g  Q d i s t r i b u t i o n ,  a f t e r  m a tc h in g  a t  x = 10  i n . ,  was an  a l m o s t  

p e r f e c t  f i t  w i th  t h e  e x p e r i m e n t a l  v a l u e s .  T h i s  i s  i l l u s t r a t e d  i n  

F i g u r e  36 , a l o n g  w i th  an e a r l i e r  c a l c u l a t i o n  u s i n g  v e l o c i t y  i n p u t  u „.





t h r o u g h o u t

•6 .4  The Au t h o r  !g I) a t  a -  Mod i f i  c a t i o n s  t o  Bn t r a i n n e n t  Th e o r y .

P e r f  ormance o f  the* on t r a in m e n  t  e q u a t i o n  was much l e s s  s a t i s f  a c t o r

P r e d i c t i o n s  o f  II were too  h ig h  up t o  a p p r o x i m a t e l y  x -  17 i n . ,  a f t e r

which th e y  f e l l  below th e  e x p e r i n  ' n t a l  v a l u e s .  S e p a r a t i o n  v/as

p r e d i c t e d ,  b u t  w e l l  downst ream oL the  o b s e rv e d  s e p a r a t i o n  p o i n t .  The

d i s c r e p a n c i e s  i n  H a r e  shown i n  F i g u r e  37*

C l e a r l y ,  t h i s  e n t r a i n m e n t  t h e o r y  was in n e e d  o f  m o d i f i c a t i o n .

Thompson (35)  h a s  s u g g e s t e d  t h a t  H e a d ’ s o r i g i n a l  (H) r e l a t i o n

r e q u i r e d  a d j u s t m e n t  f o r  l o c a l  v a l u e s  o f  R^,  and h a s  computed c u r v e s

f o r  a  r ange  o f  Rn . P a t e l  ( l 6 )  h a s  a l s o  m e n t io n ed  c o r r e c t i o n s  to

t h i s  r e l a t i o n  f o r  s u r f a c e  c u r v a t u r e ,  m e n t i o n i n g  S /R  a s  a  p o s s i b l e

p a r a m e t e r .  F o r  h i s  e x p e r i m e n t s ,  t h e  Rn c o r r e c t i o n s  ou tw e ig h ed  th o s ey

f o i  c u r v a t u r e .  A c c o r d in g l y  th e  b^(l l )  r e l a t i o n s h i p  was examined w i t h  

a> view t o  m o d i f i c a t i o n .

As m e n t io n ed  b e f o r e ,  t h e  e q u a t i o n  u s e d  i n  Q195 i s  i n  t h e  fo rm

F o r  c o n v e n i e n c e ,  c e r t a i n  o f  t h e  n u m e r i c a l  c o n s t a n t s  may be l a b e l l e d ,  

t o  g iv e

and C rem a in ed  a s  2, the  R ^ -d e p c n d e n t  c u r v e s  o f  Thompson c o u ld  be 

r e p r o d u c e d .  F u r t h e r ,  i f  C became a f u n c t i o n  o f  E/lt (and  e q u a l l e d  2

• (5)

H 1 4 A

I t  was found  t h a t  i f  A and B were t r a n s f o r m e r  i n t o  f u n c t i o n s  of  R
G
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Thompson 's  (35) H-̂  (K) cu rve  f a m i ly  
w i t h  added c u r v a t u r e  c o r r e c t i o n .



f o l l o w s

A in R _ 14

B
23 -I In  II q 

40

and C »* 2 -h 8 6 
R

t h i s  l a s t  r e l a t i o n  Being  chosen  e m p i r i c a l l y .  A f a m i l y  o f  c u r v e s  f o r  

R = 1200 and C i n  th e  r a n g e  2 to  4 » i s  shown i n  F i g u r e  Bethk?
P a t e l ’ s and the  a u t h o r ’ s measured Ii^ were c l o s e  t o  th e  above  v a l u e ,  

so i t  would be e x p e c te d  t h a t  t h e  c u r v e s  f i t  b o t h  s e t s  o f  e x p e r i m e n t a l  

p o i n t s *  However, t h i s  i s  n o t  the  c a s e ;  w h i l e  P a t e l ’ s p o i n t s  a r e  a  

mos t  a c c e p t a b l e  l i t ,  t h e  a u t h o r ' s  a r e  n o t ,  and a p p e a r  t o  d i s p u t e  th e  

need f o r  R c o r r e c t i o n  t e rm s  A and B a bove .  At t h i s  p o i n t  i t  s h o u ld  

be m e n t ioned  t h a t  P a t e l ' s  v a l u e s  o f  S/R were v e r y  s m a l l ,  and  t h e  

c h o i c e  o f  C (above)  was n o t  c r i t i c a l .  The r e l a t i o n  was s e l e c t e d  w i th  

r e f e r e n c e  to  th e  a u t h o r ’ s e x p e r i m e n t a l  p o i n t s ,  which  a r e  f o r  much 

l a r g e r  S / r .

An i n d i c a t i o n  o f  the  cu rv e  f a m i l y  p ro d u ced  i f  A and B a r e  r e t u r n e d  

t o  t h e i r  v a l u e s  i n  e q u a t i o n  ( j ) ,  i s  g iv e n  i n  F i g u r e  Jo by t h e  b roken

l i n e ,  which r e p r e s e n t s  t h e  o r i g i n a l  c u r v e  ta k en  by Head.  T h i s  would

become th e  cu rv e  f o r  C = 2, and t h e  o t h e r  c u r v e s  i n  t h e  f a m i l y  would

be p l a c e d  a c c o r d i n g l y . With a  new c u r v a t u r e  r e l a t i o n ,



t h i s  cu rve  f a m i l y  g i v e s  a good f i t  w i th  t h e  a u t h o r ’s e x p e r i m e n t a l  

p o i n t s .  However, P a t e l ' s  d a t a  a r e  n o t  s a t i s f a c t o r i l y  r e p r e s e n t e d .

To sum up ,  two a l t e r n a t i v e  fo rm s  o f  th e  1 /  (if) r e l a t i o n  have  

been  d e s c r i b e d .  The f i r s t  i n c o r p o r a t e s  t e rm s  i n  Pi^ and &/R, and  

i s  an  e x c e l l e n t  f i t  w i th  t h e  e x p e r i m e n t a l  d a t a  o f  P a t e l ;  t h e  s econd  

h a s  no te rm s  i n  R , b u t  i s  more h e a v i l y  w e ig h t e d  i n  f a v o u r  o f  S /p .

T h i s  f i t s  t h e  a u t h o r ' s  e x p e r i m e n t a l  p o i n t s .  The two s e t s  o f  e x p e r i m e n t a l  

d a t a  a r e  such  t h a t  no H^(l?) r e l a t i o n  can be found  t o  f i t  b o t h ,  w i t h o u t  

r a d i c a l  (and h i g h l y  e m p i r i c a l )  d e p a r t u r e  from t h e  fo rm  o f  e q u a t i o n  ( 3 ) .  

O b v io u s ly ,  more d a t a  a r e  r e q u i r e d  b e f o r e  t h e  p o s i t i o n  may be c l a r i f i e d .

I t  was t h e r e f o r e  d e c i d e d  t o  employ b o t h  fo rm s  o f  t h e  11 (H) 

r e l a t i o n  f o r  p r e d i c t i o n  o f  t h e  a u t h o r ’ s e x p e r i m e n t a l  r e s u l t s ,  i n  t h e  

hope  t h a t  more l i g h t  would be thrown on th e  r e l a t i v e  m e r i t s  o f  t h e  tw o . 

D e t a i l s  o f  the.  i n p u t  c o n d i t i o n s  and  r e s u l t s  o b t a i n e d  a r e  g iv e n  i n  

t h e  f o l l o w i n g  s e c t i o n .  I t  w i l l  be n o t e d  t h a t  G r e e n ’ s o r i g i n a l  P ( l l^ )  

r e l a t i o n  (a  s i n g l e  c u r v e )  was l e f t  u n a l t e r e d .  C a l c u l a t i o n  o f  momentum 

t h i c k n e s s  v/as by e q u a t i o n  ({j) o v e r  t h e  cu rv e d  s u r f a c e ,  w i t h  the  

e x c e p t i o n  of  a  4 i n c h  s e c t i o n  a t  e n t r y ,  where e q u a t i o n  (4 ) was u s e d .

Over t h e  f l a t  l e a d - i n  s e c t i o n  (up t o  x = 6 i n . ) ,  t h e  s im p le  f l a t - p l a t e  

e q u a t i o n  was. of  c o u r s e  employed .  F i n a l l y ,  v e l o c i t y  i n p u t s  were b a s e d  

on d u c t  geom et ry ,  and  s i x  i t e r a t i o n s  f o r  b lo c k a g e  c a l c u l a t i o n  were 

s p e c i f i e d ,  th e  o u t p u t  f o r  th e  l a s t  two b e i i .g  i d e n t i c a l .



6.5 The Author 1 a bate v.d th heat Transfer - Predict|f- 0 . f . 1

Modified.  QI95-

The f i r s t  s c r i e s  o f  p r e d i c t i o n s  was d e s ig n e d  f o r  com par ison  w i th  

t h e  a u t h o r ’ s low speed  t e s t s ,  d u r i n g  which  d e t a i l e d  m easurem en ts  o f  0, 

II, and S t  had  b e e n  made ( s e e  S e c t i o n s  3*4*4 and  3*4*5) • G r id  

p o i n t s  were  sp a c e d  e v e r y  i n c h  over  most  o f  t h e  c u r v e d  s u r f a c e ,  and 

a t  tw o - in c h  i n t e r v a l s  e l s e w h e r e .  E n t r y  v e l o c i t y  was 24 f t / s ,  and 

s t a g n a t i o n  t e m p e r a t u r e  300 K. Wall  t e m p e r a t u r e s  (u n i f o r m )  v a r i e d  

from 300 K t o  425 K, a t  25 dog K i n t e r v a l s .  Fox e a s e  o f  r e f e r e n c e ,  

t h e  f i r s t  form o f  the  H^(H) r e l a t i o n ,  which i n v o l v e s  R  ̂ t e rm s ,  w i l l  

bo known a s  R e l a t i o n  1. The second form w i th  c u r v a t u r e  v a r i a b l e s  

o n ly ,  w i l l  be known a s  R e l a t i o n  2,

6 . 5 . I  A d1a b a t i c  Con d i ons

F o r  b o th  R e l a t i o n s ,  p r e d i c t i o n  o f  momentum t h i c k n e s s  was most  

s a t i s f a c t o r y , a s  was m e n t ioned  e a r l i e r .  T h i s  i s  i l l u s t r a t e d  in  

F i g u r e  36 ; t h e  c u r v e s  f o r  R e l a t i o n s  1 and 2 were p r a c t i c a l l y  i d e n t i c a l  

P r e d i c t i o n  of  shape  f a c t o r ,  however ,  was l e s s  p r o m i s i n g  ( s e e  F i g u r e  37) 

R e l a t i o n  1 gave  a  d i s t r i b u t i o n  i n  which  H was a t  a l l  t i m e s  to o  la rge ,-  

t h e  d i s c r e p a n c y  r e d u c e d  a l i t t l e  a s  x i n c r e a s e d .  S e p a r a t i o n  was 

p r e d i c t e d  1<5 i n .  u p s t r e a m  o f  the  e x p e r i m e n t a l l y - o b s e r v e d  p o i n t .  Use 

o f  R e l a t i o n  2 r e d u c e d  H i n  t h e  e a r l y  s t a g e s  ( b u t  n o t  n e a r l y  enough) ,  

and gave a c u rv e  of  somewhat b e t t e r  s h a p e ;  how ever ,  H i n c r e a s e d  

v e r y  r a p i d l y  a r o u n d  x -  l'jf i n . ,  and s e p a r a t i o n  was p r e d i c t e d  a  f u l l

3 .5  i n .  u p s t r e a m  o f  tne  e x p e r i m e n t a l  p o i n t .  I n c l u d e d  f o r  com par ison  

i n  F i g u r e  37 i s  an H d i s t r i b u t i o n  c a l c u l a t e d  from t h e  s i n g l e - c u r v e



r e l a t i o n  o f  e q u a t i o n  (3)*

Skin f r i c t i o n  c o e f f i c i e n t s  ( F i g u r e  21} g e n e r a l l y  r e f l e c t e d  

th e  o v e r - p r e d i c t e d  v a l u e s  o f  H, from which  t h e y  were c a l c u l a t e d .

Thus th e y  began  a t  a ro u n d  u)Q?o o f  th e  e x p e r i m e n t a l  v a l u e s  and d id  

n o t  r e c o v e r ,  a l t h o u g h  t h e i r  p r o g r e s s i v e  r e d u c t i o n  to w a r d s  s e p a r a t i o n  

v/as r e a s o n a b l y  s a t i s f a c t o r y .  R e l a t i o n  2 was p e r h a p s  t h e  more 

s u c c e s s f u l ,  i n  t h a t  i t  p r e d i c t e d  c o e f f i c i e n t s  which more n e a r l y  

a p p ro a c h e d  t h e  e x p e r i m e n t a l  v a l u e s .  S t a n t o n  numbers  were n o t  m easured  

e x p e r i m e n t a l l y  f o r  a d i a b a t i c  f l o w  c o n d i t i o n s .

6 . 5 . 2  Wall  t e m p e r a t u r e  A 25 K

F o r  f lo w  w i th  w a l l  h e a t i n g ,  0195 p r e d i c t e d  a  s l i g h t  r e d u c t i o n  

i n  momentum t h i c k n e s s ,  compared w i t h  a d i a b a t i c  v a l u e s ,  a t  each  p o i n t  

on t h e  w a l l .  A ga in ,  t h e  two IL (li) r e l a t i o n s  p ro d u c e d  s i m i l a r  

r e s u l t s .  As w i l l  be seen  from F i g u r e  36 , t h i s  i s  n o t  c o n s i s t e n t  

w i t h  e x p e r i m e n t a l  o b s e r v a t i o n s ,  i n  which 0 showed a s l i g h t  i n c r e a s e  

on h e a t i n g ,  i n  t h e  r a n g e  x = 1C i n .  t o  x = 18 i n .

P r e d i c t i o n  of shape  f a c t o r  was a l s o  i n f l u e n c e d  by t h e  ch o ic e  

o f  II (H) r e l  cl t . ion ,  a s  would be e x p e c t e d .  However,  b o t h  R e l a t i o n s  1 

and 2 p r e d i c t e d  v a l u e s  o f  H a t  x = 10 i n .  which  v/ere g r e a t l y  i n  e x c e s s  

o f  t h e  e x p e r i m e n t a l  v a l u e s ,  and com par i son  f u r t h e r  downst ream s u f f e r e d  

a s  a  r e s u l t  ( s e e  F i g u r e  37)* When r e f e r r e d  t o  t h e  c o r r e s p o n d i n g  

a d i a b a t i c  f i g u r e s ,  t h e  r e s u l t s  o f  w a l l  h e a t i n g  were s i m i l a r  f o r  b o th  

r e l a t i o n s .  The h e a t e d  d i s t r i b u t i o n  a p p e a r e d  t o  be more r e s p o n s i v e  

to  s t r eam w iee  p r e s s u r e  g r a d i e n t ,  f a l l i n g  belov/ t h e  a d i a b a t i c  cu rve  

b e f o r e  c r o s s i n g  i t  a t  t h e  a p p ro a c h  of  s e p a r a t i o n .
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The p r e d i c t e d  sex*ara t ioh  p o i n t s  d i f f e r e d  mark ic Ly, i s F i g u r e  57 

s u g g e s t s .  I n  t h i s  f i e l d ,  R e l a t i o n  1 was c l e a r l y  s u p e r i o r .  However,  

t h e  up s t r e a m  movements o f  s e p a r a t i o n  p o i n t  f o r  125 ^ e g  C o f  w a l l  

h e a t i n g  were s i m i l a r ;  0 .7 5  in# f o r  R e l a t i o n  1 and  0 / / 0  i n .  f o r  

R e l a t i o n  2. T h i s  compares  w i th  th e  e x p e r i m e n t a l l y  o b s e rv e d  movement 

( a t  t h i s  f low speed )  o f  1 . 6  i n .

Both  r e l a t i o n s  p r e d i c t e d  t h a t  s k i n  f r i c t i o n  c o e f f i c i e n t s  would 

show a sm a l l  r e d u c t i o n  f rom  t h e i r  a d i a b a t i c  v a l u e s .  T h i s  a g r e e s  w i th  

e x p e r i m e n t  ( s e e  F i g u r e  2 1 ) ,  a l t h o u g h  a g a i n  th e  e x p e r i m e n t a l  and 

p r e d i c t e d  v a l u e s  compare p o o r l y .

S t a n t o n  number p r e d i c t i o n s ,  which a s  d e s c r i b e d  e a r l i e r  f o l l o w

t h e  method of  1 ' o r e t t i  and Kays ,  a r e  n o t  d e p e n d e n t  on th e  H^(H)

r e l a t i o n  s p e c i f i e d .  The p r e d i c t e d  d i s t r i b u t i o n  i s  shown i n  F i g u r e  24,

a l o n g  w i th  o t h e r  d i s t r i b u t i o n s  d e r i v e d  from t h e  e x p e r i m e n t a l  r e s u l t s .

As w i l l  be s e e n ,  i t  s e r i o u s l y  u n d e r - e s t i m a t e s  t h e  S t a n t o n  number

t h r o u g h o u t  t h e  r a n g e  o f  x c o n s i d e r e d ,  and shows l i t t l e  o r  no r e s p o n s e

t o  c h a n g in g  p r e s s u r e  g r a d i e n t s .  In  t h i s  a p p l i c a t i o n *  t h e  method

i s  no b e t t e r  t h a n  a s i m p l e ,  f l a t - p l a t e  e q u a t i o n  d e r i v e d  from R eyno lds  
%

a n a l o g y  ( a l s o  shown i n  th e  F i g u r e ) .

6 . 5 . 5  S e p a r a t i o n  p o i n t s  f o r  u^ = 24 f t / s .

A s e t  o f  p r e d i c t i o n s ,  u s i n g  R e l a t i o n  1 and R e l a t i o n  2 i n  t u r n ,  

was the n  com ple ted  f o r  a  r a n g e  o f  i n t e r m e d i a t e  w a l l  t e m p e r a t u r e s .

Of p r im a r y  i n t e r e s t  was t h e  movement o f  t h e  s e p a r a t i o n  p o i n t .  A 

t a b l e  of  s e p a r a t i o n  p o i n t s ,  i n c l u d i n g  t h e s e  fo r  a d i a b a t i c  f l o w  and 

f o r  a w a l l  t e m p e r a t u r e  of  425 K was drawn up and i s  g i v e n  be low.



( R e l a t i o n  l ) ( R e l a t i o n  £

200 K ( a d i a b a t i c ) 2 0 . 1 0 1 8 . 0 0

225 K 19ob5 17 .55

250 K 19*55 1 7 .8 0

275 K 1 9 . 5 0 1 7 .4 0

400 K 1 9 . 4 0 17 .25

425 K 19-25 1 7 . 2 0

T ab le  2 :  S e p a r a t i o n  P o i n t s  a t  u.  --------------  x 1)1 24 f t / s .

S e p a r a t i o n  p o i n t s  a t 0 t h  e r  en t r y  v e 10 c i t i e s .

The d u c t  e n t r y  v e l o c i t y  , which had r e m a in e d  a t  24 f t / s

f o r  a l l  p r e v i o u s  r u n s  u s i n g  t h e  a u t h o r 1s d a t a ,  was t h e n  i n c r e a s e d  

to  60 f t / s  t o - r e p r e s e n t  c o n d i t i o n s  a t  t h e  maximum flov;  v e l o c i t y  

o b t a i n e d  e x p e r i m e n t a l l y .  S e p a r a t i o n  p o i n t s  were a g a i n  c a l c u l a t e d  

f o r  a  r a n g e  o f  w a l l  t e m p e r a t u r e s ,  u s i n g  t h e  two JI (ll) r e l a t i o n s  i n  

t u r n ,  and th e  r e s u l t s  a r e  t a b u l a t e d  be low.

V/a 11 T c • n p e r  a t  u r  e

201 K ( a d i a b a t i c ^  

225 K 

220 K 

275 K 

400 K 

425 K

S e p a r a t i o n  P o i n t  ( i n c h e s  f r om LE)

( R e l a t i o n  l )  ( R e l a t i o n  2)

20.90

2 0 .0 0

2 0 . 7 0

20.60

20.50

20.40

19 .25  

19.00  

18 .55  

1 8 .5 0  

10 .45

10o4 0

Table  2 1 S e p a r a t i o n  P o i n t s  a t  -  60  f t /





A f u r t h e r  s e r i e s  o f  p r e d i c t i o n s ,  a t  an e n t r y  v e l o c i t y  of  

40 f t / s ,  was t h e n  c o m p le te d .  Th is  was l o s s  d e t a i l e d  tha n  t h e  p r e v i o u s  

two, and o n ly  c o v e re d  two w a l l  t e m p e r a t u r e s  o t h e r  th a n  a d i a b a t i c .  The 

r e s u l t s  a r c  t a b u l a t e d  be low.

V/al 1 T em pera tu re

J00 K ( a d i a b a t i c )  

350 K 

400 K

.Separ a t i o n  P o i n t  ( i n c h e s  from hd ) 

( R e l a t i o n  l )  ( R e l a t i o n  2)

20.325  1 8 .5 0

2 0 .1 0  18 .35

19.75  1 8 .0 0

T ab le  4 '• S e p a r a t i o n  P o i n t s  a t  u^ = 40 f t / s .

A s i m i l a r  p r e d i c t i o n  was pe r fo rm e d  f o r  an  e n t r y  v e l o c i t y  of  

100 f t / s .  ( s e e  t a b l e  b e lo w ) .

Wall Tem pera tu re

300 K ( a d i a b a t i c )

350 K
■>

400 K

S e p a r a t i on P o i n t  ( i n c h e s  f r om IB) 

( R e l a t i o n  l )  ( R e l a t i o n  2)

21.20  i; 19.55

20.90  I 9 . 4O

2 0 .7 0  19 .15

S e p a r a t i o n  P o i n t s  a t  u^ = 100 f t / s .

6 . 5 .5  x scu s s 1 on of  P.e su .1 t s

The r e s u l t s  i n  T a b l e s  2, 3 and 4 were p l o t t e d  a g a i n s t  w a l l  

e x c e s s  t e m p e r a t u r e ,  a l o n g  With t h e  e x p e r i m e n t a l  r e s u l t s  u n d e r  th e  same 

c o n d i t i o n s  ( F i g u r e  39)-  The r e s u l t s  a t  100 f t / s  had  o f  c o u r s e  no 

e x p e r i m e n t a l  c . u i v a l e n t ,  and f o r  c l a r i t y  were o m i t t e d  from t h i s



f i g u r e .  However,  t h e y  a r e  i n c l u d e d  i n  F i g u r e  33• F o r  b o th  

e x p e r i m e n t a l  and p r e d i c t e d  r e s u l t s ,  s t r a i g h t - l i n e  d i s t r i b u t i o n s  

have  been  drawn; t h e s e  a r e  a  good f i t  t o  t h e  f o r m e r ,  b u t  l e s s  

s a t i s f a c t o r y  f o r  t h e  l a t t e r .  I t  had  been e x p e c t e d  t h a t  th e  

movement o f  t h e  p r e d i c t e d  s e p a r a t i o n  p o i n t  would be r e a s o n a b l y  

p r o g r e s s i v e ;  t h a t  t h i s  was n o t  so ( f o r  some c o n d i t i o n s ,  a t  l e a s t )  

was c o n s i d e r e d  to  be l a r g e l y  due to  the  c o a r s e n e s s  o f  th e  g r i d  

s p a c i n g ,  compared w i th  t h e  d i s t a n c e s  to  be m e asu re d .  E v id en ce  to  

s u p p o r t  t h i s  c o n c l u s i o n  i s  g iven  i n  S e c t i o n  6 . 8 .

The p r e d i c t e d  l a r g e  r e s p o n s e  of the  a d i a b a t i c  s e p a r a t i o n  p o i n t  

t o  change s  i n  f low  speed  was n o t  o b s e r v e d  e x p e r i m e n t a l l y .  T h i s  may 

have  been  t h e  r e s u l t  of  e x p e r i m e n t a l  e n t r y  c o n d i t i o n s ,  o r  t h e  

p r e d i c t i o n  ' 'neory  mo../ be i n  e r r o r .  I t  seems n o t  u n r e a s o n a b l e  to  

e x p e c t  some r e s p o n s e  t o  v a r i a t i o n  of  f l e w  speed ,  and  t h a t  t h i s  

r e s p o n s e  be p r o g r e s s i v e ,  which th row s  s u s p i c i o n  on th e  e x p e r i m e n t a l  

r e s u l t s .  However, t h e  i n c o n s i s t e n c i e s  i n  the  l a t t e r  may have  been 

e n t i r e l y  due t o  v i b r a t i o n  ( s e c  S e c t i o n  4 * 9 ) > i n d i c a t i n g  n e g l i g i b l e  

s e p a r a t i o n  p o i n t  movement f o r  v i b r a t i o n - f r e e  a d i a b a t i c  f l o w .  Thus 

no c o n c l u s i o n s  may be d rawn.  R e l a t i o n  1 p r e d i c t e d  l e s s  a d i a b a t i c  

p o i n t  movement th a n  d id  R e l a t i o n  2,

Both p r e d i c t i o n s  t i n d e r - e s t i m a t e d  t h e  v a l u e  o f  x a t  s e p a r a t i o n ,  

f o r  a l l  w a l l  t e m p e r a t u r e ,  t h e  d i s c r e p a n c y  b e i n g  g r e a t e r  f o r  R e l a t i o n  2.

At  an e n t r y  v e l o c i t y  o f  24 f t / s ,  b o th  R e l a t i o n s  p r e d i c t e d  a  r a t e  o f
-  *%

movement i n  r e s p o n s e  to w a l l  t e m p e r a t u r e  i n c r e a s e  a r o u n d  $0$ o f  

the  e x p e r i m e n t a l  v a l u e .  At 40 f t / s ,  th e  p r e d i c t e d  r a t e  was c l o s e  to  

' ■ ;  r i r a e n t a l  o n e , b u t  t h e  l a t t e r  was r e g a r d e d  a s  s u s p e c t  b e c a u s e
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of  p l a t e  v i b r a t i o n .  A'- 60 f t / s ,  t h e  two p r e d i c t i o n s  d i f f e r e d ;

R e l a t i o n  1 gave  a r e s p o n s e  r a t e  a ro u n d  6o/> o f  t h e  e x p e r i m e n t a l ,

w h i l e  R e l a t i o n  2 p r e d i c t e d  a r a t e  s l i g h t l y  g r e a t e r  t h a n  t h e  e x p e r i m e n t a l

one.

Comparing th e  o v e r a l l  p e r fo rm a n c e s  o f  each  R e l a t i o n ,  i t  w i l l  be 

seen  t h a t  R e l a t i o n  1 p r e d i c t e d  a  p r o g r e s s i v e  r e d u c t i o n  i n  r e s p o n s e  

r a t e  a s  v e l o c i  by r i s e s ,  w h i l e  R e l a t i o n  2 gave a f a l l  and then  a r i s e  

i n  r e s p o n s e  r a t e  w i t h  i n c r e a s i n g  f lo w  v e l o c i t y .  The e x p e c t e d  b e h a v i o u r  

o f  t h e  bou n d a ry  l a y e r  cn a  v i b r a t i o n - f r e e  p l a t e  ( d i s c u s s e d  i n  .S e c t io n  

4 . 9 ) s u g g e s t s  t h a t  t h e  p r e d i c t i o n s  from R e l a t i o n  1 a r e  p o s s i b l y  

c o r r e c t ,  w h i l e  t h o s e  from R e l a t i o n  2 a r e  m os t  u n l i k e l y  to  b e .

The p e r fo rm a n c e  o f  R e l a t i o n  1 was f u r t h e r  i n v e s t i g a t e d  f o r  o t h e r  

e n t r y  v e l o c i t i e s ,  c f  15, 20,  50 and 00 f t / s .  The e f f e c t  of  an i n c r e a s e  

i n  w a i l  t e m p e r a t u r e  of  100 dog C was exam ined ,  and a t a b l e  drawn up to  

i n c l u d e  a l l  t h e  e n t r y  v e l o c i t i e s  so f a r  employed..

T h i s  t a b l e  i s  shown o v e r l e a f .
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E n t r y  V e l o c i t y  S e p a r a t i o n  P o i n t s  ( injch e s  from Lb)

( f t / s ) 300 K ( a d i a b a t i c ) 400 K 57
" 1—1 0 CTN

15 ' 19-45 1 8 .6 0 7*24

20 19 .65 19 .25 5 .52

24 20 .1 0 1 9 .4 0 4 . 4 2

50 20 .2 0 19 .55 5 .65

4-0 20 .325 19 .75 2 .8 4

6o 20.90 20.50 2 .01

80 21 .1 0 2 0 .6 0 1 .5 4

100 21 .2 0 20 .70 1 .2 2

Tab l e  6 ;  S e p a r a t i o n  P o i n t s  P r e d i c t e d  by R e l a t i o n  1.

The r i g h t - h a n d  column l i s t s  th e  p a r a m e t e r  Kr  ( s e e  S e c t i o n  4 . 1 0 ) ,  

F o r  each  f lo w  s p eed ,  t h e  r a t i o  o f  h e a t e d  t o  a d i a b a t i c  R eyno lds  number 

a t  s e p a r a t i o n  was c a l c u l a t e d ,  b a s e d  on \>0Q t h r o u g h o u t ,  and p l o t t e d  

a g a i n s t  Kr  i n  F i g u r e  33* T h i s  gave a com par i son  w i t h  t h e  e x p e r i m e n t a l  

p o i n t s  o b t a i n e d ,  and trie e x p e c t e d  cu rv e  f o r  a v i b r a t i o n - f r e e  p l a t e .

The r e s u l t  was i n c o n c l u s i v e ;  the  p r e d i c t e d  R ey n o ld s  number r a t i o  

g e n e r a l l y  exceeded  the  e x p e r i m e n t a l  v a l u e ,  b u t  d i d  e x h i b i t  t h e  same 

t e n d e n c y  tow ards  f a l l i n g  w i t h  i n c r e a s i n g  Kr , and  (more i m p o r t a n t )  

t e n d i n g  tow ards  a s t e a d y  f i g u r e  o f  low v a l u e s  o f  Kr . T h i s  f i g u r e  was 

a ro u n d  0 .9 8 ,  which was r e a s o n a b l y  c l o s e  t o  th e  e x p e r i m e n t a l l y - d e r i v e d  • 

v a l u e .  However,  t h e  s c a t t e r  o f  the p r e d i c t e d  p o i n t s  was v e r y  g r e a t ,  

e s p e c i a l l y  f o r  h i g h e r  v a l u e s  o f  Kr . l i o d i f i c a t I o n s  t o  Q195, to  

r e d u c e  - t h i s  s c a t t e r  a t  t h e  c o s t  o f  a  m odes t  i n  er r -ace  i n  r e q u i r e d  

s t o r a g e  space  a r e  u n d e r  c o n s i d e r a t i o n .
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6 0 6  P u r t h e r  Vrodic t i o n s  u s i n g  Schubauer and K lebanof f  1 s Date

T h i s  co m p le te d  the  p r e d i c t i o n s  b ased  on the  a u t h o r ’ s d a t a .

F u r t h e r  i n v e s t i g a t i o n s  u s i n g  Q195 wore t h e n  made to check t h e  v a l i d i t y  

o f  t h e  p a r a m e t e r  Kr , and to  p r e d i c t  t h e  movement o f  th e  s e p a r a t i o n  

p o i n t  on a  t y p i c a l  a e r o f o i l ;  t h e s e  a r e  d e s c r i b e d  i n  S e c t i o n s  6.7 

and 6 . 8 .  A f i n a l  s e t  o f  p r e d i c t i o n s  was made w i t h  t h e  d a t a  o f  

S chubauer  and  K l e b a n o f f ,  a s  u sed  p r e v i o u s l y ;  t h i s  employed th e  

e m p i r i c a l  m o d i f i c a t i o n s  t o  t h e  momentum i n t e g r a l  e q u a t i o n ,  d e s c r i b e d  

i n  S e c t i o n  6 . 2 ,  t o  g i v e  an a c c u r a t e  f i t  to  t h e  e x p e r i m e n t a l  0 

d i s t r i b u t i o n .  In  t h e  e n t r a i n m e n t  c a l c u l a t i o n s ,  t h e  K^(ll) r e l a t i o n  

i n c l u d e d  c o r r e c t i o n s  f o r  R and c u r v a t u r e  a s  i n  t h e  R e l a t i o n  1 u s e d  

i n  p r e d i c t i o n  of  t h e  a u t h o r ’s r e s u l t s .  However,  t h e  c u r v a t u r e  

c o r r e c t i o n  was e m p i r i c a l l y  r e d u c e d ,  t o  r e f l e c t  th e  assumed r e d u c e d  

s t a t i c  p r e s s u r e  d i f f e r e n c e  a c r o s s  the  b ounda ry  l a y e r ,  compared w i th  

the  r a d i a l  e q u i l i b r i u m  c a s e .  The r e s u l t i n g  II d i s t r i b u t i o n  i s  shown 

i n  F i g u r e  55? and  w i l l  be s een  g e n e r a l l y  to  l i e  above  the  e x p e r i m e n t a l  

v a l u e s .  However,  t h i s  p o s i t i o n  was r e v e r s e d  b e f o r e  t h e  t r a i l i n g  edge 

was r e a c h e d ,  and. s e p a r a t i o n  was n o t  p r e d i c t e d .

i n  view o f  t h i s  r a t h e r  poo r  p e r f o r m a n c e ,  a  f u r t h e r  p r e d i c t i o n  

was made f o r  the  same d a t a ,  u s i n g  e n t r a p m e n t  R e l a t i o n  2. The r e s u l t s  

a r e  n o t  g i v e n  in  F i g u r e  55? a s  t h e y  showed p r a c t i c a l l y  no change from 

th e  p r e d i c t i o n s  o f  H ead ’s  o r i g i n a l  H, (ll) r e l a t i o n ,  i n d i c a t i n g  t h a t  the  

c u r v a t u r e  c o r r e c t i o n s  were v e r y  s m a l l .  T h i s  was,  o f  c o u r s e ,  to  be 

e x p e c t e d  i n  v iew  o f  the  l a r g e  r a d i i  o f  c u r v a t u r e  o f  the  S c h u b a u e r /

KIoban o f f  wing.
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I t  h a s  a l r e a d y  been m e n t io n ed  ( s e e  S e c t i o n  4*10) t h a t  e q u a l

v a l u e s  c l ’ the  p a r a m e t e r

po
r  "  2 * 9 ru pw

may be o b t a i n e d  by d i f f e r e n t  c o m b in a t i o n s  o f  f l o w  v e l o c i t y  and 

s t r e a m l i n e  c u r v a t u r e .  The r e l e v a n c e  o f  the  p a r a m e t e r  may t h e r e f o r e

be t e s t e d  by com par ing  b e h a v i o u r  o f  th e  boundary  l a y e r  a t  the same Kr

b u t  d i f f e r e n t  f l o w  v e l o c i t y .  E x p e r i m e n t a l l y  t h i s  would be t im e -  

consuming,  r e q u i r i n g  t h e  c o n s t r u c t i o n  o f  s e v e r a l  d u c t s  o f  v a r i o u s  

r a d i i  o f  c u r v a t u r e .  However, compute r  p r e d i c t i o n s  f o r  t h e s e  c o n d i t i o n s  

p r e s e n t  no p ro b lem .

Two v a l u e s  of  Kr  v;ere chosen  f o r  i n v e s t i g a t i o n ,  t h e s e  b e i n g  

-  2 .01  x 10 ° and -  4*42 x 10**^, r e p r e s e n t i n g  t h e  u p p e r  and low er
eg

l i m i t s  o f  t h e  e x p e r i m e n t a l  r a n g e .  These v a l u e s  were o b t a i n e d  

e x p e r i m e n t a l l y  a t  e n t r y  v e l o c i t i e s  of  a b o u t  60 and 24 f t / s  r e s p e c t i v e l y .  

In t h e  p r e d i c t i o n s ,  t h e  e n t r y  v e l o c i t i e s  were f i r s t  s e t  a t  40  and 

15 f t / s ,  and  t h e  p l a t e  r a d i u s  o f  c u r v a t u r e  r e d u c e d  to  o b t a i n  th e  same 

v a l u e s  o f  Kr . Then,  w i t h  v e l o c i t i e s  o f  200 and  80 f t / s ,  and i n c r e a s e d  

r a d i i  o f  c u r v a t u r e ,  th e  t e s t s  were r e p e a t e d .  The e f f e c t  o f  w a l l  h e a t i n g ,  

a t  5O and ICO deg C above a m b ie n t ,  was then  ex am in ed .  The p r e d i c t e d  

s e p a r a t i o n  p o i n t  movements were e x p r e s s e d  a s  R e y n o l d s  number r a t i o s ,  

a s  b e f o r e ,  and t h e  r e s u l t s  f o r  a 100 deg  C r i s e  i n  w a l l  t e m p e r a t u r e  

a r e  shown a s  s i n g l e  p o i n t s  . i n ' 'F i g u re  35*

These d e m o n s t r a t e d  r e a s o n a b l y  c l e a r l y  t h a t  Kr  a l o n e  i s  n o t  an  

a d e q u a t e  p a r a m e t e r  f o r  d e s c r i b i n g  t h e  e f f e c t s  o f  f l o w  v e l o c i t y  and



r a d i u s  o f  c u r v a t u r e .  At Kr  -  -  4*42 x 10 ' ,  t h e  t h r e e  c a l c u l a t e d  

p o i n t s  i n d i c a t e d  a  r e d u c e d  s e p a r a t i o n  p o i n t  movement f o r  i n c r e a s e d

-  6r a d i u s  o f  c u r v a t u r e  ( o r  i n c r e a s e d  f low  v e l o c i t y ) .  At Kr  = - 2 . 0 1  x 10 ,

t h e  p i c t u r e  was n o t  so c l e a r ,  p o s s i b l y  b e c a u s e  one c f  th e  p o i n t s  

( l a b e l l e d  R = 2 . 3 0  f t )  was c a l c u l a t e d  a t  a f lo w  s p e e d  o f  200 f t / s ,  

a t  which c o m p r e s s i b i l i t y  e f f e c t s  cou ld  n o t  e n t i r e l y  be i g n o r e d .  I t  

a p p e a r e d  t h a t  t h e s e  e f f e c t s  tended  to i n c r e a s e  t h e  s e p a r a t i o n  p o i n t  

movement,  compared t o  t h e  i n c o m p r e s s i b l e  c a s e ,  and t h i s  was c o n f i rm e d  

by th e  i n c l u s i o n  o f  a  f o u r t h  c a l c u l a t e d  p o i n t ,  f o r  a  f lo w  speed  o f  

100 f t / s  ( l a b e l l e d  R -  1 ,1 5  f t ) .  C o m p re ss ib l e  f lo w  and i t s  e f f e c t s  

a r e  d i s c u s s e d  a t  g r e a t e r  l e n g t h  i n  S e c t i o n  8 . 5 .

From t h e  a bove ,  i t  i s  seen  t h a t  th e  p a r a m e t e r  Kr  f a l l s  s h o r t  of

i t s  pr ime o b j e c t i v e ,  to  p ro d u c e  a s i n g l e  p r e d i c t e d  c u rv e  i n  F i g u r e  33*

I n v e s t i g a t i o n s • i n t o  t h e  v a l i d i t y  o f  f u r t h e r  p a r a m e t e r s  a r e  p l a n n e d ,  

b u t  m o d i f i c a t i o n s  to  Q195> to  improve i t s  p r e c i s i o n  i n  f i x i n g  the  

s e p a r a t i o n  p o i n t ,  a r e  r e q u i r e d  b e f o r e  such  work i s  u n d e r t a k e n .
(j

6 , 0  A e r  o f  o i l  P r  e d i e  t  :i o n s

The program QjL95 was th e n  p u t  to  i t s  o r i g i n a l  u s e ,  i n  a  s e r i e s  

o f  p r e d i c t i o n s  o f  f lo w  o v e r  an a e r o f o i l .  F o r  t h e  m a j o r i t y  of  t h e s e  

c a l c u l a t i o n s ,  the  i t e r a t i v e  p r o c e s s  f o r  d u c t  f lo w  was o m i t t e d ,  a f t e r  

i t  was shown t h a t  t h e  b o u n d a ry  l a y e r s  were s u f f i c i e n t l y  t h i n  to  make 

d u c t  b lo c k a g e  c o r r e c t i o n s  u n n e c e s s a r y ;  t h i s  o f  c o u r s e  saved  a 

c o n s i d e r a b l e  amount of. com pu t ing  t im e .  The a e r o f o i l  model  was of  

2 i n .  ch o rd ,  w i th  g r i d  p o i n t s  s p aced  a t  0 .1  i n .  i n t e r v a l s .  The s t a t i c  

p r e s s u r e  d i e  • r i . b u t i o n , a p p l i e d  by s p e c i f y i n g  l o c a l  f r e e s t r e a m  v e l o c i t y ,



was v a r i e d  from run  to ru n .  but  was g e n e r a l l y  t y p i c a l  f o r  compressor 

b l a d in g .  The f i r s t  t e s t s  were made f o r  a com p le te ly  t u r b u l e n t  

boundary l a y e r  on the  s u c t i o n  s u r f a c e  (a  common assum pt ion  in  the  

aerodynamic s tudy  of compressor b la d e s )  and employed f o u r  d i f f e r e n t  

combina t ions  of  the  momentum i n t e g r a l  and e n t r a in m e n t  e q u a t i o n s .

These were as  f o l l o w s : -

1. The momentum i n t e g r a l  eq u a t io n  was w r i t t e n  w i th  no

c o r r e c t i o n  terms fo r  s u r f a c e  c u r v a t u r e ,  and the  e n t r a in m e n t  

H^(ll) r e l a t i o n  was the  unique s i n g l e - c u r v e  type .g iven . in 

Equa t ion  ( 3 )* This  e f f e c t i v e l y  t r e a t e d  the  a e r o f o i l  as

a f l a t  p l a t e  w i th  v a r i a b l e  p r e s s u r e  g r a d i e n t .

2. The momentum i n t e g r a l  e q u a t io n  was unchanged, b u t  the

H-j (ll) r e l a t i o n  was m o d i f ied  to  i n c lu d e  c o r r e c t i o n s  f o r

R , as  d e s c r ib e d  i n  S e c t io n  6 . 4 * T h i s  was s t i l l  a f l a t -  

p l a t e  t r e a tm e n t .

3 . The momentum i n t e g r a l  equa t ion  was r e - w r i t t e n  to  i n c lu d e

c u r v a tu r e  te rms ,  bu t  w i th  n e g l i g i b l e  s t a t i c  p r e s s u r e  

v a r i a t i o n  a c r o s s  the  boundary l a y e r  (E q u a t io n  ( 4 ) ) -  The 

s u c t i o n  s u r f a c e  r a d i u s  of c u r v a t u r e  was uniform a t  1 f t .

The e n t ra in m e n t  th e o ry  was unchanged from t e s t  2. This  

combination r e p r e s e n t e d  the  t h e o ry  u sed  in  the  Rol ls -Royce  

v e r s i o n  of Q1 9 5  made a v a i l a b l e  to  the a u t h o r ,  w i th  the  

a d d i t i o n  of c o r r e c t i o n s  to e n t i a i n m e n t .

4 . The momentum i n t e g r a l  e q u a t i o n  was \ T i t t e n  v / i th  c u r v a t u r e

t e r n s  f o r  f u l l  r a d i a l  e q u i l i b r i u m ,  a s  i n  E q u a t io n  ( 5) ,

• 0.
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The II. (ll) r e f l a t io n  i n d u c e d  c o r r e c t i o n  term a f o r  R
X W

as  b e f o r e ,  b u t  a l s o  c o n ta in ed  c u r v a tu re  te rm s ,  to  make 

the  e n t r a in m e n t  th e o ry  t h a t  of R e l a t i o n  1 in  the  p r e d i c t i o n s  

of  the a u t h o r ' s  r e s u l t s .

The flow on the  p r e s s u r e  s u r f a c e  of the a e r o f o i l  was no t  s t u d i e d  

in  d e t a i l ,  a s  the  main concern  was the growth towards  s e p a r a t i o n  o f .  

the  s u c t i o n  s u r f a c e  boundary l a y e r .  For each of  the  above f o u r  

t h e o r i e s ,  the  same p rocedure  was adop ted .  A d ia b a t i c  t e s t i n g  took 

p la c e  wi th  v a r y i n g  s t a t i c  p r e s s u r e  g r a d i e n t s  over th e  l a s t  few g r i d  

p o i n t s  on the  b la d e ,  u n t i l  s e p a r a t i o n  was e s t a b l i s h e d  j u s t  ups t ream 

of the  t r a i l i n g  edge.  Then, f o r  the  same p r e s s u r e  g r a d i e n t ,  the  

e f f e c t  of  wal l  h e a t i n g  on movement o f  the  s e p a r a t i o n  p o i n t  was 

c a l c u l a t e d ,  f o r  uniform w a l l  t e m p e ra tu re s  pO and 100 deg 0 above the  

s t a g n a t i o n  tem pera tu re  of th e  f r e e s t r e a m .  No d e t a i l e d  exam inat ion  was 

made of the s e p a r a t i o n  p o i n t s  p r e d i c t e d  by the f o u r  t h e o r i e s  under  

i d e n t i c a l  f low c o n d i t i o n s .

The i n l e t  v e l o c i t y  f o r  a l l  t e s t s  was '(GO f t / s .  Local ihach numbers 

remained below u n i t y  th ro u g h o u t .  A t a b l e  of s e p a r a t i o n  p o i n t s  l o r  the  

f o u r  t h e o r i e s  i s  g iven  below. The a d i a b a t i c  p o i n t s  a r e ,  of co u rse ,  

a r b i t r a r y  as  they  a r e  the  r e s u l t  of v a r i a t i o n s  i n  p r e s s u r e  d i s t r i b u t i o n .

The tem p e ra tu re  Tr  r e f e r s  to  the  a d i a b a t i c  wall  te m p e ra tu re ,  which 

f o r  th e se  c a l c u l a t i o n s  was w i th in  a few deg rees  o f  the  s t a g n a t i o n  

t  em p e r a t u r e  T0 .



he oar; '

T hec ry A d i a b a t i c ( " w a l l  " Tr> = C°

1. 1 .905 1 .855

2. 1 .9 9 0 1 .915

5. 1 .955 1 . 8 8 0

4. 1 .9 7 0 1.895

(T „  -  T ) -  100 ' v/al.L r

1.775

1.050

1,8125

1 .8 0 0

Table  7 ; Sopara l io n  P o i n t s  on A e r o f o i l ,  F u l l y  Tu rb u len t
boundary Layer.

Expressed  as  p e r c e n ta g e s  of the  v a lu e  of x a t  s e p a r a t i o n , '  the se  

a r e  r e d u c t i o n s  of 6 . 870, 7 * 0/S 7*2 /° and 8 . 65s, f o r  an i n c r e a s e  i n  wal l

tem pera tu re  of  100 dog C above th e  a d i a b a t i c  v a l u e .  I t  w i l l  a l s o  be

seen t h a t  the movement of the  s e p a r a t i o n  p o i n t  i s  a p p ro x im a te ly  

l i n e a r  wi th  wall  excess  t e m p e r a t u r e , This  was n o t  r e a d i l y  a p p a r e n t  

i n  the  t e s t s  f o r  the curved, du c t ,  where the  g r i d  s p a c in g  was somewhat 

c o a r s e .  The above s u g g e s t s  t h a t  the  s t r a i g h t - l i n e  p r o f i l e s ,  drawn in  

F ig u re  55 th rough  the ve ry  s c a t t e r e d  p r e d i c t e d  s e p a r a t i o n  p o i n t s  f o r  

the  curved d u c t ,  a r e  not s e r i o u s l y  i n  e r r o r .

A second s e t  of p r e d i c t i o n s  was th e n  made f o r  an i n i t i a l l y  aaminar 

boundary l a y e r ,  w i th  the  t u r b u l e n t  s e c t i o n  f o l l o w i n g  t h e o r i e s  5 ana. 4» 

Again,  the  streamv/ise v e lo c i  ty  d i s t r i b u t i o n  was a r r a n g e d  to  produce 

t u r b u l e n t  s e p a r a t i o n  j u s t  s h o r t  of the t r a i l i n g  edge,  f o r  a d i a b a t i c  

f low .  I t  was found t h a t  f o r  a 1 fo i n t e n s i t y  of  t u r b u l e n c e ,  l a m in a r  

s e p a r a t i o n  was p r e d i c t e d ,  w i t h  t u r b u l e n t  r e a t t a c h m e n t  a s h o r t  d i s t a n c e  

d o v ; s t r e a m .  V/.i. th an i n t e n s i t y  of tfju  ( p r o b a b l y  a more r e a l i s t i c  f i g u r e ) , 

t h e  l a m i n a r  l a y e r  went  i n t o  t r a n s i t i o n  in  the  u s u a l  wav. The r e s u l t s  

quo te d  be low a r e  f o r  the  l a t t e r  f i g u r e .



Se p ar atior, Point (j.uch.es_f roi.i J Pi)

T u rb u le n  t  Theo ry  A d i a b a t i c  ^ V a l l " *  C (T_f_ ^

3 , 1 .950  1 .860  1.795

4 . - 1.9075  1 *8^0 I .775

Tabl e  8 : S e p a r a t i o n  P o i n t s  on A e r o f o i l ,  hr,m i n a r / T u r b u l o n t
Boundary  Laye r .

E x p r e s s e d  a s  p e r c e n t a g e s  o f  th e  v a l u e  o f  x a t  s e p a r a t i o n ,  t h e s e  

a r c  r e d u c t i o n s  o f  "(.O/'o and  7*0,6, f o r  an  i n c r e a s e  i n  w a l l  t e m p e r a t u r e  

o f  ICO deg  C above  t h e  a d i a b a t i c  v a l u e .  The t r a n s i t i o n  p o i n t  was n o t  

g r e a t l y  a f f e c t e d  by t h e  w a l l  h e a t i n g ;  i n d e e d ,  t h e  p o s i t i o n  o f  th e  

end  o f  t r a n s i t i o n  was n o t  a l t e r e d  a t  a l l .

Thus i t  w i l l  be seen  t h a t ,  f o r  an i n c r e a s e  i n  b l a d e  t e m p e r a t u r e  o f  

100 deg  G above t h e  a d i a b a t i c  v a l u e ,  th e  v a l u e  o-’ x a t  s e p a r a t i o n  was 

r e d u c e d  by be tween 6 . 0cy> and 8.6/6, i n d i c a t i n g  t h a t  t h e  e f f e c t  o f  w a l l

h e a t i n g  i s  n o t  s i g n i f i c a n t l y  i n f l u e n c e d  by the  c h o i c e  o f  p r e d i c t i o n

t h e o r y .

F o r  a g iv e n  m a in s t r e a m  v e l o c i t y  d i s t r i b u t i o n ,  t h e  p o s i t i o n  o f  

t h e  a c i a b a t i c  s e p a r a t i o n  p o i n t  i s  o f  c o u r s e  h i g h l y  d e p e n d e n t  on th e  

p r e d i c t i o n  t h e o r y  u s e d .  In g e n e r a l ,  t h e  c o r r e c t i o n s  f o r  c u r v a t u r e  

t e n d  t o  advance  t h e  p r e d i c t e d  p o i n t :  p u t  a n o t h e r  way , t h e  e f f e c t

o f  c u r v a t u r e  i s  to  make the  boundary  l a y e r  l e s s  t o l e r a n t  o f  a d v e r s e  

p r  e s s u.y c g r  ad i  e n t  s .

The im p l ic a t io n ?  of  t h e se  r e s u l t , s ? r e g a r d i n g  'the t r a n s i e n t  

performance of an uxi.-.l compressor ,  w i l l  be d i s c u s s e d  in  Chapter 8 .



CHAPTER 7

PREDICTION1 PROGRAM Q199 - DISCUSSION 

The m o d i f i c a t i o n s  made by the  a u t h o r  to  the t u r b u l e n t  s e c t i o n  

of Q195 have a l r e a d y  been d e s c r i b e d .  B r i e f l y ,  th e s e  a t t e m p ted  to 

c o r r e c t  the  c a l c u l a t i o n s  of momentum t h i c k n e s s  and shape f a c t o r  f o r  1

s u r f a c e  c u rv a tu r e  and Reynolds  number e f f e c t s .  Also ,  the  scope of 

the  program was widened to  i n c lu d e  d u c t  problems. S e v e ra l  o t h e r  

a l t e r a t i o n s  were made, bu t  th e se  were to improve i t s  ease  of h a n d l in g  

r a t h e r  than i t s  v e r s a t i l i t y  or  a ccu racy .

In i t s  c u r r e n t  form, Q199 i s  c a p a b l e . o f  p r e d i c t i n g  boundary 

l a y e r  p a ram e te r s  on f l a t  or curved s u r f a c e s  f o r  a  wide v a r i e t y  of 

p r e s s u r e  d i s t r i b u t i o n s .  S u c t io n  and i n j e c t i o n  a t  th e  w a l l  a r e  

p e r m i s s i b l e ;  t h i s  s e c t i o n  c f  th e  program was n o t  i n v e s t i g a t e d  by 

the  a u t h o r ,  and remains  i n  the  form drawn up by R o l ls -R oyce  Ltd,

V/all t e m p e r a t u r e  v a r i a t i o n s  o ver  a  g e n e ro u s  r a n g e  a r e  a l s o  c a t e r e d  

f o r ,  a s  i s  th e  e f f e c t  of  s u r f a c e  r o u g h n e s s  ( a g a i n  i g n o r e d  by th e  

a u t h o r ) .  T r a n s i t i o n ,  l a m i n a r  s e p a r a t i o n  and t u r b u l e n t  s e p a r a t i o n  

a r e  a l l  i n c l u d e d  i n  t h e  p r e d i c t i o n  t h e o r y .

7 .1 moment u m I n t e g r a l  Equati  on

The form of the  momentum i n t e g r a l  o q i a t i o n  i s  now c o n s id e red  

s a t i s f a c t o r y .  Th is  p e r m i t s  any of th ro e  c o n d i t i o n s s  no Gtronmiine cu rv a tu re ,  

c u r v a tu r e  wi th  no r a d i a l  p r e s s u r e  g r a d i e n t  and c u r v a t u r e  w i th  f u l l  r a d i a l  

e q u i l i b r i u m .  One p o s s i b l e  e x t e n s i o n  i s  to cover  r a d i a l  p r e s s u r e  

g r a d i e n t s  bed : t h e  e q u i l i b r i u m  v a l u e ,  a s  e x e m p l i f i e d  by the  Schubauer
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and K le b a n o f f  t e s t s  ( 2 d )  : however, t h i s  i s  p ro b ab ly  b e s t  done to  

s u i t  the  i n d i v i d u a l  case* The r a d i a l  e q u i l i b r iu m  e q u a t i o n  performed 

v/e l l  w ith  the  a u t h o r ' s  d a t a ,  given a matched s t a r t i n g  v a lu e .  F u r t h e r  

comparison wi th  exper im ent  of a l l  forms of the  e q u a t io n  would, of 

c o u r s e , be va 1 uab .1 e .

7 , 2  E n t r a i nment Theory a n d Skin F r i c t i o n

P r e d i c t i o n  of shape f a c t o r  was a more l i m i t e d  s u c c e s s .  Here,  the 

e x t r a  e m p i r i c a l  c o n te n t  of the  c o r r e c t i o n s  f o r  c u r v a t u r e  and R must 

be weighed a g a i n s t  the  a cc u ra c y  g a ined .  Comparison w ith  the a u t h o r ' s  

r e s u l t s ,  wi th  v e ry  r a p i d  boundary l a y e r  growth and s e p a r a t i o n ,  was 

an ex tremely  seve re  t e s t  f o r  the t h e o r y .  The need f o r  a c o r r e c t i o n  

term f o r  s u r f a c e  c u rv a tu r e  i n  the  Hj (il) r e l a t i o n  was c l e a r ;  w i th o u t  

one, s e p a r a t i o n  would n o t  have been p r e d i c t e d .  However, the  magnitude 

of  t h i s  c o r r e c t i o n  depended on whether th e  terms i n  Pi I .com Thompson ( 

were in c lu d e d .  A cco rd ing ly ,  two forms of the H^(H) r e l a t i o n  were 

drawn up, and t e s t e d  s im u l ta n e o u s ly .

The r e s u l t s  were . in c o n c lu s iv e . The R g  terms r e s u l t e d  i n  e a r l y  

v a lu e s  of  H which wore much too l a r g e ;  however, t h e  s e p a r a t i o n  

p r e d i c t i o n s  from t h i s  v e r s i o n  were g e n e r a l l y  s u p e r i o r .  R e tu rn in g  

to  the d a t a  of Schubauer and K lcbanof f ,  i t  was seen  t h a t  the  Tig 

terms a g a in  produced a c o n s i d e r a b l e  d i s c rep a n c y  over  most of  the  

s u r f a c e .  The r a d i u s  o f  c u r v a tu r e  v/as too g r e a t  f o r  the  c u r v a tu r e  

c o r r e c t i o n  to  be a s s e s s e d .

C l e a r l y , ‘ a  g r e a t  d e a l  r e m a in s  to be clone b e f o r e  t h i s  s i t u a t i o n  

may bo r e s o l v e d .  At p r e s e n t ,  t h e  o r i g i n a l  II. (rl) r e l a t i o n  of  Head (5)
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i s  adequa te  f o r  many s i t u a t i o n s ,  mid the  e f f e c t s  o f  s u r f a c e  c u rv a tu r e  

a r e  smal l  f o r  v a l u e s  of S/R below abou t  0 . Ob. Expe r im en ta l  work, 

w i th  l a r g o  v a lu e s  of  8 / R , i s  n e c e s s a r y  to  e v a l u a t e  th e  curve. ture 

c o r r e c t i o n  terras, and more compar isons  w i th  g e n e r a l  e x p e r im en ta l  

r e s u l t s  a r e  needed to  de te rm ine  the  u s e f u l n e s s  of the terms i n  K^.

A l l  t h i s  a p p l i e s  to  Head 's  0 r e l a t i o n ;  a s i m i l a r  exam ina t ion  of  h i s  

F r e l a t i o n  was n o t  c a r r i e d  o u t .  I t  may be t h a t  c o r r e c t i o n  terms a r e  

r e q u i r e d  h e re  a l s o ;  In  view o f  the  a l r e a d y  h igh  e m p i r i c a l  c o n te n t

o.t the  method, i t  i s  to be hoped n o t .

P r e d i c t i o n s  o f  sk in  f r i c t i o n  were l a r g e l y  dependent on the  l o c a l  

shape f a c t o r ,  and t h e r e f o r e  s u f f e r e d  from the i n a c c u r a c i e s  i n  

p r e d i c t i o n  of  the  l a t t e r . As f a r  a s  may be judged,  a c c e p t a b l y  

a c c u r a t e  sk in  f r i c t i o n  v a l u e s  a r e  c a l c u l a t e d  when th e  shape f a c t o r  

i s  n o t  s e r i o u s l y  in  e r r o r .

7 * 3 S ta n t o n  Humber

As ment ioned e a r l i e r ,  the  p r e d i c t e d  S tan ton  numbers from the 

a u t h o r 1 s d a t a  wore n o t  s a t i s f a c t o r y .  In  t h e i r  o r i g i n a l  p ape r ,  t l o r e t t i  

and Kays (.13) t e s t e d  t h e i r  method i n  zero  or f a v o u r a b le  p r e s s u r e  

g r a d i e n t s ,  f o r  a range  of wal l  t em p e ra tu re  d i s t r i b u t i o n s ;  the 

r e s u l t s  were e n courag ing .  However, the more severe  t e s t  of  p r e d i c t i o n s  

f o r  a d v e r s e  p r e s s u r e  g r a d i e n t s  was n o t  a t t e m p te d .  For the  a u t h o r ’s * 

e x p e r i m e n t a l  c o n d i t i o n s ,  th e  method responded  p o o r l y  to  changes  i n  

; e s s u r  »m* id ■ p r  d:i : o s g e n e r a l l y  sirai} r  to ’ hose f o r

a  f l a t  p l a t e  a t  z e r o  i n c i d e n c e ,  a s  w i l l  be seen  from F i g u r e  2Ar. 

e d i f i c a t i o n s  to  th e  method to  remove t h i s  o b j e c t i o n  o r e  n o t  p o s s i b l e .
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Of the  a l t e r n a t i v e  c a l c u l a t i o n  p r o c e d u r e s  d i s c u s s e d  in  S ec t io n  4 .fi,

t e m p e ra tu re  p r o f i l e  shape w i l l  have to  be made.

The o t h e r  s e c t i o n s  o f  Q195> d e a l i n g  w i th  th e  lam ina r  boundary 

l a y e r ,  t r a n s i t i o n  and la m in a r  s e p a r a t i o n ,  were n o t  m odif ied  by the  

a u t h o r .

7•4 F u to re  h o v e l 0 om en ts .

P r o p o sa l s  f o r  f u t u r e  work on the  Rol ls -Royce  v e r s i o n  of Q195 

have been d e s c r i b e d  by F t  ini ( 14 ) • B r i e f l y ,  t h e se  in c lu d e  m o d i f i c a t i o n s  

to  l a m in a r  h e a t  t r a n s f e r  and s e p a r a t i o n  b u b b le s ,  whi le  f o r  the  

t u r b u l e n t  s e c t i o n ,  the  main t o p i c s  a r e  s u r f a c e  roughness ,  T ay lo r -  

G o r t i e r  v o r t i c e s  and flow r e l a m i n a r i s a t i e n .  Meanwhile, P e r r y  (21) 

has  exp re ssed  )i is  di s s a t i s f a c t i o n  w i th  th e  c u r r e n t  performance of 

Head1s e n t ra in m e n t  th e o ry ,  and i s  c o n s i d e r i n g  the  use  of  an a l t e r n a t i v e

nd K line  (22) may prove  u s e f u l

b a s i s  f o r  a r e p l a c e m e n t ,  a l t h o u g h  c e r t a i n . urn p t  .1. o n s r  e gar  d i  n g

m e th o d .

C e r t a i n l y ,  t h e  g r e a t e s t  weakness of Q195 i n  i p r e s e n t  form i

i t s  i n d i f f e r e n t  performance i n  shape c t o r  p r e d i c t i o n ,  b u t  the  same

id f o r  many b ounda ry  l a y e r  method I t  i s  c o n s i d e r e d  by the

a u t h o r  t h a t  f u r t h e r  com par i son  w i th  e x p e r i m e n t  i s  a d v i s a b l e  b e f o r e  

t h e o r y .  R a d i a l  e q u i l i b r i u m  f l

, e s p e c i a l l y  i f  t h eon ' ; tJ most  . . i r e  f

lows would p r o v id e  more or  me Lion on. t h e



s u b j e c t  o f  c u r v a t u r e  c o r r e c t i o n s .  I t  s h o u ld  be em p h a s i s e d ,  

however ,  t h a t  th e  e n t r a i n m e n t  th e o ry  i n  i t s  p r e s e n t  form g i v e s  v e r y  

s a t i s f a c t o r y  p r e d i c t i o n s  f o r  the  m a j o r i t y  o f  c a s e s ,  and  i t  i s  o n ly  i n  

ex t re m e  c o n d i t i o n s  t h a t  i t s  pe r fo rm a nce  s u f f e r s .
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8,1. Compar ison v,ri t h  P u b l i s h e d  V/ork _

The a u t h o r ' s  f l a t  p l a t e  r e s u l t s  a r e  w e l l  s u p p o r t e d  by th o s e  of

Liepmann and F i l a  ( lO ) ,  H i g g in s  and Pappas  (6)  and o t h e r s .  The

c o n c l u s i o n  r e a c h e d  i s  t h a t  on a  f l a t  p l a t e ,  h e a t  t r a n s f e r  to  t h e

l a m i n a r  b ounda ry  l a y e r  b r i n g s  a b o u t  t r a n s i t i o n  a t  a  low er  R eyno lds

number (based  on x ) .  F o r  a  100 deg  C r i s e  i n  p l a t e  t e m p e r a t u r e ,  the

Rey n o ld s  number i s  r e d u c e d  by a b o u t  f o r  an u n s t a b l e  buoyancy

c o n d i t i o n ,  and t h e  r e d u c t i o n  i s  a p p r o x i m a t e l y  l i n e a r .

F or  cu rv ed  d u c t s ,  no o t h e r  i n v e s t i g a t i o n s  o f  w a l l  h e a t i n g  e f f e c t

have  been  f o u n d .  Even t h e  a u t h o r ' s  a d i a b a t i c  r e s u l t s  were n o t

d i r e c t l y  com parab le  w i th  t h o s e  of  o t h e r  a u t h o r s ,  a l t h o u g h  v a r i o u s

a s p e c t s  a r e  c o v e re d  i n  t h e  p a p e r s  be low.  Y/i lcken (37)  and
\

Schmidbauer  (2 7 )  have  measured  th e  f low  in  cu rv e d  d u c t s  f o r  a d i a b a t i c  

f l o w  and a p p r o x i m a t e l y  z e r o  s t ream v/ ise  p r e s s u r e  g r a d i e n t .  Llore 

r e c e n t l y ,  So ( 29 ) and  P a t e l  ( 16 ) have  c o n d u c te d  s i m i l a r  e x p e r i m e n t s .  

Schubauer  and K l e b a n o f f  ( 2 8 ) .  von Doonhof f  and T e t e r v i n  ( 3 ) and 

S t r a t f o r d  o f )  have employed cu rved  s u r f a c e s  i n  t h e  i n v e s t i g a t i o n  of  

p r e s s u r e  g r a d i e n t  e f f e c t s ,  w i t h  s e p a r a t i n g  o r  n e a r - s e p a r a t i n g  f l o w ,  

b u t  have n o t  a p p r o a c h e d  r a d i a l  e q u i l i b r i u m  c o n d i t i o n s  i n  t h e  bou n d a ry  

l a y e r .  Thoinann (34)  h a s  m easured  S t a n t o n  numbers on cu rv e d  s u r f a c e s  

i n  s u p e r s o n i c  f l o w ,  b u t  w i t h o u t  d e t a i l e d  boundary  l a y e r  measurements*



8 . 2  The A u t h o r ' s  R e s u l t s  f  o r  the  Curved  Duct

In  t h e  a u t h o r ' s  e x p e r i m e n t s ,  t h s  c u rv e d  d u c t  was found t o  be 

n o t a b l y  f r e e  from t h r e e - d i m e n s i o n a l  f l o w ,  and t h e  p o s i t i o n  o f  th e
v

s e p a r a t i o n  p o i n t  v/as co n f i rm e d  u s i n g  s u r f a c e  f i l m s  and  t u f t s .  The 

method  u sed  to  o b t a i n  a  t r i p p e d  boundary  l a y e r  was n o t  c o n s i d e r e d  

e n t i r e l y  s a t i s f a c t o r y ,  and i n  f u t u r e  e x p e r i m e n t s ,  n a t u r a l  t r a n s i t i o n  

o r  t r i p p i n g  in  an a d i a b a t i c  s t r a i g h t  d u c t  i s  recommended.  N e v e r t h e l e s s ,  

t h e  momentum t h i c k n e s s  d i s t r i b u t i o n  f o l l o w e d  c l o s e l y  p r e d i c t i o n s  from 

t h e  r a d i a l  e q u i l i b r i u m  e q u a t i o n  o f  P a t e l ,  once s t a r t i n g  v a l u e s  had 

been  matched .

S e p a r a t i o n  p o i n t  measurement was hampered by a  v i b r a t i o n  p e r i o d  

i n  th e  tu n n e l  . A l s o ,  c o n s i d e r a b l e  s t r a i n  v/as p l a c e d  upon i n s t r u m e n t  

a c c u r a c y ,  which p roduced  some s c a t t e r  of  r e s u l t s .  The p o s i t i o n  o f  

t h e  s e p a r a t i o n  p o i n t  was found  to  b e  d ep e n d e n t  on b o th  w a l l  t e m p e r a t u r e
*“VC

and f lo w  v e l o c i t y ;  a  p a r a m e t e r  Kr  was i n t r o d u c e d  t o  s i m p l i f y  m a t t e r s ,  

b u t  was found  to  be i n a d e q u a t e .  P r e d i c t i o n s  o f  shape  f a c t o r  (and a l s o  

of  t h e  s e p a r a t i o n  p o i n t ) ,  u s i n g  r e l a t i o n s  c o r r e c t e d  e m p i r i c a l l y  f o r  

Kq and s u r f a c e  c u r v a t u r e ,  were  n o t  e n t i r e l y  s u c c e s s f u l ;  shape  f a c t o r s  

were g e n e r a l l y  h i g h e r ,  and s e p a r a t i o n  e a r l i e r ,  t h a n  in th e  e x p e r i m e n t s ,  

however ,  movement o f  the  s e p a r a t i o n  p o i n t  on h e a t i n g  was more 

a c c u r a t e l y  p r e d i c t e d ,  e s p e c i a l l y  a t  t h e  h i g h e r  f l o w  s p e e d s .  C o n s i d e r a b l e  

s c a t t e r  was p r e s e n t  i n  t h e  p r e d i c t e d  p o i n t s ,  f u t u r e  work w i t h  Q195 

would be a i d e d  i f  t h i s  c o u ld  be r e d u c e d .

8 . 5  Flow I n  C o n o re s s o r  B l a d i n g  d u r i n g  Thermal T ran  s i  e n t s

The p u rp o s e  o f  t h e  above e x p e r i m e n t s  was,  o f  c o u r s e ,  to  e s t i m a t e



the boundary layer behaviour on a compressor a er o fo i l*  The flow 

within an axial compressor i s  extremely complex. The turbulence  

structure and its l i k e l y  e f f e c t s  upon the boundary layer  are  

d i s c u s s f J  in  Appendix A. Typical i n t e n s i t i e s  o f  turbulence have 

been quoted a t  1/ to 3 « by Sohn (3 0 ) .  Measurements o f  up to  

in t e n s i t y  were reported by S c h l ic h t in g  and Das (73)» but on a 

compressor with too high an i n l e t  turbulence to  be r e p r e s e n ta t iv e .

On the pressure su rface  o f  the a e r o f o i l s ,  i t  i s  l i k e l y  th a t  

v o r t ic e s  of the T aylor-G ortler  type w i l l  be formed, ug a r e s u l t  of  

the v e l o c i t y  i n s t a b i l i t y .  These have been observed in the turbulent  

boundary layer on a concave v a i l  ( 1 7 ) ,  but no experimental cases  on 

a e r o f o i l s  have been measured. I t  further seems l i k e l y  th a t  the  

a d d it io n a l  thermal i n s t a b i l i t y ,  when the blade surface  i s  h o t te r  than 

i t s  surroundings, w i l l  in t e n s i f y  th ese  v o r t i c e s ,  although again no 

experimental evidence i s  a v a i la b le .  The v e l o c i t y  p r o f i l e  shape 

( fo r  v e l o c i t y  components in  the streamwise d ir e c t io n )  i s  uncertain*  

Wilcken (37) performed measurements on a concave su rface  without  

e s ta b l i s h in g  the presence of v o r t i c e s ,  and observed s te e p  v e l o c i t y  

grad ien ts  a t  the v a l 1. Further out, s tagn ation  pressure was almost 

uniform a t  a value a l i t t l e  below that in the freestream . Thomann ( 3*0 

has noted an in crease  in  Stanton number fo r  concave s u r fa c e s ,  

in d ic a t in g  that the temperature grad ient a t  the w all i s  a l s o  s t e e p e r  

than normal.

I t  i s  now g en era l ly  accepted that the boundary layer  in  such cases  

grows in  th ick n ess  much more rap id ly  than i t  vouJd upon a f l a t  su r fa ce ,  

but, the comparative growth r a te s  for displacem ent th ick n ess  have not
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s a t i s f  a c t o r i l y  been  d e t e r m i n e d .  The e f f e c t  o f  h e a t i n g  on t h e  

growth  o f  a  c o n c s v e - w a l l  boundary  l a y e r  i n  a n o t h e r  t o p i c  on which  

no i n f o r m a t i o n  i s  a v a i l a b l e ;  e x p e r i m e n t a l  i n v e s t i g a t i o n s  a r e
v -

e x t r e m e l y  d i f f i c u l t ,  b e c a u s e  c f  t h e  t h r e c - d i r n e n s n a n a l  n a t u r e  of  

t h e  l a y e r .  An . in c r e a s e  i n  bou n d a ry  l a y e r  t h i c k n e s s  on h e a t i n g ,  

which would be  e x p e c t e d  from b e h a v i o u r  i n  o t h e r  c i r c u m s t a n c e s ,  

would c o n t r i b u t e  to  d u c t  b l o c k a g e ,  and r e d u c e  t h e  mass f l o w  th ro u g h  

th e  co m p re ss o r  f o r  a  g iven  r o t a t i o n a l  speed .

V e l o c i t y  and t h e rm a l  i n s t a b i l i t y  w i l l  a l s o  o c c u r  i n  t h e  b ounda ry  

l a y e r  formed on t h e  o u t e r  w a l l  o f  t h e  a n n u l u s ,  which p r e s e n t s  a  

concave s u r f a c e  to  the f low  ( s e e  F i g u r e  2 ) .  Growth i n  d u c t  b l o c k a g e  

f rom t h i s  s o u rc e  i s  p o t e n t i a l l y  more d a n g e r o u s  th a n  t h a t  f rom th e  

a e r o f o i l s ,  in  view of  th e  g r e a t e r  K eyno lds  number ( b a s e d  on d i s t a n c e  

co v e re d )  which  a r e  a t t a i n e d .  However, t h e  d i s t u r b a n c e s  t o  t h i s  f lo w  

a s  i t  moves t h ro u g h  th e  b l a d i n g  a r e  such  t h a t  i t  i s  d o u b t f u l  w h e th e r  

v o r t e x  g row th ,  and s u b s e q u e n t  t h i c k e n i n g  o f  t h e  b ounda ry  l a y e r ,  w i l l  

be a l lo w e d  to  t a k e  p l a c e .

On the  s u c t i o n  s u r f a c e  o f  the  a e r o f o i l s ,  t h e  bou n d a ry  l a y e r  i s  

more r e g u l a r . Large a r e a s  e x i s t  where t h e  f lo w  i s  l a r g e l y  two- 

d i m e n s i o n a l ,  a l t h o u g h  a t  t h e  b l a d e  r o o t  and t i p  t h r e e - d i m e n s i o n a l  

f lo w  p a t t e r n s  e r e  known to  e x i s t .  I t  i s  g e n e r a l l y  a c c e p t e d  t h a t  a 

l a m i n a r  boundary  l a y e r  fo rm s  from the  l e a d i n g  ed g e ,  and p e r s i s t s  bp 

t o  a p o i n t  o f  minimum s t a t i c  p r e s s u r e  v^O) . The t u r b u l e n t  l a y e r  

which f o l l o w s  grows r a p i d l y  in  t h e  a d v e r s e  p r e s s u r e  g r a d i e n t ;  t h e  

maximum p e r m i s s i b l e  g r a d i e n t  i s  governed  by the  t e n d e n c y  o f  th e  

boundary  l a y e r  to w ard s  s e p a r a t i o n . P r e m a t u r e  s e p a r a t i o n  on a compres



a e r o f o i l  can be d is a s t r o u s ,  s i n c e  n o t  o n ly  i s  t h e  bou n d a ry  l a y e r  

t h i c k e n e d  and d u c t  b l o c k a g e  g r e a t ly  i n c r e a s e d ,  b u t  th e  o u t l e t  

a n g l e  o f  the a i r s t r e a m  i s  a l t e r e d .  T h i s  o u t l e t  a n g l e  o f  c o u r s e
v **

d e t e r m i n e s  the  i n l e t  a n g l e  f o r  t h e  n e x t  b l a d e  r o w , which  w i l l  i n  

t u r n  p e r fo rm  d i f f e r e n t l y  u n d e r  i t s  new e n t r y  c o n d i t i o n s .  Thus t h e  

d i s t u r b a n c e  i s  t r a n s m i t t e d  downst ream; a s tu d y  o f  t h e  b l a d e  geom etry  

s u g g e s t s  t h a t  s t a l l  ( i f  i t  o c c u r s )  w i l l  t a k e  p l a c e  a t  a  p o i n t  an 

even number o f  b l a d e  rows downst ream from th e  row a t  which t h e  

d i s t u r b a n c e  o r i g i n a t e d .

The b l a d e  d e s i g n e r  t h e r e f o r e  c h o o s e s  an a e r o f o i l  shape which 

p r o d u c e s  a l a r g e  s t a t i c  p r e s s u r e  i n c r e a s e  a c r o s s  t h e  b l a d e ,  b u t  which 

a v o i d s  boundary  l a y e r  s e p a r a t i o n  from t h e  s u c t i o n  s u r f a c e ,  a t  l e a s t  

u n t i l  v e ry  n e a r  the  t r a i l i n g  edge.  Care i s  t a k e n  to  p r o v i d e  a 

c e r t a i n  s a f e t y  marg in  a t  normal  r u n n i n g  c o n d i t i o n s .

8 . 4 * The T r a n s i  t i o n  P o i n t

The e x p e r i m e n t a l  and  c a l c u l a t i o n  p r o c e d u r e s  c o n c e n t r a t e d  on th e  

p r e d i c t i o n  of  boundary  l a y e r  b e h a v i o u r  on t h e  s u c t i o n  s u r f a c e s  of 

c o m p re s s o r  b l a d e s ,  a s  i t  was t h e r e  t h a t  th e  p o t e n t i a l l y  mos t  damaging 

ae rodynam ic  e f f e c t s  were l i k e l y  t o  o c c u r .  From t h e  m easurem en ts  of  

l a m i n a r  t r a n s i t i o n ,  t h r e e  c o n c l u s i o n s  were drawn;

1. Wal l  h e a t i n g  g e n e r a l l y  moves t h e  t r a n s i t i o n  p o i n t

u p s t r e a m .

2. T h i s  movement i s  r o u g h l y  p r o p o r t i o n a l  to  t h e  e x c e s s

w al l  t e m p e r a t u r e .

5.  F o r  a  g iv e n  e x c e s s  w a l l  t e m p e r a t u r e ,  t h e  movement

i s  s t r o n g l y  d e p e n d e n t  on buoyancy c o n d i t i o n s .



T b e  t h i r d  c o n c l u s i o n  arises f r c m  comparison of the author's 

e x p e r i m e n t a l  results with those f r o m  references (1?), ( 6 ) ,  ( (J j and (3 0 ) .  

Of the f l a t  p l a t e  experiments, the author’s and (6) were performed with  

Die plate horizontal, and the houm.br y layer  cn its upper su rface  

(an un stab le  configuration when the p la te  was heated)* The th ird  

flat p la te  experiment (10) avoided buoyancy fo r c e s  by mounting the 

p la te  v e r t i c a l ly *  Comparison of r e s u l t s  in d ic a te s  that a given  

t r a n s i t io n  point movement, w ith no buoyancy, i s  approximately doubled  

by the ad d it ion  of unstab le  buoyancy fo r c e s .  This i s  d iscu ssed  further  

in  Appendix B,

The e f f e c t  of freestream  turbulence on the t r a n s i t io n  po in t was 

not examined in the a u th o r 's  experiments* I t  i s ,  however, known to  

be co n s id era b le ,  and the im p lica t io n s  fo r  boundary la y e r s  on b lad ing  

arc d iscu ssed  in Appendix A*

8*5 The Turbulent Layer FI ov hoi ami nari sa t  ion

Of the experimental s tu d ie s  performed by other au thors,  of flow  

sep ara tion  from continuous s u r fa c e s ,  none have included departure  

from a d ia b a t ic  c o n d it io n s .  Tbe au th or 's  measurements were performed 

on the inner wall of a curved duct, for which w all h ea t in g  gave r i s e  

1o s t a b i l i s i n g  buoyancy forces  of con s id erab le  magnitude. I t  would 

seem reasonable to su ggest  th a t  buoyancy co n d it io n s  would have a 

strong in f lu e n c e  on the development, o f  the heated turb u len t la y e r ,  

but that comparison with th e ir  e f f e c t  on laminar t r a n s i t io n  may be 

m isiead ing .

I t  has been e s ta b l is h e d  (38) th a t  s t a b i l i s i n g  buoyancy fo rce s  

due to g ra v ity  in the turbulent boundary la y e r  counteract the source  

of turbulent energy and work towards la m in a r isa t io n  o f  the flow .  

However, the c e n tr ip e ta l  f i e l d  in  the boundary la y e r  on a convex



s u r f  act* e x e r t s  a s t a b i l i s i n g  influence* even in  adiabatic f low ( s e e  

Appendix B ) . I f  t h i s  s u r f a c e  is h e a t e d ,  turbulent decay- may take 

p la c e ,  and th e  f low w i l l  .1 a m in a r i s n .

The s tudy  of  la; inarisation, orvr e v e r s e  transition, is a research  

field in its own right. Although considerable work has been doen 

using favourable pressure gradients (see Section U i ) , the effects of 

curvature and normal density gradient hove received little attention* 

It i s  suggested that in the author’s experiments, the arc length of 

the curved surface was insufficient for reverse transition to occur, 

and that the boundary layer at separation was tu rb u len t .  Further  

discussion on this topic is contained in Appendix B.

8.6 The Turbulent Layer - Separation

From the au th or 's  experim ents, three  ob servation s  were made:

1* For a l l  cases  in v e s t ig a te d ,  the turbu len t separation  

point was advanced by w all h ea tin g .

2. This advancement was roughly proportional to  the  

wall excess  temperature ap p lied .

3* T h e  s e p a r a t i o n  b e h a v i o u r  o n  t h e  c u r v e d  p la te  was a ls o  

d e p e n d e n t  o n  f l o w  v e l o c i t y .

This th ird  ob servation  made the p red ic t io n  of a e r o f o i l  con d it ion s  

somewhat hazardous. Further com plications a r i s e  from two more



o b s e r v a t i o n s ,  drawn f rom p r e v i o u s  r e m a rk s  i n  t h i s  s e c t i o n :

4 . T u r b u l e n t  b ounda ry  l a y e r s  on convex  s u r f a c e s  may 

r e l a m i n a r i s e ,  and t h i s  t e ndency  may be i n c r e a s e d  by 

h e a t  t r a n s f e r  i n t o  t h e  boundary  l a y e r .

5 . The above t e n d e n c y  may a l s o  be a f f e c t e d  by t h e  

i n t e n s i t y  of  m a in s t r e a m  t u r b u l e n c e  i n  t h e  d u c t .

P r e d i c t i o n s  from the  c a l c u l a t i o n  program 0,193 s u p p o r t e d  t h e

e x p e r i m e n t a l  o b s e r v a t i o n s ,  a l t h o u g h  a g re e m e n t  c o u ld  have  been im proved .

The v e l o c i t y  dependence  was c l e a r l y  o n ly  a  symptom o f  dependence  on

a  more com prehens ive  p a r a m e t e r ,  i n c l u d i n g  r a d i u s  o f  c u r v a t u r e  and

o t h e r  t e rm s  i n  a d d i t i o n  t o  f low v e l o c i t y .  One such p a r a m e t e r ,  K , ,

was i n v e s t i g a t e d  u s i n g  Q19 5 > h u t  d i d  n o t  p e r fo rm  w e l l .

E x am in a t io n  o f  t h e  e x p e r i m e n t a l  and p r e d i c t e d  s e p a r a t i o n  b e h a v i o u r ,

w h e th e r  b a s e d  on X o r  f lo w  v e l o c i t y ,  s u g g e s t s  t h a t  a s  t h e  c e n t r i p e t a l

f i e l d  i s  i n c r e a s e d ,  t h e  e f f e c t  o f  a  g iv e n  r i s e  i n  w a l l  t e m p e r a t u r e

i s  d i m i n i s h e d .  Thus f o r  v e r y  s t r o n g  f i e l d s ,  such  a s  a r e  p r e s e n t  i n

t h e  . flow th ro u g h  co m p re s s o r  b l a d i n g ,  t h e  e f f e c t  i s  e x p e c t e d  to  be

s m a l l .  However, the f l o w  v e l o c i t i e s  i n  a c o m p re s s o r  a r e  w e l l  i n t o
\

t h e  c o m p r e s s i b l e  r a n g e ,  w h i l e  t h e  a u t h o r ' s  e x p e r i m e n t s  wore i n  

c o n d i t i o n s  f o r  which c o m p r e s s i b i l i t y  e f f e c t s  c o u l d  be  n e g l e c t e d .

T h i s  p r e v e n t s  a  d i r e c t  com par ison  from b e i n g  made.

An i l l u s t r a t i o n  may be g iv e n  by c om par ing  the  e f f e c t s  o f  an 

i n c r e a s e  i n  w a l l  t e m p e r a t u r e  o f  100 deg C above  i t s  a d i a b a t i c  v a l u e .

The i n c o m p r e s s i b l e  d a t a ,  b o th  e x p e r i m e n t a l  and p r e d i c t e d ,  s u g g e s t  

a  r e d u c t i o n  in  t h e  v a l u e  o f  x a t  s e p a r a t i o n  o f  a t  m os t  2°/o ( s e e  

F i g u r e s  30 and 33)< F o r  c o m p r e s s i b l e  f low, how ever ,  t h e  p r e d i c t e d



r e d a c t i o n  i s  i n  the  r a n g e  6.&;l t o  8.6'g,  d e p e n d i n g  on t h e  a s s u m p t i o n s  

made ( s e e  S e c t i o n  6 * 8 ) .  I n  p r a c t i c e ,  a t e m p e r a t u r e  d i f f e r e n c e  o f  

t h i s  m a gn i tude  i s  u n l i k e l y  t o  o c c u r ;  ]'i§,c c a l l  um (12)  h a s  c a l c u l a t e d  

t h a t  one o f  l)0 deg  C i s  more t y p i c a l . I t  h a s  been  e s t a b l i s h e d  t h a t  

t h e  s e p a r a t i o n  p o i n t  movement i s  a p p r o x i m a t e l y  l i n e a r  w i th  w a l l  

t e m p e r a t u r e ,  so f o r  60 deg  C t h e  p r e d i c t e d  movements a r e  a t  mos t  

1 c/j ( i n c o m p r e s s i b l e )  and a ro u n d  4°A' f o r  c o m p r e s s i b l e  f l o w .  T h i s  l a s t  

f i g u r e  i s  l a r g e l y  i n d e p e n d e n t  o f  t h e  a s s u m p t i o n s  made i n  t h e  c a l c u l a t i o n  

w h e th e r  a  s u b s t a n t i a l  r e g i o n  o f  l a m i n a r ’f low  i s  p r e s e n t ,  o r  w h e th e r  

c o r r e c t i o n s  a r e  made f o r  R„ o r  c u r v a t u r e .

On a co m p re ss o r  b l a d e ,  i t  i s  u n l i k e l y  t h a t  r a d i a l  e q u i l i b r i u m  

c o n d i t i o n s  a r e  a t t a i n e d .  However, i t  i s  p o s s i b l e  t h a t  an a p p r e c i a b l e  

p r e s s u r e  g r a d i e n t  a c r o s s  t h e  s t ream  i s  d e v e lo p e d  to w a rd s  t h e  t r a i l i n g

edge ;  t h i s  ty p e  o f  b e h a v i o u r  i s  d i s c u s s e d  i n  S e c t i o n  6 . 2 ,  w i t h
hi

r e f e r e n c e  t o  th e  e x p e r i m e n t s  o f  Schubauer  and K l e b a n o f f  ( 2 8 ) .  The 

a c c u r a c y  o f  p r e d i c t i o n s  i n  c o m p r e s s i b l e  f low  f o r  such  a  s i t u a t i o n  i s  

u n c e r t a i n ,  w i th  t h e  e n t r a i n m e n t  t h e o r y  i n  p a r t i c u l a r  b e i n g  o f  d o u b t f u l  

v a l i d i t y .  The c o r r e c t i o n s  f o r  R from Thompson (55)  a r e  f o r  

i n c o m p r e s s i b l e  f low ,  w h i l e  t h e  a u t h o r ' s  c u r v a t u r e  c o r r e c t i o n s  were 

e m p i r i c a l l y  c a l c u l a t e d  to  f i t  t h e  l o w -s p e e d  e x p e r i m e n t a l  d a t a .

8.7  Con c l u s i  ons

From t h e  e x p e r i m e n t a l  and  p r e d i c t e d  r e s u l t s ,  t h e  f o l l o w i n g  

c o n c l u s i o n s  were d ra w n : -

1 . •  The t r a n s i t i o n  p o i n t  i s  advanced  by w a l l  h e a t i n g ,  f o r

c o n d i t i o n s  o f  u n s t a b l e  o r  z e r o  buoyancy ;  t h e  advancem ent  

i s  a p p r o x i m a t e l y  l i n e a r  w i t h  w a l l  t e m p e r a t u r e .



On t h e  s u c t i o n  s u r f a c e  of  a  co m p re ss o r  b l a d e ,  v.diere 

s t a b l e  buoyancy  f o r c e s  p r e v a i l ,  t h e  t r a n s i t i o n  p o i n t  

rnay be d e l a y e d  by v a i l  h e a t i n g .  However, t h i s  e f f e c t  

i s  e x p e c t e d  to  be sm al l  compared w i th  t h a t  o f  th e  

s t r e a m ' d s e  s t a t i c  p r e s s u r e  d i s t r i b u t i o n ,  and  s i g n i f i c a n t  

movements o f  t h e  t r a n s i t i o n  p o i n t  a r e  n o t  e x p e c t e d .

T h i s  was c o n f i rm ed  by com pute r  p r e d i c t i o n s  f o r  a e r o f o i l  

b ounda ry  l a y e r s  ( S e c t i o n  6 . 0 ) .

The p o i n t  of  t u r b u l e n t  s e p a r a t i o n  i s  advanc ed  by w a l l  

h e a t i n g ,  even i n  s t a b l e  buoyancy c o n d i t i o n s ;  a g a i n ,  

t h e  advancement  i s  a p p r o x i m a t e l y  l i n e a r  w i t h  w a l l  

t e m p e r a t u r e ,  -The e f f e c t  was a l s o  d e p e n d e n t  on f lo w  

v e l o c i t y  and s u r f a c e  c u r v a t u r e ,  in  a  complex manner .

None o f  t h e  p a r a m e t e r s  i n t r o d u c e d  was s a t i s f a c t o r y  i n
w .

d e s c r i b i n g  t h i s  d epende nce .

I n  a co m p re s s o r ,  t h e  most  l i k e l y  a r e a s  f o r  boundary  

l a y e r  s e p a r a t i o n  a r e  t h e  b l a d e  s u c t i o n  s u r f a c e s ,  n e a r  to  

t h e  t r a i l i n g  e d g e s ,  e s p e c i a l l y  i n  t h e  r e g i o n s  o f  t r r e e -  

d im e n s i o n a l  f lo w  n e a r  th e  b l a d e  r o o t  and t i p  (3 9 ) •  On 

t h e  b l a d e s ,  t h e  s e p a r a t i o n  movement i s  u n l i k e l y  t o  be 

g r e a t  ( rf/c- i s  p r o b a b l y  a g e n e r o u s  e s t i m a t e  f o r  t h e  most  

ex t rem e  c o n d i t i o n s ) ,  b u t  th e  p o s s i b l e  a m p l i f i c a t i o n  o f  

d i s t u r b a n c e s  i n  s u c c e s s i v e  b l a d e  rows may make an i n i t i a l  

movement of  t h i s  o r d e r  a  s e r i o u s  m a t t e r .

I t  may t h e r e f o r e  be c o n c lu d ed  w i th  r e a s o n a b l e  c o n f i d e n c e  

t h a t  th e  advancement  o f  s e p a r a t i o n  p o i n t s  due t o  h e a t
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t r a n s f e r  w i t h i n  t h e  co m p re ss o r  i s  a  s igr . f l e a n t  f a c t o r  

i n  p r o m o t in g  s t a l l  d u r i n g  t h e  " h o t  r e - s l a m "  t e s t  

p r o c e d u r e .  S t a l l  may be a v d i d e d ,  a s  h a s  a l r e a d y  been  

o b s e r v e d ,  by m a i n t a i n i n g  t h e  e n g in e  a t  i d l i n g  speed  

f o r  a  l o n g e r  p e r i o d .  However, f o r  e l i m i n a t i o n  o f  t h e  A 

p ro b lem ,  a new d e s i g n  p o i n t  w i th  a  g r e a t e r  s u rg e  m arg in  

( b r i n g i n g  an i n e v i t a b l e  r e d u c t i o n  i n  p e r f o r m a n c e )  must  

be a d o p t e d .

8 . 8  F u t u r e  Work

The q u a l i t a t i v e  n a t u r e  o f  many o f  t h e  r e m a rk s  i n  t h i s  C h a p te r  

r e f l e c t s  t h e  c o n s i d e r a b l e  scope  f o r  f u t u r e  r e s e a r c h  i n  t h i s  f i e l d .  

Above a l l , d e t a i l e d  e x p e r i m e n t a l  d a t a  a r e  r e q u i r e d  on boundary  l a y e r  

b e h a v i o u r  i n  a l l  c o n d i t i o n s ,  b u t  e s p e c i a l l y  t h o s e  i n v o l v i n g  c u r v a t u r e ,
w ,

a d v e r s e  p r e s s u r e  g r a d i e n t s  o r  a  c o m b in a t io n  o f  t h o s e .  Only then  may 

p r e d i c t i o n  methods  be t e s t e d  u n d e r  t h e  a d v e r s e  c o n d i t i o n s  which a r e  

r e q u i r e d  i f  f i r m  c o n c l u s i o n s  a r e  t o  be drawn.

One u s e f u l  e x e r c i s e  would be to  examine  t h e  e f f e c t  o f  c u r v a t u r e  

i n  p r o m o t in g  r a d i a l  p r e s s u r e  g r a d i e n t s ,  b o th  i n  t h e  m a in s t r e a m  and th e  

boundary  l a y e r .  The s e v e r i t y  and d u r a t i o n  o f  s t r e a m l i n e  c u r v a t u r e  

r e q u i r e d  to  p roduce  r a d i a l  e q u i l i b r i u m  f lo w  c o u ld  be m easured ,  and 

t h i s  would throw l i g h t  on t h e  c o n d i t i o n s  o b t a i n i n g  i n  c om pre sso r  

and  t u r b i n e  b l a d i n g .



Appenclix A - The Effects  o f Free - S t r e a m Tnrbidence

The exper imental work descr ibed  in the main te: ' was  performed a t  a
j

loWilevel of f reestream turbulence (below 1% in tens i ty  a t  a l l  t im es) ,  

whereas  typical  in ten s i t i e s  for a compressor  are cons iderab ly  grea te r .

The creat ion of turbulence condit ions more rep resen ta t ive  of compressor  

flows was cons idered  during the des ign  of the experimenta l  equipment.  

However ,  it was  decided that for this  in i t ia l  inves t iga t ion  of a phenomenon 

which had apparent ly  rece ived  no previous  s tud ies  in d e ta i l ,  measurements  

a t  low turbulence leve ls  would be more he lpfu l .  An at tempt would then  be 

made to a s s e s s  the effect of an inc rease  in turbulent  in tens i ty  on the data 

ob ta ined ,  and such an at tempt now follows.

The Turbulent Energy Spectrum

It is now accep ted  that the turbulent  energy of any flow may be 

descr ibed  as  a function of wave number by a unique d is t r ibut ion  ( see  

Figure). This d is tr ibution may be divided into a se r ie s  of su b - ran g es  by 

wave number, each  of which exhibi ts  i ts own c h a r a c te r i s t i c s ,  as  descr ibed  

in deta i l  b y H in z e  (5 7).

In the present  author's exper im ents ,  where the s tream was p a s se d  through 

fine gauzes  and a contract ion before enter ing the working s e c t io n ,  the sca le  

of the eddies  in the freestream would be small.  Contr ibutions to turbulent 

energy from the low wave number (large scale)  end of the d is t r ibut ion  would 

therefore be a b s e n t ,  and the energy spectrum might commence a t  point X 

in the figure. In a compressor ,  it is sugges ted  tha t  l a r g e - s c a l e  turbulence



would be generated  by the f irs t  blade rows,  and that th is  s ca le  would 

progress ive ly  diminish as  the a i r  p as sed  downstream. However ,  even 

a t  the high pressure s t a g e s ,  the turbulent  eddies  would be much larger 

than their  counterpar ts  in the wind tunne l .  The energy dis t r ibut ion  might 

commence a t  point Y in the figure and include region A which covers  the 

main bulk of energy-conta in ing  e d d ie s .  Thus it is s een  tha t  the two flows 

might share  the same energy spectrum above a cer ta in  wave number, but 

tha t  the wind tunnel flow is def ic ien t  in the low wave number region.

It is poss ib le  that  this def ic iency  may be unimportant .  The 

experiments  of Evans (51) on the effec ts  of freestream turbulence on 

t ra n s i t io n ,  indicated that  an increase  in in tensi ty  moved the t rans i t ion  

point upstream. In addit ion to th i s ,  it was observed tha t  the sca le



of the turbulence was a l so  important ,  and that  a decrease .

in sca le  a t  the same in tens i ty  produced a further upstream movement of

the t rans i t ion  point.  This sugges ted  tha t  the most effect ive  interact ion

between  freestream and boundary layer  t akes  place in the s m a l l - s c a le

(high wave number) region of the energy spectrum, and that  the inf luence of the

l a r g e - s c a l e  compressor  edd ies  on the boundary layer  may be of re la t ive ly

l i t t le  s ign i f icance .

Further information on th is  sub jec t  was  c lear ly  d e s i r e a b le ,  and an 

examination of the l i terature was  made (see  a l so  Sect ion 1 .4 ) ,  to a s s e s s  

the  effec ts  of freestream turbulence on the general  development of the 

boundary layer .  The d i s c u s s io n  of th is  which now follows cons iders  laminar,  

t ransi t ion and turbulent  layers  in turn.

In the laminar boundary layer  region,  Buyuktur, Kestin and Maeder (4 5) 

noted a s l ight  increase  in h e a t  transfer  for an acce le ra te d  boundary layer ,  

and Kestin (60) in h is  review pos tu la tes  some in teract ion  be tween  turbulence 

ef fec ts  and pressure  gradient .  Th is ,  and h is  further sugges t ion  that  the 

laminar layer a t  zero pressure  gradient  is largely independent  of freestream 

turbu lence ,  is supported by the later  work of Junkhan and Serovy (58). The 

broad conclus ion  from this  is that  while the boundary layer  is laminar ,  it is 

l i t t le  influenced by freestream turbulence .

In con t ras t ,  the locat ion of the t rans i t ion  point is markedly effected 

by the turbulence in ten s i ty .  This is not unexpec ted ,  s ince  t ransi t ion  is 

a consequence  of amplif icat ion of small  d is tu rbances  within the laminar 

layer , a s  ev idenced  by the exper imental work quoted by Kestin (60).



Further support  for th is  may be found in the recen t  work of Evans (51), 

who demonstrated the same phenomenon in the boundary layer  of an 

aerofoi l  in a c a s c a d e .

Worthy of note is the f la t  plate  exper iment  ofLiepmann and Fila (10) 

where the effect of h ea t  t ransfer  on subson ic  t rans i t ion  was measured a t  

two freestream turbulence l e v e l s .  The resu l ts  indica te  tha t  the ef fect  cf a 

g iven temperature rat io is greater  a t  the higher  turbulence leve l .  The 

re levance  of this  finding,  if confirmed, is obvious;  however ,  no subsequen t  

a t tempt a t  confirmation appears  to have been made, and its va l id i ty  is 

diff icul t  to a s s e s s .

Thus it may be concluded that  t ransi t ion  is very sen s i t iv e  to changes  

in freestream turbu lence ,  in a zero pressure  gradient  conf iguration.

Other factors  influence t rans i t ion  (for example, the o nse t  of an adverse  

pressure  gradient),  and here  the ef fec t  of turbulence in tens i ty  may well 

be reduced.

Of par ticular re levance  to the present  s tudy is the response  of turbulent  

boundary layers to changes  in freestream condi t ions .  If such changes  

have  a subs tan t ia l  e f fec t ,  then c lea r ly  it will be l e s s  e a s y  to re la te  the 

author's curved pla te  re su l t s  (at  low in tens i ty  of turbulence)  to the 

somewhat higher  turbulence environment of compressor  b lad ing .

Turbulent boundary layers  have been  inves t iga ted  in cer ta in  of the 

papers  d i s c u s s e d  in the previous s ec t ion .  For example ,  Buyuktur:, Kestin 

and Maeder  (45) examined the behaviour of a tripped f la t -p la t e  boundary 

layer  in a strongly favourable pressure  gradient .  Their measurements  were 

mainly confined to hea t  t ransfer  co e f f ic ien ts ,  and no turbulence effects



were apparen t  for in te n s i t i e s  in the range 1% to 4 .5%. This ,  and other 

ear ly  papers  on the same top ic ,  are reviewed by Kestin (60).  Junkhan 

and Serovy (58) performed a s imilar  exper iment ,  covering a somewhat 

wider range of in t e n s i t i e s ,  and obtained a corresponding re su l t .  A more 

de ta i led  inves t iga t ion  h as  been carried out by Kearney e t  a l  ( 59), again  

for an  acce le ra te d  turbulent  boundary layer ,  us ing hot  wires  and pitot tubes  

to obtain ve loc i ty  prof i les .  No effect  of turbulence in tens i ty  on the profiles 

was  observed ,  nor on d is t r ibut ions  of Stanton number, which was a l so  

measured.  In th is  c a s e ,  a predict ion method was a l so  employed, us ing 

the theory of Spalding and Patankar  (32) and including the turbulent k inet ic  

energy equation; th is  permitted the ca lcu la t ion  of turbulent in tensi ty  effects  

on the turbulent boundary layer .  S ignificantly  the predict ions  agreed with the 

experimental  data up to the maximum exper imenta l  in tens i ty  of about 4%, 

and there were negligible  dif ferences  in Stanton number and other parameters .  

Extension of the predict ions  to cover 10% frees tream turbulence resu l ted  in 

an  increase  in Stanton number; however ,  it was  cons idered  that  with in te n s i t i e s  

of this magnitude, a boundary- layer  ca lcu la t ion  alone was  unlikely  to be 

ad eq u a te ,  and the predicted resu l t  ques t ionab le  in the c i rcum stances .

On the above ev idence ,  it would appear  that  the turbulent boundary 

layer  is largely unaffected by moderate f reestream turbulence l ev e ls .

However ,  cer ta in  exper imenters  have  been  led to draw different co n c lu s io n s ,  

and their work c lear ly  requires  de ta i led  cons ide ra t ion  in the light, of this  

apparent  d ispa r i ty .  The first  example is the work of Talmor and Weber(7 7), 

who s tudied  a highly a cce le ra ted  turbulent boundary layer ,  and noted that  

reverse  t ransi t ion  behaviour  was  markedly inhibi ted by an increase  in



f rees tream turbulence;  the in tens i t ie s  used  ranged from 1.6% to 11%.

The experimenta l  technique was unusual  in that  measurements  were taken 

on a plane surface a t  a large favourable angle  of a t t a c k  to the a i r s t ream ,  

and  the reverse  t rans i t ion  region was  not a lways  regular;  in cer ta in  t e s t s , 

i t  appeared tha t  forward t ransi t ion  was  a l s o  taking p lace .  Again, hea t  

t ransfer  measurements  formed the bulk of the d a ta .  In view of the par ticula r  

configurat ion se le c te d  for the t e s t  i t  may be that  the re levance  of the re su l t s  

to  the general  flows considered by previous  authors  is a t  l e a s t  q u es t ionab le .

A more comprehensive experiment was that  of Evans (51), who examined 

the development of the turbulent boundary layer  af ter  t rans i t ion  on a compresso 

aerofoil  model.  The ef fect  of f rees tream turbulence was a s s e s s e d  by the 

measurement of local  sk in  fric tion co e f f ic ien ts ,  for in te n s i t i e s  in the range 

O.Z5% to 4%. Evans observed th a t ,  a t  a given locat ion on the b lade ,  turbulent  

sk in  friction coeff ic ien t  fell  with r is ing  freestream in te n s i ty ,  but explained  

that this  was the re su l t  of the upstream movement of the t ransi t ion  point.

t r a m  S i t i  o n
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This is i l lu s t ra ted  in the figure,  where it  wi ll  be seen  that  for the high 

turbulence,  the turbulent boundary layer  a t  point x^ has  been e s ta b l i sh e d  

for a greater  s treamwise  d i s t a n c e .  To al low for th i s ,  he compared skin

friction coeff ic ients  a t  equal  d i s ta n c e s  from the end of t rans i t ion  (point X2
\

for high turbulence),  and noted that  the observed trend was now reversed:  an 

increase  in turbulent in tens i ty  brought about  an inc rease  in skin  friction 

coefficient (see  figure).  As in the ca se  of Talmor and Weber (77),  i t  is 

possib le  that  the re su l t  does  not in fact contradict  the re su l t s  of other 

authors previously c i ted .  In this  c a s e  it can be deduced from Evans data 

that  the boundary layer  th ickness  a t  the end of t ransi t ion  was not the same 

for each t e s t ,  and is a consequence  of the movement of the t rans i t ion  point.

The re su l t s  ind icate  that  the appropriate  boundary layer  th ick n ess  was  

smaller  a t  the higher  frees tream turbulence l e v e l s ,  which might be an t ic ipa ted  

in view of the comparat ively low sen s i t iv i ty  of the purely laminer layer  upstrea; 

of the t ransi t ion  region.  Thus the ef fect ive origin of the turbulent  boundary 

layer varied with r e sp ec t  to the end of t rans i t ion ,  and was re la t ive ly  further 

downstream a t  the higher  turbulence in tens i t ie s ;  th is  is i l lu s t ra ted  diagramm- 

a t ica l ly  in the figure.

The indicat ions  are that  Evans '  r e su l t s  may not be a t  var iance  with the 

deduct ions made by the authors  whose work was  previously d i s c u s s e d ,  and it 

is possib le  tha t  confirmation could be obtained if the origin of Evans'  

turbulent boundary layer  could be deduced.  Unfortunately,  ca lcu la t ion  

(by upstream extrapolation)  of the exac t  origin is not poss ib le  for th is  c a s e ,  

because  of the pressure  gradient and surface curvature e f fec ts ;  th is  h igh

lights the c lear  n e c e s s i ty  for further b a s ic  f la t -p la te  research  a t  zero pressure  

gradient.



To sum  up ,  t h e r e  is  no  c o n c l u s i v e  e v i d e n c e  to  s h o w  t h a t  m o d e ra te  

f r e e s t r e a m  tu r b u l e n t  i n t e n s i t i e s  h a v e  a s i g n i f i c a n t  e f f e c t  upon t h e  deve lopm en t ,  

of  th e  t u r b u l e n t  b o u n d a r y  l a y e r .  The  m e a s u r e m e n t s  by  E v a n s  (51) of  

t u r b u l e n t  s c a l e  e f f e c t s  s u g g e s t  t h a t  th e  m o s t  e f f e c t i v e  i n t e r a c t i o n  b e t w e e n  

b o u n d a r y  l a y e r  a n d  f r e e s t r e a m  o c c u r s  a t  th e  h ig h  w a v e  num b e r  r e g io n  of  the  

e n e r g y  s p e c t r u m .  T h i s  r e g i o n  i s  p r e s e n t  in  bo th  wind  t u n n e l  a n d  c o m p r e s s o r  

t u r b u l e n c e .  F r e e s t r e a m  t u r b u l e n c e  in  th e  low w a v e  num be r  r a n g e ,  a f e a t u r e  

of  c o m p r e s s o r  f low s  w h ic h  i s  n o rm a l ly  a b s e n t  from w ind  t u n n e l s ,  a p p e a r s  to  

h a v e  l i t t l e  e f f e c t  on th e  b o u n d a r y  l a y e r .

No r e s u l t s  h a v e  o e e n  1:ound a t  t h e  p r e s e n t  t ime w h ic h  w o u ld  s u b s t a n t i a t e ,  

w i t h o u t  q u e s t i o n ,  th e  v i e w p o i n t  t h a t  th e  t u r b u l e n t  b o u n d a r y  l a y e r  i s  

m a rk e d l y  a f f e c t e d  by  f r e e s t r e a m  t u r b u l e n c e .  Such  a r e s u l t  w ou ld  r e q u i r e  t h a t  

t h i s  f r e e s t r e a m  t u r b u l e n c e  e f f e c t i v e l y  p e n e t r a t e s  th e  l a y e r  a n d  i n f l u e n c e s  the  

w a l l  r e g i o n ,  w h ic h  i s  u n l i k e l y  u n l e s s  i t s  i n t e n s i t y  a t  l e a s t  a p p r o a c h e s  t h a t  

w i t h i n  t h e  l a y e r  i t s e l f .  A s i m i l a r  o p in i o n  h a s  b e e n  e x p r e s s e d  by  K es t in  (60) .  

T h e  r e q u i r e d  c o n d i t i o n s  may be  o b t a i n e d  w i th  f r e e s t r e a m  i n t e n s i t i e s  in e x c e s s  

of  10%, b u t  t h i s  i s  s u b s t a n t i a l l y  h i g h e r  t h a n  th e  a c c e p t e d  r a n g e  for  c o m p r e s s o r  

t u r b u l e n c e .  E ven  th e  p e a k  v a l u e  of 8% r e p o r t e d  by  S c h l i c h t i n g  a n d  D a s  (73) 

w a s r e g a r d e d  a s  b e i n g  u n r e p r e s e n t a t i v e l y  h i g h ,  a s  the  c o m p r e s s o r  i n l e t  d id  

n o t  fo l low  j e t  e n g i n e  d e s i g n  p r a c t i c e ,  a n d  a f igure  of  a b o u t  5% w o u ld  s e e m  to  

b e  more t y p i c a l .

I t  may be  t h a t  the  r e l e v a n c e  of  th e  e x p e r i m e n t a l  r e s u l t s  o b t a i n e d  from th e  

a u t h o r ' s  p re sen t  s e r i e s  of t e s t s  i s  d o u b t fu l  for s p e c i a l  a p p l i c a t i o n s  in w h ic h  cl e 

f r e e s t r e a m  t u r b u l e n t  i n t e n s i t y  i s  p a r t i c u l a r l y  h i g h ,  an d  for s u c h  c i r c u m s t a n c e s  

f u r th e r  i n v e s t i g a t i o n s  a re  r e q u i r e d .



Introduction
*

I t  w a s  i n d i c a t e d  in  th e  m a in  t e x t  t h a t  the  f low p r o c e s s  w a s  s t r o n g l y  

i n f l u e n c e d  by  b u o y a n c y  a n d  o t h e r  f o r c e s  /  In t h i s  A p p e n d i x ,  t h e  e f f e c t s  a re  

s t u d i e d  in more d e t a i l ,  a n d  e s t i m a t e s  a r e  made  of  t h e  e f f e c t s  of  t h e s e  t r a n s f e r s  

f o r c e s  on. t h e  d e v e l o p m e n t  of  th e  b o u n d a r y  l a y e r s .  The  e s t i m a t e  i s  of n e c e s s i t y  

a  q u a l i t a t i v e  o n e ,  a s  a  r e s u l t  of th e  c o m p l e x i t y  of  th e  f lo w s  a n d  th e  s p a r s e n e s s  

o f  r e l e v a n t  e x p e r i m e n t a l  d a t a .

The  h o r i z o n t a l  f l a t  p l a t e ,  a s  u s e d  in th e  e x p e r i m e n t  a n d  d e s c r i b e d  in  

S e c t i o n  2 . 6 . 6  of  the  m a in  t e x t ,  w a s  c h o s e n  in p r e f e r e n c e  to  a v e r t i c a l  one  , 

t o  a v o i d  t h r e e  d i m e n s i o n a l  f low w i th  th e  p l a t e  h e a t e d .  In t h e  c u rv e d  d u c t ,  

c e n t r i p e t a l  f o r c e s  a c t e d  in th e  h o r i z o n t a l  p l a n e ,  a n d  w e re  a t  l e a s t  a n  o rd e r  of 

m a g n i t u d e  g r e a t e r  t h a n  t h o s e  du e  to  g r a v i t y .  C e n t r i p e t a l  f o r c e s  w e re  th e  

d o m i n a n t  i n f l u e n c e  w h e n  th e  c u rv e d  p l a t e  w a s  h e a t e d ,  a n d  a l s o  had  a n  e f f e c t  

in  a d i a b a t i c  c o n d i t i o n s ,  a s  w i l l  be  d i s c u s s e d  l a t e r .

T h e  F la t  P la t e

The  f l a t  p l a t e  e x p e r i m e n t s  w e r e  c o n d u c t e d  in a c o n f i g u r a t i o n  w h e r e  th e  

t e n d e n c y  w a s  for  the  h e a t e d  ( l e s s  d e n s e )  a i r  to  r i s e  from th e  s u r f a c e  of  the  

p l a t e ;  in  e t h e r  w o r d s ,  th e  b u o y a n c y  f o r c e s  r e d u c e d  th e  s t a b i l i t y  of  th e  b o u n d a r  

l a y e r .  (The o p p o s i t e  w o u ld  be  t r u e  h a d  the  f low b e e n  on  t h e  u n d e r s i d e  of  die 

p l a t e .  H e r e ,  h e a t  t r a n s f e r  a t  m o d e ra t e  r a t e s  w o u ld  e x e r t  a  s t a b i l i s i n g  e f f e c i , 

a n d  d i s c o u r a g e  a n y  c i r c u l a t o r y  m o t ion  in t h e  b o u n d a r y  l a y e r ) .  E s s e n t i a l l y  

t h e  p rob lem i s  t h a t  of  c o m b in e d  f ree  an d  fo rc e d  c o n v e c t i o n ,  a n d  in p r a c t i c e ,  

i t  i s  found t h a t ,  e x c e p t  a t  v e r y  low v e l o c i t i e s ,  fo rced  c o n v e c t i o n  is  the  

d o m i n a n t  m e c h a n i s m .  For l a m in a r  l a y e r s ,  th e  a n a l y t i c a l  m e th o d  of  A c r ivos  (38)



co n f i rm s  t h i s ,  b u t  c a n n o t  be u s e d  for  t h e  more c o m p l i c a t e d  t u r b u l e n t  l a y e r s .

R e c e n t  e x p e r i m e n t a l  w o rk  by  M or i  a n d  U c h id a  (6 2) w a s  c o n c e r n e d  w i th  

l a m i n a r  f low of  a i r  b e t w e e n  p a r a l l e l  p l a t e s , w i th  th e  lo w e r  p l a t e  un i fo rm ly  

h e a t e d .  I t  w a s  fo und  t h a t  a m a i n s t r e a m  v e l o c i t y  of  10 f t / s  w a s  s u f f i c i e n t  to 

e l i m i n a t e  th e  l o n g i t u d i n a l  v o r t i c e s  c r e a t e d  by  th e  f r ee  c o n v e c t i o n  i n f l u e n c e s , for  

a  t e m p e r a t u r e  d i f f e r e n c e  of  60 degK. The  i m p l i c a t i o n  of  t h i s  r e s u l t  i s  t h a t  the  

o c c u r e n c e  of  t h r e e - d i m e n s i o n a l  f low p a t t e r n s  a r i s i n g  from b u o y a n c y  f o r c e s  i s  

u n l i k e l y  w h e r e  t h e r e  i s  a l s o  a c o n s i d e r a b l e  fo rc e d  c o n v e c t i o n  i n f l u e n c e .

H o w e v e r ,  t r a n s i t i o n  i s  a p h e n o m e n o n  w h ic h  i s  th e  r e s u l t  o f  l o c a l  i n s t a b i l i t i e s  

w i t h i n  th e  l a m in a r  b o u n d a r y  l a y e r ,  a n d  may r e s p o n d  r e a d i l y  to  s m a l l  f ree  

c o n v e c t i o n  f o r c e s .  No d i r e c t  i n v e s t i g a t i o n  of  t h e  e f f e c t  o f  b u o y a n c y  on t r a n s i t i o n  

h a s  b e e n  m a d e ,  a l t h o u g h  N i c h o l l  (66) h a s  o b s e r v e d  t u r b u l e n t  l a y e r s  on th e  h e a t e d  

f loor  a n d  h e a t e d  roo f  o f  a  d u c t .  In t h e  l a t t e r  c a s e ,  t h e r e  w a s  a t e n d e n c y  for  the  

l a y e r  to  l a m i n a r i s e ,  a n d  t h i s  p h e n o m e n o n  i s  d i s c u s s e d  l a t e r  in th e  A p p e n d ix .

From th e  v e r y  l i m i t e d  e x p e r i m e n t a l  d a t a  a v a i l a b l e ,  e s t i m a t e s  h a v e  b e e n  m ade  of 

t h e  e f f e c t s  of  b u o y a n c y  on l a m in a r  t r a n s i t i o n ,  a n d  t h e s e  a r e  g i v e n  in  S e c t i o n s  

2 . 6 . 8  a n d  8 . 4  of  th e  main  t e x t .

The  C u r v e d  P la t e

The s e c o n d  e x p e r i m e n t  i n v o l v e d  th e  u s e  of  a c u r v e d  e l a t e , w i th  b o u n d a r y  

l a y e r  m e a s u r e m e n t s  c o n f in e d  to  th e  c o n v e x  s u r f a c e .  The  f igu re  i l l u s t r a t e s  a 

t y p i c a l  v e l o c i t y  d i s t r i b u t i o n  for  i n c o m p l e t e l y  d e v e l o p e d  f low in  a c u rv ed  d u c t .  

From s u c h  a v e l o c i t y  p r o f i l e ,  l o c a l  r a d i a l  c o m p o n e n t s  of  a c c e l e r a t i o n  m a y b e  

c a l c u l a t e d ,  a n d  th e  c o r r e s p o n d i n g  d i s t r i b u t i o n  for t h i s  p ro f i l e  i s  a l s o ,  sh o w n  

in  th e  f i g u r e .  The  e f f e c t  of  t h e s e  c e n t r i p e t a l  f o r c e s  h a s  b e e n  d e s c r i b e d  by 

T o w n s e n d  (78) in  th e  f o l lo w in g  m anner :  " C o n s id e r  tw o  e q u a l  v o l u m e s  of f lu id



i n i t i a l l y  d i s t a n t  a n d  r£ (r^ -< r;?) from th e  a x i s  (of  c u rv a t u r e )  a n d  w i th  

t h e  v e l o c i t i e s  of the  m e an  f low a t  t h e i r  o r ig in a l  p o s i t i o n s ,  Uj. a n d  U2 • T h e n ,  

i f  a n g u l a r  mom entum is  c o n s e r v e d  d u r in g  i n t e r c h a n g e  of  t h e i r  p o s i t i o n s ,  t h e r e  

i s  a n  i n c r e a s e  i n ' t h e i r  t o t a l  k i n e t i c  e n e r g y  of  AE = |  (UfrJ  “ U? r ? ) (/g. -  A) 

w h i c h  i s  the  minimum p o s s i b l e  v a l u e  from the  w o rk  d o n e  in pe r fo rm ing  th e  

i n t e r c h a n g e .  I f  r£ >  r^ , AE i s  p o s i t i v e  if  Ulrf  >  U^r* , a n d  th e  f low i s  s t a b l e  

t o  th e  i n t e r c h a n g e .  I f  Uf r |  <  U j r‘- , th e  f low i s  u n s t a b l e .  "
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I t  w i l l  be  s e e n  fiorn t h e  f ig u re  t h a t  for t h e  i n n e r  w a l l  b o u n d a r y  

l a y e r ,  th e  p r o d u c t  Ur i s  i n c r e a s i n g  w i th  d i s t a n c e  from th e  w a l l ,  a n d  a 

s t a b i l i s i n g  i n f l u e n c e  i s  e x e r t e d .  In a t u r b u l e n t  b o u n d a r y  l a y e r ,  t h i s  may 

h a v e  th e  e f f e c t  of i n h i b i t i n g  v e l o c i t y  f l u c t u a t i o n s  no rm a l  to  th e  w a l l .  C o n d i t i o n s
j

n e a r  t h e  o u te r  w a l l  a r e  u n s t a b l e ,  in t h a t  Ur f a l l s  w i th  i n c r e a s i n g  r ,  a n d  th u s  

t h e  i n t e r c h a n g e  of  f lu id  w i t h i n  the  b o u n d a r y  l a y e r  i s  e n c o u r a g e d .  In l a m in a r  

l a y e r s ,  s t r e a m w i s e  v o r t i c e s  form, a n d  t h e r e  i s  no r e a s o n  to  s u p p o s e  t h a t  a 

s i m i l a r  p a t t e r n  is  no t  p r e s e n t  in t u r b u l e n t  l a y e r s .  T h u s  th e  f low p a t t e r n  on  the  

c o n c a v e  s u r f a c e  is  l i k e l y  to  b e  s t r o n g l y  t h r e e - d i m e n s i o n a l ,  a n d  no t  e a s i l y  

a m e n a b l e  to  e x p e r i m e n t a l  or  a n a l y t i c a l  a p p r o a c h e s .

The  e f f e c t s  of c e n t r i p e t a l  f o r c e s  h a v e  b e e n  i n v e s t i g a t e d  in th e  f low 

between c o n c e n t r i c  c y l i n d e r s ;  a  c o m p r e h e n s i v e  r e v i e w  of t h i s  w ork  h a s  b e e n  

g i v e n  by  S c h l i c h t i n g  (72) ,  The f low c h a r a c t e r i s t i c s  d e p e n d  on  th e  r o t a t i o n  

o f  bo th  i n n e r  a n d  ">uter c y l i n d e r s .  S p e c i f i c a l l y ,  w i th  th e  in n e r  c y l i n d e r  a t  

r e s t  a n d  t h e  o u t e r  one  r o t a t i n g ,  s t a b i l i s i n g  b ody  f o r c e s  a r e  s e t  u p ,  and  

t r a n s i t i o n  i s  d e l a y e d  c o n s i d e r a b l y ;  i t  may  be  a v o i d e d  c o m p l e t e l y  if a l l  e c c e n t r i c  

m o t io n  b e t w e e n  the  c y l i n d e r s  c a n  be  e l i m i n a t e d .  T h u s  i t  i s  c l e a r  t h a t  the  

c e n t r i p e t a l  f o r c e s  i n h i b i t  th e  grow th  of g e n e r a l  t u r b u l e n c e  w i t h i n  th e  l a m in a r  

b o u n d a r y  l a y e r .  For a t u r b u l e n t  l a y e r ,  i t  i s  l o g i c a l  to  s u p p o s e  t h a t  rery s t r o n g  

s t a b i l i s i n g  f o r c e s  w o u ld  o v e rc o m e  th e  s o u r c e s  of  t u r b u l e n t  e n e r g y ,  an d  b r ing  

a b o u t  r e v e r s e  t r a n s i t i o n .

A d i f f e r e n t  s i t u a t i o n  i s  found  if  th e  o u t e r  c y l i n d e r  i s  h e l d  a t  r e s t  an d  the  

i n n e r  one  r o t a t e d ,  s i n c e  h e r e ,  th e  p r o d u c t  Ur f a l l s  w i th  i n c r e a s e d  r a d i u s .  An 

u n s t a b l e  c o n d i t i o n  i s  p r o d u c e d ,  r e s u l t i n g  in th e  fo rm a t io n  of  r ing  v o r t i c e s  for  

l a m in a r  f lo w .  The l a t e r  e x p e r i m e n t s  of  P a te l  ( 1 7 ) ,  T h o m a n n  (34) an d  P e r s e n  (68 ) ,  

n o n e  of  whom e m p lo y e d  c o n c e n t r i c  c y l i n d e r s ,  p o in t  to  a  s i m i l a r  p h e n o m e n o n  in



t u r b u l e n t  b o u n d a r y  l a y e r s  on  c o n c a v e  s u r f a c e s .

In  th e  p r e s e n t  a u t h o r ' s  e x p e r i m e n t s  w i th  the  c u r v e d  d u c t ,  one  w o u ld  

t h e r e f o r e  e x p e c t  s t r o n g  s t a b i l i s i n g  f o r c e s  to  a c t  in th e  b o u n d a r y  l a y e r .

H e a t i n g  w o u ld  i n t r o d u c e  a d d i t i o n a l  f o r c e s  a n d  a g a i n ,  t h e  e f f e c t  w o u ld  be  a 

s t a b i l i s i n g  o n e ,  s i n c e  the  h e a t e d  ( l e s s  d e n s e )  a i r  w o u ld  e x p e r i e n c e  a s m a l l e r  

c e n t r i p e t a l  fo rce  per  u n i t  v o lu m e  th a n  th e  a i r  a t  a m b i e n t  t e m p e r a t u r e .  Th i s  

t h e  h e a t e d  a i r  w o u ld  t e n d  to  r e m a in  in  c l o s e  p rox im i ty  t o  th e  p l a t e ,  a n d  v e r y  

l i t t l e  c i r c u l a t i o n  w o u ld  t a k e  p l a c e .  T h i s  c o n t r a s t s  w i th  th e  u n s t a b l e  b u o y a n c y  

c o n d i t i o n  on th e  f la t  p l a t e .  An e q u a l l y  im p o r ta n t  d i f f e r e n c e  i s  t h a t  in the  

c u r v e d  p l a t e  f lo w ,  th e  b u o y a n c y  f o r c e s  w e re  the  r e s u l t  of  th e  c e n t r i p e t a l  f i e l d ,  

h a v i n g  a  m a g n i tu d e  w h ic h  v a r i e d  b e t w e e n  30 a n d  150 t i m e s  t h a t  of  the  g r a v i t a t i o n a l  

f i e l d .  The  " free c o n v e c t i o n "  i n f l u e n c e s  w i t h i n  t h e  b o u n d a r y  l a y e r  w o u ld  be  

c o r r e s p o n d i n g l y  g r e a t e r .

Laminariscttion

In  th e  p r e s e n c e  of  pow er fu l  s t a b i l i s i n g  f o r c e s ,  the  a b i l i t y  of a  t u r b u l e n t  

b o u n d a r y  l a y e r  to  m a in t a i n  i t s e l f  m u s t  be  q u e s t i o n e d .  In  t h i s  r e s p e c t ,  the  

c u r r e n t  l i t e r a t u r e  on r e v e r s e  t r a n s i t i o n  i s  u n h e lp fu l ;  m o s t  e x p e r i m e n t e r s  h a v e  

s t u d i e d  th e  e f f e c t  of f a v o u r a b l e  f r e e s t r e a m  p r e s s u r e  g r a d i e n t s ,  an d  q u o te  

l i m i t in g  p a r a m e t e r s  b a s e d  on g r a d i e n t  s t r e n g t h  ( s e e  S e c t i o n  1 . 4 ) .  H o w e v e r ,  

N i c h o l l ' s  (6 6) m e a s u r e m e n t s  of  t u r b u l e n t  b o u n d a r y  l a y e r s  u n d e r  s t a b l e  b u o y a n c y  

c o n d i t i o n s  ( a l t h o u g h  from g r a v i t a t i o n a l  fo rce  only)  a r e  o f  r e l e v a n c e .  W i th  

T w a ' l / T ^  = 1 . 3 5 ,  h e  n o t e d  v e r y  r a p id  tu r b u l e n t  d e c a y .  I t  s h o u ld  be  m e n t io n e d  

t h a t  h i s  m e a s u r e m e n t s  w e r e  t a k e n  a t  f r e e s t r e a m  v e l o c i t i e s  of  th e  o rde r  of  5 f t / s ,  

a n  o rde r  of m a g n i tu d e  b e lo w  t h o s e  u s e d  by t h e  p r e s e n t  a u t h o r .  N ic h o l l  a l s o  

e m p lo y e d  a f l a t  p l a t e  a t  z e r o  p r e s s u r e  g r a d i e n t ,  u n l ik e  th e  p r e s e n t  c a s e  w h e re



t h e r e  w a s  a  s e v e r e  a d v e r s e  p r e s s u r e  g r a d i e n t  to  p rom ote  s e p a r a t i o n .  Thus  

no  d i r e c t  c o m p a r i s o n s  of  a q u a n t i t a t i v e  n a t u r e  m ay  b e  d r a w n .

In  t h e  e x p e r i m e n t s  of  E s k i n a z i  a n d  Yeh (50) on fu l ly  d e v e l o p e d  f low

in  a c u r v e d  c h a n n e l ,  e x t e n s i v e  h o t - w i r e  m e a s u r e m e n t s  w e re  m a d e ,  an d

f l u c t u a t i n g  c o m p o n e n t s  c o m p a r e d  in  m a g n i tu d e  o v e r  a r a n g e  of s t r e a m w i s e

p o s i t i o n s .  A s t u d y  of  t h e  v a r i a t i o n  w i th  d i s t a n c e  d o w n s t r e a m  of  the  r a d i a l

v e l o c i t y  c o m p o n e n t  v2 s h o w e d  a s t e a d y  d e c a y  n e a r  th e  inne i  w a l l  a n d

a m p l i f i c a t i o n  n e a r  th e  o u t e r  w a l l ,  co n f i rm in g  th e  a n t i c i p a t e d  e f f e c t s  of  b o d y

I
f o r c e s .  The  c h a n g e s  in v2 w e re  t r a n s m i t t e d  in r e d u c e d  m e a s u r e  to  th e  o th e r  

f l u c t u a t i n g  c o m p o n e n t s .

As no h o t - w i r e  m e a s u i e m e n t s  w e r e  a v a i l a b l e  for th e  p r e s e n t  a u t h o r ' s  

cu rv e d  p l a t e  b o u n d a ry  l a y e r s ,  th e  e x a c t  c o n d i t i o n s  w i t h i n  th e m  m u s t  be  in  

s o m e  d o u b t .  H o w e v e r ,  a  s t u d y  of  th e  v e l o c i t y  p r o f i l e s  m e a s u r e d  b e t w e e n  

x = 10 i n .  a n d  x  = 20 in .  i n d i c a t e s  n e g l i g i b l e  d i v e r g e n c e  from th e  u n i v e r s a l  

t u r b u l e n t  profi le, ,  e x c e p t  in the  r e g io n  i m m e d i a t e l y  u p s t r e a m  of  the  

s e p a r a t i o n  p o i n t .  The  k in k e d  p r o f i l e s  in t h i s  reg?on a r e  of  th e  form c o n s i d e r e d  

t y p i c a l  of  t u r b u l e n t  l a y e r s .  I t  m u s t  t h e r e f o r e  be  c o n c l u d e d  t h a t  i f  l a m i n a r i s a t i o n  

w a s  in  -p ro g re s s ,  i t  w a s  n o t  fa r  a d v a n c e d .

A fu r th e r  po in t  may  b e  w o r th y  of  m e n t io n .  I t  i s  w e l l  know n t h a t  a 

l a m i n a r  b o u n d a r y  l a y e r  s e p a r a t e s  more  r e a d i l y  t h a n  a  t u r b u l e n t  o n e .  W h a t  

i s  n o t  c l e a r  i s  w h e t h e r  a  t u r b u l e n t  l a y e r  in  th e  p r o c e s s  of  l a m i n a r i s a t i o n  i s  

more  s e n s i t i v e  in t h i s  r e s p e c t  t h a n  one  t h a t  i s  f u l ly  t u r b u l e n t ,  a l t h o u g h  lo g i c  

s u g g e s t s  t h i s  s h o u ld  be  s o .  If  t h i s  i s  the  c a s e ,  t h e n  h e a t  t r a n s f e r  from the  

w a l l ,  w h i c h  p r o d u c e s  a s t a b l y  s t r a t i f i e d  f low a n d  a fu r th e r  r e d u c t i o n  in 

t u r b u l e n c e  in  th e  b o u n d a ry  l a y e r ,  w o u ld  r e d u c e  t h e  r e s i s t a n c e  of  the  l a y e r  

to  t h o s e  i n f l u e n c e s  w h ic h  t e n d  to  c a u s e  s e p a r a t i o n .  C o n s e q u e n t l y ,  the



s e p a r a t i o n  p o in t  w o u ld  be  l i k e l y  t o  move u p s t r e a m .  E x p e r i m e n t a l  e v i d e n c e  

o n  t h e  s e p a r a t i o n  b e h a v i o u r  of  l a m i n a r i s i n g b o u n d a r y  l a y e r s  r e q u i r e d  to  

s u p p o r t  t h i s  t h e o r y  i s  n o t  a v a i l a b l e ,  a n d  i t s  c o l l e c t i o n  i s  l i k e l y  to  p r e s e n t  

m a n y  p r a c t i c a l  d i f f i c u l t i e s .  . .
v -

The  s c o p e  for fu r th e r  w o rk  in  t h i s  f i e ld  i s  c o n s i d e r a b l e .  T h e re  i s  l i t t l e  

e x p e r i m e n t a l  d a t a  on  th e  c o m b in e d  e f f e c t s  of  f ree  a n d  fo r c e d  c o n v e c t i o n  in the  

t u r b u l e n t  b o u n d a r y  l a y e r  a n d  t h i s  n e e d s  to  be  r e m e d ie d  b e f o r e  r e l i a b l e  t h e o r e t i c a l  

a p p r o a c h e s  c a n  b e  m a d e .  I n v e s t i g a t i o n  of  c e n t r i p e t a l  e f f e c t s ,  a t  p r e s e n t

l a r g e l y  c o n f i n e d  to  l a m in a r  b o u n d a r y  l a y e r s ,  c o u ld  be  e x t e n d e d  in to

t h e  t u r b u l e n t  r e y im e  to  e x a m i n e  th e  p o s s i b i l i t y  of  r e v e r s e  t r a n s i t i o n .  H e r e ,  i t

m a y  be  d i f f i c u l t  to  s p e a r a t e  th e  i n f l u e n c e s  of  c u r v a t u r e  a n d  p r e s s u r e  g r a d i e n t .

C o m p r e s s o r  C o n d i t i o n s

For th e  p r e s e n t  a u t h o r ' s  c u r v e d  p l a t e  e x p e r i m e n t ,  i t  h a s  b e e n  c o n c l u d e d  

t h a t  th e  b o u n d a r y  l a y e r  a t  s e p a r a t i o n  w a s  a t  l e a s t  p r e d o m i n a n t l y  t u r b u l e n t .

From t h i s  i t  w o u ld  a p p e a r  t h a t  th e  s t a b i l i s i n g  i n f l u e n c e s  w e r e  e f f e c t i v e l y  

o p p o s e d  by  th e  s t r o n g  a d v e r s e  p r e s s u r e  g r a d i e n t .  On a c o m p r e s s o r  a e r o f o i l ,  

t h e  s a m e  q u a l i t a t i v e  c o n d i t i o n s  a p p l y  for th e  s u c t i o n  s u r f a c e ;  th e  c e n t r i p e t a l  

f i e l d  i s  much g r e a t e r ,  b u t  s o  i s  t h e  f r e e s t r e a m  v e l o c i t y .

S t u d i e s  of  s u c t i o n  s u r f a c e  b o u n d a r y  l a y e r s  on  c o m p r e s s o r  a e r o f o i l s  

( e . g .  E v a n s  ^51)) in  a d i a b a t i c  f low h a v e  i n d i c a t e d  t h a t  t r a n s i t i o n  t a k e s  p l a c e  

a r o u n d  m i d - c h o r d  (d e p e n d i n g  on s t a t i c  p r e s s u r e  d i s t r i b u t i o n )  a f t e r  w h ic h  a 

t y p i c a l  t u r b u l e n t  l a y e r  d e v e l o p s .  No s i g n s  of s u b s e q u e n t  l a m i n a r i s a t i o n  h a v e  

b e e n  fo u n d ,  nor  a r e  t h e y  l i k e l y  to  b e ,  fo l lo w in g  n a t u r a l  t r a n s i t i o n  in a n  a d v e r s e  

p r e s s u r e  g r a d i e n t .  The e f f e c t  of  h e a t  t r a n s f e r  from th e  a e r o f o i l  h a s  n o t  b e e n



i n v e s t i g a t e d  e x p e r i m e n t a l l y ,  bu t  i t  s e e m s  l i k e l y  t h a t  t h e  e x t r a  s t a b i l i t y  

c o n f e r r e d  on th e  s u c t i o n  s u r f a c e  l a y e r  w i l l  r e s u l t  in d e l a y e d  t r a n s i t i o n .  

H o w e v e r ,  th e  d o m i n a t i n g  in f l u e n c e  on th e  b e h a v i o u r  of  t h e  b o u n d a r y  l a y e r  

i s  t h a t  of  the  s t r e a m w i s e  p r e s s u r e  g r a d i e n t ,  a n d  t h i s  w i l l  be  l a r g e l y  u n a f f e c t e d  

by  t h e  h e a t  t r a n s f e r .  T hus  th e  m o v e m e n t  of t h e  t r a n s i t i o n  p o in t  is  l i k e l y  to  

b e  v e r y  s m a l l .

On th e  p r e s s u r e  s u r f a c e  of t h e  c o m p r e s s o r  b l a d e ,  i n s t a b i l i t y  i s  p r e s e n t  

in  th e  b o u n d a r y  l a y e r ,  a n d  i t  s e e m s  l i k e l y  t h a t  T a y l o r - G o r t l e r  v o r t i c e s  w i l l  

form.  T h e s e  a r e  w e l l - k n o w n  in  l a m in a r  l a y e r s ,  a n d  P a t e l ' s  (17) o b s e r v a t i o n s  

h a v e  p o in t e d  to  t h e i r  p r e s e n c e  in t u r b u l e n t  l a y e r s  a s  w e l l .  The  a d d i t i o n  of 

h e a t  t r a n s f e r  from th e  w a l l  g i v e s  e v e n  g r e a t e r  i n s t a b i l i t y ,  a n d  w o u ld  be 

e x p e c t e d  to  c o n t r i b u t e  to  th e  s t r e n g t h  of th e  v o r t i c e s .

C o n c l u s i o n s

I t  a p p e a r s  from th e  e v i d e n c e  a v a i l a b l e  t h a t  t h e  s t a b i l i s i n g  i n f l u e n c e s  

in c o n v e x - s u r f a c e  b o u n d a r y  l a y e r s  a r e  i n e f f e c t u a l  in t h e  p r e s e n c e  of 

s i g n i f i c a n t  a d v e r s e  p r e s s u r e  g r a d i e n t s .  On th e  s u c t i o n  s u r f a c e  of  a  c o m p r e s s o r  

a e r o f o i l ,  th e  p o in t  of s e p a r a t i o n  ( if  p r e s e n t )  i s  d e t e r m i n e d  by  th e  g row th  of 

th e  t u r b u l e n t  b o u n d a ry  l a y e r ,  a n d  l a m i n a r i s a t i o n  i s  no t  a  s i g n i f i c a n t  e f f e c t .

The  c o n c l u s i o n  to  be  d r a w n  from t h i s  i s  t h a t  in t h i s  r e s p e c t  t h e  r e s u l t s  from 

c u r v e d  p l a t e  e x p e r i m e n t s ,  s u c h  a s  t h e  p r e s e n t  o n e ,  m ay  b e  a p p l i e d  d i r e c t l y  

to  th e  s u c t i o n  s u r f a c e s  of  c o m p r e s s o r  a e r o f o i l s ,  d e s p i t e  th e  s o m e w h a t  

d i f f e r e n t  f low c o n d i t i o n s  .
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An e s t i m a t e  v?as made of  t h e  h e a t  l o s s e s  i n  f  n the rm ocouple  

p robe ,  and the  t e m p e r a t u r e  e r r o r s  r e s u l t i n g  from t h o s e  l o s s e s .  The 

a n a l y s i s  van c a r r i e d  o u t  f o r  t h e  the rm ocouple  n e a r e s t  t h e  p l a t e  

s u r f a c e ,  f o r  th e  f o l l o w i n g  c o n d i t i o n s : -

Mainstream a ir  v e lo c i t y ,  100 f t / s  

A ir v e lo c i t y  a t  therm ocouple, 50 f t / s  

Ambient a ir  tem perature, 293 K 

Air tem perature a t  therm ocouple, 38.3 K 

P la te  su rfa ce  tem perature, A 33 K

These c le a r ly  arc ra th er  more extreme c o n d it io n s  than were 

encountered during th e experim ental work.

The dim ensions o f the therm ocouple
£>i

are shown in  the f ig u r e  on t h is  page. The 

tem perature erro rs  are o f course dependent 

on th e tem perature d is t r ib u t io n  a lon g  the

therm ocouple w ires; however, the d es ig n
\

o f the instrum ent makes t h i s  very  

d i f f i c u l t  to  e s t im a te . As a f i r s t  

approxim ation, th e tem perature d is t r ib u t io n  

was c a lc u la te d  fo r  th e ou ter  s t a in le s s  

s t e e l  sheath , a f t e r  making the fo llo w in g  

assum ptions
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1) t h a t  t h e  e n t i r e  l e n g t h  of  s h e a t h  p a r a l l e l  t o  t h e  

p l a t e  s u r f a c e  was a t  a  un i fo rm  t e m p e r a t u r e i

2) t h a t  t h e  e f f e c t s  of  t h e  copper  t u b e , which s h i e l d s  

t h e  the rm ocoup les  from ap p ro x im a te ly  y -  1 .5  i n .  

upwards,  may be n e g l e c t e d .  T h i s  i s  o b v io u s ly  a 

g r o s s  o v e r s i m p l i f i c a t i o n ,  b u t  i s  p ro b a b ly  n o t  s e r i o u s l y  

i n  e r r o r ,  f o r  th e  f o l l o w i n g  r e a s o n s .  F i r s t l y ,  poor  

th e rm a l  c o n t a c t  e x i s t e d  between tu b e  and the rm ocoup les ,  

a s  an i n t e n t i o n a l  f e a t u r e  of  t h e  p robe  d e s ig n .

Secondly ,  th e  m e ta l  p e d e s t a l  of  th e  p robe  was l o c a t e d  

w i th  one end i n  c o n t a c t  w i th  t h e  p l a t e  s u r f a c e ,  and 

t h e  o t h e r  a t t a c h e d  t o  th e  copper  tu b e  ab o u t  2 i n .  from

i t s  end.  Thus co n d u c t io n  up t h e  w a l l s  of  th e  tube

would be s m a l l .  A lso ,  of  c o u r s e ,  f o r  a t  l e a s t  one 

inc h  of  i t s  l e n g t h  normal t o  t h e  p l a t e  s u r f a c e ,  th e  

the rmocouple  would be u n s h i e l d e d ,  and any cond u c t io n  

•which took  p l a c e  would be a long  th e  s h e a t h  (and,  of  

c o u r s e ,  a long  th e  w i r e s  i n s i d e  t h e  s h e a t h ) .
#•

3) t h a t  t h e  p r e s e n c e  of  t h e  probe  d i d  n o t  d i s r u p t  th e  

a i r f l o w  t o  such an e x t e n t  t h a t  t h e  normal c a l c u l a t i o n s  

f o r  h e a t  t r a n s f e r  c o e f f i c i e n t s  were i n v a l i d a t e d .

R a d i a t i v e  h e a t  t r a n s f e r  f o r  th e  p o r t i o n  o f  s h e a t h  p a r a l l e l  t o  th e

p l a t e  s u r f a c e  was sm a l l ,  main ly  because  of  t h e  low e i n i s s i v i t i e s  of  t h e
p

s u r f a c e s  inv o lv ed .  I t  p ro b ab ly  amounted t o  l e s s  t h a n  10-:) CfrlU/hr, and 

cou ld  be a g a in  o r  a l o s s  t o  t h e  p robe ,  depend ing  on t h e  e x a c t  v a l u e s  

of  e m i s s i v i t y  t a k e n .
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C o n v ec t io n  r a t e s  f o r  t h i s  p o r t i o n  of  t h e  s h e a th  were 

c o m p a r a t i v e ly  l a r g e ;  t h u s  f o r  a 1 deg C t e m p e ra tu r e  d i f f e r e n c e ,  th e  

h e a t  t r a n s f e r  r a t e  was c a l c u l a t e d  as  3 -  10 " CHU/hr. However, th e  

c r u c i a l  f a c t o r  in  t h e  c a l c u l a t i o n  was t h e  b a l a n c e  o f  c o n d u c t io n  and 

c o n v e c t io n  r a t e s  f o r  t h e  s h e a th  normal t o  t h e  p l a t e  s u r f a c e .

F or  th e  c y l i n d r i c a l  s h e a th  w i th  i t s  a x i s  normal t o  t h e  f low, t h e

1 Ph e a t  t r a n s f e r  c o e f f i c i e n t  was 0.016  C H U / f t " .h r .d e g  C. The t e m p e ra tu r e

d i s t r i b u t i o n  a lo n g  t h e  s h e a t h  was g iv e n  by

<i2 T -  h P frn m v2 -  -    U  -  V
dy !cA

where h i s  th e  above h e a t  t r a n s f e r  c o e f f i c i e n t ,

P i s  th e  s h e a t h  p e r i m e t e r  ( 2 n  x o u t e r  r a d i u s ) ,  

k i s  th e  t h e rm a l  c o n d u c t i v i t y  of  s t a i n l e s s  s t e e l ,

A i s  th e  c r o s s - s e c t i o n a l  a r e a  of  t h e  hollow s h e a t h  

and T_ i s  th e  ambien t  a i r  t e m p e r a t u r e .
cl

The s o l u t i o n  i s  of  -the form

(T -  Ta ) = C. emy + C2 e_my

i , h  Pwhere n: = / p-y-

P u t t l n g  i n  f i g u r e s

t r  r ?
^ 1 5  = 3 .88/  oVo36 x 10“ 2m * / ---- h----- —

-o2H- x 10'

.C-̂  and Cp were e v a l u a t e d  from boundary c o n d i t i o n s .
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The e f f e c t  of  th e  boundary  l a y e r  a t  y « 0 was n e g l e c t e d  a s  a 

f i r s t  a p p ro x im a t io n ,  so t h a t  f o r

y i- 0, (T -  Ta ) 90,

F o r  t h e  second boundary  c o n d i t i o n ,  i t  i s  p o s s i b l e  t o  e s t i m a t e  

t h e  p o i n t  a t  which t h e  s h e a t h  t e m p e r a t u r e  approached  t h e  ambient .

T h i s  e s t i m a t e  cou ld  t h e n  be checked by comparing t h e  co n d u c t io n  r a t e  

a t  a c e r t a i n  v a l u e  of  y w i t h  t h e  t o t a l  h e a t  l o s s  r a t e  by c o n v e c t io n  

from t h i s  v a lu e  o f  y up t o  t h e  above e s t i m a t e d  p o i n t .  However, i t  

i s  s i m p l e r  t o  c o n s i d e r  t h e  most  ext reme case  o f  an i n f i n i t e l y  long  

s h e a th ,  f o r  which t h e  s o l u t i o n  i s  g r e a t l y  s i m p l i f i e d .  The c o n d u c t i v i t  

r a t e  a t  y 7 0 i s  g iv e n  by

q" -  kA (T -  Ta ) / g l

where T -  s h e a t h  t e m p e ra tu re ,

cU « 25 x 10" b x 90 x 3.88

8 . 7  x 10"-5 CHU/hr 

The t e m p e r a t u r e  g r a d i e n t  a t  t h i s  p o i n t  i s
f.

, 8 . 7  x 10 x  10 / 2 5  = deg C / f o o t

'  = 29 deg C / i n c h

The t e m p e r a t u r e  d i s t r i b u t i o n  f o r  t h e  f i r s t  few in c h e s  o f  s h e a t h  

i s  sk e tc h e d  o v e r l e a f .
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Allowance f o r  t h e  boundary  l a y e r  t e m p e ra t u r e  d i s t r i b u t i o n  

( d o t t e d  l i n e )  v/ould a l t e r  t h e  s h e a th  d i s t r i b u t i o n  s l i g h t l y ,  e s p e c i a l l y  

in  th e  r e g i o n  c l o s e  t o  y = 0. F u r t h e r  ou t ,  i t  makes l i t t l e  d i f f e r e n c e .

Thus i t  i s  s een  t h a t ,  f o r  th e  a s sum pt ions  made, t h e  maximum

-*3r a t e  o f  h e a t  l o s s  from t h e  s h e a th  t i p  was 8 . 7  x 10 CHU/hr.

To b a l a n c e  t h i s ,  t h e  s h e a th  t i p  t e m p e r a t u r e  would be d e p r e s s e d  

by r a t h e r  l e s s  t h a n  3 deg C-

The above c a l c u l a t i o n s  embody many s i m p l i f i c a t i o n s  and a s s um pt ions ,  

b u t  n e v e r t h e l e s s  s u g g e s t  t h a t  t h e  h ig h  h e a t  t r a n s f e r  r a t e s  n e a r  t h e  

therm ocouple  t i p  m a in t a i n e d  i t s  t e m p e r a t u r e  c l o s e  t o  t h a t  o f  t h e  l o c a l  

a i r s t r e a m  f o r  t h e  e x p e r i m e n t a l  c o n d i t i o n s .  The h o t  j u n c t i o n  and w i r i n g  

o f  th e  therm ocouple ,  which were i n s u l a t e d  from t h e  s h e a t h ,  would be 

e x p ec ted  t o  s u f f e r  r a t h e r  s m a l l e r  t e m p e r a t u r e  l o s s e s  t h a n  th e  3 deg  C 

r e f e r r e d  t o  above.

100

50

Ti !l R M O C C  WPi.E 
  ' P I l A T H
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x d i s t a n c e  a lo n g  p l a t e  s u r f a c e ,  i n  d i r e c t i o n  of  f low

y d i s t a n c e  normal t o  p l a t e  s u r f a c e

r  r a d i a l  d i s t a n c e  i n  c o n s t a n t - r a d i u s  d u c t s

R s u r f a c e  r a d i u s  o f  c u r v a t u r e

u v e l o c i t y  i n  x - d i r e c t i o n

u = If:1- -  f r i c t i o n  v e l o c i t y* si p
P p r e s s u r e

f  t e m p e ra t u r e

p  d e n s i t y

g a c c e l e r a t i o n  due t o  g r a v i t y

Cp s p e c i f i c  b e a t  a t  c o n s t a n t  p r e s s u r e

Y r a t i o  o f  s p e c i f i c  h e a t s

Pr  P r a n d t l  number

S t  S t a n t o n  number

q" , _ h e a t  t r a n s f e r  r a t e  a t  t h e  w a l l  w a l l

s k i n  f r i c t i o n  c o e f f i c i e n t  

nr s h e a r  s t r e s s

6 boundary  l a y e r  t h i c k n e s s

S * boundary  l a y e r  d i s p l a c e m e n t  t h i c k n e s s

G boundary  l a y e r  momentum t h i c k n e s s

k in e m a t i c  v i s c o s i t y  

^ c r i t  Reynolds  number, based  on x, a t  s t a r t  o f  t r a n s i t i o n

Hgcp Reynolds  number, based  on x, a t  p o i n t  o f  s e p a r a t i o n

R /.a- Reynolds  number based  on £*

Reynolds  number based  on G
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H ~ &*/&> shape f a c t o r  

H com p re ss ib l e  shape  f a c t o r

H , =  ( £  -  6 * ) / 0 ,  Shape param eter ,
•A- v -

F H ead ' s  e n t r a in m e n t  f u n c t i o n

K r a d i a l  a c c e l e r a t i o n  pa ram e te r

M Mach number

S u f f i x e s

0 ( e x c e p t  where s t a t e d )  a t  s t a g n a t i o n  c o n d i t i o n s

1 a t  t h e  tu b e  of  t h e  p i t o t  p robe  n e a r e s t  t h e  wal l

co a t  mains tream c o n d i t i o n s

w o r  w a l l ,  a t  w a l l  c o n d i t i o n s

ad a d i a b a t i c

p f o r  p o t e n t i a l  f low

i n  a t  e n t ry
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