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PREFACE 

The problem of flow sepa ra t ion  has been recognized a s  an  important 
one f o r  many years ,  I n  con t ra s t  to 'chis  importance t h e r e  has been l i t t l e  work 
done i n  t h i s  a rea  of f l u i d  mechanics, One of t h e  major reasons i s  t h e  d i f f i -  
c u l t y  of formulat ing t h e  problem so t h a t  it w i l l  be amenable t o  ana lys i s ,  
The flow behavior, i n  general ,  i s  complicated e s p e c i a l l y  i n  tide regions which 
l i e  downstream of separa t ion .  When t h e  author i n i t i a l l y  undertook t h i s  study, 
it was be l ieved t h a t  l i t t l e  work had been done on t h i s  p a r t i c u l a r  c l a s s  of 
flow geometries,  Fur ther  inves t iga t ion  revealed t h e  work of M, J, L i g h t h i l l ,  
S t i l l  f u r t h e r  s tudy convinced t h e  author  t h a t  an  extension and evalua t ion  of 
L i g h t h i l l ' s  work would be bene f i c i a l ,  a s  many quest ions remained unanswered, 
It i s  be l ieved t h a t  t h e  following work w i l l  give i n s i g h t  i n t o  the  problem and 
t h e  l i m i t a t i o n s  of the  ana lys i s ,  There a r e  many valuable a r e a s  of work s t i l l  
remaining untouched i n  t h e  general  problem of corner  flows, a s  the  following 
a n a l y s i s  t r e a t s  the  flow outs ide  t h e  separa ted  region,  

The completion of t h i s  work marks t h e  end of a formal period of 
s tudy  f o r  t h e  author.  There a r e  many people t a  whom t h e  author owes a g r e a t  
d e a l ,  Although space does not  permit t h a t  everyone can be mentioned, a few 
deserve s p e c i a l  recognit ion,  The author owes much t o  h i s  parents  f o r  
guidance and a s s i s t a n c e  throughout h i s  e n t i r e  period of formal educat ion,  
The author  would l i k e  t o  thank Professor  A ,  G, Hansen, h i s  advisor ,  f o r  h i s  
encouragement and he lp  i n  a l l  s tages  of t h i s  work, Spec ia l  thanks must go 
t o  t h e  a u t h o r ' s  wife and ch i ld ren  f o r  t h e i r  loving  devotion, pat ience,  Bnd 
s a c r i f i c e ,  
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M (2-1 
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A 
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CHAPTER I 

INTRODUCTION 

The s tudy  of  f l u i d  f low sepa ra t ion  has been an important a r e a  

of f l u i d  mechanic r e sea rch  f o r  a number of yea r s ,  Whenever a  moving 

f l u i d  i s  contained,  t h e r e  e x i s t s  t h e  p o s s i b i l i t y  t h a t  a t  some po in t  i n  

t h e  flow sepa ra t ion  may occur,  When t h i s  happens, t h e  normal flow be- 

havior  breaks down and t h e  flow can become e r r a t i c  and uns t ab le ,  The 

f l u i d  f low parameter which i s  gene ra l ly  used t o  q u a n t i t a t i v e l y  desc r ibe  

t h i s  behavior  i s  t h e  w a l l  shea r  s t r e s s .  Where t h e  w a l l  shear  s t r e s s  

equals  zero ,  t h e  flow i s  s a i d  t o  have separa ted  a t  t h a t  p o i n t ,  This 

f l u i d  f low behavior  i s  common t o  a  ma jo r i t y  of  f l u i d  handl ing  devices ,  

D i r e c t l y  o r  i n d i r e c t l y  flow sepa ra t ion  l eads  t o  l o s s  of  e f f i c i e n c y  i n  

turbomachines,  increased  drag  on submerged o b j e c t s ,  genera t ion  of no i se  

i n  f low processes ,  and a l t e r a t i o n  of  h e a t  t r a n s f e r  c h a r a c t e r i s t i c s  be- 

tween f l u i d  and s o l i d  boundaries,  

Some of  t h e  e a r l i e r  i n v e s t i g a t i o n s  i n t o  t h i s  gene ra l  problem 

d e a l t  wi th  t h e  flow sepa ra t ion  from t h e  downstream su r face  of an i n f i n i t e  

cy l inder .  ~ c h u b a u r e r  presented  an  a n a l y t i c a l  s o l u t i o n  f o r  t h e  sepa r t -  

i n g  laminar  boundary l a y e r  of an  i n f i n i t e  cy l inde r ,  Von ~drm/an and 

Millikan(') p resented  a mathematical d i scuss ion  of t h e  boundary l a y e r  

equat ions  wi th  t h e  view of f a c i l i t a t i n g  t h e  i n v e s t i g a t i o n  of s epa ra t ion ,  

~ i k u r a d s e  ( 3 )  has s tud ied  flow i n  v a r i a b l e  w a l l  two dimensional converg- 

i ng  and d ive rg ing  channels. ~b ramowi tz  ( extended t h i s  con f igu ra t ion  

by cons ider ing  t h e  backflow r e s u l t i n g  from d ive rg ing  channels.  Because 

of  confusion i n  t h e  meaning of  t h e  term sepa ra t ion ,  ~ a s k e 1 1 ( ~ )  has  



de f ined  t h e  phenomenon i n  terms of a l i m i t i n g  s t r eaml ine  which l i e s  i n -  

f i n i t e s i m a l l y  c lo se  t o  t h e  boundary su r f ace  be fo re  s epa ra t ion  and "leaves" 

t h e  su r f ace  a t  separa t ion ,  With t h i s  d e f i n i t i o n  it i s  poss ib l e  t o  con- 

s i d e r  t h r e e  dimensional s epa ra t ion  i n  a broader  and more meaningful sense,  

The problem he re  i s  t o  s tudy  a two-dimensional s teady  laminar  

f l u i d  flow which i s  d i r e c t e d  i n t o  a two-dimensional corner ,  The f low 

d i r e c t i o n  i s  normal t o  t h e  l i n e  of i n t e r s e c t i o n  of  t h e  two wa l l s  making 

up t h e  corner ,  I n  p a r t i c u l a r ,  t h e  aim w i l l  be t o  p r e d i c t  t h e  s epa ra t ion  

po in t  of t h e  f l u i d  f low a long  t h e  w a l l  s e c t i o n  which i s  p a r a l l e l  t o  t h e  

f low d i r e c t i o n ,  As t h e  flow proceeds i n t o  t h e  corner  it moves a g a i n s t  

an inc reas ing  pressure ,  This adverse p re s su re  g rad ien t  causes a  th icken-  

i ng  of t h e  boundary l a y e r  and w i l l  even tua l ly  cause sepa ra t ion ,  The 

usua l  methods of p r e d i c t i n g  sepa ra t ion  r e q u i r e  a  knowledge of t h e  main- 

stream p res su re  g rad ien t  i n  advance. The at tempt  i s  made t o  e l imina te  

t h i s  s t e p  f o r  simple con f igu ra t ions ,  

I n  regard  t o  problems of  corner  flow wi th  incompressible  f l u i d s ,  

work has been done f o r  t h e  case  of t h e  mainstream flow be ing  p a r a l l e l  t o  

t h e  w a l l  i n t e r s e c t i o n ,  References 6 ,  7 ,  8, and 9 d e a l  wi th  t h e  f low i n  

s t r a i g h t  and curved duc t s ,  References 10 ,  11, 12,  13 ,  and 1 4  a r e  con- 

cerned wi th  f low p a r a l l e l  t o  t h e  i n t e r s e c t i o n  of  two semi - in f in i t e  wal l s .  

However, wi th  t h e  except ion of t h e  case of flow i n  curved d u c t s ,  where 

secondary f low p lays  an  important p a r t ,  none of t h e  above cases  w i l l  r e -  

s u l t  i n  f low sepa ra t ion ,  

There a r e  two p o s s i b l e  avenues of  approach t o  t h e  problem under 

s tudy,  The f low conf igura t ion  and behavior  i s  shown below, As t h e  flow 

proceeds along t h e  duct  toward t h e  corner ,  it engages t h e  l ead ing  edge 



s e p a r a t i o n  
/ / / / / / /  / / / / / / / -  

p o i n t  reattachment po in t  

s epa ra t ed  r eg ion  

l ead ing  edge o f  h o r i z o n t a l  w a l l  

of t h e  h o r i z o n t a l  p l a t e ,  The momentum change i n  t h e  mainstream w i l l  be 

f e l t  i n  t h e  boundary l a y e r  which forms along t h e  h o r i z o n t a l  w a l l .  The 

r e s u l t  i s  t h a t  t h e  inc reas ing  p re s su re  w i l l  cause a  th ickening  of  t h e  

boundary l a y e r  and sepa ra t ion  r e s u l t s ,  The f low can be d iv ided  i n t o  two 

regimes - t h e  o u t e r  flow where viscous a c t i o n  of t h e  f l u i d  flow i s  n e g l i -  

g i b l e ,  and t h e  boundary l a y e r  and separa ted  reg ion  where v iscous  a c t i o n  

i s  very  important,  The o u t e r  flow moves over t h e  h o r i z o n t a l  p l a t e  and 

up and over  t h e  back wall ,  A t  t h e  same t ime t h e  f l u i d  i n s i d e  t h e  boundary 

l a y e r  w i l l  d e c e l e r a t e  and f i n a l l y  s epa ra t e  from t h e  wa l l ,  The f l u i d  i n -  

s i d e  t h e  separa ted  reg ion  w i l l  i n  gene ra l  move i n  a v o r t e x  motion, This 

i s  experimental ly  v e r i f i e d  by Reference 6 and t h e  a u t h o r ' s  photographs 

( ~ i g u r e  131, As mentioned, two approaches may be taken ,  One approach 

i s  t o  consider  t h e  ou t s ide  flow and boundary l a y e r  a s  c o n t r o l l i n g  t h e  l o -  

c a t i o n  o f  t h e  sepa ra t ion  p o i n t ,  and a t  t h e  same t ime approximate t h e  f low 

behavior  i n s i d e  t h e  separa ted  reg ion  so a s  t o  s imp l i fy  t h e  problem, An- 

o t h e r  approach i s  t o  t r y  t o  desc r ibe  t h e  f low i n  t h e  separa ted  reg ion  

and use  t h i s  t o  p r e d i c t  t h e  upstream sepa ra t ion  po in t  and t h e  downstream 



reattachment poin t ,  The l a t t e r  approach could be a t tacked by consider-  

i n g  t h a t  t h e  separated region i s  f i l l e d  with one s t e a d i l y  flowing vor- 

t ex ,  a s  shown, 

F i r s t  t h e  stream funct ion  f o r  t h e  vor tex  region  must be found, This must 

then  be matched t o  the  ou t s ide  flow by considering t h a t  t h e  v e l o c i t i e s  

along t h e  separa t ion  l i n e  must be equal ,  ~ a t c h e l o r ( l 5 )  has considered 

t h i s  genera l  type  of problem, where he shows t h a t  t h e  closed s t reaml ines  

f o r  s teady laminar flow a t  l a r g e  Reynold's numbers must s a t i s f y  Poisson ' s  

equation, He po in t s  out t h e  d i f f i c u l t y  t h a t  Poisson ' s  equat ion must be 

matched a t  one boundary t o  a  s t reaml ine  whose shape and v e l o c i t y  d i s t r i -  

but ion  a r e  unknown, Second t h e  r o t a t i o n a l  speed and s i z e  of t h e  vor tex  

region must be found, To do t h i s  t h e  v i s c o s i t y  of t h e  f l u i d  must be taken 

i n t o  account, One approach would be t o  so lve  t h e  boundary l a y e r  equations 

f o r  t h e  flow adjacent  t o  t h e  walls ,  This assumes t h a t  t h e  boundary l a y e r  

equations w i l l  descr ibe  t h e  flow accura te ly  which i s  very  doubtfu l ,  e s -  

p e c i a l l y  i n  t h e  v i c i n i t y  of t h e  corner,  It would probably be more r e a l i s -  

t i c  i n  an ana lys i s  of t h i s  type t o  make only minor s i m p l i f i c a t i o n s  i n  t h e  


