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FLUID FLOW PHENOMENA IN DUSTY AIR

CHAPTER I

INTRODUCTION

The d e v e lo p m en t o f  t h e  v a r i o u s  modes o f  h ig h  sp e e d  

t r a n s p o r t a t i o n  h a s  i n t r o d u c e d  many new p ro b lem s  i n  t h e  f i e l d  

o f  f l u i d  m e c h a n ic s .  One su ch  p ro b le m  i s  d r a g  w h ich  h a s  been  

a t o p i c  f o r  i n v e s t i g a t i o n  f o r  a lo n g  t im e .

I t  i s  i n t e r e s t i n g  t o  n o te  t h a t ,  a l th o u g h  we a r e  

c o n t i n u a l l y  s u r ro u n d e d  by a b l a n k e t  o f  a i r ,  we a r e  o n ly  o c c a ­

s i o n a l l y  aw are o f  i t s  r e s i s t a n c e  t o  m o tio n .  We a r e  re m in d e d ,  

f o r  i n s t a n c e ,  when r i d i n g  a b i c y c l e  a g a i n s t  a  m o d e ra te  t o  

heavy  w ind t h a t  e x t r a  m usc le  pow er i s  r e q u i r e d  t o  overcom e 

t h i s  r e s i s t a n c e .  T h is  r e s i s t a n c e  i s  c a l l e d  d ra g  and a c t s  i n  

a d i r e c t i o n  o p p o sed  t o  t h e  m o t io n .

T h is  d ra g  f o r c e  i s  so  commonplace t h a t  we a c c e p t  i t  

w i t h o u t  q u e s t i o n .  D e s p i t e  t h e  im p o r ta n c e  o f  d r a g ,  i t  i s  i n t e r ­

e s t i n g  t o  n o te  t h a t  e x p e r im e n t a l  m easu rem en ts  and a  s c i e n t i f i c  

u n d e r s t a n d in g  o f  d r a g  came s e v e r a l  c e n t u r i e s  l a t e r  i n  h i s t o r y  

th a n  s i m i l a r  know ledge on t h e  movements o f  h e a v e n ly  b o d i e s .



H i s t o r i c a l  D evelopm ent

I t  was n o t  u n t i l  t h e  l a t e  1 5 th  c e n tu r y  when th e  

i n c r e d i b l e  L eonardo  de V in c i  made a d raw in g  i n  h i s  s k e t c h  

book show ing f lo w  a ro u n d  a f l a t  p l a t e  s t a n d i n g  p e r p e n d i c u l a r  

t o  t h e  f low  s t r e a m ,  t h a t  any one h a s  d e s c r i b e d  th e  f lo w  a ro u n d  

a body . H is  d ia g ra m  showed n o t  o n ly  t h e  s t r e a m l i n e s  b u t  a l s o  

t h e  wake b e h in d  th e  body . F ig u r e  (1 .1 )  i l l u s t r a t e s  t h e  deep  

i n s i g h t  o f  t h i s  g r e a t  man, f o r  as we know now i t  i s  t h e  wake 

t h a t  i s  r e s p o n s i b l e  f o r  th e  m a j o r i t y  o f  d ra g  on su ch  a body .

F ig u r e  (1 .1 )  De V i n c i ' s  S k e tc h  (1490)

In  1687 Newton (1) c a r r i e d  o u t  h i s  now famous 

e x p e r im e n t  from  th e  dome o f  S t .  P a u l ' s  C a t h e d r a l .  By d ro p ­

p in g  s p h e r e s  o f  v a r i o u s  w e ig h ts  and d i a m e te r s  from  a to p  th e  

dome he fo u n d  t h a t  t h e  d ra g  was p r o p o r t i o n a l  t o  t h e  s q u a r e  o f  

th e  d i a m e te r  o f  t h e  s p h e r e  and t o  t h e  s q u a r e  o f  t h e  v e l o c i t y :

D V̂  d^ (1 .1 a )

o r  D « V  ̂ A (1 .1 b )

T h is  a g re e d  w e l l  w i th  th e  r e s u l t s  he  had  o b t a i n e d  t h e o r e t ­

i c a l l y .  Thus from  E q u a t io n  (1 .1 )  a c o n s t a n t  now known as th e
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d ra g  c o e f f i c i e n t  i s  o b t a i n e d :

= 5&Â ‘1-2)

I t  was n o t  u n t i l  t h e  1 8 th  c e n tu r y  t h a t  t h e  r e a l  

im p o r ta n c e  o f  a i r  r e s i s t a n c e  b eg an  t o  be a p p r e c i a t e d .  B enjam in  

R obbins (2 ) ,  whose i n t e r e s t  l a y  i n  t h e  s c i e n c e  o f  g u n n e ry ,  o r  

b a l l i s t i c s ,  c a r r i e d  o u t  a s e r i e s  o f  t e s t s  u s in g  cannon  b a l l s .  

R obb ins  m e asu red  t h e  m o tio n  o f  cannon  b a l l s  by f i r i n g  them  a t  

a b a l l i s t i c  pendulum  and was a b l e  t o  deduce  t h a t  t h e  d r a g  co ­

e f f i c i e n t  was n o t  a  c o n s t a n t .  H is  r e s u l t s  can  b e s t  be  e x p r e s s e d  

i n  h i s  own w ords  ( 2 ) :  "The t h e o r y  o f  th e  r e s i s t a n c e  o f  t h e  a i r ,

e s t a b l i s h e d  i n  s low  m o tio n s  by S i r  I s s a c  Newton and c o n f i rm e d  

by many e x p e r im e n t s ,  i s  a l t o g e t h e r  e r r o n e o u s  when a p p l i e d  t o  

th e  s w i f t e r  m o t io n s  o f  m usket o r  cannon  s h o t s ;  f o r  t h a t ,  i n  

t h e s e  c a s e s ,  t h e  r e s i s t i n g  pow er o f  t h e  medium i s  augm ented  

t o  n e a r  t h r e e  t im e s  t h e  q u a n t i t y  a s s i g n e d  by t h a t  t h e o r y ;  

ho w ev er ,  t h i s  i n c r e a s e d  power o f  r e s i s t a n c e  d im in i s h e s  a s  t h e  

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

when t h e  m o tio n  i s  s u f f i c i e n t l y  a b a t e d ,  t h e  a c t u a l  r e s i s t a n c e  

c o i n c i d e s  w i th  t h a t  su p p o sed  t h e o r y . "

T h e r e f o r e  i t  was n o t  u n t i l  t h e  1 8 th  c e n tu r y  t h a t  an 

a c c u r a t e  p i c t u r e  o f  t h e  way in  w hich  d ra g  i s  d e p e n d e n t  upon 

v e l o c i t y  was o b t a i n e d .  F ig u r e  (1 .2 )  shows a t y p i c a l  v a r i a t i o n  

o f  t h e  d ra g  c o e f f i c i e n t  w i th  v e l o c i t y .  In  R o b b in s '  e x p e r i ­

m ents  some o f  t h e  cannon b a l l s  t r a v e l e d  g r e a t e r  t h a n  t h e  sp e e d  

o f  sound  on a  s t a n d a r d  day (Mach number g r e a t e r  th a n  o n e ) . As 

shown in  F ig u r e  (1 .2 )  th e  r a t e  o f  i n c r e a s e  o f  r e s i s t a n c e  s u d -



-pG0)
■r^
ü

- H
<4-1
<4-10)OCJ
en
pQ

2 . 01 . 00.0

F i g u r e  ( 1 . 2 )

Mach N um ber 
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d e n ly  jumps t o  v e r y  l a r g e  v a lu e s  w i t h  t h e  i n c r e a s e  i n  v e l o c i t y .  

The sudden  i n c r e a s e  i n  d ra g  c o e f f i c i e n t  was c o r r e c t l y  a t t r i b ­

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

R o b b in s '  e x p e r im e n t s  w ere  n o t  com prehended by th e  c l o s e  o f  th e  

1 8 th  c e n t u r y .  F o r  ex am p le ,  i n  P a r k i n s o n ' s  System  o f  N a t u r a l  

P h i lo s o p h y  (1 7 8 5 ) ,  a t r e a t i s e  on m a th e m a t ic a l  p h y s i c s ,  th e  

f o l l o w i n g  s t a t e m e n t s  a r e  found ; "The i n c r e a s e  o f  r e s i s t a n c e  , 

d epends  upon t h e  d e g re e  o f  c o m p re ss io n  (o f  t h e  a i r )  p ro d u c e d  

by t h e  body and i n c r e a s e s  so f a s t  a s  t o  r e n d e r  a l l  a t t e m p t s  

t o  augm ent t h e  v e l o c i t y  o f  m i l i t a r y  p r o j e c t i l e s ,  b eyond  a  c e r ­

t a i n  p o i n t ,  v e ry  in c o n v e n i e n t  o r  p e r h a p s  i m p r a c t i c a b l e .  The 

v e l o c i t y  may be  so  g r e a t  as  t o  p ro d u c e  a  d e g re e  o f  c o m p re ss io n  

t h a t  d e s t r o y s  t h e  b o d y 's  m o tio n  and  i t  w i l l  t h e n  be r e f l e c t e d  

i n  an o p p o s i t e  d i r e c t i o n .  Thus s m a l l  s h o t s  a r e  o f t e n  i n e f f e c ­

t u a l  o r  r e p e l l e d ,  when f i r e d  w i th  v e ry  g r e a t  c h a r g e s  o f  pow­

d e r .  "

Of c o u r s e  we now know t h i s  r e f l e c t i o n  phenomenon, 

a s  d e s c r i b e d  in  t h e  l a s t  s e n t e n c e ,  does n o t  r e a l l y  o c c u r .  The 

u p p e r  l i m i t  on t h e  sp e e d  o f  a body i s  d e te r m in e d  by i t s  m e l t ­

i n g  o r  a b l a t i n g  t e m p e r a t u r e .  F o r  h ig h  enough sp e e d s  a body 

w i l l  e v e n t u a l l y  b u rn  up o r  v a p o r i z e  j u s t  as  a m e t o r i t e  does  

due t o  t h e  i n t e n s e  h e a t  g e n e r a t e d  by f r i c t i o n  o r  a s  p a r t s  o f  

t h e  h e a t  s h i e l d  o f  a s a t e l l i t e  b u rn  up i n  t h e  r e - e n t r y  p r o c e s s .

The im p o r ta n c e  o f  t h e  r e s i s t a n c e  o f  a i r  t o  th e  

m o tio n  o f  an o b j e c t  f l y i n g  th ro u g h  i t  can  be  f u r t h e r  i l l u s ­

t r a t e d  by a  s im p le  exam ple . I f  a s h e l l  were  f i r e d  a t  an
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i n i t i a l  v e l o c i t y  o f  1700 f e e t  p e r  s ec o n d  and a t  an a n g le  o f  

30 d e g r e e s  t o  t h e  h o r i z o n t a l  t h e  b u l l e t  would t r a v e l  a b o u t

12 ,000  y a r d s  i n  t h e  a i r  ( 3 ) .  I f  g r a v i t y  w ere th e  o n ly  f o r c e  

a c t i n g  on t h e  b u l l e t  i t  would have  t r a v e l e d  16 ,000  y a r d s .

Thus one can  e a s i l y  s e e  t h e  im p o r ta n c e  o f  a i r  r e s i s t a n c e  in  

th e  f i e l d  o f  g u n n e ry .  To a c h ie v e  e x t r e m e ly  l a r g e  r a n g e s  th e  

ICBM's t r a v e l  f o r  t h e  m a j o r i t y  o f  t h e i r  f l i g h t  a t  h ig h  a l t i ­

tu d e s  w here  t h e  a i r  i s  so  r a r e f i e d  t h a t  t h e  r e s i s t a n c e  i s  

e x t r e m e ly  s m a l l  com pared w i th  t h a t  e x p e r i e n c e d  n e a r  s e a  l e v e l .

In  t h e  1 8 th  and 1 9 th  c e n t u r i e s ,  b e f o r e  t h e  a d v e n t  

o f  t h e  a i r p l a n e ,  i t  was th e  b a l l i s t i c i a n s  who came up w i th  

a c c u r a t e  d e t e r m i n a t i o n s  o f  a i r  r e s i s t a n c e .  The t h e o r e t ­

i c i a n s  o f  t h a t  t im e  w ere making g r e a t  s t r i d e s  i n  c l a s s i c a l  

h y d ro d y n a m ic s ,  b u t  t h e i r  c o n t r i b u t i o n s  t o  t h e  p ro b lem  o f  

f l u i d  r e s i s t a n c e  w ere  v e ry  l i m i t e d .  The h y d r o d y n a m ic is t s  

came up w i th  t h e  same an sw e r ,  t h a t  t h e  d ra g  was z e r o ,  f o r  

a l l  t h e  m u l t i t u d e  o f  r e a l  p ro b lem s  i n v o lv in g  d i r e c t  r e s i s t ­

an ce  o f  f l u i d s  su ch  as  from  t h e  p r e s s u r e  d ro p  i n  c o n d u i t s  

t o  th e  movement o f  cannon b a l l s  th ro u g h  a i r .  The famous 

d 'A l e m b e r t ' s  p a r a d o x ,  as  i t  i s  m ost commonly known, s t a t e s  

t h a t  " th e  r e s i s t a n c e  t o  a body moving w i th  u n ifo rm  v e l o c i t y  

th r o u g h  an unbounded i n v i s c i d  f l u i d ,  o th e r w is e  a t  r e s t ,  i s  

z e r o . "  A t t h i s  p o i n t  i n  h i s t o r y  f l u i d  m ech an ics  had  f a i l e d  

c o m p le te ly  i n  a t t e m p t in g  t o  d e s c r i b e  a phenomenon w hich  was 

so  p l a i n l y  e v i d e n t .  T h is  was in d e e d  a m a jo r  s c i e n t i f i c  p u z z le  

o f  t h e  1 8 th  and 1 9 th  c e n t u r i e s .
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The p i e c e s  t o  t h i s  p u z z l e  w ere  p u t  i n  p l a c e  i n  1904 

when P r a n d t l  p r e s e n t e d  a t h e o r e t i c a l  p a p e r  to  t h e  T h i r d  I n t e r ­

n a t i o n a l  C o n g re ss  o f  M a th e m a t ic ia n s  i n  H e id e lb u r g  e n t i t l e d  

" F l u i d  M otion  W ith  Very S m all  F r i c t i o n " ( 4 ) .  In  t h i s  p a p e r  

P r a n d t l  r e c o n c i l e d  t h e  d i f f e r e n c e  b e tw een  th e  a c t u a l  f lo w  and 

t h e  t h e o r e t i c a l  f lo w .  He i n t r o d u c e d  t h e  c o n c e p t  o f  a t h i n  

l a y e r  o f  f l u i d  a ro u n d  t h e  body i n  w hich  t h e  t a n g e n t i a l  v e l o c ­

i t y  com ponent i n c r e a s e s  w i th  g r e a d  r a p i d i t y  from  z e r o  a t  th e  

body s u r f a c e  t o  t h e  v e l o c i t y  o f  t h e  m ain s t r e a m  a v e ry  s h o r t  

d i s t a n c e  above t h e  body . T h is  t h i n  l a y e r  i s  known as  t h e  

b o u n d a ry  l a y e r  ( G r e n z s c h i c h t ) . P r a n d t l  c o n c lu d e d  t h a t  t h i s  

t h i n  l a y e r  o f  f l u i d  w i th  l a r g e  v e l o c i t y  g r a d i e n t s  was due t o  

t h e  v i s c o s i t y  o f  t h e  f l u i d  and th e  v i s c o s i t y  had  v i r t u a l l y  no 

i n f l u e n c e  o u t s i d e  t h i s  l a y e r .  These a s s u m p t io n s ,  w h ich  were 

b a s e d  on o b s e r v a t i o n s ,  a l lo w e d  P r a n d t l  t o  re d u c e  t h e  com plex­

i t y  o f  t h e  f l u i d  e q u a t i o n  o f  m o tion  t o  a form  w hich  c o u ld  be 

s o lv e d .

The v i s c o s i t y  o f  t h e  f l u i d  in  t h e  b o u n d a ry  l a y e r  

c a u s e s  a f r i c t i o n  d r a g  f o r c e  t o  be e x e r t e d  on th e  body and 

c a u s e s  t h e  s t r e a m l i n e s  n o t  t o  f o l l o w  t h e  s u r f a c e  o f  t h e  body 

b ack  t o  t h e  r e a r  e n d .  I n s t e a d  t h e  s t r e a m l i n e s  s e p a r a t e  from  

t h e  s u r f a c e  a t  some p o i n t ,  t h u s  fo rm in g  an e d d y in g  r e g i o n  

d ow nstream  known as  t h e  wake. T h is  new th e o r y  now e x p l a i n s  

t h e  n a t u r e  o f  d r a g  and a v o id s  t h e  p a ra d o x  o f  d 'A le m b e r t .

The above i s  n o t  to  say  t h a t  t h e o r e t i c a l  h y d r o ­

dynam ics does  n o t  f u l f i l l  an i m p o r t a n t  r o l e ,  b e c a u s e  o u t ­

s i d e  t h e  wake t h e r e  i s  s t i l l  a t h e o r e t i c a l  s t r e a m l i n e  m o t io n .
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T h is  t h e o r e t i c a l  a n a l y s i s  can  a l s o  be a p p l i e d  w i th  good r e ­

s u l t s  on s h a p e s  ( su c h  a s  p r o p e r l y  d e s ig n e d  a i r f o i l s )  w here  th e  

b r e a k i n g  away o f  t h e  bo u n d ary  l a y e r  i s  c l o s e  t o  t h e  t r a i l i n g  

e d g e .

In  a  s e r i e s  o f  l e c t u r e s  i n  1941 and 1942 a t  

L u f t f a h r t f o r s c h u n g s a n s t a l t  Hermann G o r in g ,  H. S c h l i c h t i n g  

b r o u g h t  t o  t h e  f o r e f r o n t  t h e  p ro b lem  o f  t h e  b o u n d a ry  l a y e r  

and  w i th  i t  t h e  p ro b le m  o f  s k in  f r i c t i o n  d r a g .  The s e r i e s  

c o n s i s t e d  o f  s i x t e e n  two h o u r  l e c t u r e s  w hich  d e a l t  w i th  bound­

a r y - l a y e r  p ro b lem s  i n  b o th  l a m in a r  and t u r b u l e n t  f lo w .

B o u n d a r y - l a y e r  t h e o r y  was d e v e lo p e d  i n i t i a l l y  f o r  

an in c o m p r e s s ib l e  f l u i d  i n  th e  l a m in a r  f lo w  r e g i o n ,  and was 

l a t e r  e x te n d e d  t o  i n c l u d e  t u r b u l e n t ,  i n c o m p r e s s ib l e  b o u n d a ry  

l a y e r s  w hich  a r e  more im p o r t a n t  from  th e  p r a c t i c a l  v iew  p o i n t .  

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

f lo w  i s  s t i l l  n o n - e x i s t e n t  owing t o  t h e  e x tre m e  c o m p le x i ty  o f  

su ch  f lo w s .  I t  was i n  1914 t h a t  e x p e r im e n t s  p e r fo rm e d  by 

P r a n d t l  on s p h e r e s  showed t h a t  t h e  b o u n d a ry  l a y e r  c o u ld  be 

e i t h e r  l a m in a r  o r  t u r b u l e n t  and t h a t  t h i s  phenomenon g o v e rn s  

t h e  p ro b le m  o f  s e p a r a t i o n  and d ra g .

B e fo re  we can p ro c e e d  t o  d e s c r i b e  and d i s c u s s  t h e  

f lo w  a ro u n d  b o d ie s  we m ust re v ie w  some o f  t h e  f l u i d  m ech an ic s  

p r i n c i p l e s  i n v o lv e d  i n  t h e s e  s t u d i e s .

L am inar and T u r b u le n t  Flow

In  1883 O sborne  R eynolds  (5) d e m o n s t r a t e d  t h a t  t h e r e  

w ere  two d i s t i n c t l y  d i f f e r e n t  ty p e s  o f  f l u i d  f lo w . The a p p a -
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r a t u s  u se d  by R eyno lds  c o n s i s t e d  o f  a s t r a i g h t  p ip e  w hich  had  

a b e l l  mouth e n t r a n c e  on one end  w hich  i n  t u r n  was c o n n e c te d  

to  a l a r g e  r e s e v o i r  f u l l  o f  w a te r .  A v a lv e  a t  t h e  d i s c h a r g e  

p e r m i t t e d  him  t o  r e g u l a t e  t h e  f low  o f  w a t e r .  By i n j e c t i n g  a 

f i n e  t h r e a d - l i k e  s t r e a m  o f  c o l o r e d  dye he  was a b le  t o  t r a c e  a 

s t r e a m l i n e  i n  t h e  f lo w . When th e  f lo w  v e l o c i t y  was s m a l l  th e  

c o l o r e d  dye was a  s t r a i g h t  l i n e  t h r o u g h o u t  th e  e n t i r e  l e n g t h  

o f  t h e  t u b e .  B u t as  t h e  v e l o c i t y  was i n c r e a s e d  by o p e n in g  th e  

d i s c h a r g e  v a lv e  t h e r e  was a p o i n t  w here  t h e  f lo w  p a t t e r n  was 

a l t e r e d .  He o b s e r v e d  t h a t  t h e  l i n e  w ould  f i r s t  become wavy 

and t h e n ,  a s  t h e  v e l o c i t y  was f u r t h e r  i n c r e a s e d ,  t h e  l i n e ,  a t  ■ 

some s h o r t  d i s t a n c e  from  th e  e n t r a n c e ,  would b r e a k  i n t o  num er­

ous v o r t i c e s  beyond  w hich  th e  c o l o r  w ould  be d i f f u s e d  i n  th e  

e n t i r e  r e g io n  so  t h a t  t h e  s t r e a m l i n e s  c o u ld  no l o n g e r  be ob­

s e r v e d .

The f i r s t  ty p e  o f  f low  as  o b s e r v e d  by R eynolds  i s  

w ha t i s  now known as  l a m in a r  f lo w . The p a r t i c l e s  i n  t h i s  ty p e  

o f  f low  move i n  sm ooth p a r t s  o r  s t r e a m l i n e s  and t h e  f lo w  i s  

c h a r a c t e r i s t i c  o f  h i g h l y  v i s c o u s  f l u i d s .  The seco n d  ty p e  o f  

f lo w  t h a t  he o b s e r v e d  i s  known as t u r b u l e n t  f lo w . T h is  ty p e  

o f  f lo w  h a s  no f i x e d  c h a r a c t e r i s t i c s ,  i n  f a c t  i t  i s  d i s t i n ­

g u is h e d  by i t s  i r r e g u l a r i t y .  M a th e m a t ic a l  t h e o r y  w hich  com­

p l e t e l y  d e s c r i b e s  t u r b u l e n t  flow  h a s  been  lo o k e d  upon i n  th e  

p a s t  as  an im p o s s i b l e  t a s k .  A s t a t i s t i c a l  t h e o r y ,  c o u p le d  

w i th  e x p e r im e n t a l  d a t a ,  has  been  somewhat s u c c e s s f u l  i n  d e s c r i b ­

in g  t h e  mean o r  a v e ra g e  f l u c t u a t i n g  v a lu e s  o f  t h e  v a r i o u s  f l u i d  

p r o p e r t i e s  i n  t u r b u l e n t  boundary  l a y e r s .
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G e n e r a l l y ,  la m in a r  f lo w  e x i s t s  a t  low sp e e d s  and 

t u r b u l e n t  f lo w  a t  h ig h  s p e e d s .  I t  h a s  a l s o  been  fo u n d  t h a t  

t h e  b o u n d a ry  l a y e r  j u s t  dow nstream  o f  a s t a g n a t i o n  p o i n t  i s  

l a m in a r  w h i le  much f u r t h e r  dow nstream  i t  becomes t u r b u l e n t .

The r e g io n  b e tw een  la m in a r  and t u r b u l e n t  f lo w  i s  c a l l e d  th e  

t r a n s i t i o n  r e g i o n .  R ey n o ld s ,  i n  h i s  s t u d i e s ,  found  t h a t  a 

c e r t a i n  n o n - d im e n s io n a l  number was t h e  key  t o  be u se d  i n  p r e ­

d i c t i n g  w h e th e r  t h e  f low  would be  l a m in a r  o r  t u r b u l e n t .  T h is  

num ber, now known as R eynolds  num ber (Re = pV D /y), i s  p r o b a b ly  

th e  m ost im p o r t a n t  q u a n t i t y  i n  t h e  f i e l d  o f  a e ro d y n a m ic s .

R e y n o ld s ,  u s in g  a b e l l  mouth e n t r a n c e  t o  h i s  t u b e ,  

found  t h a t  a R eyno lds  number o f  1 2 ,0 0 0  was o b t a i n e d  b e f o r e  

t u r b u l e n c e  s e t  i n  ( i . e . ,  t h e  t h r e a d  o f  i n j e c t e d  dye became 

v e ry  i r r e g u l a r  and d i f f u s e ) . O th e r  e x p e r i m e n t e r s ,  u s i n g  t h e  

same eq u ip m e n t  h ave  o b t a i n e d  R eyno lds  num bers a s  h ig h  as

40 , 000 b e f o r e  t u r b u l e n c e  s e t  i n .  T h is  was a c c o m p lis h e d  by 

l e t t i n g  th e  w a te r  s t a n d  f o r  a few days  b e f o r e  t h e  e x p e r im e n t  

and  t a k i n g  c a r e  t o  a v o id  any v i b r a t i o n s  o f  t h e  w a te r  o r  

e q u ip m e n t .  I t  i s  t h u s  o b v io u s  t h a t  t h e  o n s e t  o f  t u r b u l e n c e  

may be c a u s e d  by v i b r a t i o n s  o r  movement o f  t h e  tu b e  th r o u g h  

w hich  th e  f l u i d  i s  f lo w in g .  S in c e ,  i n  l a m i n a r ,  f low  th e  

e n e rg y  l o s s  h as  b e en  found  t o  be a p p r o x im a te ly  e q u a l  t o  t h e  

v e l o c i t y  and  i n  t u r b u l e n t  f low  th e  l o s s  h a s  been  found  p r o ­

p o r t i o n a l  t o  t h e  v e l o c i t y  t o  a power be tw een  1 .7  and 2 . 2 ,  t h e  

t r a n s i t i o n  o f  t h e  f low  from  la m in a r  t o  t u r b u l e n t  i s  v e ry  im p o r­

t a n t .  Thus, by c o n t r o l l i n g  th e  i n l e t  c o n d i t i o n s  and th e
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v i b r a t i o n ,  t h e  o n s e t  o f  t u r b u l e n c e  may be d e la y e d .  The d e la y  

o f  t h e - t r a n s i t i o n  r e g i o n  be tw een  l a m in a r  and t u r b u l e n t  f lo w  

h a s  been  th e  b a s i s  o f  a m a j o r i t y  o f  t h e  m ethods f o r  r e d u c in g  

s k i n  f r i c t i o n  d r a g .

Types o f  Drag

B a s i c a l l y  t h e r e  a r e  o n ly  two ty p e s  o f  d r a g ,  p r e s s u r e  

d r a g  and f r i c t i o n a l  d r a g .  P r e s s u r e  d ra g  i s  t h e  com ponent o f  

t h e  r e s u l t a n t  o f  a l l  t h e  p r e s s u r e  f o r c e s  t h a t  i s  p a r a l l e l  t o  

t h e  d i r e c t i o n  o f  m o tio n  o f  t h e  body . F r i c t i o n a l  d ra g  i s  th e  

f o r c e  p a r a l l e l  t o  t h e  d i r e c t i o n  o f  m o tio n  a r i s i n g  from a l l  

s k i n - f r i c t i o n  f o r c e s  a c t i n g  t a n g e n t i a l  to  th e  s u r f a c e .  P r e s ­

s u r e  d r a g  h a s  i t s  o r i g i n  in  two phenomena. One i s  r e l a t e d  t o  

th e  l i f t  o f  t h e  body and th e  o t h e r  i s  r e l a t e d  t o  t h e  s i z e  o f  

t h e  b o d y 's  w ake. Hence p r e s s u r e  d r a g  can  be s u b d iv id e d  i n t o  

in d u c e d  d r a g  (" in d u c e d "  due t o  l i f t )  and wake d r a g .  F u r t h e r ­

m ore, some a e r o d y n a m ic i s t s  w i l l  add t h e  wake d ra g  to  t h e  f r i c ­

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

th e y  a r e  d e te r m in e d  by th e  l o c a l  c r o s s  s e c t i o n  ( p r o f i l e )  o f  

t h e  w ing  o r  body .

In d u ced  Drag

In d u c e d  d ra g  has  been  d e s c r i b e d  as  th e  d ra g  t h a t  i s  

p ro d u c e d  by l i f t .  L i f t i n g  b o d ie s  have  in d u c e d  d r a g ,  n o n ­

l i f t i n g  b o d ie s  h a v e  no in d u c ed  d r a g .  In d u c e d  d ra g  i s  a r e s u l t  

o f  th e  v o r t i c e s  t h a t  f low  from  th e  t i p s  o f  l i f t i n g  w in g s .  The 

v o r t i c e s  a r e  p ro d u c e d  by th e  f low  o f  a i r  from th e  h ig h  p r e s s u r e



1 2

b o t to m  s i d e  o f  t h e  w ing  t i p s  t o  t h e  low p r e s s u r e  u p p e r  s i d e .  

The t i p  v o r t i c e s  in d u c e  a downward v e l o c i t y  o f  a i r  a l l  a lo n g  

t h e  w ing . T h is  c a u s e s  a r e d u c t i o n  i n  t h e  e f f e c t i v e  a n g le  o f  

a t t a c k .  The l i f t  f o r c e  i s  a lw ays p e r p e n d i c u l a r  t o  t h e  r e l a t i v e  

w ind . Hence t h e  r e s u l t a n t  f o r c e  m easu red  p e r p e n d i c u l a r  t o  th e  

r e l a t i v e  w ind i s  i n c l i n e d  s l i g h t l y  backw ard  from  th e  p e r p e n d i c ­

u l a r  t o  t h e  d i r e c t i o n  o f  f l i g h t .  The component o f  t h e  f o r c e  

p a r a l l e l  t o  th e  f l i g h t  d i r e c t i o n  i s  t h e  in d u c e d  d r a g .  F ig u r e

(1 .3 )  i l l u s t r a t e s  t h e  f o r c e s  a c t i n g  on t h e  w ing .

In d u c e d
Drag

R e l a t i v e
R e s u l t a n t
F o rce

L i f tV e lo c i t y
Downwash c

D i r e c t i o n  o f  F l i g h t

F ig u r e  (1 .3 )  F o rc e s  on a Wing.

The in d u c e d  d ra g  c o e f f i c i e n t  t h e r e f o r e  i s  d i r e c t l y  p r o p o r t i o n a l  

to  th e  s q u a r e  o f  t h e  l i f t  c o e f f i c i e n t  and i n d i r e c t l y  p r o p o r ­

t i o n a l  t o  th e  a s p e c t  r a t i o ,

Cdi '  I K -  ' 1 - 3 ,

w here  AR = a s p e c t  r a t i o  = s p a n /c h o r d .

I t  i s  o b v io u s  t h a t  i f  t h e r e  i s  l i f t ,  and t h e  w ing 

sp an  i s  n o t  i n f i n i t e ,  th e n  t h e r e  m ust e x i s t  in d u c e d  d r a g .
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The r e m a in in g  p ro b le m  i s  to  m in im ize  t h i s  d ra g .  Max Munk, 

a s t u d e n t  o f  P r a n d t l ,  found  t h a t  minimum in d u c e d  d r a g  i s  o b ­

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

t o  an e l l i p s e .  Such a d i s t r i b u t i o n  o f  l i f t  i s  c a l l e d  an e l l i p ­

t i c  d i s t r i b u t i o n .  I f  t h e  w ing h a s  no t w i s t ,  t h e  p l a n  form  

a r e a  o f  t h e  w ing w i l l  be an e l l i p s e  i f  t h e  s e c t i o n  l i f t  c u rv e s  

a r e  in d e p e n d e n t  o f  sp a n .

Wake Drag

G r e a t  s t r i d e s  w ere made i n  r e d u c in g  t h e  wake d ra g  

i n  t h e  1 9 3 0 ' s  and  1 9 4 0 's by s t r e a m l i n i n g  t h e  body s h a p e s .  For 

modern s u b s o n ic  a i r c r a f t  t h e  wake d r a g  i s  o n ly  o n e - t h i r d  t h a t  

o f  t h e  s k i n - f r i c t i o n  d ra g .  The wake d ra g  may be re d u c e d  by 

c a r e f u l  s h a p in g  o f  t h e  a f t e r  body s o  t h a t  t h e  f low  f o l lo w s  

t h e  c o n to u r  f a i t h f u l l y  a lm o s t  t o  t h e  t r a i l i n g  edge  o f  t h e  body. 

T h is  s h a p in g  o f  a body to  r e d u c e  t h e  wake d ra g  i s  c a l l e d  

s t r e a m l i n i n g .  A good exam ple o f  t h i s  i s  an a i r f o i l  o r  a f i s h .

Thus a s t r e a m l i n e d  body i s  a body w i th  a v e ry  s m a l l  

wake and f o r  such  b o d ie s  d 'A l e m b e r t ' s  a n a l y s i s  i s  a lm o s t  t r u e  

s i n c e  p r e s s u r e  d i f f e r e n c e s  be tw een  t h e  f r o n t  and r e a r  o f  t h e  

body a r e  a lm o s t  e n t i r e l y  e l i m i n a t e d .  The s t r e a m l i n e d  body 

s t i l l  e x p e r i e n c e s  some d rag  b e c a u s e  o f  t h e  e f f e c t  o f  v i s c o s i t y  

i n  th e  b o u n d a ry  l a y e r .  A r t i l l e r y  s h e l l s  a r e  exam ples  o f  b o d ie s  

t h a t  have  s h a r p l y  t r u n c a t e d  t a i l s  ( F ig u re  ( 1 .4 ) )  and have  a 

l a r g e  wake d r a g  ow ing t o  t h e i r  l a r g e  wake. Such b o d ie s  a r e  

som etim es c a l l e d  b l u f f  b o d ie s .
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A r t i l l e r y  S h e l l  
L arge  Wake Drag

A i r f o i l  o r  T r o u t  
S m all  Wake Drag

F ig u r e  (1 .4 )  Wake D rag.

Many o f  t h e  d r a m a t i c  i n c r e a s e s  i n  a i r s p e e d  w ere  d u e ,  

i n  l a r g e  p a r t ,  t o  r e d u c t i o n s  i n  wake d r a g  o b t a i n e d  by means o f  

c a n t i l e v e r e d  w in g s ,  r e t r a c t a b l e  l a n d i n g  g e a r s ,  f a i r i n g  th e  

l i n e s  o f  c o c k p i t ,  and  a t t a c h i n g  f i l l e t s  t o  t h e  j u n c t i o n  be tw een  

w ing  and f u s e l a g e .  The wake d r a g  o f  a modern h ig h  sp e e d  a i r ­

p la n e  h a s  been  re d u c e d  t o  a v e ry  s m a l l  v a l u e .

S k i n - F r i c t i o n  Drag

The d r a g  t h a t  a r i s e s  due t o  t h e  f l u i d  s t i c k i n g  t o  

th e  s u r f a c e  o f  a m oving body (b e c a u se  o f  v i s c o s i t y )  and form ­

in g  a b o u n d a ry  l a y e r  i s  c a l l e d  s k i n - f r i c t i o n  d r a g .  F ig u r e  (1 .5 )  

shows t h e  im provem ent i n  t h e  r e d u c t i o n  o f  s k i n - f r i c t i o n  d ra g  

o v e r  t h e  y e a r s .  From th e  f i g u r e  i t  i s  o b v io u s  t h a t  t h e  d ra g  

o f  t h e  a i r c r a f t  h a s  been  re d u c e d  t o  a  p o i n t  w h e re ,  u n l e s s  some 

ty p e  o f  b o u n d a r y - l a y e r  c o n t r o l  i s  i n t r o d u c e d , “a f u r t h e r  r e d u c ­

t i o n  i n  d ra g  i s  n o t  p o s s i b l e .  S k in  f r i c t i o n  can  be r e d u c e d ,  

b u t  n e v e r  e l i m i n a t e d ,  by m aking th e  s u r f a c e  o f  t h e  body v e ry  

sm ooth . The d r a g  o f  a c a r e f u l l y  sh ap e d  a i r f o i l  may be re d u c e d



0 . 0 0 8

DC-3

- HO
"-i 0 .0 0 5

«4-1
«4-1

T r e n d  W i t h o u t  
B o u n d a r y  L a y e r  
C o n t r o l .

-H

-H B o e i n g  7 07
= ^ ~ = o -  —

C om et

 ̂ 0.002 T r e n d  W i th  
B o u n d a r y  L a y e r  
C o n t r o l .

196 0 1 970195019401 93 0

Y e a r

F i g u r e  ( 1 . 5 )  P r o g r e s s  o f  D ra g  R e d u c t i o n  T h r o u g h  t h e  Y e a r s . '



16

t o  a v a lu e  l e s s  t h a n  l / 5 0 t h  t h a t  o f  a d i s k  h a v in g  t h e  same 

d i a m e t e r .  The d r a g  on th e  a i r s h i p  i s  a lm o s t  a l l  s k i n - f r i c t i o n  

d r a g  w i th  a s m a l l  p e r c e n t  o f  p r e s s u r e  d r a g ,  w h i le  th e  d ra g  on 

t h e  d i s k  i s  a lm o s t  a l l  p r e s s u r e  d ra g .  Modern s u b s o n ic  a i r ­

c r a f t  have  been  r e f i n e d  to  su ch  an e x t e n t  t h a t  75 p e r c e n t  and 

o c c a s i o n a l l y  even  more o f  t h e  p r o f i l e  d ra g  can  be a t t r i b u t e d  

t o  s k i n - f r i c t i o n  d r a g .

Thus i t  i s  a p p a r e n t  t h a t  s k in  f r i c t i o n  m ust be  r e ­

duced  i f  h i g h e r  and h i g h e r  a i r s p e e d s  a r e  t o  be a t t a i n e d .  P r e ­

v i o u s l y  i n  t h i s  c h a p t e r  la m in a r  and t u r b u l e n t  f low  w ere d e ­

s c r i b e d .  These two d i a m e t r i c a l l y  d i f f e r e n t  ty p e s  o f  f low  a r e  

i m p o r t a n t  phenomena i n  s k in  f r i c t i o n .  L am inar f lo w  i s  c h a r a c ­

t e r i z e d  by a v e ry  smooth s t e a d y  f lo w ,  w h e rea s  t u r b u l e n t  f low  

i s  o f  an o s c i l l a t o r y  i r r e g u l a r  n a t u r e .

An i m p o r t a n t  c h a r a c t e r i s t i c  o f  t h e  t u r b u l e n t  bound­

a r y  l a y e r  i s  th e  f a c t  t h a t  th e  v i o l e n t  i n t e r m i n g l i n g  o f  p a r t i ­

c l e s  e n a b le s  t h e  t u r b u l e n t  l a y e r  t o  rem a in  a t t a c h e d  t o  th e  

s u r f a c e  b e t t e r  t h a n  la m in a r  f lo w , w hich  c o n t a i n s  l e s s  k i n e t i c  

e n e rg y  and l e a v e s  t h e  s u r f a c e  e a r l i e r .  T h is  e x p l a i n s  why 

e n g i n e e r s  have  p l a c e d  d im p le s  on a g o l f  b a l l  o r  v o r t e x  g en e ­

r a t o r s  on c e r t a i n  p o r t i o n s  o f  a i r p l a n e s .  The d im p le s  on th e  

g o l f  b a l l  c au se  t h e  boundary  l a y e r  to  be t u r b u l e n t ,  w hich r e ­

s u l t s  i n  a s m a l l e r  s e p a r a t e d  f lo w  r e g io n  (wake) and hence  

lo w e r  wake d r a g .  On a  s p h e re  th e  wake d ra g  i s  much g r e a t e r  

th a n  s k i n - f r i c t i o n  d r a g ;  h ence  th e  d im p le s  c au se  a  r e d u c t i o n  

i n  t h e  o v e r a l l  d r a g  o f  t h e  b a l l  as shown in  F ig u r e  ( 1 . 6 ) .
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The v o r t e x  g e n e r a t o r s  a r e  s i m i l a r  i n  t h a t  th e y  in d u c e  a t u r ­

b u l e n t  b o u n d a ry  l a y e r  c a u s in g  l e s s  s e p a r a t i o n ,  more l i f t ,  and 

l e s s  wake d r a g .

I t  s h o u ld  be p o i n t e d  o u t  t h a t  f o r  t h e  same R eynolds  

num ber, l a m in a r  f lo w  h a s  a s m a l l e r  s k i n - f r i c t i o n  c o e f f i c i e n t  

t h a n  t u r b u l e n t  f lo w  a s  shown in  F ig u r e  ( 1 . 7 ) .  Thus i t  i s  ob­

v io u s  t h a t  t u r b u l e n c e  works a g a i n s t  t h e  e n g i n e e r  as  f a r  as 

s k i n  f r i c t i o n  i s  c o n c e rn e d .

The q u e s t i o n  w hich n a t u r a l l y  a r i s e s  i s ,  can  e n g i ­

n e e r s ,  i n  some way, c h e a t  n a t u r e  and m a in t a in  t h e  b o u n d a ry  

l a y e r  i n  a l a m in a r  s t a t e  up t o  h i g h e r  th a n  u s u a l  R eyno lds  num­

b e r ,  t h u s  r e d u c in g  t h e  s k in  f r i c t i o n  d r a g  c o e f f i c i e n t ?  Many 

m ethods  hav e  b een  i n t r o d u c e d  t o  " c h e a t  n a t u r e " ;  th e  n e w e s t  i s  

i n t r o d u c e d  i n  t h i s  d i s s e r t a t i o n .  The n e x t  s e c t i o n  w i l l  now 

re v ie w  t h e  p a s t  m ethods and s e e  w h a t  l e v e l s  o f  r e d u c t i o n  were 

a c h ie v e d .

L am inar f lo w  a i r f o i l s .  I n  t h e  p e r i o d  j u s t  b e f o r e  

and d u r in g  W orld  War I I  much a t t e n t i o n  was g iv e n  t o  l a m in a r  

f lo w  a i r f o i l s .  These  a i r f o i l s  a r e  so  d e s ig n e d  t h a t  t h e  low ­

e s t  p r e s s u r e  on t h e  s u r f a c e  o c c u r s  a s  f a r  back  as  p o s s i b l e  

( 6 , 7 ) .  The r e a s o n  f o r  t h i s  d e s ig n  i s  t h e  f a c t  t h a t  th e  s t a b i l ­

i t y  o f  t h e  l a m in a r  b o u n d ary  l a y e r  g e n e r a l l y  i n c r e a s e s  when t h e  

e x t e r n a l  f lo w  i s  a c c e l e r a t e d ,  i . e . ,  i n  t h e  f low  w i th  a  p r e s ­

s u r e  d ro p ,  w h i l e  t h e  s t a b i l i t y  d e c r e a s e s  when th e  f lo w  i s  

d i r e c t e d  a g a i n s t  i n c r e a s i n g  p r e s s u r e .  C o n s id e r a b le  r e d u c t i o n  

i n  s k i n  f r i c t i o n  i s  o b t a i n e d  by e x t e n d i n g  t h e  l a m in a r  r e g io n
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i n  t h i s  way p r o v id e d  t h a t  th e  s u r f a c e  i s  s u f f i c i e n t l y  sm ooth .

A d i s a d v a n ta g e  o f  t h i s  ty p e  o f  a i r f o i l  i s  t h a t  th e  

t r a n s i t i o n  from  l a m in a r  t o  t u r b u l e n t  f lo w  moves fo rw a rd  v e ry  

s u d d e n ly  a t  s m a l l  a n g le s  o f  a t t a c k .  T h is  r e s u l t s  i n  a v e ry  

n a r ro w  low d r a g  b u c k e t  w h ich  means t h a t  t h e  d ra g  a t  m o d e ra te  

t o  l a r g e  a n g le s  o f  a t t a c k  i s  much l a r g e r  th a n  th e  a n g le  o f  

a t t a c k  a s  shown i n  F ig u r e  ( 1 . 8 ) .  T h is  phenomenon can be 

a t t r i b u t e d  t o  th e  f a c t  t h a t  t h e  p o i n t  o f  minimum p r e s s u r e  moves 

f o r w a rd ,  t h e r e f o r e  t h e  p o i n t  o f  t r a n s i t i o n  b e tw een  la m in a r  and 

t u r b u l e n t  f lo w  i s  a l s o  advanced  to w a rd  t h e  nose  a s  shown in  

F ig u r e  ( 1 . 9 ) .  I t  i s  e v i d e n t  t h a t  t h e  more an a i r f o i l  i s  s u r ­

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

t i o n .

Minimum P r e s s u r e  
/

Lam inar / T u r b u le n t
Flow Flow

d P /d x  < 0 /  d P /d x  > 0

V e l o c i t y

Minimum P r e s s u r e  
/

Lam inar ^' T u r b u le n t  
Flow , Flow

d P /d x  < 0 / d P /d x  > 0

V e l o c i t y

Low Angle o f  A t ta c k High Angle o f  A t ta c k

F ig u r e  (1 .9 )  Lam inar Flow A i r f o i l s .

Lam inar f low  c o n t r o l .  Lam inar f low  c o n t r o l  h a s  b een  

one o f  th e  m ost d r a m a t i c  t e c h n i q u e s  d e v e lo p e d  i n  th e  r e d u c t i o n  

o f  s k i n - f r i c t i o n  d r a g .  T h is  t e c h n i q u e  re d u c e s  t h e  t h i c k n e s s  

o f  t h e  l a m in a r  b o u n d ary  l a y e r  by rem ov ing  f l u i d  from th e  bound-
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a r y  th ro u g h  s l o t s  o r  h o l e s  i n  t h e  w ing s u r f a c e .  The s u c k in g  

away o f  s lo w e r  v e l o c i t y  changes  t h e  form  o f  t h e  v e l o c i t y  d i s ­

t r i b u t i o n  c a u s in g  t h e  l a y e r  t o  be more s t a b l e .  T h is  i s  a s im ­

i l a r  e f f e c t ,  m e n t io n e d  i n  t h e  l a m in a r  f lo w  a i r f o i l  c a s e ,  as 

o b t a i n e d  by a p r e s s u r e  d ro p .  Thus t h e  c r i t i c a l  R eyno lds  num­

b e r  o f  t h e  b o u n d a ry  l a y e r  becomes c o n s i d e r a b l y

h i g h e r  t h a n  f o r  t h e  c a s e  w i th o u t  s u c t i o n .  T h is  l a t t e r  c i rc u m ­

s t a n c e  t a k e s  f u l l  e f f e c t  i f  t h e  s u c t i o n  i s  c o n t in u o u s  su ch  as  

i n  a p o ro u s  w a l l .

The a d v a n ta g e s  o f  t h i s  m ethod w ere  w e l l  u n d e r s to o d  

in  t h e  l a t e  1 9 3 0 's ,  b u t  i t  h a s  o n ly  b een  i n v e s t i g a t e d  e x t e n ­

s i v e l y  i n  th e  l a s t  e i g h t e e n  y e a r s .  The r e d u c t i o n  i n  s k in  

f r i c t i o n  by th e  u se  o f  l a m in a r  f lo w  c o n t r o l  h a s  been  v e ry  su b ­

s t a n t i a l .  F u l l  c h o rd  la m in a r  f low  was a c h ie v e d  on a F-94 a i r ­

p l a n e  up t o  a R eyno lds  number o f  3 .6  x 1 0 ’ ( 8 ) .  Wind t u n n e l  

t e s t s  on 30 d e g re e  sw ep t w ings ( s i m i l a r  t o  th o s e  on modern j e t  

t r a n s p o r t  a i r p l a n e s )  e q u ip p e d  w i th  l a m in a r  f lo w  c o n t r o l  have  

shown t h a t  th e  d r a g  i s  f i v e  o r  s i x  t im e s  lo w e r  th a n  th e  t y p i c a l  

t u r b u l e n t  w ings  ( 9 ) .  S i m i l a r  t e s t s  i n  s u p e r s o n i c  f lo w  have 

shown s k i n  f r i c t i o n  r e d u c t i o n s  o f  up t o  70 p e r c e n t .  F ig u r e  

(1 .1 0 )  shows t h e  r e d u c t i o n  i n  s k i n - f r i c t i o n  d ra g  on t e s t s  co n ­

d u c te d  on a i r f o i l s  by P f e n n ig e r  (10) , one o f  t h e  l e a d i n g  a u t h o r ­

i t i e s  on l a m in a r  f lo w  c o n t r o l  i n  t h i s  c o u n t r y .

T here  a r e  s u b s t a n t i a l  rew ard s  i n  u s in g  t h i s  ty p e  

o f  f low  c o n t r o l ,  b u t  t h e r e  i s  a p e n a l t y  t o  be p a i d  i n  i n ­

c r e a s e d  w e ig h t  and t h e  c o m p le x i ty  o f  t h e  a i r p l a n e  due t o  t h e  

pumps and p lu m b in g . T he re  i s  a l s o  an i n c r e a s e  i n  m a in te n a n c e
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t im e  by a b o u t  t h r e e  and a h a l f  h o u rs  p e r  f l i g h t  h o u r  i n  a d d i ­

t i o n  t o  th e  f i f t e e n  h o u rs  a l r e a d y  r e q u i r e d  f o r  c u r r e n t  j e t  

t r a n s p o r t s  (1 1 ) .  In  a d d i t i o n ,  th e  i n c r e a s e d  w e ig h t  o f  t h e  

e q u ip m e n t  w ould  o f f s e t  t h e  d ra g  r e d u c t i o n  i n  s h o r t  ra n g e  

f l i g h t s .

A n o th e r  im p o r t a n t  a p p l i c a t i o n  o f  t h i s  m ethod i s  i t s  

r o l e  i n  tu r b o m a c h in e r y .  The method o f  l a m in a r  f low  c o n t r o l  

h a s  been  u sed  b o th  i n  a x i a l  and c e n t r i f u g a l  f low  c o m p re s s o r s .

In  a x i a l  f low  c o m p re s s o rs  t h e  t h e o r y  i s  t h e  same as  o u t l i n e d  

f o r  t h e  w ing , b u t  i n  t h e  c e n t r i f u g a l  c o m p re ss o r  t h e  a p p l i c a t i o n  

i s  s l i g h t l y  d i f f e r e n t  (1 2 ) .  In  a c e n t r i f u g a l  c o m p re sso r  th e  

h i g h e r  v e l o c i t y  from  th e  lo w er  p r e s s u r e  s i d e  i s  i n t r o d u c e d  i n t o  

t h e  s lo w e r  moving a i r  th u s  e n e r g i z i n g  t h e  b o u n d a ry  l a y e r  on th e  

h ig h  p r e s s u r e  s i d e  and p r e v e n t i n g  s e p a r a t i o n ,  i n c r e a s i n g  e f f i ­

c i e n c y ,  and m ost i m p o r t a n t  o f  a l l ,  i n c r e a s i n g  t h e  ran g e  o f  

o p e r a t i o n  as  shown i n  F ig u r e  ( 1 .1 1 ) .

Drag r e d u c t i o n  by c o m p l ia n t  c o a t i n g s .  Kramer (1 3 ,

14 , and 15) d i s c o v e r e d  a new m ethod o f  d r a g  r e d u c t i o n  i n  1957. 

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

i n  1946, he was f a s c i n a t e d  by t h e i r  p e r fo rm a n c e .  He beg an  c o l ­

l e c t i n g  d a t a  on t h e  p e r fo rm a n c e  o f  t h e  d o l p h i n ,  com paring  t h e i r  

t o p  sp ee d s  w i th  t h e  o u t p u t  o f  t h e i r  m u sc le  m o to r  and d ed u ced  

t h a t  t h e  d o lp h in  h a s  s o lv e d  th e  p ro b lem  o f  d ra g  r e d u c t i o n .

S tu d y in g  t h e  d o l p h i n ' s  s k i n ,  he  found  t h a t  t h e r e  were 

two l a y e r s ,  t h e  o u t e r  l a y e r  a b o u t  l / 1 6 t h  in c h  t h i c k  and th e  

i n n e r  a b o u t  1 / 4 t h  in c h  o f  to u g h  t i s s u e .  The o u t e r  l a y e r  c o v e r s  

t h e  e n t i r e  body o f  t h e  d o lp h in  and i s  so  d e l i c a t e  t h a t  i t  can
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be  s c r a p e d  o f f  w i th  a f i n g e r n a i l .  I t  i s  v e r y  p l i a b l e  and con ­

t a i n s  a m u l t i t u d e  o f  n a r ro w  d u c t s  w hich  a r e  f i l l e d  w i th  a s o f t  

spongy  m a t e r i a l .  When d r y ,  i t  i s  b r i t t l e  b u t  t u r n s  s o f t  a g a in  

when im m ersed i n  w a t e r .  I n  i t s  d ry  s t a t e  t h e  s k in  w e ig h s  one 

f i f t h  o f  i t s  w e ig h t  when w e t— an i n d i c a t i o n  o f  i t s  h ig h  w a te r  

c o n t e n t .

P i c t u r e s  t a k e n  o f  t h e  d o lp h in  swimming show w r i n k l e s  

on t h e  s k i n .  Kramer p o s t u l a t e d  t h a t  t u r b u l e n t  f l u c t u a t i o n s  

w ere  damped o u t  by th e  s o f t  spongy s k in  and th e  t r a n s i t i o n  

from  la m in a r  t o  t u r b u l e n t  f low  i s  d e la y e d .  Kramer th e n  con­

s t r u c t e d  a body w h ich  h a d  w ha t he c o n s id e r e d  t h e  t h r e e  b a s i c  

com ponen ts  o f  th e  d o l p h i n ' s  s k i n :  o n e ,  t h e  smooth p r e s s u r e

s e n s i t i v e  d ia p h rag m , tw o, t h e  s t r u c t u r e  s u p p o r t i n g  t h e  d i a ­

phragm , and t h r e e ,  th e  dam ping f l u i d .  P r e l i m i n a r y  t e s t s  i n d i ­

c a t e d  t h a t  t h e  t r a n s i t i o n  R eynolds  number was i n c r e a s e d  by 140 

p e r c e n t .  He a l s o  m easu red  a r e d u c t i o n  i n  d ra g  o f  up t o  50 

p e r c e n t  a t  a R eynolds  number o f  1 .5  x 10?.

U
T u r b u le n t  
Boundary  L aye r

Mean P o s i t i o n  
o f  Membrane —

Membranj

X

Damping F l u i d

F ig u r e  (1 .1 2 )  C o m p lian t  S k in  C o a t in g .
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H e re ,  a t  t h e  U n i v e r s i t y  o f  Oklahoma u n d e r  t h e  d i r e c ­

t i o n  o f  Dr. B l i c k  (16) , f u r t h e r  t e s t s  w ere  c o n d u c te d  on a com­

p l i a n t  s k i n  i n  w ind t u n n e l s .  The c o m p l ia n t  c o a t i n g  was con­

s t r u c t e d  by u s in g  a  0 .0 0 2 5  in c h  t h i c k  p o l y v i n y l  c h l o r i d e  s k in  

s t r e t c h e d  o v e r  v a r i o u s  dam ping f l u i d s  as  shown i n  F ig u r e  (1 .12) 

T e s t s  w ere  a l s o  ru n  u s in g  p o l y u th e r a n e  foam i n s t e a d  o f  th e  

dam ping f l u i d ;  r e s u l t s  o f  t h e s e  t e s t s  a r e  shown i n  T a b le  ( 1 . 1 ) .

M a t e r i a l B are C overed  w i th  
PVC Sk in

W ate r  S a t u r a t e d  
C overed  w i th  PVC

R ig id  S u r f a c e B a s e l i n e  
C . = 0 .0 0 4 3

^ 0%
40 PPI
P o ly u r e t h a n e  Foam +107% -26% -37%

80 PPI
P o ly u r e t h a n e  Foam + 72% -33% -21%

27 PPI
P o ly u r e t h a n e  Foam +200% + 2% -30%

Foam Rubber + 26% +72% +95%

T a b le  (1 .1 )  P e r c e n ta g e  Changes i n  S k in  F r i c t i o n  C o e f f i c i e n t  
From th e  Hard P l a t e  V alue  (V = 38 f t . / s e c . ) .

From t h e  t a b l e  i t  i s  c l e a r  t h a t  when a l l  t h r e e  c o n d i t i o n s  a r e  

m et,  w h ich  Kramer f e l t  w ere  i m p o r t a n t ,  t h e  r e d u c t i o n  i n  s k in  

f r i c t i o n  i s  t h e  g r e a t e s t .  F ig u r e  (1 .13 )  shows a g ra p h  o f  s k in -  

f r i c t i o n  c o e f f i c i e n t  v e r s u s  R eynolds  number f o r  t h e  c o m p l ia n t  

c o a t i n g .
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P e l t ,  w o rk in g  on a d o c t o r a l  t h e s i s  a t  t h e  U n i v e r s i t y  

o f  P i t t s b u r g ,  a d a p te d  K ra m e r 's  f l e x i b l e  s k in  t o  p ip e  l i n e  f lo w . 

He fo u n d  r e d u c t i o n s  i n  t h e  p r e s s u r e  d rop  as h ig h  a s  35 p e r c e n t .  

H is  e x p e r im e n t s  w ere  c o n d u c te d  w i th  t h i c k  and t h i n  w a l l  ru b b e r  

t u b i n g ,  a  p o l y v i n y l  c h l o r i d e - p o l y v i n y l  a c e t a t e  cop o ly m er 

(Tygon t u b e s ) , and p o l y e s t e r  b a s e d  u r e th a n e  r e s i n  (T ex in  tu b e s )  

a s  p ip e  l i n e r ,  b ack e d  by a dam ping f l u i d .  The b e s t  r e s u l t s ,

32 t o  35 p e r c e n t  d e c r e a s e  i n  p r e s s u r e  d ro p ,  w ere  o b t a i n e d  by 

u r e t h a n e  e l a s t o m e r s ,  f o l lo w e d  c l o s e l y  by t h i c k  and t h i n  w a l l  

r u b b e r  t u b e s  r e s p e c t i v e l y  and th e n  w i th  Tygon t u b e s .

Toms' e f f e c t .  The c h a r a c t e r i s t i c  o f  t u r b u l e n t  flow  

i n  a m o le c u l a r  f l u i d  con tin u u m  ( e . g . ,  w a te r ,  a i r )  can  be d r a s ­

t i c a l l y  a l t e r e d  by t h e  a d d i t i o n  o f  m a c ro sc o p ic  p a r t i c l e s ,  e . g .  

d u s t  i n  a i r ,  wood f i b e r s , a n d  p l a s t i c  b e ad s  i n  w a te r .

In  1948 Toms (17) s t u d i e d  d i l u t e  s o l u t i o n s  o f  p o l y ­

m e t h y lm e th a c r y l a t e  i n  c h lo r o b e n z e n e .  He found  t h a t  t h e  d i l u t e  

s o l u t i o n s  had  l e s s  d ra g  t h a n  t h e  p u re  s o l v e n t ,  and t h i s  o c c u r r e d  

o n ly  when th e  f low  was t u r b u l e n t .  Hoyt and F a b u la  (18) found  

t h a t  10 w e ig h t  p a r t s  p e r  m i l l i o n  (wppm) o f  p o l y e t h e l e n e  Oxide 

(po lyox) p ro d u c e d  a 40 p e r c e n t  r e d u c t i o n  in  d r i v i n g  to r q u e  o f  

a r o t a t i n g  d i s c  a p p a r a tu s  o p e r a t i n g  i n  t h e  t u r b u l e n t  r e g i o n .

In  a d d i t i o n  t h e y  m easu red  up t o  80 p e r c e n t  r e d u c t i o n s  i n  t u r ­

b u l e n t  p ip e  f lo w  fo r  50 wppm and a 40 p e r c e n t  r e d u c t i o n  f o r  2 

wppm. T e s t s  ru n  w i th  s c r a p p e d  s l im e  from s e a  f i s h  showed a 

1 4 .5  p e r c e n t  r e d u c t i o n  in  d ra g .

Many r e s e a r c h e r s  h ave  shown t h a t  t h i s  d r a g  r e d u c t i o n
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a b i l i t y  i s  p r o p o r t i o n a l  t o  t h e  m o le c u la r  w e ig h t  and t h e  l e n g th  

t o  d i a m e te r  r a t i o  o f  t h e  m o le c u le .  P o ly o x  h a s  been  u sed  by 

many i n v e s t i g a t o r s  and h a s  a m o le c u la r  w e ig h t  r a n g i n g  from 

0 .2  m i l l i o n  t o  o v e r  5 m i l l i o n  and a l e n g t h / d i a m e t e r  r a t i o  

r a n g in g  from  2 0 .0 0 0  t o  1 6 5 ,0 0 0 .

P r u i t ,  Rosen, and C raw fo rd  (19) (1966) fo u n d  t h a t  

i n c r e a s e d  c o i l i n g  and h ig h  t e m p e r a t u r e s  (1 0 5 ° to  1 0 4 °F) d e ­

c r e a s e d  t h e  d ra g  r e d u c in g  a b i l i t y  o f  th e  p o ly m e rs .

T e s t s  on s p h e r e s ,  h e m isp h e re  c y l i n d e r s ,  and  s h ip  

m odels  h a v e  shown d ra g  r e d u c t i o n s  o f  45 p e r c e n t ,  40 p e r c e n t ,  

and 30 p e r c e n t  r e s p e c t i v e l y .

S p r o u l l  (20) i n  1961 c o n d u c te d  t e s t s  u s i n g  a i r  in  a 

v i s c o s i m e t e r  and found  a " r e d u c t i o n  i n  v i s c o s i t y "  o f  40 p e r ­

c e n t .  T a b le  (1 .2 )  shows work done by d i f f e r e n t  i n v e s t i g a t o r s  

and t h e  r e s u l t s  t h e y  hav e  o b t a i n e d .  The r e s u l t s  v a r y  v i d e l y  

from i n c r e a s e  i n  p r e s s u r e  d ro p  t o  d e c r e a s e  i n  p r e s s u r e  d ro p .

The w ide  d i s c r e p a n c y  i n  d a t a  and t h e  n a r ro w  ran g e  

o v e r  w hich  t h e s e  e x p e r im e n t s  w ere  c o n d u c te d  p o i n t e d  o u t  t h e  

n eed  f o r  f u r t h e r  e x p e r i m e n t a t i o n .  A lso  t h e  f a c t  t h a t  no d a t a  

w ere  a v a i l a b l e  f o r  th e  f l a t  p l a t e  h a v in g  a s u b l a y e r  o f  d u s t  

f lo w in g  p a s t  i t  was t h e  r e a s o n  t h a t  Dr. B l i c k  i n i t i a t e d  t h i s  

p r o j e c t .  The a u th o r  was a s s i g n e d  t h i s  p ro b lem  i n  F e b ru a ry ,  

1968 and  t h e  f o l l o w i n g  c h a p t e r s  p r e s e n t  h i s  work s i n c e  th e n .
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CHAPTER II

BACKGROUND LITERATURE

As can  be s e e n  from  th e  i n t r o d u c t o r y  c h a p t e r  a v a s t  

amount o f  b a ck g ro u n d  in f o r m a t i o n  i s  a v a i l a b l e .  I f  we w ere  to  

lo o k  u n d e r  su ch  t o p i c s  a s  l a m in a r  f lo w ,  t r a n s i t i o n  f lo w ,  t u r ­

b u l e n t  f lo w ,  b o u n d a r y - l a y e r  t h e o r y ,  t u r b u l e n t  e n e r g y ,  and 

p a r t i c u l a t e  f lo w  i n  l i q u i d s ,  t h e  b a ck g ro u n d  i n  t e c h n i c a l  l i t ­

e r a t u r e  i s  v e r y  e x t e n s i v e .  H owever, t h e  s tu d y  o f  d ra g  i n  d u s ty  

a i r  i n  p i p e s  and on f l a t  p l a t e s  does  n o t  hav e  an e x t e n s i v e  r e ­

s e a r c h  h i s t o r y .

In  t h i s  s e c t i o n  a co m p re h en s iv e  re v ie w  o f  t h e  work 

done u s in g  p a r t i c l e s  i n  l i q u i d s  and a i r  w i l l  be p r e s e n t e d .

The l i t e r a t u r e  on t h e  l a t t e r ,  how ev er ,  i s  v e ry  l i m i t e d .  Each 

o f  t h e  i m p o r t a n t  a r t i c l e s  w i l l  be  re v ie w e d  i n  d e p th  and th e  

f l u i d  f lo w  t h e o r y  and r e s e a r c h  w ork , w hich  may h av e  a b e a r i n g  

on t h e  r e s u l t s ,  w i l l  be d i s c u s s e d .

In  t h e  i n t r o d u c t o r y  c h a p t e r  we m e n t io n e d  t h e  work 

and i d e a s  o f  B.A. Toms and r e f e r r e d  t o  them  a s  t h e  b a s i s  f o r  

t h i s  r e s e a r c h  p r o j e c t .  T h is  ty p e  o f  d ra g  r e d u c t i o n  h a s  b een  

r e f e r r e d  t o  as  "Toms' e f f e c t " .  S in c e  th e  b a s i s  o f  t h i s  work 

i s  t h e  s o - c a l l e d  "Toms' e f f e c t " ,  i t  i s  f i t t i n g  and  i m p o r t a n t ,  

t h e r e f o r e ,  t h a t  f i r s t  c o n s i d e r a t i o n  in  t h i s  s e c t i o n  s h o u ld  be

32
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g iv e n  t o  t h e  p i o n e e r  work o f  Toms i n  t h i s  f i e l d .  The work o f  

Thomas and o t h e r s  w i l l  a l s o  be  d i s c u s s e d  h e r e  i n  d e t a i l .

The R e s u l t s  R e p o r te d  by Toms

Toms, i n  h i s  p a p e r  (17) b e f o r e  t h e  I n t e r n a t i o n a l  

R h e o l o g ic a l  C o n g re ss  a t  S c h e v e n in g e n , H o l la n d ,  showed th e  

e f f e c t s  o f  d i l u t e  s o l u t i o n s  o f  p o ly m e th y l  m e t h a c r y l a t e  i n  mono- 

c h lo ro b e n z e n e  f lo w in g  th ro u g h  s t r a i g h t  t u b e s .  The r e s u l t s  

i n d i c a t e d  a  phenomenon w hich  b e f o r e  th e n  was n o t  o b s e r v e d .  I t  

was s e e n  t h a t  a t  h ig h  R eyno lds  num bers th e  d i l u t e  s o l u t i o n s  

h ad  l e s s  d r a g  th e n  t h e  p u re  s o l v e n t .  A t h e o r y  was ad v an ced  by 

O ld ro y d  in  c o n j u n c t i o n  w i th  Toms' e x p e r im e n t  f o r  t h i s  f low  

phenoemna a s  b e i n g  due to  w a l l  e f f e c t .  Some o f  t h i s  t h e o r y  

w i l l  be  p r e s e n t e d  l a t e r  i n  t h i s  s e c t i o n .

D e s c r i p t i o n  o f  A p p a ra tu s

Toms' a p p a r a t u s  c o n s i s t e d  o f  f o u r  s t r a i g h t  m e ta l  

tu b e s  o f  u n i fo r m  b o re  and c i r c u l a r  c r o s s  s e c t i o n .  T h ree  o f  

t h e s e  t u b e s  w ere  made o f  b r a s s  and th e  f o u r t h  tu b e  o f  D ura­

lu m in .  The en d s  o f  t h e s e  tu b e s  w ere  c u t  o f f  s q u a r e  by means 

o f  a l a t h e .  The two ends  o f  t h e  tu b e  w ere  c o n n e c te d  t o  two up­

r i g h t  c i r c u l a r  c y l i n d e r i c a l  g l a s s  j a r s  ( c a p a c i t y ,  2000 m i l l i ­

l i t e r s )  w i th  th e  tu b e  in  a h o r i z o n t a l  p o s i t i o n .  One end  o f  

t h i s  tu b e  p a s s e s  th ro u g h  th e  v e r t i c a l  w a l l  o f  e a c h  r e s e v o i r ,  

n e a r  t o  t h e  b a s e ,  and p r o j e c t s  a b o u t  2 c e n t i m e t e r s  on t h e  i n ­

s i d e .  The above a p p a r a t u s  was c o n n e c te d  t o  a p n e u m a t ic  c i r ­

c u i t  d e s ig n e d  so  t h a t  t h e  a i r  p r e s s u r e  above t h e  l i q u i d  s u r f a c e
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i n  one r e s e r v o i r  c o u ld  be v a r i e d  in d e p e n d e n t ly  o f  t h a t  i n  th e  

o t h e r ;  t h u s  t h e  l i q u i d  c o u ld  be made t o  p a s s  th r o u g h  t h e  tu b e  

a t  a c o n s t a n t  v e l o c i t y .

D i f f e r e n t  c o n c e n t r a t i o n s  o f  l i q u i d  w ere  t e s t e d  a t  

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

and f low  r a t e s  w ere  o b s e r v e d .  By u s in g  t h r e e  t u b e s ,  Toms p r o ­

v id e d  a check  t o  i n s u r e  t h a t  u n i fo rm  flow  c o n d i t i o n s  h ad  been  

r e a c h e d  and t h i s  a l s o  s e r v e d  t o  e l i m i n a t e  "end  e f f e c t s "  and 

c o r r e c t  f o r  k i n e t i c  e n e rg y  e f f e c t s .  The t o t a l  l o s s  a t t r i b u t a b l e  

t o  t h i s  was found  to  be e q u a l  t o  p v ^ ^ .

By t h e  u se  o f  t h e  R eynolds  c o l o r  f i l a m e n t  m ethod 

d e s c r i b e d  i n  C h a p te r  I ,  a c r i t i c a l  R eynolds number was o b t a i n e d .  

T h is  c r i t i c a l  R eynolds num ber, w here  th e  breakdow n from  th e  

l a m in a r  f lo w  r e g io n  i n  s o l u t i o n s  o f  p o ly m e th y l  m e t h a c r y l a t e ,  

was found  t o  be Re = 2000.

R e s u l t s

The r e s u l t s  w ere  th e n  p l o t t e d  as  shown i n  F ig u r e  ( 2 .1 ) .  

The d o t t e d  l i n e  w hich  c o r r e s p o n d s  t o  a Re = 2000 s e p a r a t e s  th e  

l a m in a r  f lo w  r e g io n  and th e  t u r b u l e n t  f low  r e g i o n .  T h is  d i v i ­

s io n  c l e a r l y  shows th e  m ost im p o r t a n t  p a r t  o f  "Toms' e f f e c t " — 

th e  i n c r e a s e  i n  t h e  f low  r a t e  a t  a 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 u s e d  by th e  a d d i t i o n  o f  t h e  p o ly m e r ,  was o b s e r v e d  in  t h e  t u r ­

b u l e n t  f low  r e g i o n .  The maximum e f f e c t  was m ost p ro n o u n ced  

when th e  c o n c e n t r a t i o n  o f  p o ly m er r o s e  t o  a b o u t  2 .5  grams p e r  

l i t e r .  The t r e n d  i s  r e v e r s e d  when th e  c o n c e n t r a t i o n  o f  th e  

p o lym er i s  i n c r e a s e d .  The r e a s o n  f o r  t h i s  phenomenon w as.
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a c c o r d in g  t o  Toms, due t o  th e  f a c t  t h a t  f u l l  t u r b u l e n c e  had  

n o t  b e en  a c h ie v e d  i n  t h e s e  l i q u i d s  even  th ro u g h  a R eynolds num­

b e r  o f  a b o u t  4 ,0 0 0  was a t t a i n e d .

T heory  by O ld ro y d

O ld ro y d  (21) , i n  c o n j u n c t i o n  w i th  Toms, d e r i v e d  some 

t h e o r y  t o  e x p l a i n  t h i s  phenomenon. The th e o r y  p u t  f o r t h  s u g ­

g e s t s  t h a t  t h e  tu b e  w a l l  may i n t r o d u c e  a " p r e f e r r e d  d i r e c t i o n  

i n  a n o rm a l ly  i s o t r o p i c  m a t e r i a l . "  T hus , f o r  ex am p le ,  i f  t h e  

l i q u i d  i s  a s o l u t i o n  o f  a l i n e a r  h ig h  p o ly m e r ,  an e x t e r n a l  con­

s t r a i n t  i s  im posed  by th e  w a l l  on t h e  movement o f  t h e  lo n g  

c h a in  m o le c u le s  n e a r  t h e  w a l l .  O ld ro y d  s u g g e s t s  t h a t  an " a b ­

n o rm a l ly  m o b i le  l a m in a r  s u b - l a y e r "  c o u ld  e x i s t  o f  a t h i c k n e s s  

e q u i v a l e n t  t o  t h e  m o le c u la r  d im e n s io n s .  The e x i s t e n c e  o f  w a l l  

e f f e c t s  h a s  been  d e m o n s t r a t e d  in  l a m in a r  f lo w  and shows i t s e l f  

m a c r o s c o p i c a l l y  as  an e f f e c t i v e  v e l o c i t y  o f  s l i p  (w) a t  t h e  w a l l ,  

and d ep en d s  on th e  l o c a l  c o n d i t i o n s  o f  s t r e s s  a s  d e f i n e d  h e r e :

X = -  Jjd d p /d z  (2 .1 )

w here  d i s  t h e  tu b e  r a d i u s  and d p /d z  i s  t h e  p r e s s u r e  g r a d i e n t .

I n  t h e  t u r b u l e n t  f low  r e g i o n  t h e  s h e a r  s t r e s s  i n  th e  

l a m in a r  b o u n d a ry  l a y e r  n e a r  t h e  w a l l  i s  s t i l l  d e f i n e d  by th e  

above e q u a t i o n .  O ld ro y d  h y p o t h e s i z e d  t h a t  i f  a  t h i n  s h e a th  

o f  l i q u i d  n e a r  th e  w a l l  b e h a v e s  d i f f e r e n t l y  ow ing t o  th e  p r e s ­

e n ce  o f  t h e  w a l l ,  th e  e f f e c t  can be  m easu red  a g a in  by an e f f e c ­

t i v e  v e l o c i t y  o f  s l i p , w ,  o r  by an " e f f e c t i v e  s l i p  c o e f f i c i e n t " ,

C, a s  d e f i n e d  by :

Ç = o)/t  ( 2 . 2 )
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Thus 0) and  ç can  be r e g a r d e d  as f u n c t i o n s  o f  t h e  l o c a l  con­

d i t i o n s  o f  s t r e s s  a t  t h e  w a l l .

F o r  N ew tonian  l i q u i d s  o f  d e n s i t y  (p) and v i s c o s i t y  

( y ) , O ld ro y d  o b t a i n e d  a r e l a t i o n s h i p  b e tw een  t h e  f lo w  r a t e ,  Q, 

and t h e  n e g a t i v e  p r e s s u r e  g r a d i e n t  (d p /d z )  f o r  f u l l y  t u r b u l e n t  

m a in s t re a m  f lo w  i n  te rm s  o f  two re d u c e d  v a r i a b l e s :

= W  <2-3)

th e  R eyno lds  number and ,

th e  r e s i s t a n c e  c o e f f i c i e n t .  The r e l a t i o n s h i p  t a k e s  t h e  form;

Y ^ = B log^Q (Rey^) -  C (2 .5 )

w here  B and C a r e  c o n s t a n t s .  These c o n s t a n t s ,  a s  o b t a i n e d  by 

G o l d s t e i n  (22) e x p e r i m e n t a l l y  a r e  B = 4 .0  and C = 0 .4  f o r  a i r  

and w a t e r  f lo w in g  th ro u g h  smooth p i p e s .  A lth o u g h  E q u a t io n  

(2 .5 )  h a s  b een  j u s t i f i e d  t h e o r e t i c a l l y  f o r  R eyno lds  numbers 

e x c e e d in g  10®, e x p e r im e n t a l  r e s u l t s  a r e  i n  a g re em e n t  f o r  a l l  

R eyno lds  num bers above a b o u t  3 ,0 0 0 .

The d i f f i c u l t y  i n  e x t e n d i n g  t h e s e  r e s u l t s  t o  i s o ­

t r o p i c  v i s c o e l a s t i c  non -N ew to n ian  l i q u i d s  i s  t h e  r e d e f i n i n g  

o f  t h e  R eyno lds  num ber. S in c e  v i s c o s i t y  i s  n o t  a c o n s t a n t  b u t  

a f u n c t i o n  o f  s h e a r  s t r e s s  ( v a r y in g  be tw een  y^ f o r  low r a t e s  

o f  s h e a r s  t o  y^ a t  h ig h  r a t e s ) , t h e  R eynolds  number can  v a ry  

b e tw een  Re^ = 2pQ/(ïïdy^) and Re^ = 2 p Q /( ï ïd y ^ ) .  O ld ro y d  assumed 

t h a t  t h e  o n ly  v i s c o s i t y  w hich  n e ed  be c o n s id e r e d  i n  t u r b u l e n t  

f low  (and  t h e  t h i n  l a m in a r  b oundary  l a y e r  a t  t h e  w a l l )  when th e
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m a in s t re a m  i s  t u r b u l e n t ,  i s  th e  l i m i t i n g  v a lu e  a t  th e  h ig h  

r a t e  o f  s h e a r , y .  W ith t h i s  a s s u m p t io n ,  and th e  same r e a s o n in g  

as  f o r  N ew tonian  l i q u i d s ,  he o b t a i n s  t h e  f o l l o w i n g  e q u a t i o n s  

f o r  v i s c o e l a s t i c  non-N ew ton ian  l i q u i d s :

X = y ^ R e ^ Y ^  = 2 ( - d p | ^ ) ^  (2. 6)

y = Y ^ f f )   ̂ (2. 7)

y = B log^QX -  (B lo g ^^ y ^  + C) ( 2 . 8)

E q u a t io n  ( 2 . 8 ) ,  i f  p l o t t e d  a s  lo g ^ ^ x  a g a i n s t  y ,  w i l l  g iv e  a 

s t r a i g h t  l i n e  and i s  in d e p e n d e n t  o f  tu b e  d i a m e te r .  O ld royd  

p o i n t s  o u t  t h a t  one can d e t e c t  w a l l  e f f e c t s  i n  f u l l y  t u r b u l e n t  

f lo w  by p l o t t i n g  lo g ^ ^ x  a g a i n s t  y and n o t i n g  w h e th e r  o r  n o t  

t h e  r e s u l t s  o f  d i f f e r e n t  t u b e s ,  a t  h ig h  R eynolds  num bers , l i e  

on th e  g ra p h .  I f ,  f o r  d i f f e r e n t  d ia m e te r s  o f  t u b e s ,  t h e  x -y  

g ra p h s  a r e  n o t  d i s t i n c t  c u r v e s  th e n  t h e r e  i s  no r e a s o n  t o  s u s ­

p e c t  anom alous f low  a t  t h e  w a l l ,  w h i le  on t h e  o t h e r  hand , i f  

t h e y  form  d i s t i n c t  c u r v e s  i t  can  be i n t e r p r e t e d  as  h a v in g  w a l l  

e f f e c t .

O ld royd  s t a t e d  t h a t  t h e  o b s e rv e d  phenomenon i s  due

t o  t h e  w a l l  e f f e c t s .  He s u g g e s te d  t h a t  i f  p i s  c o n s t a n t  f o r

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

Q, y ,  and ç w i l l  depend  on th e  c o n c e n t r a t i o n  o f  t h e  s o l u t e ,  

w h i le  a , p ,  b ,  c ,  and d p /d z  rem a in  c o n s t a n t  f o r  a l l  s o l u t i o n s .  

S in c e  y i s  a c o n s t a n t  m u l t i p l e  o f  Q, and s i n c e  x i s  c o n s t a n t  

f o r  a l l  f l u i d s ,  th e n  O ld royd  o b t a i n s  t h e  f o l l o w i n g  r e l a t i o n ­
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s h i p :

Q = -  Kg log^QÎJ^+ K^ç (2. 9)

w here  K^/ and a r e  c o n s t a n t s .  As th e  c o n c e n t r a t i o n  o f  

p o ly m er  i n c r e a s e s  from  z e r o ,  t h e  l i m i t i n g  v i s c o s i t y  a l s o  i n ­

c r e a s e s  a n d , i f  t h e r e  i s  no w a l l  e f f e c t ,  (ç = 0 ) ,  Q w ould d e ­

c r e a s e  a s  one w ould e x p e c t .  However i f  t h e r e  i s  a w a l l  e f f e c t  

when t h e  p o ly m er  i s  p r e s e n t  i n  s o l u t i o n ,  th e n  i t  i s  p o s s i b l e  

t h a t  Ç i n c r e a s e s  w i th  c o n c e n t r a t i o n  in  such  a  m anner t h a t  Q 

i n c r e a s e s .  Thus O l d r o y d 's  t h e o r y  p r e d i c t s  t h a t ,  u n d e r  c e r t a i n  

c o n d i t i o n s ,  t h e  r a t e  o f  f lo w  m ig h t  be  i n c r e a s e d  a t  c o n s t a n t  

p r e s s u r e  g r a d i e n t  by th e  a d d i t i o n  o f  s o l u t e .  In  d e s c r i b i n g  

Toms' f lo w ,  O ld ro y d  h y p o th e s i z e d  t h a t  w a l l  e f f e c t s ,  a l r e a d y  

o b s e r v e d  i n  l a m in a r  f lo w  w i th  t h e  same s o l u t i o n s ,  m ig h t  p e r ­

s i s t  when t h e  m a in s t re a m  i s  t u r b u l e n t ,  t h e r e b y  r e d u c in g  th e  

R eyno lds  s t r e s s  and  c o n s e q u e n t ly  t h e  w a l l  s k i n  f r i c t i o n  in  a 

t u r b u l e n t  f lo w .

The R e s u l t s  R e p o r te d  by Thomas

Work done by Thomas (23,  24,  25, and 26) was i n  con­

j u n c t i o n  w i th  h i s  r e s e a r c h  on a to m ic  r e a c t o r s .  He u t i l i z e d  a 

form  o f  th o r iu m  f o r  t h i s  i n v e s t i g a t i o n  t h a t  i s  u s e d  i n  an 

aeq u eo u s  homogenous power r e a c t o r .  I t  i s  r e s t r i c t e d ,  f o r  th e  

m ost p a r t ,  t o  t h e  s u s p e n s i o n  o f  th o r iu m  o x id e  i n  w a te r .  The 

r e s u l t s  o b t a i n e d  by Thomas b o re  o u t  th e  work o f  Toms and i n d i ­

c a t e d  a r e d u c t i o n  i n  t h e  s k i n - f r i c t i o n  c o e f f i c i e n t  i n  t u r b u l e n t  

f lo w .
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A p p a ra tu s  and R e s u l t s

The a p p a r a tu s  u sed  by Thomas t o  c a r r y  o u t  h i s  e x ­

p e r im e n t s  c o n s i s t e d  o f  t h r e e  c i r c u l a r  p i p e s :  1 . 0 3  i n c h ,  0 .3 1 8

in c h ,  and 0 .1 2 4  in c h  i n  d i a m e te r .  The s l u r r y  was pumped 

th ro u g h  t h e  p i p e s  and m easurem en ts  o f  p r e s s u r e  d ro p  w ere  ta k e n  

in  t h e  h o r i z o n t a l  s e c t i o n  o f  t h e  p i p e .  T r a n s i t i o n  from  la m in a r  

t o  t u r b u l e n t  f low  o c c u r r e d  a t  a R eyno lds-num ber o f  1 .7  x 1 0  ̂

f o r  t h e  0 .3 1 8  in c h  d ia m e te r  p i p e  and a t  3 .3  x 1 0  ̂ f o r  t h e  1 . 03  

i n c h  d i a m e te r  p i p e ,  as  would  h av e  b een  e x p e c te d .

F ig u r e  ( 2 . 2 )  shows t h a t  t h e r e  i s  a  m arked  r e d u c t i o n  

i n  s k i n - f r i c t i o n  c o e f f i c i e n t  i n  th e  t u r b u l e n t  r e g i o n ,  w h i le  

i n  t h e  l a m in a r  f low  r e g i o n  an i n c r e a s e  o f  s k i n  f r i c t i o n  o c c u r r e d  

when t h e  p a r t i c l e s  a r e  su sp e n d e d  in  t h e  f lo w . An im p o r ta n t  

p o i n t  t o  n o te  h e r e  i s  t h a t  th e  maximum r e d u c t i o n  o f  t h e  s k i n -  

f r i c t i o n  c o e f f i c i e n t  o c c u r s  n e a r  th e  t r a n s i t i o n  r e g i o n  from  

la m in a r  t o  t u r b u l e n t  f lo w . T h is  phenomenon, as w i l l  be d i s ­

c u s s e d  i n  l a t e r  c h a p t e r s ,  was found  t o  e x i s t  i n  t h e  e x p e r im e n ts  

c a r r i e d  o u t  by th e  a u th o r .

In  o r d e r  t o  d e te r m in e  w h e th e r  th e  change i n  t h e  

s k i n - f r i c t i o n  c o e f f i c i e n t  i n  t h e  t u r b u l e n t  f low  from  th e  

"N ew tonian" c u rv e  was due s o l e l y  t o  th e  s u s p e n s io n  o f  p a r t i ­

c l e s  o r  t o  th e  non -N ew ton ian  c h a r a c t e r i s t i c s  o f  t h e  m ix tu r e  

form ed by i n t r o d u c t i o n  o f  t h e  p a r t i c l e s ,  Thomas c a r r i e d  o u t  

t h e  f o l l o w i n g  e x p e r im e n t .  In  t h e  m ix tu r e ,  sodium  s i l i c a t e  

was add ed , t h e r e b y  r e d u c in g  t h e  y i e l d  s t r e s s .  Thus th e  

s i l i c a t e  re d u c e d  t h e  n o n -N ew ton ian  c h a r a c t e r i s t i c s  and  a t  t h e  

same t im e  t h e  s k i n - f r i c t i o n  c o e f f i c i e n t  i n  t h e  t u r b u l e n t  f low
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was i n c r e a s e d  to w a rd s  th e  sm ooth tu b e  N ew tonian  f r i c t i o n  f a c ­

t o r  c u r v e .  T h is  seemed t o  i n d i c a t e ,  p e rh a p s  n o t  c o n c l u s i v e l y ,  

t h a t  th e  f lo w  d e v i a t i o n s  " a r e  t r u l y  t h e  r e s u l t  o f  non -N ew ton ian  

c h a r a c t e r i s t i c s ."

I n  l a t e r  e x p e r im e n t s  c o n d u c te d  by Thomas t h e  y i e l d  

s t r e s s  was i n c r e a s e d  and he n o t e d  a v e ry  i n t e r e s t i n g  f a c t :  

a l th o u g h  i n  b o th  c a s e s  th e  f r i c t i o n  f a c t o r s  w ere  l e s s  th a n  

th o s e  f o r  N ew ton ian  f l u i d s ,  t h e  t r e n d s  w i th  i n c r e a s i n g  Rey­

n o ld s  numbers w ere  d i f f e r e n t .  F ig u r e  (2 .3 )  show s, f o r  h ig h  

y i e l d  v a l u e s  ( g r e a t e r  th a n  0 .5  pounds  p e r  s q u a r e  f o o t )  t h a t ,  

a s  t h e  R eyno lds  number i n c r e a s e s ,  t h e  f r i c t i o n  f a c t o r s  t e n d  

t o  d iv e r g e  from  t h e  N ew tonian  f l u i d s .  T h is  i s  a d i r e c t  con­

t r a s t  t o  w ha t was found  in  t h e  low y i e l d  c a s e .

I t  may be r e a s o n a b le  t o  assume t h a t  t h e  r e a s o n  f o r  

t h e s e  two s e e m in g ly  c o n t r a d i c t o r y  phenomena i s  t h a t ,  f o r  t h e  

low y i e l d  s t r e s s  c a s e ,  th e  d e p a r t u r e  from th e  N ew tonian  

f l u i d s  i s  t h e  r e s u l t  o f  th e  l a m in a r  w a l l  l a y e r  t h a t  was t h i c k ­

e n ed  by t h e  non-N ew ton ian  c h a r a c t e r i s t i c s ,  t h u s  m aking  th e  

l a m in a r  b o u n d a ry  l a y e r  e x i s t  i n t o  h ig h  R eynolds  n um bers . As 

t h e  R eyno lds  number i n c r e a s e s ,  th e  s t a b i l i t y  o f  t h e  l a m in a r  

l a y e r  d e c r e a s e s ,  c a u s in g  t h e  s k i n - f r i c t i o n  f a c t o r  t o  a p p ro ach  

t h e  N ew ton ian  c u rv e .  F o r  t h e  h ig h  y i e l d  s t r e s s  c a s e  i t  i s  

b e l i e v e d  t h a t  t h e  damping o f  t h e  t u r b u l e n t  f l u c t u a t i o n s  i n ­

c r e a s e s  w i th  t h e  volume f r a c t i o n  o f  s o l i d s  and w i th  t h e  r a t i o  

o f  t h e  a t t r a c t i v e  f o r c e  be tw een  p a r t i c l e s  t o  t h e  d i s r u p t i v e  

f o r c e s  due t o  t u r b u l e n t  f l u c t u a t i o n s .  T h is  r e d u c e d  t h e  t u r -
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b u l e n t  b o u n d a ry  l a y e r  t o  l a m in a r ,  t h u s  r e d u c in g  th e  R eynolds  

s t r e s s e s  and th e  s k i n - f r i c t i o n  c o e f f i c i e n t .

Theory

The t h e o r y  p u t  f o r t h  by Thomas was b a se d  on M a r t in -  

e l l i ' s  a n a lo g y ,  w h ich  was d e v e lo p e d  f o l l o w i n g  von Karman' s  

a s s u m p t io n  o f  a b u f f e r  l a y e r  be tw een  t h e  la m in a r  s u b l a y e r  and 

th e  t u r b u l e n t  c o r e .  The M a r t i n e l l i  E q u a t io n  (23) , a s  u se d  by 

Thomas, r e l a t e d  t h e  h e a t  t r a n s f e r  f a c t o r  t o  th e  F a n n in g  f r i c t i o n  

f a c t o r  a s  shown h e r e ;

^h \  ■ "̂ o!/f72 (P r|2 /3
Nu = — ^ ^ ------------------------ (2 .1 0 )

5 [ ^ P r  + l n ( l  + 5 ^ P r )  + 0 . 5  F ^ l n ^ / f / I ]  
m m

w here  Nu = h e a t  t r a n s f e r  f a c t o r ,  f  = F an n in g  f r i c t i o n  f a c t o r ,

and E. and e = th e r m a l  d i f f u s i v i t i e s  o f  h e a t  and momentum, n m
In  t h e i r  book , Kundsen and K atz  (27) have t a b u l a t e d  

v a l u e s  o f  F^ as  a  f u n c t i o n  o f  R eyno lds  and P e c l e t  num bers . F o r  

Thomas' d a t a  t h e  v a l u e s  o f  F^ w ere b e tw een  0 .9 9  and 1 . 0 .  V a l­

u e s  o f  (T -  T ) / ( T  -  T, ) have  a l s o  been  t a b u l a t e d  as  a f u n c -
W O W D

t i o n  o f  R eyno lds  and P r a n d t l  num bers , and f o r  Thomas' d a t a  t h e  

v a l u e s  w ere b e tw een  0 .9 5 8  and 0 .9 6 3 .  Thomas to o k  th e  r a t i o  o f  

e ^ / e ^  as  u n i t y .  W ith t h e  above a s s u m p t io n s  Thomas was a b l e  t o  

r e d u c e  t h e  M a r t i n e l l i  E q u a t io n  t o :

0  = 2 .1 2 0  In  R e/I  + 1 7 .4 8  (2 .1 1 )

f o r  P r a n d t l  number o f  8 and t o :

/ f = 1 .715  In  R e / f  + 1 9 .0 7  (2 .1 2 )
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f o r  a P r a n d t l  number o f  11. The d e v i a t i o n  o f  t h e  a c t u a l  ru n s  

from  th e  above e q u a t i o n s  was a maximum o f  17 p e r c e n t  in  th e  

p o s i t i v e  and 36 p e r c e n t  i n  th e  n e g a t i v e .  Thus i t  i s  o b v io u s  

t h a t  even  in  th e  l i q u i d  and s o l i d  p h a se  one h a s  t o  go f a r  b e ­

f o r e  p r e d i c t e d  r e s u l t s  w i l l  a g re e  w i th  a c t u a l  t e s t s .  Even 

th e  above e q u a t i o n  i s  m a in ly  an e m p i r i c a l  e q u a t i o n  s i n c e  v a lu e s  

o f  some o f  t h e  m a jo r  p a r a m e te r s  w ere  o b t a i n e d  from e x p e r im e n t a l  

t e s t s .  Once a g a in  one i s  c o n f r o n t e d  w i th  an in a d e q u a te  know­

le d g e  i n  th e  t u r b u l e n t  f lo w  r e g i o n .

The R e s u l t s  R e p o r te d  by S p r o u l l  i n  D usty  G ases 

D e s c r i p t i o n  o f  A p p a ra tu s  and  R e s u l t s

The work o f  S p r o u l l  (20) i s  one o f  th e  f i r s t  pub­

l i s h e d  a r t i c l e s  showing th e  e f f e c t  o f  r e d u c t i o n  i n  t h e  s k i n -  

f r i c t i o n  c o e f f i c i e n t  when th e  gas  i s  d u s t y .  S p r o u l l  c o n d u c te d  

t e s t s  u s in g  a v i s c o s i m e t e r  h a v in g  a v e r t i c a l  s e n s in g  c y l i n d e r  

su sp e n d e d  c o a x i a l l y  w i t h i n  a r o t a t i n g  c y l i n d e r .  The a n n u lu s  

b e tw een  th e  c y l i n d e r s  c o u ld  be v a r i e d  b e tw een  5 m i l l i m e t e r s  and 

7 .5  m i l l i m e t e r s .  Two ty p e s  o f  d u s t  w ere  u s e d .  One was l im e ­

s to n e  c o n t a i n i n g  40 p e r c e n t ,  by w e ig h t ,  o f  p a r t i c l e s  s m a l l e r  

t h a n  10 m ic ro n s  i n  d ia m e te r  and th e  o t h e r  was d u s t  99 p e r c e n t ,  

by w e ig h t ,  s m a l l e r  th a n  10 m ic ro n s .

S p r o u l l  m easu red  t h e  to r q u e  on t h e  i n n e r  s e n s in g  

c y l i n d e r  and found  i t  t o  be l e s s  when th e  g as  was d u s ty  th e n

when th e  a i r  was c l e a n .  T ab le  (2 .1 )  shows th e  v a lu e s  o b t a i n e d

by S p r o u l l .
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T e s t
S e r i e s

D ust A pprox . 
Concen­
t r a t i o n  
gm ./m .^

C y l in d e r  
Speed 
( r . p . m . )

A nnulus 
W idth 
(mm. )

O b se rv ed
V i s c o s i t y
R e d u c t io n
P e r c e n t

1 L im es to n e 240 50 Ih 40

2 T a lc 240 50 Ih 38

3 T a lc 60 50 Ih 10

4 T a lc 60 50 5 10

5 T a lc 240 50 5 35

6 L im es to n e 240 50 5 24

7 L im es to n e 240 25 5 24

T ab le  (2. 1) R e s u l t s R e p o r te d  by S p r o u l l .

The l a s t  column i n d i c a t e s  r e d u c t i o n  in  v i s c o s i t y .  T h is  i s  

b e c a u s e  S p r o u l l  e q u a t e d  th e  m easured  r e d u c t i o n  o f  to r q u e  

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

a t t e m p te d  t o  e x p l a i n  th e  l a r g e  r e d u c t i o n  in  v i s c o s i t y  o f  th e  

d u s ty  gas  by r e s o r t i n g  t o  th e  k i n e t i c  th e o r y  o f  g a s e s .

Theory

From e le m e n ta r y  k i n e t i c  th e o r y  t h e  v i s c o s i t y  y i s

g iv e n  by ;

y = |pCA (2 .13 )

w here  p i s  th e  g a s  d e n s i t y ,  C th e  a v e ra g e  m o le c u la r  v e l o c i t y ,  

and A i s  t h e  mean f r e e  p a t h .  Now w i th  d u s ty  a i r  a t  c o n s t a n t
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t e m p e r a t u r e ,  t h e  mean v e l o c i t y  re m a in s  c o n s t a n t ,  b u t  t h e  den ­

s i t y  i n c r e a s e s .  T h e r e f o r e  i f  one i s  t o  g e t  a r e d u c t i o n  in  

v i s c o s i t y ,  t h e  mean f r e e  p a th  l e n g t h  m ust be  r e d u c e d .  The 

mean f r e e  p a t h  l e n g t h  as  g iv e n  by k i n e t i c  t h e o r y  i s :

A = — -----  (2 .14 )
/2ïïNa^

w here  N i s  t h e  number o f  p a r t i c l e s  p e r  c u b ic  c e n t i m e t e r  and 

a i s  t h e  d i a m e te r  o f  t h e  m o le c u le s .  Now i f  th e  d u s t . c l o u d  i s  

r e g a r d e d  as a  s e c o n d  gas  mixed w i th  t h e  t r u e  g a s ,  th e n  th e  e x ­

p r e s s i o n  o f  t h e  mean f r e e  p a th  l e n g t h  o f  t h e  gas i n  t h e  d u s t  

la d e n  g a s  i s :

A = --------------------------------  ' -----------  (2 .1 5 )
9 /ZnlNgSgZ + + mym̂ )

w here  i s  t h e  num ber o f  d u s t  p a r t i c l e s  p e r  c u b ic  c e n t i m e t e r ,  

a^  i s  t h e  d i a m e te r  o f  t h e  p a r t i c l e s ,  and m^ i s  th e  mass o f  t h e  

d u s t  p a r t i c l e s .  E xam in ing  th e  above e q u a t i o n  shows t h a t  m^ i s  

n e g l i g i b l e  a s  com pared  t o  m^; t h e r e f o r e  t h e  f i n a l  r a d i c a l  r e ­

d u c es  t o  u n i t y .  A lso  n o te  t h a t  N^a^^ i s  s m a l l  com pared to  

N ^a^^. U n le ss  one  can  show t h a t  t h i s  i s  n o t  s o ,  t h e  e q u a t i o n  

r e d u c e s  t o  t h a t  o f  t h e  s i n g l e  g a s .  The o n ly  way t h a t  N^a^^

c o u ld  have  t h e  same m a g n itu d e  as  N a  ̂ i s  i f  a ,  i s  assum ed t og g d

be much l a r g e r  t h a n  t h e  a c t u a l  d u s t  p a r t i c l e  d i a m e te r .  I f  t h i s

" e f f e c t i v e  d ia m e te r "  c a u s e d  N^a^^ t o  have  t h e  same m ag n itu d e

as  N a  ̂ t h e n  t h i s  c o u ld  cau se  A t o  be re d u c e d  by a p p ro x im a te -  
9 9 9

l y  50 p e r c e n t .  Thus t h e  v i s c o s i t y  w ould  be re d u c e d  by 50 p e r ­

c e n t .
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To o b t a i n  t h i s  e f f e c t i v e  d ia m e te r  S p r o u l l  s u g g e s te d  

t h a t  e a c h  d u s t  p a r t i c l e  was s u r ro u n d e d  by a b o u n d a ry  l a y e r  o f  

gas  a d h e r in g  t o  i t .  T h is  d ia m e te r  was c a l c u l a t e d  by means o f  

S t o k e s '  law w hich  gave  an e x p r e s s i o n  o f  t h e  d i a m e t e r ,

« = (2 .1 6 )

w here  V i s  t h e  d i f f e r e n c e  i n  th e  gas  v e l o c i t y  on o p p o s i t e  

s i d e s  o f  t h e  p a r t i c l e .  Knowing th e  v e l o c i t y  g r a d i e n t  a c r o s s  

t h e  a n n u lu s  S p r o u l l  c a l c u l a t e d  t h e  v e l o c i t y ,  V, f o r  a one 

m ic ro n  p a r t i c l e .  T h is  gave  him a d i a m e te r  b e tw een  100 and 500 

m ic r o n s ,  t h e r e b y  m aking  h i s  te rm ,  N ^a^^, t h e  same m ag n itu d e

as N a

S p r o u l l ,  i n  su m m ariz in g ,  s a i d  t h a t  th e  su sp e n d e d  

p a r t i c l e s  a r e  s u r r o u n d e d  by a g a se o u s  b o u n d a ry  l a y e r  some 50 

to  100 t im e s  as  g r e a t  as i t s  a c t u a l  d i a m e t e r .  A lso  he n o t e s  

t h a t  t h e  c o u p le  on t h e  d u s t  p a r t i c l e  w ould  t e n d  t o  r o t a t e  th e  

p a r t i c l e  and w ould a c t  " l i k e  th e  b a l l s  b e tw een  th e  r a c e s  o f  a 

b e a r i n g . "  T h is  b a l l  b e a r i n g  c o n c e p t  a l s o  c o u ld  c o n t r i b u t e ,  

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

T heory  by Saffm an

. The t h e o r y  ad v an ced  by S p r o u l l  came u n d e r  heavy  f i r e  

by Saffm an  (28 and 2 9 ) .  Saffm an p o i n t e d  o u t  t h a t  S p r o u l l ' s  

t h e o r y  c o n t r a d i c t s  t h e  E i n s t e i n  fo rm u la  f o r  t h e  v i s c o s i t y  o f  

a s u s p e n s i o n ,  a c c o r d in g  t o  w hich th e  v i s c o s i t y  w i l l  i n c r e a s e  

w i th  t h e  b u lk  c o n c e n t r a t i o n  o f  t h e  d u s t .



49

Saffm an o b t a i n e d  an e q u a t i o n  f o r  th e  t o r q u e  p e r  u n i t  

l e n g t h  o f  t h e  c y l i n d e r  a s :

G = 2ïïyr^ ~  (—) = 2ïïmNTrV^ + (2 .17)dr r  i

w here  y i s  t h e  v i s c o s i t y  o f  th e  a i r  and G th e  t o r q u e  p e r  u n i t

l e n g t h  on t h e  i n n e r  c y l i n d e r .  The p a r a m e t e r , a ,  i s  a  m easu re

o f  t h e  t im e  f o r  t h e  v e l o c i t y  o f  t h e  p a r t i c l e  t o  become a d j u s t e d

t o  c h an g es  i n  t h e  v e l o c i t y  o f  th e  a i r .  U sing  S to k e s '  E q u a t io n

one can  d e r i v e  an e x p r e s s i o n  f o r  a:

To sum m arize , Saffm an ad v an ced  t h e  i d e a  t h a t  when 

t h e  p a r t i c l e s  a r e  l a r g e  a w i l l  be c o m p arab le  t o  o r  g r e a t e r  

th a n  t h e  t im e  s c a l e  o f  t u r b u l e n t  f l u c t u a t i o n s .  The r e l a t i v e  

v e l o c i t y  o f  a i r  and d u s t  c au se  an e x t r a  d i s s a p a t i o n  t h a t  e x ­

t r a c t s  e n e rg y  from  th e  t u r b u l e n c e  and damps i t .  T h is  damping 

e f f e c t  o f  t h e  c o a r s e  d u s t  may be enough t o  s t a b i l i z e  th e  l a m in a r  

f lo w  o f  t h e  a i r  w h ich  i s  o th e r w is e  v e ry  u n s t a b l e .  T h is  damp­

in g  a c t i o n  r e d u c e s  t h e  R eynolds s t r e s s e s  and t h e  l o s s  o f  p r e s ­

s u r e .  F o r  t h e  c a s e  o f  t h e  v e ry  f i n e  d u s t  f o r  w hich a i s  much 

l e s s  t h a n  t h e  t u r b u l e n t  t im e  s c a l e ,  t h e  d u s t  f o l lo w s  th e  a i r  

m o tio n  more c l o s e l y  and i t s  main e f f e c t  i s  t o  i n c r e a s e  th e  

e f f e c t i v e  d e n s i t y  o f  t h e  a i r  t h e r e f o r e  i n c r e a s i n g  th e  R eynolds  

number o f  t h e  a i r .

E v a l u a t io n  o f  Saffm an and S p r o u l l  T h e o r ie s

The p r e c e d in g  two t h e o r i e s  a r e  o f  a c o n t r a d i c t o r y
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n a t u r e .  S a f f m a n 's  e x p l a n a t i o n  a g r e e s  w i th  t h e  e x p l a n a t i o n  

p u t  fo rw a rd  by Thomas i n  h i s  i n v e s t i g a t i o n  o f  s u s p e n s i o n s  i n  

l i q u i d s .  S p r o u l l ' s  t h e o r y  o f  an e f f e c t i v e  d i a m e te r  i s  n o t  

e n t i r e l y  i n c o r r e c t ,  b u t  t h e  e f f e c t i v e  d ia m e te r  he o b t a i n s  (be ­

tw een  100 and 500 t im e s  t h e  d i a m e te r  o f  t h e  p a r t i c l e )  seems t o  

be  to o  l a r g e .  T h is  can be a t t r i b u t e d  t o  two f a c t s .  F i r s t ,  

t h e  e q u a t i o n  o f  t h e  b o u n d a ry  l a y e r  o b t a i n e d  from  S t o k e s '  law 

h o l d s  t r u e  f o r  low v e l o c i t i e s  and when t h e r e  i s  no i n t e r ­

a c t i o n  b e tw een  t h e  s p h e r e s .  In  S p r o u l l ' s  c a s e  b o th  o f  t h e s e  

p r e m is e s  w ere  v i o l a t e d ,  t h e r e f o r e  t h e  u se  o f  t h i s  e q u a t i o n  i s  

n o t  c o r r e c t .  S eco n d , t h e  v e l o c i t y  on o p p o s i t e  s i d e s  o f  t h e  

p a r t i c l e  was b a s e d  on t h e  v e l o c i t y  g r a d i e n t  o f  t h e  v i s c o s i m e t e r  

a n n u lu s .  U t i l i z i n g  t h i s  v e l o c i t y  w i t h o u t  t a k i n g  i n t o  a c c o u n t  

su ch  p a r a m e te r s  as w a l l  e f f e c t  and v a r i a t i o n s  i n  p a r t i c l e  s i z e  

w ou ld  g iv e  an e r r o n e o u s  p a r a m e te r  i n  c i r c u l a r  p i p e s  a t  h ig h  

R eyno lds  num bers .

The R e s u l t s  R e p o r te d  by Soo and T rezek  

i n  t h e  I n v e s t i g a t i o n  o f  D usty  A i r  

i n  T u r b u le n t  P ip e  Flow

The r e s e a r c h  on t h i s  t o p i c  by Soo and T rezek  (30) 

was a l s o  c o n d u c te d  a t  h ig h  R eynolds  num bers w i t h i n  a r a n g e  o f  

1 .3  X 1 0  ̂ t o  2 .9 5  X 10®. The d u s ty  g a s  u s e d  c o n s i s t e d  o f  

30 m ic ro n  magnesium o x id e  p a r t i c l e s  su sp e n d e d  i n  a i r .  The e x ­

p e r i m e n t a l  a p p a r a t u s  c o n s i s t e d  o f  a 5 in c h  d i a m e te r  b r a s s  p ip e  

w hich  was c o n n e c te d  t o  a l a r g e  a i r  s u p p ly .  P a r t i c l e s  w ere  i n ­

j e c t e d  i n t o  th e  a i r  s t r e a m  and c a r e  was t a k e n  t o  s e e  t h a t  t h e
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p a r t i c l e s  w ere  th o r o u g h l y  d i f f u s e d  t h r o u g h o u t  t h e  e n t i r e  f lo w .

The a d d i t i o n  o f  s o l i d  p a r t i c l e s  l e d  t o  a d e c r e a s e  

i n  p ip e  f low  f r i c t i o n  f a c t o r s  up t o  a c e r t a i n  mass f low  r a t i o  

o f  s o l i d  t o  g a s ,  b u t  i n c r e a s e d  a g a in  as  mass r a t i o  was i n ­

c r e a s e d  a s  shown i n  F ig u r e  ( 2 . 4 ) .  Again c a u t i o n  s h o u ld  be  e x ­

e r c i s e d  when e v a l u a t i n g  t h e s e  d a t a  and i t  s h o u ld  n o t  be e x ­

t r a p o l a t e d  o u t s i d e  i t s  ra n g e  o f  R eyno lds  num bers . Soo and 

T rez e k  a l s o  found  t h a t  a  " t e n a c i o u s "  l a y e r  o f  t h i c k n e s s  o f  

m a g n es ia  p a r t i c l e s  was d e p o s i t e d  on th e  w a l l  o f  th e  t u b e .

T h is  w ould  form  a l a y e r  o f  ro u g h n e s s  t h e r e b y  c h an g in g  th e  s k i n -  

f r i c t i o n  c o e f f i c i e n t .

Theory

Theory  r e g a r d i n g  th e  r e d u c t i o n  o f  s k i n - f r i c t i o n  co ­

e f f i c i e n t s  was n o t  p r e s e n t  in  t h e  p a p e r  o f  Soo and T re z e k .  How­

e v e r  Soo, i n  h i s  book (3 1 ) ,  h as  d e v e lo p e d  some th e o r y  f o r  t h i s  

c a s e .  The s h e a r  s t r e s s  as  e x p r e s s e d  by P r a n d t l  f o r  a i r  i n  te rm s  

o f  t h e  m ix in g  l e n g t h  Z i s  g iv e n  a s :

T = p ( § ^ ) '  ( 2 . 1 9 )

In  t h e  c a s e  o f  t h i s  e x p e r im e n t  Soo and T re z e k  found  t h a t  th e  

g a s  p h a se  fo l lo w e d  c l o s e l y  t h e  l / 7 t h  v e l o c i t y  law even  th o u g h  

s o l i d  p a r t i c l e s  w ere  su sp e n d e d  i n  th e  f lo w .  Thus Soo c o n c lu d e s  

t h a t  t h e  s h e a r  s t r e s s  i n  th e  gas  due t o  t h e  p r e s e n c e  o f  s o l i d  

p a r t i c l e s  can be g iv e n  by :
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Figure (2.4) Friction Factors at Various Reynolds Numbers and Mass Ratios-Soo & Trezek (30).
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where i s  t h e  m ix in g  l e n g t h  due to  t h e  p r e s e n c e  o f  s o l i d  

p a r t i c l e s .  H ence,

(2 . 2 1 )
gp p

Thus th e  d e c r e a s e  i n  f r i c t i o n  f a c t o r  a c c o r d in g  t o  

Soo, due t o  t h e  p r e s e n c e  o f  s o l i d  p a r t i c l e s ,  may be a t t r i b u t e d  

t o  th e  re d u c e d  m ix in g  l e n g t h  b e c a u s e  o f  d i s s i p a t i o n  by th e  

s o l i d  p a r t i c l e s .  The e f f e c t  o f  s o l i d  p a r t i c l e s  on th e  p r e s s u r e  

d ro p  and m ix in g  l e n g t h  a r e  shown in  F ig u r e  ( 2 . 5 ) .

The eddy v i s c o s i t y  f o r  t u r b u l e n t  flow  as  g iv e n  i n  

H inze  (32) i s ;

S <2.22)
W ith t h i s  fo rm u la ,  Soo o b t a i n s  t h e  f o l l o w i n g  e q u a t i o n  f o r  th e  

s k i n - f r i c t i o n  f a c t o r :

^ f  = 2Em a s

„ _ 2&Z(du/dx)^
^ f  n p

The R e s u l t s  R e p o r te d  by M cCarthy and O lson  

f o r  Flow o f  D usty  A ir  in  C i r c u l a r  P ip e s  

a t  High R eynolds Numbers

R ecen t Work done by McCarthy and O lson  (33) f o r  

f low  o f  gas  s o l i d s  i n  a c i r c u l a r  p ip e  i n d i c a t e d  a r e d u c t i o n  

i n  s k i n - f r i c t i o n  c o e f f i c i e n t  when s o l i d s  a r e  added t o  th e  gas  

i n  t u r b u l e n t  f lo w .
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A p p a ra tu s  and R e s u l t s

The a p p a r a t u s  c o n s i s t e d  o f  a  h o r i z o n t a l  g l a s s  p ip e  

c o n n e c te d  t o  a l a r g e  c o m p re s s o r .  S o l i d s  w ere  fe d  i n t o  th e  

f low  from  a s p e c i a l l y  b u i l t  f e e d e r .  P r e s s u r e  d ro p s  a c r o s s  t h e  

p ip e  w ere r e c o r d e d  w i th  and w i th o u t  s o l i d s  su sp en d ed  i n  th e  

a i r  s t r e a m .  A l e s s e r  d ro p  in  p r e s s u r e  was r e c o r d e d  f o r  th e  

same f low  r a t e  when p a r t i c l e s  w ere  s u sp e n d e d  i n  th e  a i r  s t r e a m  

th a n  w i th  c l e a n  a i r .

The p a r t i c l e  s i z e s  u se d  by M cCarthy and O lso n  w ere 

3 m ic ro n  and 64 m ic ro n .  S in c e  t h e s e  p a r t i c l e s  a r e  b o th  v e ry  

s m a l l ,  t h e  d i f f e r e n c e  i n  t h e i r  s i z e s  d id  n o t  make a marked 

d i f f e r e n c e  on t h e  s k i n - f r i c t i o n  f a c t o r  a t  th e  h ig h  R eyno lds  

num bers a t  w hich  th e  e x p e r im e n t  was c o n d u c te d .  F ig u r e  (2 .6 )  

shows th e  e f f e c t  o f  p a r t i c l e  flow  on th e  f r i c t i o n  f a c t o r .  The 

r a t e  o f  d e c r e a s e  i n  t h e  f r i c t i o n  f a c t o r  d e c r e a s e d  w i th  i n c r e a s ­

in g  w e ig h t  r a t i o .  The maximum r e d u c t i o n  o f  t h e  s k in  f r i c t i o n  

c o e f f i c i e n t  was o b s e r v e d  t o  o c c u r  a ro u n d  a w e ig h t  f lo w  r a t i o  

(W /W ) o f  0 .8 .
P g

Theory

The t h e o r y  p ro p o s e d  by McCarthy and O lson  t o  s u p p o r t  

t h e i r  e x p e r im e n t a l  r e s u l t s  was b a s e d  on t h e  a ssu m p tio n  t h a t  

th e  s l i p  v e l o c i t y  (V^ -  V^) i s  n e g l i g i b l y  s m a l l .  Thus i n  a 

sy s te m  w here gas  and  s o l i d  v e l o c i t i e s  a r e  e q u a l ,  and th e  f r i c ­

t i o n  l o s s  r e p r e s e n t e d  i s  s h e a r  s t r e s s  a t  t h e  w a l l ,  t h e  co n -
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t in u u m  model y i e l d s :

p dV T

f  ''m dT = g  - : f  <̂ •2'»
w hich  may be w r i t t e n  a s ,

dz dz Dg^ (2 .2 4 a )

w here  G^, g ^ ,  f ,  and D a r e  c o n s t a n t .  S o lv in g  t h i s  e q u a t i o n  

f o r  a d i a b a t i c  f low  M cCarthy and  O lson  o b t a i n e d  th e  f o l l o w i n g  

r e l a t i o n s h i p :

2 3 ^

P = { 1 ------------ + [  (1 + — )^  -  P ( p :  + — )^ ]
Tp î|; ̂

,  1. ,1 - t, i n  " r * V  "  (2 .2 5 )

w here

[(P:  + + PI

a =

and

B = D

S o lv in g  t h i s  e q u a t i o n  f o r  t h e  tw o -p h ase  f r i c t i o n  f a c t o r ,  th e y  

o b t a i n e d  th e  f o l l o w i n g  e q u a t i o n :

f  W
2 p h ase  _ i Q i i  + o .g z  r f  + 0.479(W /W ) '  (2 .2 6 )

' *gas " g  P ?

T h is  e q u a t i o n  a g re e d  re m a rk a b ly  w e l l  w i th  t h e  d a t a  p o i n t s

t a k e n ,  b u t  one m ust be  e x t r e m e ly  c a r e f u l  b e f o r e  any g e n e r a l -
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i z a t i o n s  a r e  made. The a s s u m p tio n  made h e r e  was t h a t  th e  

s l i p  v e l o c i t y  i s  n e g l i g i b l e .  T h is  means t h a t  t h e  p a r t i c l e s  

a r e  v e ry  s m a l l  and  t h e  e q u a t i o n  would f a i l  f o r  c o a r s e r  p a r t ­

i c l e s .  The e x p e r im e n t  was c a r r i e d  o u t  a t  h ig h  R eynolds  num­

b e r s  and so  a s im p le  r e l a t i o n s h i p  g iv e s  a c c u r a t e  r e s u l t s .  At 

lo w e r  R eyno lds  num bers t h e  e f f e c t  o f  R eyno lds  number i s  s i g n i f ­

i c a n t ,  and t h e  d i a m e te r  o f  t h e  p a r t i c l e s  a r e  f a c t o r s  t h a t  have  

a l s o  t o  be a c c o u n te d  f o r .

M is c e l l a n e o u s  B ackground  I n f o r m a t io n  

D u sty  A i r  S tudy  by H a ls t ro m

H a ls t ro m  (34) was one o f  th e  f i r s t  t o  r e p o r t  t h a t  

t h e  a d d i t i o n  o f  s o l i d  p a r t i c l e s  in  t h e  f low  c a u s e d  a d e c r e a s e  

i n  th e  s k i n - f r i c t i o n  c o e f f i c i e n t  be low  t h a t  o f  c l e a n  a i r .  The 

t e s t  was c o n d u c te d  i n  a s t r a i g h t  s e c t i o n  o f  g l a s s  p ip e  o f  2 

i n c h e s  i n  d i a m e t e r .  F ig u r e  (2 .7 )  shows th e  r e s u l t s  a s  t a b ­

u l a t e d  by him . No t h e o r y  was p r e s e n t e d  and  t h e  d a t a  w ere  p r e ­

s e n t e d  w i t h o u t  comment.

D usty  A i r  S tudy  by B r ig g s

The work o f  B r ig g s  (35) was c o n d u c te d  i n  t h e  l a b o r ­

a t o r i e s  o f  t h e  W es te rn  P r e c i p i t a t i o n  D i v i s i o n ,  Joy  M a n u fa c tu r ­

in g  company and , a l t h o u g h  i t  was n o t  p u b l i s h e d ,  i t  was r e f e r r e d  

t o  by S p r o u l l .  B r ig g s  found  t h a t  by th e  a d d i t i o n  o f  a b o u t  1 /4  

k i lo g r a m  p e r  c u b ic  m e te r  o f  d u s t ,  th e  p r e s s u r e  d i f f e r e n c e  r e ­

q u i r e d  t o  m a in ta in  t h e  f lo w  was d e c r e a s e d  by a b o u t  13 p e r c e n t .
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W ith  t h e  p r e s s u r e  d i f f e r e n c e  m a in ta in e d  c o n s t a n t ,  t h e  a d d i t i o n  

o f  d u s t  i n c r e a s e d  t h e  f low  r a t e  by a b o u t  6 p e r c e n t .

P ro p o se d  Theory by Lumley

Lumley (36) p ro p o s e d  t h a t  th e  phenomenon w here p a r t i ­

c l e s  o r  f i b e r s  i n  f low  have  been  r e s p o n s i b l e  f o r  d ra g  r e d u c t i o n  

may b e  due t o  th e  R eyno lds  number s i m i l a r i t y .  R eynolds  number 

s i m i l a r i t y  can  be v i o l a t e d  b u t  t h i s  i s  n o t  a " s t r a i g h t  fo rw a rd  

m a t t e r . "  By i n c r e a s i n g  v i s c o s i t y  t h e r e  i s  no m a jo r  change un­

t i l  t h e  d i s s a p a t i v e  and e n e rg y  te rm s  a r e  n e a r l y  e q u a l ,  a t  w hich  

p o i n t  t h e  t u r b u l e n c e  can  no lo n g e r  e x t r a c t  t h e  e n e rg y  r e q u i r e d  

t o  m a in ta in  i t s e l f  and th u s  t h e  f low  becomes l a m in a r .  T h is  

r e s u l t s  i n  a lo w er  s k i n - f r i c t i o n  d ra g .  A c co rd in g  t o  Lumley 

t h i s  phenomenon i s  th e n  one o f  s t a b i l i z a t i o n .  T h e r e f o r e  t o  

i n f l u e n c e  R eynolds  s i m i l a r i t y ,  t h e  f l u i d  p a r t i c l e  sy s tem  m u s t ,  

i n  t h e  e n e rg y  e q u a t i o n ,  hav e  th o s e  te rm s  a r i s i n g  from  t h a t  p a r t  

o f  t h e  s t r e s s  w hich i s  n o t  p r e s s u r e ,  and w hich  a re  a p p r e c i a b l e  

i n  t h e  " e n e rg y  c o n t a i n i n g  ra n g e  o f  wave num bers w i t h o u t  b e in g  

d i s s a p a t i v e  in  c h a r a c t e r ,  so  a s  n o t  t o  t u r n  t h e  t u r b u l e n c e  o f f . "  

The o n ly  f l u i d  p a r t i c l e  sy s te m  t h a t  s u p p o r t s  t h e s e  p r o p e r t i e s  

i s  a " v i s c o e l a s t i c "  sy s te m . T h is  h a s  been  shown by F a b u la  (37) 

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

Lumley o b s e r v e d  t h a t  r e s u l t s  by s e v e r a l  i n v e s t i g a t o r s  

i n d i c a t e d  an i n c r e a s e  i n  t h e  o b s e rv e d  i n t e n s i t i e s .  He s u g g e s t e d  

t h a t  t h i s  was due t o  t h e  f a c t  t h a t  th e  R eyno lds  number s i m i l a r ­

i t y  was v i o l a t e d  by t h e  i n t r o d u c t i o n  o f  o t h e r  t im e  s c a l e s .

L en g th  s c a l e s  a r e  d i r e c t l y  a f f e c t e d  by t h e  lo n g  f i b e r s ,  w h i l e
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v e l o c i t y  s c a l e s  a r e  i n t r o d u c e d  by s e t t l i n g  e f f e c t s  and t im e  

s c a l e s  by th e  r e s p o n s e  t im e  o f  t h e  p a r t i c l e s .  T h is  l a s t  mecha­

n ism  i s  s i m i l a r  t o  v i s c o e l a s t i c i t y .  T h is  i d e a  had  a l s o  been  

p r e v i o u s l y  m e n tio n e d  by S a ffm an , as d i s c u s s e d  e a r l i e r  i n  t h i s  

c h a p t e r .  In  f a c t ,  L u m le y 's  th e o r y  and S a f f m a n 's  a r e  q u i t e  s im ­

i l a r ,  w i th  Lum ley ' s b e in g  th e  more e l a b o r a t e  o f  t h e  two.



CHAPTER I I I

OBJECTIVES OF THE EXPERIMENTAL WORK

To f a c i l i t a t e  t h e  movement o f  o b j e c t s  th ro u g h  a 

medium, e n g i n e e r s  have  s o u g h t  v a r i o u s  ways t o  c o n t r o l  t h e  f l u ­

i d  s u r r o u n d in g  th e  o b j e c t .  T h is  h a s  l e d  t o  v a r i o u s  t y p e s  o f  

b o u n d a r y - l a y e r  c o n t r o l ,  some o f  w hich  h ave  been  d e s c r i b e d  p r e ­

v i o u s l y .

The f lo w  o f  l i q u i d s  and g a se s  i n  p i p e l i n e s  i s  an 

im p o r t a n t  mode o f  t r a n s p o r t a t i o n .  As th e  v e l o c i t y  i n  p i p e s  

becom es g r e a t e r  t h e  f low  becomes t u r b u l e n t .  T h is  t u r b u l e n c e  

c a u s e s  g r e a t e r  r e s i s t a n c e  t o  th e  f lo w , th e r e b y  i n c r e a s i n g  th e  

pumping c o s t s .  One o f  t h e  main o b j e c t i v e s  o f  t h i s  r e s e a r c h  

p r o j e c t  was t o  i n v e s t i g a t e  th e  v a r i a b l e s  o f  d u s ty  a i r  f low  

w hich  w ould  re d u c e  t h e  s k in  f r i c t i o n  i n  p i p e s .

A n o th e r  i m p o r t a n t  a s p e c t  o f  t h e  f i e l d  o f  t r a n s ­

p o r t a t i o n  i s  t h e  a i r c r a f t .  S k i n - f r i c t i o n  d r a g ,  a s  p o i n t e d  

o u t  e a r l i e r ,  i s  t h e  m a jo r  d ra g  e n c o u n te r e d  by th e  a i r c r a f t ,  

and so  r e d u c t i o n  o f  t h i s  d ra g  w ould  r e s u l t  i n  c o n s i d e r a b l e  

s a v in g s  i n  f u e l .  The o t h e r  main o b j e c t i v e  o f  t h i s  r e s e a r c h  

p r o j e c t  was t o  i n v e s t i g a t e  th e  v a r i a b l e s  o f  d u s ty  a i r  f low  w hich  

w ould  re d u c e  t h e  s k in  f r i c t i o n  on f l a t  p l a t e s .  T h is  s h o u ld
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p r o v id e  b a s i c  d a t a  w hich  c o u ld  th e n  be  a d a p te d  f o r  an a i r c r a f t  

w ing .

The o r i g i n a l  g o a l s  th u s  w ere  t o  i n v e s t i g a t e  th e  r e ­

d u c t i o n  o f  s k i n - f r i c t i o n  d ra g  on a c i r c u l a r  p ip e  and o v e r  a 

f l a t  p l a t e .  As t h e  p r o j e c t  advanced  chan g es  w ere  made to  th e  

i n i t i a l  p r o p o s a l  t o  i n v e s t i g a t e  i n t e r m e d i a t e  f i n d i n g s .  A lso  

d i f f i c u l t i e s  e n c o u n te r e d  i n  c e r t a i n  p h a s e s  o f  t h e  t e s t  p rogram  

made i t  n e c e s s a r y  to  make chan g es  in  t h e  a p p ro a c h .  N e v e r th e ­

l e s s  t h e  b a s i c  o b j e c t i v e s  o f  t h e  o r i g i n a l  p r o p o s a l  were a l l  m et.

The i n v e s t i g a t i o n  o f  t h e  f lo w  phenomena was t o  be 

c a r r i e d  o u t  o v e r  a l a r g e  ra n g e  o f  R eynolds  num bers . I t  was 

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

a t u r e ,  t h a t  t h e  r e g i o n  t o  be i n v e s t i g a t e d  s h o u ld  be from  th e  

l a m in a r  o r  t r a n s i t i o n  r e g i o n  t o  th e  f u l l y  d e v e lo p e d  t u r b u l e n t  

f lo w . As i n d i c a t e d  i n  C h a p te r  I I  t h e  r e g i o n  m ost f r e q u e n t l y  

i n v e s t i g a t e d  by p r i o r  r e s e a r c h e r s  was o n ly  i n  t h e  f u l l y  d e v e l ­

oped  t u r b u l e n t  f lo w , a r e g i o n  be tw een  R eyno lds  number o f  10  ̂

and 10® f o r  p ip e  f lo w s .  O th e r  p a r a m e te r s  t o  be i n v e s t i g a t e d  

w ere  v a r i a t i o n  o f  p a r t i c l e  d ia m e te r  s i z e  and t h e  v a r i a t i o n  o f  

t h e  w e ig h t  r a t i o .  F i n a l l y  i t  was p ro p o s e d  t h a t  i f  t e s t s  p ro v e d  

p o s i t i v e  th e n  an a t t e m p t  w ould be made t o  e x p l a i n  t h i s  phenom­

enon  i n  te rm s  o f  f l u i d  dynamic p r i n c i p l e s .  A lso  o t h e r  i n t e r ­

e s t i n g  s id e  e f f e c t s  d e v e lo p e d  th r o u g h o u t  t h e  p r o j e c t  and th e y  

r e c e i v e d  t h e i r  s h a r e  o f  a t t e n t i o n .  C a r e f u l  a t t e n t i o n  was 

g iv e n  t o  e v e r y  p o s s i b l e  o b s e r v a t i o n ,  and e ac h  was th o ro u g h ly  

ch ec k e d  t o  s ee  i f  i t  c o n t r i b u t e d ,  in  any way, t o  t h e  b a s i c  ob ­

j e c t i v e s  o f  t h e  r e s e a r c h .



64
I m p o r ta n t  P a r a m e te r s  t o  be  O b se rv ed  

R eyno lds  Number

As m e n t io n e d  e a r l i e r ,  i t  was d e c id e d  t o  i n v e s t i g a t e  

t h e  r e g i o n  from  l a m in a r  f lo w  to  f u l l y  d e v e lo p e d  t u r b u l e n t  

f lo w . I t  was o b s e r v e d  by Thomas (2 3 and 2 6 ) ,  as  m e n tio n e d  in  

C h a p te r  I I ,  t h a t  t h e  e f f e c t  o f  p a r t i c l e s  s u sp e n d e d  i n  l i q u i d s  

was v e ry  p ro m in e n t  i n  t h e  t r a n s i t i o n  r e g i o n .  The a p p a r a tu s  

t h e r e f o r e  was d e s ig n e d  w i th  t h i s  in  mind so  t h a t  i t  w ould  f u l l y  

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

M cCarthy and  O lso n  (33) , Soo and T rez e k  (30) , a l l  

i n v e s t i g a t e d  th e  f lo w  a t  v e r y  h ig h  R eynolds  n u m bers . At t h e s e  

h ig h  num bers t h e  e f f e c t  o f  Reynolds number d i d  n o t  c o n t r i b u t e  

s i g n i f i c a n t l y  t o  t h e  p e r c e n t  change i n  t h e  s k i n - f r i c t i o n  f a c t o r  

as i s  b o rn e  o u t  by E q u a t io n  (2 .26 )  o b t a i n e d  by McCarthy and 

O ls o n .  Thus i t  was f e l t  t h a t  i n  an e x p l o r a t o r y  r e s e a r c h  p r o ­

gram, su ch  as  t h i s ,  an im p o r t a n t  p a r a m e te r  su ch  a s  R eynolds  

number s h o u ld  be  f u r t h e r  i n v e s t i g a t e d .  T h e re  was no d e s i r e  t o  

r e p e a t  i n v e s t i g a t i o n s  a l r e a d y  c o n d u c te d  by o t h e r  a b l e  e x p e r i ­

m e n te r s  .

P a r t i c l e  S iz e

T h is  im p o r t a n t  p a r a m e te r  seems g e n e r a l l y  t o  be i g ­

n o re d  o r  t r e a t e d  v e ry  l i g h t l y  by p a s t  r e s e r c h e r s .  The t r e n d  

h a s  b een  t o  i n v e s t i g a t e  v e ry  s m a l l  p a r t i c l e  s i z e s ,  u s u a l l y  b e ­

tw een  3 m ic ro n s  and 70 m ic ro n s ,  and draw t h e  c o n c l u s i o n ,  w hich 

we b e l i e v e  t o  be e r r o n e o u s ,  t h a t  p a r t i c l e  s i z e  was n o t  an im-
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p o r t a n t  f a c t o r .

To p ro v e  t h a t  p a r t i c l e  s i z e  i s  a v e ry  im p o r ta n t  

p a r a m e te r  i t  was d e c id e d  t o  v a r ÿ  p a r t i c l e  s i z e  from 2 m ic ro n s  

t o  1600 m ic ro n s .  I t  was a l s o  d e c id e d  t o  u s e  g l a s s  s p h e r e s  as 

p a r t i c l e s  s i n c e  th e y  w ere  a v a i l a b l e  and f lo w e d  o u t  o f  t h e  hop­

p e r  sm o o th ly  and  e v e n ly .

W eigh t R a t io  (W /W ) p g

T h is  p a r a m e te r  h a s  been  one w hich  h a s  been  i n v e s t i ­

g a t e d  i n  d e p th  by m o s t r e s e a r c h e r s  on t h i s  s u b j e c t .  A lthough

m o st  o f  t h e  p a s t  r e s e a r c h  h a s  been  u s u a l l y  done k e e p in g  t h i s  

r a t i o  l e s s  th a n  u n i t y ,  we f e l t ,  once  a g a in  t h a t  f o r  an e x p l o r ­

a t o r y  r e s e a r c h  p r o j e c t ,  we s h o u ld  v a ry  t h e  w e ig h t  r a t i o  t o  th e  

maximum a c h i e v a b l e  w i t h o u t  c lo g g in g  th e  a p p a r a t u s .

From p a s t  d a t a  o b t a i n e d  by o t h e r  r e s e a r c h e r s  i t  i s  

o b v io u s  t h a t  t h i s  p a r a m e te r  i s  one o f  p r im e  im p o r ta n c e .  Thus

c a r e  was t a k e n  t o  see  t h a t  t h e  m easurem en t o f  t h i s  p a r a m e te r

was v e r y  a c c u r a t e .  P a s t  d a t a ,  a t  h ig h  R eyno lds  numbers and 

v e r y  s m a l l  p a r t i c l e  s i z e ,  i n d i c a t e d  an optimum w e ig h t  f low  

r a t i o  o f  0 .8  b u t  i t  was f e l t  t h a t  t h i s  w ould  n o t  be t r u e  as  

p a r t i c l e  s i z e  was i n c r e a s e d .

S l i p  V e lo c i t y

The d i f f e r e n c e  i n  v e l o c i t y  b e tw ee n  t h e  gas  and th e  

p a r t i c l e s  (V^ -  V^) i s  g e n e r a l l y  known as th e  " s l i p  v e l o c i t y " .  

I n  t h e  p a s t  r e s e a r c h e r s  have assumed t h a t  t h i s  v e l o c i t y  i s  

n e g l i g i b l e .  I t  i s ,  h o w ev er ,  e x p e c te d  t o  p l a y  r a t h e r  an im p o r-
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t a n t  p a r t  a s  t h e  p a r t i c l e  s i z e  i s  i n c r e a s e d .

The v i o l a t i o n  o f  t h e  R eyno lds  s i m i l a r i t y  p a r a m e te r  

h a s ,  i n  r e c e n t  p u b l i c a t i o n s ,  b een  i n d i c a t e d  aS t h e  p r o b a b le  

c a u s e  o f  s k i n - f r i c t i o n  r e d u c t i o n .  T h is  was done by t h e  i n t r o ­

d u c t i o n  o f  l e n g t h  and t im e  s c a l e s .  As p o i n t e d  o u t  e a r l i e r  th e  

t im e  s c a l e  i s  i n t r o d u c e d  by th e  c h a r a c t e r i s t i c  t im e  o f  t h e  

p a r t i c l e s ,  i . e . ,  t h e  r e s p o n s e  t im e  t o  th e  s t e p  f u n c t i o n  i s  

r e l a t i v e  v e l o c i t y .

To m easu re  t h i s  s l i p  v e l o c i t y  a  r a t h e r  c o m p l ic a te d  

p h o t o g r a p h i c  s e tu p  i s  n e e d e d .  A d e s c r i p t i o n  o f  t h e  s e tu p  w i l l  

be  g iv e n  i n  d e t a i l  i n  a l a t e r  c h a p t e r .

V e l o c i t y  P r o f i l e

To check  th e  f low  f o r  t u r b u l e n c e ,  v e l o c i t y  p r o f i l e s  

i n  t h e  c i r c u l a r  p ip e  and o v e r  t h e  f l a t  p l a t e  m ust be  o b t a i n e d .  

T hese  v e l o c i t y  p r o f i l e s  a l s o  come i n  handy i n  c a l c u l a t i n g  t h e  

s l i p  v e l o c i t y  once th e  p a r t i c l e  v e l o c i t y  was m e asu re d ,  a s  men­

t i o n e d  p r e v i o u s l y .

These  v e l o c i t y  p r o f i l e s ,  when com pared t o  p r o f i l e s  

o f  o t h e r  e x p e r i m e n t e r s ,  n o t  o n ly  w i l l  e n a b le  one t o  s ay  w h e th e r  

t h e  f lo w  i s  l a m in a r ,  t u r b u l e n t ,  o r  i n  t h e  t r a n s i t i o n  r e g i o n ,  

b u t  a l s o  w i l l  p r o v id e  a c o n f id e n c e  check  on t h e  a p p a r a t u s .



CHAPTER IV 

DESCRIPTION OF TEST APPARATUS

In  th e  p r e v i o u s  c h a p t e r  th e  t e s t  o b j e c t i v e s  have  

b e e n  o u t l i n e d .  The n e x t  t a s k  was th e  d e s ig n  and c o n s t r u c t i o n  

o f  s u i t a b l e  eq u ip m e n t  t o  c o n d u c t  t h e  t e s t s .

The t e s t  e q u ip m en t was c a r e f u l l y  s e l e c t e d  t o  a d e ­

q u a t e l y  o b t a i n  th e  t e s t  o b j e c t i v e s .  The m ain  e f f o r t  was d i r e c ­

t e d  to w a rd s  th e  d e s ig n  and c o n s t r u c t i o n  o f  t h e  two flow  a s ­

s e m b l ie s  r e q u i r e d  t o  m eet o u r  b a s i c  o b j e c t i v e s .  The two flow  

lo o p s  a r e  r e q u i r e d  s i n c e  o u r  t e s t  o b j e c t i v e s  d e a l  w i th  two 

d i f f e r e n t  f low  p ro b le m s ,  v i z . ,  f low  in  a c i r c u l a r  p ip e  and 

f lo w  o v e r  a f l a t  p l a t e .  A f t e r  th e  two main a s s e m b l ie s  w ere  

c o m p le te d ,  o t h e r  t e s t  e q u ip m e n t  was o b t a i n e d  o r  c o n s t r u c t e d  to  

o b t a i n  t h e  t e s t  d a t a  r e q u i r e d  t o  m eet a l l  t h e  o b j e c t i v e s  o f  

th e  p r o j e c t .

T h is  c h a p t e r  w i l l  d e s c r i b e ,  i n  d e t a i l ,  t h e  v a r i o u s  

p i e c e s  o f  e q u ip m en t u s e d  t o  o b t a i n  t h e  n e c e s s a r y  d a t a .  S in c e  

t h i s  p r o j e c t  was o f  an e x p l o r a t o r y  n a t u r e ,  i t  was f e l t  im p o r­

t a n t  t o  d e s c r i b e  th e  eq u ip m e n t  as  f u l l y  a s  p o s s i b l e .  T h is  

w ould  e n a b le  f u t u r e  r e s e a r c h e r s  on t h i s  s u b j e c t  t o  a c c u r a t e l y  

e v a l u a t e  t h e  f i n d i n g s  and f a c i l i t a t e  f u t u r e  e f f o r t s  a lo n g  t h i s  

l i n e .
67
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The eq u ip m e n t  was ch o sen  w i th  two main p r i n c i p l e s  

i n  m ind . F i r s t ,  t h a t  i t  be e n t i r e l y  a d e q u a te ,  and s e c o n d ,  i f  

p o s s i b l e ,  t h a t  i t  be from  e x i s t i n g  e q u ip m e n t .  I f  l a r g e  fu n d s  

h a d  b e e n  a v a i l a b l e  some p a r t s  o f  t h e  sy s te m  w ould  have been  

d e s ig n e d  d i f f e r e n t l y ,  b u t  i t  was f e l t  t h a t  th e  eq u ip m en t u se d  

was e n t i r e l y  a d e q u a te  f o r  t h i s  r e s e a r c h  p ro g ram .

Flow T e s t  Loop Assembly

To m eet th e  o b j e c t i v e s  o f  t h i s  r e s e a r c h  p r o j e c t  two 

e n t i r e l y  d i f f e r e n t  f low  lo o p s  had  to  be a s s e m b le d .  The flow  

i n  th e  p ip e  was r a t h e r  s im p le  t o  s e t  up a s  com pared  t o  th e  f low  

o v e r  a  f l a t  p l a t e  w h ich  e n t a i l e d  th e  s e t t i n g  up o f  an e n t i r e  

w ind  t u n n e l .

Flow T e s t  Loop f o r  th e  C i r c u l a r  P ip e  E x p e r im en t

The f low  t e s t  lo o p  r e q u i r e d  a lo n g  s t r a i g h t  c i r c u l a r

p i p e ,  a b lo w e r ,  a c o n t r o l  s y s te m , a m e te r in g  m ethod , a p r e s ­

s u r e  d ro p  m e a s u r in g  d e v i c e ,  a sy s te m  f o r  f e e d in g  th e  g l a s s  

p a r t i c l e s ,  and a sy s te m  f o r  th e  r e c o v e r y  o f  th e  p a r t i c l e s .

The p a r t i c l e s  were p o u re d  i n t o  t h e  i n l e t  o f  th e  b low ­

e r  w here  t h e  p a r t i c l e s  w ere  t h o r o u g h ly  m ixed w i th  th e  a i r .  The 

g a s - s o l i d  m ix tu r e  th e n  e n t e r s  th e  t r a n s i t i o n  s e c t i o n  which 

j o i n s  t h e  b lo w e r  t o  t h e  c i r c u l a r  p ip e  and  a l s o  a c t s  as a con ­

t r o l  s y s te m  by th e  p r e s e n c e  o f  a v a lv e  w hich  r e g u l a t e s  th e  f low  

r a t e .  The c i r c u l a r  p ip e  i s  c o n s t r u c t e d  o f  p l e x i g l a s  w i th  an

i n t e r n a l  d ia m e te r  o f  2 - 3 /4  i n c h e s .  The t e s t  s e c t i o n  i s  42 i n -
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c h e s  i n  l e n g t h  and i s  l o c a t e d  6 f e e t  10 i n c h e s  f rom t h e  t r a n s ­

i t i o n  s e c t i o n  t o  a s s u r e  c o m p l e t e l y  u n d i s t u r b e d  f lo w .  The c i r ­

c u l a r  p i p e  t h e n  e x i t s  i n t o  a l a r g e  c o l l e c t i o n  chamber .  F i g u r e  

(4 .1 )  shows a s c h e m a t i c  o f  t h e  f lo w  l o o p ,  and F i g u r e  (4 .2 )  i s  

a p h o t o g r a p h  o f  t h e  same. Each component o f  t h e  a s se m b ly  i s  

d e s c r i b e d  i n  d e t a i l  i n  t h e  f o l l o w i n g  p a r a g r a p h s .

Feed sy s te m .  A h o p p e r  was d e s i g n e d  u s i n g  a p l a s t i c  

w a s t e  b a s k e t  i n t o  which  a h o l e  was c u t  t h r o u g h  t h e  b o t to m .  

Through t h i s  h o l e  a c i r c u l a r  3 i n c h  d i a m e t e r  p i p e  e x i t s  t o  w i t h ­

i n  s e v e r a l  i n c h e s  above t h e  b lo w e r  i n l e t .  I n s i d e  t h e  w a s te  

b a s k e t  i s  a h o l lo w  i n v e r t e d  t r u n c a t e d  co n e .  The l a r g e r  d iam­

e t e r  o f  t h e  cone i s  e q u a l  t o  t h a t  o f  t h e  b a s k e t  and t h e  s m a l l e r  

d i a m e t e r  i s  e q u a l  t o  t h a t  o f  t h e  3 i n c h  d i a m e t e r  p i p e .  Th i s  

cone f a c i l i t a t e s  t h e  f low  o f  t h e  p a r t i c l e s .  A s l i d i n g  v a l v e  

r e g u l a t e s  t h e  f low  r a t e .  T h i s  sy s te m  worked w e l l  f o r  p a r t i c l e s  

l a r g e r  t h a n  100 m ic ro n s  i n  d i a m e t e r .  P a r t i c l e s  o f  2 m ic ro n s  

t e n d  t o  c o a g u l a t e  and a n o t h e r  method o f  f e e d i n g  had  t o  be 

found  f o r  t h e s e  p a r t i c l e s .

For  t h e s e  s m a l l e r  p a r t i c l e s  a s y s t e m  was d e v i s e d  

which  u s e d  t h e  p r i n c i p l e  o f  a " f l o u r  s i f t e r " ,  i . e . ,  a mesh 

w i t h  r o t a t i n g  b l a d e s  j u s t  above i t  t o  b r e a k  up t h e  c o a g u l a t i o n  

o f  t h e  p a r t i c l e s .  Thus f o r  t h e  2 t o  30 m ic ro n  p a r t i c l e s  a 

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

o t h e r  s l i g h t  m o d i f i c a t i o n .  The f low  r a t e  was r e g u l a t e d  by 

t h e  s p e e d  a t  which  t h e  b l a d e s  j u s t  above t h e  w i r e  mesh a r e  

r o t a t e d .
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Figure (4.2) Circular Pipe Setup.
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The f low  r a t e  o f  p a r t i c l e s ,  by e i t h e r  o f  t h e  two 

above m e n t io n e d  m e th o d s ,  was m easu red  by w e i g h i n g  t h e  h o p p e r s  

b e f o r e  and  a f t e r  e a c h  t e s t  r u n  and n o t i n g  t h e  run  t i m e .

B low er .  The b lo w e r  u s e d  was a  RexVane Vent S e t ,

S i z e  R-16,  D es ign  9,  m a n u f a c t u r e d  by B. F. S t u r t e v a n t  C o . ,  

B o s to n ,  M a s s a c h u s e t t s .  The b lo w e r  h a s  an i m p e l l e r  o f  t h e  

s q u i r r e l  c ag e  t y p e .  F i g u r e  (4 .3 )  i s  a p h o t o g r a p h  o f  t h i s  t y p e  

o f  i m p e l l e r .  The s q u i r r e l  c age  ty p e  i m p e l l e r  was c h o se n  b e ­

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

and a i r  w ere  t a k e n  i n  by t h e  b lo w e r  from t h e  same i n l e t .  T h i s  

a s s u r e d  a c o m p le te  d i f f u s i o n  o f  t h e  p a r t i c l e s  i n  t h e  a i r  

s t r e a m .  The b l o w e r  was m ounted  on i t s  b a ck  so  t h a t  t h e  i n l e t  

o f  t h e  b l o w e r  f a c e d  t h e  c e i l i n g .  T h i s  was done so  t h a t  t h e  

p a r t i c l e s  c o u l d  be f e d  i n  by  g r a v i t y .  T h i s  e x i t  from t h e  

b lo w e r  was a t  a 90 d e g r e e  a n g l e  t o  t h e  i n l e t .

Most o f  t h e  p r o b le m s  e n c o u n t e r e d  d u r i n g  t h e  o p e r a ­

t i o n  o f  t h e  b lo w e r  were  m in o r .  One o f  t h e  m a jo r  p ro b lem s  

e n c o u n t e r e d  was d u r i n g  t h e  f e e d i n g  o f  t h e  l a r g e  p a r t i c l e  

s i z e s  (840 m ic ro n s  and  a b o v e ) . The p ro b le m  a r o s e  b e c a u s e  t h e  

l a r g e r  p a r t i c l e s  had  a  t e n d e n c y  to  h i t  t h e  b l a d e s  and  some o f  

them w ould  bounce  o u t  o f  t h e  b l o w e r .  To p r e v e n t  t h i s  a c a r d ­

b o a r d  i n l e t  l i p  was added  t o  t h e  i n l e t  o f  t h e  b l o w e r .  T h i s  

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

p l a s t i c  s h e e t  was a l s o  p l a c e d  a ro u n d  t h e  b lo w e r  w h ich  e n a b l e d  

any p a r t i c l e s  t h a t  may have  e s c a p e d  t o  be  c o l l e c t e d  i n  i t .

These p a r t i c l e s  were  c o l l e c t e d  a f t e r  e ach  t e s t  r u n  and  we ighed .
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T h is  w e i g h t  was t h e n  s u b t r a c t e d  from t h e  w e i g h t  c a l c u l a t e d  by 

s u b t r a c t i n g  t h e  i n i t i a l  w e i g h t  from t h e  f i n a l  w e i g h t  and t h e r e ­

by g i v i n g  an a c c u r a t e  w e i g h t  o f  t h e  p a r t i c l e s  t h a t  a c t u a l l y  

wen t  t h r o u g h  t h e  b l o w e r .

The o t h e r  p ro b le m  e n c o u n t e r e d  was t h e  o c c a s i o n a l  

p a r t i c l e  g e t t i n g  i n t o  t h e  b e a r i n g  o f  t h e  b l o w e r .  To p r e v e n t  

t h i s ,  a vacuum hose  was p l a c e d  n e x t  t o  t h e  b e a r i n g  and t h i s  

p r e v e n t e d  any f u r t h e r  p ro b le m s  a l o n g  t h i s  l i n e .  The amount o f  

p a r t i c l e s  t h a t  f e l l  i n  t h i s  r e g i o n  was so  n e g l i g i b l e  t h a t  i t  

was f e l t  t h a t  t h e r e  was no n eed  t o  t r y  and co m pensa te  f o r  t h i s  

l o s s .

A n o th e r  p ro b lem  which was a n t i c i p a t e d  and so  t a k en  

i n t o  a c c o u n t  e a r l y  i n  t h e  p r o j e c t  was c h o k in g  t h e  i n l e t .  Th i s  

was due t o  t h e  p l a c i n g  o f  t h e  h o p p e r  t o o  c l o s e  t o  t h e  i n l e t .

A s e r i e s  o f  t e s t s  were  c o n d u c te d  by p l a c i n g  a p i e c e  o f  c a r d b o a r d  

i n  f r o n t  o f  t h e  i n l e t  a t  a  known h e i g h t  above  t h e  i n l e t .  By 

t h e s e  t e s t s  i t  was p o s s i b l e  t o  a s c e r t a i n  t h e  c l o s e s t  d i s t a n c e  

a t  which  t h e  h o p p e r  c o u ld  be  p l a c e d  from t h e  l i p  o f  t h e  b lo w er  

i n l e t  w i t h o u t  a f f e c t i n g  t h e  flow r a t e  o f  t h e  b lo w e r .

M e te r in g  s e c t i o n .  The m e t e r i n g  s e c t i o n ,  which con­

t r o l l e d  t h e  f low  r a t e  o f  t h e  a i r ,  was a l s o  a t r a n s i t i o n  s e c ­

t i o n  which  c o n n e c t e d  t h e  r e c t a n g u l a r  e x i t  o f  t h e  b lo w e r  t o  th e  

c i r c u l a r  p i p e .  A b u t t e r f l y  v a l v e  was p l a c e d  i n  t h e  c i r c u l a r  

s e c t i o n  o f  t h e  t r a n s i t i o n  p i e c e .  T h i s  v a l v e  was u s e d  t o  r e g u ­

l a t e  t h e  f low  r a t e  by i n c r e a s i n g  t h e  back  p r e s s u r e  on t h e  

b lo w e r .
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The m e t e r i n g  s e c t i o n  was j o i n e d  t o  t h e  b lo w e r  by a 

h i n g e  t y p e  hookup and t o  t h e  c i r c u l a r  p i p e  by a  p i e c e  o f  f l e x ­

i b l e  h o s e .  Th is  s e t u p  was chosen  so t h a t  a f t e r  e a c h  r u n  th e  

m e t e r i n g  s e c t i o n  c o u l d  be i n s p e c t e d  t o  make s u r e  no  p a r t i c l e s  

were  c a u g h t  i n  i t .  The p ro b le m  would  u s u a l l y  a r i s e  a t  low 

f low  s e t t i n g s ,  i . e . ,  t h e  v a l v e  b e i n g  n e a r l y  c l o s e d ,  t h e r e b y  

c a u s i n g  a s l i g h t  a c c u m u l a t i o n  w i t h  l a r g e  p a r t i c l e  s i z e s .  T h i s  

a c c u m u l a t i o n ,  when i t  o c c u r r e d ,  would  be t a k e n  i n t o  a c c o u n t  

and t h e  p a r t i c l e  f lo w  r a t e  would  be c o r r e c t e d .

C i r c u l a r  p i p e  and t e s t  s e c t i o n .  The c i r c u l a r  p i p e  

was made o u t  o f  p l e x i g l a s  and h ad  an i n t e r n a l  d i a m e t e r  o f  2-  

3 /4  i n c h e s .  The w a l l  t h i c k n e s s  o f  t h e  p i p e  was 1 /4  i n c h .  The 

l e n g t h  o f  t h e  p i p e  was 12 f e e t .  I t  c o n s i s t e d  o f  two s e c t i o n s ,  

e a c h  6 f e e t  l o n g  and " b u t t  we lded"  t o g e t h e r .  T h i s  p r o c e s s  had  

to  be done w i t h  g r e a t  c a r e  t o  a v o i d  any d i s c o n t i n u i t y  i n  t h e  

s u r f a c e .

To a c h i e v e  t h i s  " b u t t  welded"  u n io n  a p i e c e  o f  s o l i d  

p l e x i g l a s ,  2 i n c h e s  i n  l e n g t h  was m ach ined  t o  an i n s i d e  diam­

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

p i p e  t h u s  e n a b l i n g  a p r e s s  f i t .  B e f o r e  t h e  two p i p e s  were  

p r e s s  f i t t e d  t o g e t h e r  t h e  two ends  w ere  t r e a t e d  w i t h  a s o l u t i o n  

known as  " P l a s t i c  Weld" which  a c t u a l l y  m e l t s  t h e  p l a s t i c  and 

f u s e s  t h e  two p i e c e s  t o g e t h e r .  T h i s  method p r o v i d e d  an e n t i r e ­

l y  t r u e  f i t  w i t h o u t  any d i s c o n t i n u i t y  i n  t h e  s u r f a c e .  To make 

s u r e  t h a t  no g l u e  o r  e d g e s ,  due t o  t h e  p i e c e s  b e i n g  p u sh ed  t o ­

g e t h e r ,  w ere  i n  t h e  f low  p a t h  a  ro d  w i t h  a p i e c e  o f  v e ry  f i n e
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s a n d p a p e r  wrapped  a ro u n d  t h e  t o p  was pu sh ed  t h r o u g h  t h e  p i p e .

The t e s t  s e c t i o n  o f  t h e  p i p e  v;as 42 i n c h e s  i n  l e n g t h  

and was l o c a t e d  82 i n c h e s  from t h e  m e t e r i n g  s e c t i o n .  The l o ­

c a t i o n  was c hosen  where  t h e  e f f e c t s  o f  t h e  b lo w e r  o r  t h e  b u t t e r ­

f l y  v a l v e  would  n o t  show up i n  t h e  f lo w .  To m e asu re  t h e  s t a t i c  

p r e s s u r e  a t  t h e  b e g i n n i n g  and  end  o f  t h e  t e s t  s e c t i o n ,  f o u r  

h o l e s  1 /32  in c h  i n  d i a m e t e r  and 90 d e g r e e s  a p a r t  were  d r i l l e d  

a t  b o t h  p o i n t s .  At a l o c a t i o n  1 - 3 / 4  i n c h  from t h e  f i r s t  r i n g  

o f  s t a t i c  p r e s s u r e  t a p s ,  a t a p  was l o c a t e d  f o r  a p i t o t - s t a t i c  

t u b e .  T h i s  l o c a t i o n  was p l a n n e d  so t h a t  t h e  l e a d i n g  edge o f  

t h e  p i t o t - s t a t i c  t u b e  was i n  t h e  same p l a n e  as  t h e  r i n g  o f  

s t a t i c  p r e s s u r e  p r o b e s .  The r i n g  o f  s t a t i c  p r e s s u r e  t a p s  was 

c o n n e c t e d  t o  a m ix e r  by p i e c e s  o f  Tygon t u b i n g  so  as  t o  come 

o u t  w i t h  an a v e r a g e  s t a t i c  p r e s s u r e  r e a d i n g .  C are  was t a k e n  

t o  s e e  t h a t  t h e  amount o f  Tygon t u b i n g  u sed  f o r  t h e  s t a t i c

p r e s s u r e  r i n g s  a t  t h e  b e g i n n i n g  and end  o f  t h e  t e s t  s e c t i o n

were  o f  e q u a l  l e n g t h ,  so as  t o  c a n c e l  any e f f e c t s  due t o  t h i s  

t u b i n g .  F i g u r e  (4 .4 )  i s  a p h o t o g r a p h  o f  t h e  t e s t  s e c t i o n  show­

i n g  a l l  t h e  i n s t r u m e n t a t i o n  u s e d .

I n c l i n e d  manometers  were  u s e d  t o  r e a d  t h e  v a r i o u s  

p r e s s u r e s .  These manometers  c o u ld  be  r e a d  a c c u r a t e l y  t o  0 .005 

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

a s  0 .0 0 1  i n c h e s  o f  w a t e r .  T h i s  was done a t  t h e  low f lo w  r e a d ­

i n g  w i t h  s p e c i a l  m a rk in g s  on t h e  manometer .

D us t  c o l l e c t o r .  The d u s t  c o l l e c t o r  c o n s i s t e d  o f  

a l a r g e  s h e e t - m e t a l  c o n t a i n e r ,  4 f e e t  by 6 f e e t  by 6 f e e t .



Figure (4.4) Test Section of Circular Pipe.
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mounted on a f rame 3 f e e t  above t h e  g ro u n d .  The c o l l e c t o r  was 

c o n n e c t e d  b o t h  t o  t h e  wind t u n n e l  and t o  t h e  c i r c u l a r  p i p e  as 

shown i n  F i g u r e  ( 4 . 5 ) ,  a s k e t c h  o f  t h e  d u s t  c o l l e c t o r .

.Canvas-

Connec t
t o

Tunne l

1— 1

Door

F i g u r e  (4 .5 )  S k e tc h  o f  Dust  C o l l e c t o r .

T a b le  ( 4 . 1 ) ,  co m pi led  by F ran k  ( 3 8 ) ,  was u s e d  t o  e s ­

t i m a t e  t h e  s e t t l i n g  r a t e s  o f  d i f f e r e n t  s i z e s  o f  p a r t i c l e s .

T h i s  was h e l p f u l  i n  d e c i d i n g  on t h e  s i z e  o f  t h e  c o l l e c t o r  and 

t h e  s i z e  o f  t h e  e x i t .  A canvas  was s t r e t c h e d  a c r o s s  t h e  e x i t
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which  m easu red  6 f e e t  by 5 f e e t .

To enhance  t h e  s e t t l i n g  r a t e  t h e  w a l l s  o f  t h e  d u s t  

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

t h e  Madison Chem ica l  C o r p o r a t i o n ,  known as  " A t t r a c t " . As d e ­

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

p l e a s a n t l y  a r o m a t i c  complex compound. I t  i s  f o r m u l a t e d  w i t h  

b i o d e g r a d a b l e  e m u l s i f i e r s  f o r  w a t e r  f l u s h a b i l i t y  when d e s i r e d . "  

I t  a l s o  h a s  an " A n t i - S t a t i c  Chem ica l"  which removes t h e  e l e c t r i c  

c h a r g e  f rom t h e  p a r t i c l e s  t o  t h e  n e a r e s t  g ro u n d .  Thus t h e  

"A t t r a c t "  t r e a t e d  w a l l s  a t t r a c t e d  t h e  p a r t i c l e s  and h e l d  them 

t h e r e .  B e f o r e  e v e r y  s e t  o f  r u n s  t h e  w a l l s  o f  t h e  d u s t  c o l l e c ­

t o r  w ere  s p r a y e d  w i t h  t h i s  c h e m i c a l .  I n  a d d i t i o n  t h e  s u r r o u n d ­

i n g  a r e a  was s p r a y e d  s o  as  t o  p r e v e n t  any e s c a p i n g  d u s t  t o  

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

P a r t i c l e s . F iv e  s i z e s  o f  g l a s s  p a r t i c l e s  were  u sed  

v a r y i n g  i n  s i z e  from a b o u t  2 m ic r o n s  t o  16 80 m i c r o n s .  The 

p a r t i c l e s  were  g l a s s  b e ad s  and a r e  m a n u f a c t u r e d  from a h ig h  

g r a d e  o p t i c a l  crown g l a s s .  They a r e  l e a d - f r e e  and a r e  o f  t h e  

so d a  l im e  t y p e ,  w i t h  a minimum s i l i c a  c o n t e n t  o f  68 p e r c e n t .

They a r e  d e s i g n e d  t o  r e s i s t  w ear  and f r a c t u r e  upon im p a c t  and 

a r e  a n n e a l e d  i n  t h e i r  s p h e r i c a l  sh a p e  t o  e q u a l i z e  i n t e r n a l  

s t r e s s e s .  The s p e c i f i c  g r a v i t y  o f  t h i s  media  i s  a p p r o x i m a t e ­

l y  2 . 5 .

T a b le  (4 .2 )  shows t h e  s t a n d a r d s  t h a t  mus t  be  met by 

t h e  p a r t i c l e s .  These  s t a n d a r d s  a r e  t h e  s t a n d a r d s  s e t  f o r t h  

by t h e  U. S. A i r  F o rce  i n  t h e i r  MIL-STD-852(USAF).
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Bead S iz e 5 7 12 16

U. S. S i z e 60% 65% 80% 90%
STD Opening
Screen M icrons Round Round Round Round

12 1680 95-100

14 1410 0-  15

20 840 0-  5 95-100

30 590 0 -  15

40 420 0-  5

60 250

70 210 95-100

100 149 0-  15

120 125 0 -  5

140 105 95-100

170 88

200 74 0- 15

230 62 0- 5

T a b le  (4 .2 )  D i s t r i b u t i o n  o f  P a r i t e l e s .

For  t h e  s i l i c a  f l o u r  ( s m a l l e s t  p a r t i c l e )  t h e  d i s t r i b u t i o n  i s  

shown i n  T a b le  ( 4 . 3 ) .

The p a r t i c l e s  u s ed  were  m a n u f a c t u r e d  by t h e  F l e x -  

o - L i t e  D i v i s i o n ,  G e n e r a l  S t e e l  I n d u s t r i e s ,  I n c .  o f  S t .  L o u i s ,  

M i s s o u r i .  The s i l i c a  f l o u r  was o b t a i n e d  from t h e  H a l l i b u r t o n  

C o r p . ,  Duncan, Oklahoma.
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P e r c e n t  Microns

8 .2 o v e r  50

8.6 40-50

1 5 .3 30-40

16 .9 20-30

34 .5 10-20

12 .2 5-10

14 .3 0-  5

T a b le  (4 .3 )  D i s t r i b u t i o n  o f  P a r t i c l e  S i z e  i n  S i l i c a  
F l o u r .

Flow T e s t  Loop f o r  t h e  F l a t  P l a t e  E x p e r im en t

The f lo w  t e s t  lo o p  f o r  t h i s  e x p e r i m e n t ,  as  compared  

t o  t h e  one  f o r  t h e  c i r c u l a r  p i p e ,  i s  a more c o m p l i c a t e d  one .  

The f low  lo o p  r e q u i r e d  a wind t u n n e l ,  a b lo w e r  (which was t h e  

i n j e c t i o n  s y s t e m ) , a d r a g  m e a s u r i n g  d e v i c e ,  a f low  r e g u l a t i o n  

method,  and a d u s t  c o l l e c t o r .

The p a r t i c l e s ,  which were  p o u r e d  i n t o  t h e  b lo w e r ,  

e n t e r e d  t h e  wind  t u n n e l  j u s t  a f t e r  t h e  i n l e t  ramp. A i r ,  w i th  

p a r t i c l e s  mixed w i t h  i t ,  f lowed  o v e r  t h e  f l a t  p l a t e  which  was 

p l a c e d  f l u s h  w i t h  t h e  f l o o r  o f  t h e  t u n n e l .  The f l a t  p l a t e  

was c a n t i l e v e r e d  on a r o d  which was u s e d  t o  m easure  t h e  d e f l e c ­

t i o n  and h ence  t h e  d r a g .  The a i r  and t h e  p a r t i c l e s  were  t h e n  

s u c k e d  t h r o u g h  t h e  l a r g e  f a n ,  wh ich  o p e r a t e s  t h e  wind t u n n e l ,
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Air Flow VanesWind Tunnel 
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Gauge

Figure (4.6) Schematic of Flat Plate Test Apparatus
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*

F i g u r e  (4 .7 )  F l a t  P l a t e  T e s t  S e tu p .
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t h r o u g h  t h e  f low  r e g u l a t i n g  v a n e s ,  and f i n a l l y  i n t o  t h e  d u s t  

c o l l e c t o r .  F i g u r e  (4 .6 )  shows t h e  s c h e m a t i c  o f  t h e  e n t i r e  t e s t  

s e t u p  f o r  t h e  f l a t  p l a t e  and F i g u r e  (4 .7 )  i s  a p h o t o g r a p h  o f

t h e  same. Each component o f  t h e  a ssem b ly  i s  d e s c r i b e d  i n  d e ­

t a i l  i n  t h e  f o l l o w i n g  p a r a g r a p h s .

The p a r t i c l e  i n j e c t i o n  sy s te m .  T h i s  sy s te m  c o n s i s ­

t e d  o f  t h r e e  com ponen ts :  t h e  f e e d  sy s te m ,  t h e  b l o w e r ,  and

t h e  t r a n s i t i o n  d u c t  l e a d i n g  t o  t h e  w ind  t u n n e l .  The f e e d  s y s ­

tem t o  t h e  b lo w e r  was t h e  same as  f o r  t h e  c i r c u l a r  p i p e  s e c t i o n .  

The b lo w e r  u sed  was a l s o  o f  t h e  same t y p e  b u t  s m a l l e r  i n  s i z e .

I t  was a RexVane Vent S e t ,  S i z e  R-18 , Des ign  9,  a l s o  m anufac ­

t u r e d  by t h e  B. F. S t u r t e v a n t  C o . ,  B o s to n ,  M a s s a c h u s e t t s .  The 

t r a n s i t i o n  p i e c e  was made o u t  o f  s h e e t  m e t a l  and c o n n e c t e d  t h e  

b l o w e r  t o  t h e  f l o o r  o f  t h e  wind t u n n e l .  F i g u r e  (4 .8 )  shows a

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

Four  Vanes i n  These Two S e c t i o n s  
\for B e t t e r  D i s t r i b u t i o n

e p a r a t i o n  P o i n t s

4-
/ 7

F i g u r e  (4 .8 )  T r a n s i t i o n  P i e c e .
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The p a r t i c l e s  l e a v e  t h e  b lo w e r  e x i t  which  i s  r e c ­

t a n g u l a r  i n  sh ap e  and has  d im e n s io n s  7 i n c h e s  by 6 - 1 / 4  i n c h e s .  

The t r a n s i t i o n  p i e c e  i s  d e s i g n e d  so t h a t  i t  can be  s e p a r a t e d  

i n t o  t h r e e  main s e c t i o n s  w i t h  a minimum o f  e f f o r t .  T h i s  was 

done i n  o r d e r  t o  remove any a cc u m u la t e d  p a r t i c l e s  t h a t  may 

h a v e  become t r a p p e d  i n  i t  a f t e r  e ach  s e t  o f  r u n s .  A t r a p  d o o r ,  

as  shown i n  F i g u r e  (4 .8 )  , a l l o w s  us  t o  check  f o r  any accumu­

l a t e d  p a r t i c l e s  i n  t h i s  p i e c e .  The t r a n s i t i o n  p i e c e  goes  u n d e r  

t h e  i n l e t  ramp o f  t h e  wind t u n n e l  and e x i t s  a t  t h e  f l o o r  j u s t  

b e h i n d  i t .  The p a r t i c l e s  a r e  d i s c h a r g e d  a l o n g  t h e  e n t i r e  

b r e a d t h  o f  t h e  f l o o r  a t  an a n g le  o f  20 d e g r e e s .  The h i g h  

s p e e d  a i r  moving o v e r  t h e  f l o o r  o f  t h e  w ind  t u n n e l  c a r r i e s  

t h e  p a r t i c l e s  o v e r  t h e  f l a t  p l a t e  which  i s  a b o u t  15 .5  i n c h e s  

b e h i n d  t h e  ramp o f  t h e  t u n n e l .  In  t h i s  manner  t h e  m a j o r i t y  o f  

t h e  p a r t i c l e s  r em a in  i n  t h e  l a y e r  o f  f low  n e x t  t o  t h e  f l o o r .  

A n o th e r  i m p o r t a n t  c o n s i d e r a t i o n  in  t h e  d e s i g n  o f  t h i s  p i e c e  

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

b r e a d t h  o f  t h e  w ind  t u n n e l .  T h i s  was a c h i e v e d  by p l a c i n g  van es  

i n  t h e  t r a n s i t i o n  p i e c e  t o  g u id e  t h e  f lo w .

Wind t u n n e l .  The t u n n e l  u s e d  h ad  been  a U. S. Navy 

o p e n - c i r c u i t  d i s p l a y  t u n n e l  which had  b een  m o d i f i e d  by p r e v i o u s  

g r a d u a t e  s t u d e n t s ,  W a l t e r s  ( 3 9 ) ,  Looney (40) , and Smith (1 6 ) .  

The o v e r a l l  d im e n s io n s  o f  t h e  t u n n e l  w ere  33 i n c h e s  wide  by 

5 . 5  f e e t  h i g h  by 8 .79  f e e t  l o n g .  The t e s t  s e c t i o n  m easured  

19 .875  i n c h e s  s q u a r e  by 4 2 .5  i n c h e s  l o n g .  One s i d e  o f  th e  

t u n n e l  had  a g l a s s  window t o  p e r m i t  o b s e r v a t i o n  and p h o t o -
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g r a p h s  d u r i n g  t h e  t e s t s  w h i l e  t h e  o t h e r  s i d e  had  two s q u a r e  

a c c e s s  d o o r s .  F i g u r e  (4 .9 )  shows t h e  o r i g i n a l  t u n n e l  con ­

f i g u r a t i o n  b e f o r e  m o d i f i c a t i o n s  w ere  made f o r  t h i s  e x p e r i m e n t .

17 .  75"- 42.5"

71
A ir

Wind T u n n e l  
T e s t  S e c t i o n

1" Mesh Honeycomb'

E x h a u s tE n t r a n c e

F r o n t  View S id e  View

F i g u r e  (4 .9 )  O r i g i n a l  Wind Tunne l  C o n f i g u r a t i o n .

The t u n n e l  was e x t e n s i v e l y  m o d i f i e d  f o r  . t h e s e  t e s t s .  

An e x t e n s i o n  t o  t h e  t u n n e l  was c o n s t r u c t e d  t o  c o n n e c t  i t  t o  

t h e  d u s t  c o l l e c t o r  and i n  t h e  c e n t e r  o f  t h i s  e x t e n s i o n  a  s e t  

o f  v a n e s  was p l a c e d  t o  r e g u l a t e  t h e  f lo w  r a t e  and t h e  a i r  s p ee d .  

The 1 - 1 / 2  h o r s e p o w e r ,  220 v o l t ,  t h r e e - p h a s e ,  c o n s t a n t  sp ee d  

m otor  was rem oun ted  t o  remove most o f  t h e  v i b r a t i o n s .  A 3 .5  

i n c h  p u l l e y  on t h e  m o to r  was c o n n e c t e d  by a V b e l t  t o  a 4 .5  

i n c h  d i a m e t e r  p u l l e y  which  r a n  t h e  fan.. Thus a t u n n e l  which  

o p e r a t e d  a t  a c o n s t a n t  t e s t  s e c t i o n  s p e e d  o f  a b o u t  38 f e e t  p e r  

s ec o n d  was now a b l e  t o  o p e r a t e  be tw een  70 f e e t  p e r  s eco n d  and 

20 f e e t  p e r  s e c o n d .  F i g u r e  (4 .10)  shows t h e s e  m o d i f i c a t i o n s  

on t h e  o v e r a l l  w ind  t u n n e l .
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Flow
' \Vanes.Honeycoitib Mesh

-False C e i l i n g

A i r

Dust
C o l l e c t o rT e s t  S e c t i o n

S e a l e d  Box 
t o  House 
Drag
M easu r ing
Device

Dummy F l o o r

F i g u r e  (4 .10)  New Wind T unne l  C o n f i g u r a t i o n .

A dummy f l o o r  was b u i l t  and p l a c e d  i n  t h e  t e s t  

s e c t i o n .  T h i s  changed  t h e  d im e n s io n s  o f  t h e  t e s t  s e c t i o n  t o  

13 .12  i n c h e s  h i g h  by 19 .875  i n c h e s  wide by 42 .5  i n c h e s  l o n g .  

T h i s  f l o o r  was b u i l t  by p r e v i o u s  g r a d u a t e  s t u d e n t s ,  W a l t e r s  

(39) and Looney ( 4 0 ) ,  i n v e s t i g a t i n g  t h e  f low  phenomena o v e r  a 

f l a t  p l a t e  w i t h  a  f l e x i b l e  s k i n .  The f l o o r ,  f o r  t h i s  e x p e r i ­

ment was t a k e n  a p a r t ,  s an d e d ,  and r e p a i n t e d  f l a t  b l a c k  f o r  

p h o t o g r a p h i c  r e a s o n s .  F i g u r e  (4 .11 )  shows t h e  d im e n s io n s  o f  

t h e  dummy f l o o r  i n  two v iew s .



Top View

/H inge

2 8 .7 5 " 8.125"S l o t 19 .875

26.062 6 .12515 .5

S i d e  View 

S l o t  h" W id e ;2 0 ° a n g l e

T
T  R ea l  Tunne l  F l o o r  

//!////////nn/imn/tininnurr

6 .7 5 "

• vrm//nnnL/fNj j rn n

F i g u r e  (4 .11)  Dummy F l o o r .

S l i g h t  m o d i f i c a t i o n s  were  a l s o  made on t h e  f l o o r .

The r e a r  s e c t i o n  o f  t h e  f l o o r ,  which  p r e v i o u s l y  had  s im p ly  

been  p l a c e d  i n  t h e  wind t u n n e l ,  was now h i n g e d  t o  t h e  f r o n t  

f l o o r  t h e r e b y  p r e v e n t i n g  any v i b r a t i o n  o f  t h e  dummy f l o o r .  

A n o th e r  m o d i f i c a t i o n  o f  t h e  f l o o r  was a s l o t  l o c a t e d  j u s t  

b e h i n d  t h e  i n l e t  ramp th r o u g h  which  t h e  p a r t i c l e s  were  i n ­

j e c t e d .

A f a l s e  c e i l i n g  was p l a c e d  i n  t h e  t e s t  s e c t i o n .  T h is  

c e i l i n g  was made o u t  o f  1 /4  i n c h  plywood so t h a t  t h e  f low  a r e a
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c o u l d  be m o d i f i e d .  T h i s  was n e c e s s a r y  b e c a u s e  o f  a n e g a t i v e  

p r e s s u r e  g r a d i e n t  fo u n d  t o  e x i s t  i n  t h e  t u n n e l .  I t  was d e t e r ­

mined t h a t  t h e  n e g a t i v e  p r e s s u r e  g r a d i e n t  was due t o  t h e  

b o u n d a r y - l a y e r  t h i c k n e s s  g e n e r a t i o n  t h r o u g h  t h e  l e n g t h  o f  t h e  

t e s t  s e c t i o n .  A c o n s t a n t  e f f e c t i v e  f lo w  a r e a  was m a i n t a i n e d  

so t h a t  t h e r e  w ould  be a z e r o  a x i a l  v e l o c i t y  g r a d i e n t  ( d u /d x  

= 0) and h e n ce  a z e r o  p r e s s u r e  g r a d i e n t  ( d p /d x  = 0) t h r o u g h ­

o u t  t h e  e n t i r e  l e n g t h  o f  t h e  t u n n e l .  F i g u r e  (4 ,12 )  shows a 

s c h e m a t i c  o f  t h e  f a l s e  c e i l i n g .  The c e i l i n g  was s a i d  t o  be 

i n  t h e  c o r r e c t  p o s i t i o n  when t h e  p r e s s u r e  t a p s  i n d i c a t e  t h e  

same r e a d i n g .  S i n c e  t h i s  was a v e r y  c r i t i c a l  m easu rem en t ,  as 

w i l l  be shown i n  a l a t e r  c h a p t e r ,  a m ic rom anom ete r  was u s e d

•Hinge F a l s e  C e i l i n g

A d ju s tm e n t  Screw

T e s t  /  
P l a t e

P r e s s u r e
Taps

Micromanomete r

F i g u r e  (4 .12)  F a l s e  C e i l i n g  t o  M a i n t a i n  C o n s t a n t  E f f e c t i v e  
Flow A rea .



91

t o  m easu re  t h e  p r e s s u r e  t o  i n s u r e  t h a t  t h e  p r e s s u r e  g r a d i e n t  

a l o n g  t h e  e n t i r e  l e n g t h  o f  t h e  p l a t e  was unchanged .  F i g u r e  

(4 .1 3 )  shows t h e  p o s i t i o n  o f  t h e  p r e s s u r e  t a p s  which  were 

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

These  h o l e s  were  c o n n e c t e d  w i t h  e q u a l  l e n g t h  p l a s t i c  t u b i n g  to  

t h e  m ic rom anom ete r  which  was c a p a b l e  o f  d e t e c t i n g  p r e s s u r e  

c h an g e s  down t o  0 .000006  p s i .

Dummy F l o o r

T e s t  P l a t e

2.875

F i g u r e  (4 .13)  P r e s s u r e  Taps^.

A n o th e r  p r o b le m  which  was e n c o u n t e r e d  d u r i n g  t e s t s  

o f  t h e  p r e v i o u s  g r a d u a t e  s t u d e n t s  was t h e  s e c o n d a r y  a i r  j e t s  

coming up th r o u g h  t h e  s l o t s  a ro u n d  t h e  f l a t  p l a t e  and m ix in g  

w i t h  t h e  main s t r e a m  i n  t h e  r e g i o n  o f  t h e  f l o o r  o f  t h e  wind 

t u n n e l .  To e l i m i n a t e  t h i s  e f f e c t  W a l t e r s  (39) , Looney ( 4 0 ) ,  

and Smith  (16) had  p r e v i o u s l y  e n c l o s e d  t h e  t e s t  p l a t e  and t h e  

p l a t e  s u p p o r t  i n  a p l a s t i c  bag  s e a l e d  w i t h  z i n c  c h r o m a t i c  p u t t y .  

T h i s  was n o t  e n t i r e l y  s u c e s s f u l  and l e a k s  s p r a n g  up v e r y  e a s i l y .  

To a v o i d  t h i s  a  m e t a l  box  was d e s i g n e d  as  shown i n  F i g u r e  (4 .14 )
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F a l s e ^
C e i l i n g G la s s  Window 

Showing T e s t  
S e c t i o n

00

Dummy
F l o o r

T e s t  P l a t e

C a n t i l e v e r e d
Beam

 __  A i r  T i g h t  S h e e t -
M eta l  Box

Door 20" X 28

38 .75 S t a t i c  P r e s s u r e  
Probe

Clamps
Rubber G a sk e t  
■for A i r  T i g h t  
S e a l i n g

33"

F i g u r e  (4 .14)  E n c l o s u r e  and S u p p o r t  Mechanism f o r  F l a t  P l a t e ,

T h i s  box h oused  t h e  e n t i r e  s u p p o r t  mechanism o f  t h e  f l a t  p l a t e  

and had  a doo r  which  made a c c e s s  t o  any p a r t  o f  t h e  mechanism 

e a s y .  F i g u r e  (4 .1 5 )  i s  a p h o to g r a p h  o f  t h e  e n c l o s u r e  and t h e  

s u p p o r t  mechanism f o r  t h e  f l a t  p l a t e .  Easy  a c c e s s  was n e c e s s a r y  

s i n c e  m ino r  a d j u s t m e n t s  t o  t h e  p l a t e  had  t o  be made t h r o u g h ­

o u t  t h e  e n t i r e  i n i t i a l  p h a se  o f  t h e  t e s t .  The s t a t i c  p r e s s u r e  

i n  th e  wind  t u n n e l  and t h e  s t a t i c  p r e s s u r e  i n  t h e  m e ta l  box  

were  m o n i to r e d  on an i n c l i n e d  manometer which  c o u ld  be r e a d
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Figure (4.15) Enclosure and Support Mechanism for the Flat Plate.
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a c c u r a t e l y  t o  0 .005  i n c h e s  o f  w a t e r .  I n  t h i s  manner  i t  was 

s i m p l e  t o  n o t e  any l e a k s .  A smoke t e s t  was c o n d u c te d  t o  check  

f o r  any e x i s t i n g  l e a d s .  S e a l a n t  was u s e d  t o  i n s u r e  t h a t  t h e r e  

was no l e a k a g e  b e tw een  t h e  dummy f l o o r  and t h e  s i d e  w a l l s .

The e n t i r e  f lo w  a r e a  was san d ed  and a l l  h o l e s  on t h e  

w a l l s  f rom p r e v i o u s  work w ere  s e a l e d  o f f  w i t h  p l a s t i c  wood. 

A lso  a l l  o l d  s c r ew s  w ere  removed and t h e  h o l e s  r e d r i l l e d  t o  

c o u n t e r s i n k  t h e  h e a d s .  In  a d d i t i o n  o n l y  f l a t - h e a d e d  sc rew s  

were  u s e d ,  and a f t e r  t h e y  were  c o u n t e r s u n k ,  p l a s t i c  wood was 

u s e d  t o  p l u g  t h e  h o l e s .  The e n t i r e  s e c t i o n  was t h e n  once  

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

g l a r e  d u r i n g  p h o t o g r a p h y .  Care  was t a k e n  t o  check  t h a t  no 

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

can e f f e c t  t h e  m easu re m e n ts  d r a s t i c a l l y .

Drag m e a s u r i n g  s e t u p .  F o r  a c c u r a t e  measurem en ts  i t  

was f e l t  t h a t  a l a r g e  p l a t e  w i t h  i t s  l a r g e  s u r f a c e  a r e a  would  

be  m os t  a d v a n t a g e o u s .  The t e s t  p l a t e  c o n s i s t e d  o f  an alum­

inum p l a t e  o n to  w h ich  was f a s t e n e d  a 1 /8  i n c h  hardwood p l a t e  

w i t h  as  much s u r f a c e  a r e a  as  c o u l d  be p l a c e d  i n  t h e  wind 

t u n n e l  w i t h o u t  end  e f f e c t s  o f  t h e  t u n n e l  c a u s i n g  e r r o n e o u s  

r e a d i n g s .  The p l a t e  was 2 6 - 1 / 8  i n c h e s  l o n g  and 8 - 1 / 8  i n c h e s  

w id e .

A s t a n d  was b u i l t  from which  t h e  f l a t  p l a t e  was 

c a n t i l e v e r e d  so t h a t  i t  was i s o l a t e d  f rom t h e  wind t u n n e l .

The c a n t i l e v e r  beam was chosen  a f t e r  c o n s i d e r a t i o n  was g i v e n  

t o  column b u l k l i n g  and d e f l e c t i o n .  The f r i c t i o n a l  f o r c e  t o
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be  m e a s u re d  was v e r y  s m a l l  and t h u s  t h e  m e a s u r in g  s e t u p  had 

t o  a c c u r a t e l y  d i f f e r e n t i a t e  f o r c e s  as  low as  0 .0 006  pounds .

A f t e r  a l l  t h r e e  p a r a m e t e r s  had  been  t a k e n  i n t o  c o n s i d e r a t i o n ,  

an aluminum beam w i t h  a c r o s s  s e c t i o n  o f  1 i n c h  by 1 /2  in c h  

and a r e d u c e d  c r o s s  s e c t i o n  a b o u t  2 i n c h e s  l o n g  n e a r  t h e  c lamped 

en d  was s e l e c t e d .  The main s u p p o r t  c o n s i s t e d  o f  t h r e e  l a r g e  4 

i n c h  a n g l e  i r o n s  w e ld ed  t o g e t h e r  t o  form an " I " .  The c a n t i ­

l e v e r  beam was c lamped t o  t h e  c r o s s  member as  shown i n  F i g u r e  

(4 .1 6 )  making t h e  e f f e c t i v e  moment arm 33 .75  i n c h e s  l o n g .  The

•1/8" Hardwood P l a t e  
1 /2 "  Aluminum P l a t e

33. 75'

S u p p o r t  Arms—

These  Arms a r e  
Lowered When 
M e a s u r in g  Drag

0 .50

10".

BLH S t r a i n  Gauge0.205

A d ju s tm e n t  Screws

13'

F i g u r e  (4 .16)  S c h e m a t i c  o f  Drag M easu r in g  S e tu p .

s u p p o r t  c o u ld  be l e v e l e d  by t h e  f o u r  1 /2  i n c h  by 6 in c h  b o l t s  

p l a c e d  i n  each  c o m e r  o f  t h e  o t h e r  two a n g l e  i r o n s  fo rm ing  t h e  

l e g s  o f  t h i s  s u p p o r t .  Four  s u p p o r t i n g  a rm s ,  a s  shown i n  F i g u r e  

(4.  1 6 ) ,  a r e  u s e d  t o  s u p p o r t  t h e  p l a t e  when t h e  m e t e r i n g  s e t u p  

i s  n o t  i n  u s e ,  so  as  t o  remove t h e  f o r c e  from t h e  c a n t i l e v e r e d
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beam. These s u p p o r t s  were  made from two s i z e s  o f  p i p e ,  one 

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

by t h e  s e t  s c r e w s .  The o u t e r  p i p e s  were  w e ld ed  t o  o t h e r  c r o s s ­

members o f  t h e  p l a t f o r m  as shown in  F i g u r e  ( 4 . 1 7 ) .

The e n t i r e  s u p p o r t  w i t h  t h e  f l a t  p l a t e  was t h e n  

lo w e re d  i n t o  t h e  m e t a l  box p r e v i o u s l y  d e s c r i b e d .  The dummy 

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

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

w ere  a d j u s t e d  so as  t o  i n s u r e  t h a t  t h e  f l o o r  o f  t h e  wind t u n n e l  

was a b s o l u t e l y  smooth .

Two h i g h l y  s e n s i t i v e  BLH s e m i - c o n d u c t o r  g a u g e s ,  t y p e  

SPB2-20-35 w i t h  a gauge f a c t o r  o f  1 1 9 .7 ,  were  mounted on t h e  

r e d u c e d  c r o s s  s e c t i o n  n e a r  t h e  c lamped end .  The s e m i - c o n d u c t o r  

g au g es  were  mounted i n  a h a l f  b r i d g e  a d d i t i v e ,  t e m p e r a t u r e -  

c o m p e n s a t in g  c o n f i g u r a t i o n .  The h i g h  gauge f a c t o r  n e c e s s i t a t e d  

a d d in g  a BLH s t r a i n  c o n v e r t e r ,  model 23 .  The s t r a i n  i n d i c a t o r  

u s e d  was a BLH, model 120A w i t h  a d i g i t a l  t y p e  r e a d o u t  o f  

s t r a i n  i n  m i c r o - i n c h e s .  The t e c h n i q u e  u sed  t o  m easure  t h e  

s t r a i n  was t o  n u l l  t h e  s t r a i n  i n d i c a t o r  u n d e r  a n o - l o a d  con ­

d i t i o n  and r e c o r d  t h e  r e a d - o u t .  The t u n n e l  i s  t h e n  s t a r t e d  

and a f t e r  t h e  s t r a i n  i n d i c a t o r  n e e d l e  i s  s t a b i l i z e d ,  t h e  s t r a i n  

i n d i c a t o r  i s  th e n  n u l l e d  and t h e  r e a d - o u t  r e c o r d e d .  The d i f ­

f e r e n c e  i n  t h e s e  r e a d i n g s  g i v e s  t h e  s t r a i n  i n  m i c r o - i n c h e s .  

These  r e a d i n g s  a r e  t h e n  c o n v e r t e d  t o  w e i g h t  o r  f o r c e  which i n  

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

Flow r e g u l a t o r .  The f low  r e g u l a t o r  i s  a s e t  o f  

m e t a l  vanes  p l a c e d  b e tw een  t h e  f a n  and t h e  d u s t  c o l l e c t o r .
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F i g u r e  (4 .17)  Drag M easu r in g  S e tu p .
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The f lo w  i s  r e g u l a t e d  by i n c r e a s i n g  t h e  back  p r e s s u r e  which 

t h e  f a n  h a s  t o  work a g a i n s t  t h e r e b y  r e d u c i n g  t h e  w e i g h t  f low 

t h r o u g h  t h e  t u n n e l  and  c o n s e q u e n t l y  t h e  v e l o c i t y .  S in c e  t h e  

b lo w e r  i s  a c o n s t a n t  s p e e d  m o to r  and a l s o  s i n c e  t h e  h o r s e ­

power r a t i n g  i s  g r e a t e r  t h a n  n e c e s s a r y ,  t h e  b l o w e r  can main­

t a i n  t h e  same r . p . m .  as  t h e  back  p r e s s u r e  i s  i n c r e a s e d .

F i g u r e  (4 .18 )  shows a t y p i c a l  c u r v e  o f  a f a n .  From 

t h i s  c u r v e  i t  i s  o b v io u s  t h a t ,  a s  t h e  back  p r e s s u r e  i s  i n c r e a s e d  

a t  a c o n s t a n t  a e ro d y n am ic  s p e e d ,  t h e  w e i g h t  f low  i s  d e c r e a s e d .

♦

0•H
■P(d
Ph

mM
P
tnin
(Uu
A

Surge  /  
L ine  /

I n c r e a s e
C o r r e c t e d
Speed

I n c r e a s e  i n  Back 
P r e s s u r e  a t  Con­
s t a n t  C o r r e c t e d  

p e e d .

C o n s t a n t  Cor­
r e c t e d  Speed 
L i n e s

C o r r e c t e d  W eigh t -F low  

F i g u r e  (4 .18)  T y p i c a l  Curve o f  a Fan.

The s p e e d  o f  t h e  f a n  was checked  b e f o r e  e ac h  run  by t h e  use  

o f  a s t r o b o s c o p e  t o  i n s u r e  no s l i p p i n g  o f  t h e  f a n .

Dust  c o l l e c t o r .  The d u s t  c o l l e c t o r  u s e d  was t h e  

same one u s ed  f o r  t h e  c i r c u l a r  p i p e  e x p e r i m e n t .  I n  f a c t ,  

b o t h  e x p e r i m e n t s  were  hooked  i n t o  t h e  d u s t  c o l l e c t o r  a t  t h e  

same t i m e .



CHAPTER V

CALIBRATION AND EXPERIMENTAL PROCEDURES

S in c e  t h e  p r o p e r  o p e r a t i o n  o f  t h e  e q u ip m e n t  d e s c r i b e d  

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

u n d e r t a k e  t o  e x p l a i n ,  i n  d e t a i l ,  a l l  p r o c e d u r e s  f o l l o w e d  by t h e  

a u t h o r .

C i r c u l a r  P ip e  E x p e r im en t  

C a l i b r a t i o n  P r o c e d u r e s

The f i r s t  s t e p  was t o  check  o u t  t h e  i n s t r u m e n t a t i o n .  

I t  was d e c i d e d  t h a t  t h e  b e s t  way t o  do t h i s  would  be t o  ru n  

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

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  t h e  smooth p i p e , and compare t h e  

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

V e l o c i t y  p r o f i l e  i n  a c i r c u l a r  p i p e .  The f i r s t  

e x p e r i m e n t  was t h e  i n v e s t i g a t i o n  o f  t h e  v e l o c i t y  p r o f i l e  in  

t h e  t e s t  s e c t i o n .  The p u r p o s e  o f  t h i s  s t u d y  was t o  make s u r e  

t h a t  t h e  f low  i n  t h e  t e s t  s e c t i o n  was t u r b u l e n t .  A p i t o t -  

s t a t i c  tu b e  was u sed  t o  c a l c u l a t e  t h e  v e l o c i t y  p r o f i l e  i n  t h e  

c i r c u l a r  p i p e .

99
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The v e l o c i t y  p r o f i l e s ,  as  m e asu re d  i n  t h e  c i r c u l a r  

p i p e ,  a r e  shown i n  F i g u r e  ( 5 . 1 ) .  The p r o f i l e s  shown v a r y  from 

an a v e r a g e  v e l o c i t y  o f  4 6 .5  f e e t  p e r  s ec o n d  and a Reynolds  

number o f  6 .3  x 1 0 ,  t o  an a v e r a g e  v e l o c i t y  o f  7 .0  f e e t  p e r  

s ec o n d  and a Reynolds  number o f  0 .945  x 1 0 “*. F i g u r e  (5 .2 )  

shows t h a t  t h e  v e l o c i t y  p r o f i l e s  v a r y  f rom c l o s e  t o  t h e  t u r b u ­

l e n t  p r o f i l e  o b t a i n e d  by N ik u r a d s e  (41) t o  t h e  l a m i n a r  f low 

p r o f i l e  o b t a i n e d  by Szymanski (4 2 ) .  A l though  w i t h  t h i s  s e t u p  

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

l a m i n a r  f low  r e g i o n .  F i g u r e  (5 .2 )  shows t h a t  a s  t h i s  r e g i o n  i s  

a p p r o a c h e d  t h e  p r o f i l e s  change  i n  t h e  r i g h t  d i r e c t i o n .  Th is  

good a g re e m e n t  w i t h  p r e v i o u s l y  m easured  d a t a  was v e r y  e n c o u r a g ­

i n g  and t h e  e x p e r i m e n t a l  s e t u p  p a s s e d  i t s  f i r s t  t e s t .

S k i n - f r i c t i o n  c o e f f i c i e n t  i n  a c i r c u l a r  p i p e .  The 

main p u r p o s e  o f  t h i s  e n t i r e  r e p o r t  i s  t o  e s t a b l i s h  t h e  e f f e c t  

o f  p a r t i c l e s  su sp e n d e d  i n  a i r  on t h e  s k i n - f r i c t i o n  c o e f f i c i e n t  

o f  b o d i e s .  Thus b e f o r e  one can d e t e r m i n e  t h i s  e f f e c t ,  one m us t  

f i r s t  v e r i f y  w h e th e r  t h e  eq u ip m en t  can a c c u r a t e l y  o b t a i n  d a t a  

w i t h  c l e a n  a i r  which  a g r e e s  w i t h  d a t a  p r e v i o u s l y  o b t a i n e d .

The s k i n - f r i c t i o n  d r a g  was o b t a i n e d  by m e a s u r in g  

t h e  p r e s s u r e  d rop  a t  t h e  t e s t  s e c t i o n .  The t e s t  s e c t i o n ,  42 

i n c h e s  l o n g ,  has  b een  d e s c r i b e d  in  t h e  p r e c e d i n g  c h a p t e r .

To c a l c u l a t e  t h e  s k i n - f r i c t i o n  c o e f f i c i e n t  t h e  e q u a t i o n  p r o ­

p o s e d  by Darcy, W eisback ,  and o t h e r s  was u s e d  i n  t h e  form;
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Figure (5.1) V elocity  P r o file  .
Various Reynolds Numbersf^ C ircular Pipe for
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>

1 . 0

0 . 8
N ik u r a d s e  T u r b u l e n t  Flow

0 . 6 Szymanski Laminar  Flow P r o f i l e  (42)

.4

Q -  Re = 6 . 3  X
A  -  Re = 5 . 5  X

0 -  Re = 3 .5  X
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O t h e r  R e s e a r c h e r s

0 0 . 2 0 .4 0 . 6 0 . 8 1 . 0

Radius  R a t i o  (y/R)

F i g u r e  (5 .2 )  V e l o c i t y  D i s t r i b u t i o n  i n  Smooth P i p e s  
f o r  V a ry in g  Reynolds  Number.
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The above e q u a t i o n  does  n o t  t a k e  i n t o  a c c o u t  c o m p r e s s i b i l i t y  

e f f e c t s  as  shown i n  t h e  f o l l o w i n g  e q u a t i o n  (4 3 ) :

 ̂ = 1 -  I n  ^  + f  g] (5 .2 )

o r  a s  may a l s o  be w r i t t e n ,

P i '  -  ^ 2 '  = ^  [2 i n  ^  + f  (5 .3 )

where  M i s  t h e  Mach number,  m i s  t h e  mass f lo w  r a t e ,  R i s  t h e

g a s  c o n s t a n t ,  T i s  t h e  t e m p e r a t u r e ,  A i s  t h e  f lo w  a r e a ,  and V 

i s  t h e  v e l o c i t y .  The f lo w  i n  t h e  p i p e  i s  c o n s i d e r e d  t o  be i s o ­

t h e r m a l .  E q u a t i o n  (5 .3 )  r e d u c e s  t o  E q u a t i o n  (5 .1 )  i f  one was

t o  assume t h a t  t h e  p r e s s u r e  d ro p  i s  v e r y  s m a l l  and t h e  v e l o c ­

i t i e s  a t  t h e  two m e a s u r in g  s t a t i o n s  a r e  t h e  same. The d i f f e r ­

e n ce  i n  t h e  c a l c u l a t i o n  o f  t h e  f r i c t i o n  f a c t o r  by E q u a t io n  

(5 .1 )  and by E q u a t io n  (5 .3 )  was n e g l i g i b l e  even  a t  t h e  h i g h e s t  

v e l o c i t y  a t  which t h e  t e s t  was r u n .  Hence E q u a t i o n  (5 .1 )  was 

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

t h e  e r r o r  i n v o l v e d  i n  n e g l e c t i n g  t h e  p o t e n t i a l  e n e r g y  be tween  

t h e  two p r e s s u r e - m e a s u r i n g  s t a t i o n s  amounts t o  a p p r o x i m a t e l y  

one h a l f  o f  one p e r c e n t .  F i g u r e  (5 .3 )  shows t h e  e x c e l l e n t  c o r ­

r e l a t i o n  be tw een  t h e  t e s t  d a t a  o b t a i n e d  and t h e  e m p i r i c a l  c u rv e  

e s t a b l i s h e d  by B l a s i u s .  B l a s i u s  o b t a i n e d  t h i s  c u r v e  by making 

a  c r i t i c a l  s u r v e y  o f  t h e  numerous  t e s t  d a t a  a v a i l a b l e  t o  him 

i n  1911. He a r r a n g e d  t h i s  d a t a  i n  a d i m e n s i o n l e s s  form a c c o r d ­

i n g  t o  R eyno lds  s i m i l a r i t y  r u l e s  and o b t a i n e d  t h e  f o l l o w i n g  

e m p i r i c a l  e q u a t i o n :

f  = 1 '3 1 6 4  (5 . 4 )
(Re)^
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The above  e q u a t i o n  i s  known as  t h e  B l a s i u s  f o r m u la  and i s  v a l i d  

f o r  t h e  f r i c t i o n a l  r e s i s t a n c e  o f  smooth p i p e s .  The B l a s i u s  

e q u a t i o n  h a s  been  found  t o  be v a l i d  f o r  a r a n g e  o f  Reynolds  

numbers  l e s s  t h a n  1 0 0 ,0 0 0 .  T h e r e f o r e  i t  was a d e q u a t e  f o r  t h e  

r a n g e  o f  R eyno lds  numbers  a t  which t h e  t e s t s  w ere  c o n d u c te d .

The good a g re e m e n t  found  b e tw een  t h e  t e s t  r e s u l t s  and E q u a t i o n  

(5 .4 )  was a n o t h e r  i n d i c a t i o n  o f  t h e  a c c u r a c y  o f  t h e  s e t u p .

V e l o c i t y  c a l i b r a t i o n .  A p i t o t - s t a t i c  t u b e  was u sed  

t o  m e asu re  t h e  v e l o c i t y  a t  t h e  d i f f e r e n t  s t a t i o n s  i n  t h e  p i p e . 

The s t a t i c  p r e s s u r e  was k e p t  c o n s t a n t  and r e c o r d e d  f o r  each  

t r a v e r s e .  The p i t o t - s t a t i c  t u b e  u sed  was m a n u f a c t u r e d  by t h e  

Dwyer Company, M ich igan  C i t y ,  I n d i a n a .  F i g u r e  (5 .4 )  shows t h e  

p e r t i n e n t  d im e n s io n s  o f  t h e  p i t o t  t u b e .

Stem

3.02D
10.12D

AB
BC

S t a t i c  P r e s s u r e  Holes
C e n t e r  L in e

13

F i g u r e  (5 .4 )  P i t o t  Tube D im ens ions .
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To compare t h e  t r u e  h ead  t o  t h e  a c t u a l  m easu red  

h e a d  t h e  method o u t l i n e d  by Pope (44) was u s e d .  From th e  

g r a p h s  i n  P o p e ' s  book t h e  d i f f e r e n c e  be tw een  t h e  i n d i c a t e d  

and t r u e  dynamic p r e s s u r e  was 0 .1 5  p e r c e n t .  T h e r e f o r e  t h e  

d i f f e r e n c e  be tween  t h e  t r u e  v e l o c i t y  and t h e  i n d i c a t e d  v e l o c ­

i t y  was a l s o  0 .15  p e r c e n t .  S in c e  t h e  c o r r e c t i o n  f a c t o r  i s  

n e a r l y  e q u a l  t o  u n i t y  t h e  t r u e  v e l o c i t y  was s e t  e q u a l  t o  t h e  

i n d i c a t e d  v e l o c i t y .

The p i t o t  t u b e  was c o n n e c t e d  t o  an i n c l i n e d  manometer 

which  c o u l d  be r e a d  a c c u r a t e l y  t o  0 .005  i n c h e s  o f  w a t e r .  To 

c a l c u l a t e  t h e  v e l o c i t y  t h e  f o l l o w i n g  r e l a t i o n s h i p s  were  u sed :

P^ = Pg + (5 .5 )

P^ -  Pg = AP =

^  ' P

where  AP =

= (5 .6)
/  P

and p =
p ' Ft1 o
p T,0 1 Po

The s t a n d a r d  p r e s s u r e  o f  2 9 .9  i n c h e s  o f  m ercu ry  and t h e  s t a n d ­

a r d  t e m p e r a t u r e  o f  519° R were  u s e d .  T h e r e f o r e  by m o d i fy in g  

E q u a t i o n  (5 .6 )  one o b t a i n s ,

V = 15 .86  / ( A h ) ( T ^ ) / ( P ^ )  (5 .7 )

where  Ah i s  t h e  dynamic head  i n  i n c h e s  o f  w a t e r .

The v e l o c i t y  as  c a l c u l a t e d  from E q u a t i o n  (5 .7 )  was 

p l o t t e d  a g a i n s t  t h e  s t a t i c  p r e s s u r e  as shown i n  F i g u r e  ( 5 . 5 ) .
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I n  t h i s  manner  t h e  v e l o c i t y  c o u l d  be s e t  w i t h o u t  i n t r o d u c i n g  

t h e  p i t o t - s t a t i c  p r o b e .

E x p e r i m e n t a l  P r o c e d u r e

The p i p e  e x p e r i m e n t  was now r e a d y  t o  p r o c e e d .  The 

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

b a r o m e t r i c  p r e s s u r e  and t h e  room t e m p e r a t u r e .  The b l o w e r  was 

t h e n  s t a r t e d  and t h e  f low  v a l v e  was s e t  a t  t h e  p o s i t i o n  which 

would  g i v e  t h e  r e q u i r e d  v e l o c i t y .  Th i s  was done w i t h  t h e  a id  

o f  F i g u r e  ( 5 . 5 ) ,  which  gave  t h e  s t a t i c  p r e s s u r e  s e t t i n g  a t  t h e  

t e s t  s e c t i o n .  The p r e s s u r e  d ro p  f o r  t h e  c l e a n  a i r  was th e n  

r e c o r d e d  and compared t o  t h e  r e s u l t s  shown i n  F i g u r e  ( 5 . 3 ) .  

Once t h i s  p a r a m e t e r  was c h eck ed  o u t  t h e  n e x t  s t e p  o f  t h e  t e s t ­

i n g  c o u l d  p r o c e e d .  The p a r t i c l e s ,  wh ich  were  p r e v i o u s l y  

w e ig h e d ,  were  i n j e c t e d  i n t o  t h e  f low  s t r e a m  t h r o u g h  t h e  f e e d e r  

s y s t e m  and t h e  t im e  o f  i n j e c t i o n  m easu red .  I n  t h i s  manner  t h e  

f lo w  r a t e  o f  t h e  p a r t i c l e s  was d e t e r m i n e d .  The i n j e c t i o n  t im e  

v a r i e d  from 5 t o  15 s ec o n d s  d e p e n d in g  on t h e  f lo w  r a t e  o f  t h e  

p a r t i c l e s .  The s t a t i c  p r e s s u r e  d ro p  a c r o s s  t h e  t e s t  s e c t i o n  

o f  t h e  c i r c u l a r  p i p e  was n o t e d .  A f t e r  e ach  t e s t  r u n  t h e  p i p e  

was c l e a n e d  by i n s e r t i n g  a s t i c k  w i t h  a swab a t  one en d .  In  

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

smooth  s u r f a c e .  The swabb ing  was an a b s o l u t e  n e c e s s i t y  a f t e r  

t h e  i n j e c t i o n  o f  t h e  s i l i c a  f l o u r  s i n c e  t h e  s i l i c a  f l o u r  

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

d i d  n o t  c o a t  t h e  p i p e  b u t  t h e  p r o c e s s  o f  sw abb ing  was r e p e a t e d
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t o  i n s u r e  t h a t  t h e  s u r f a c e  was t h e  same a t  t h e  b e g i n n i n g  o f  

e ac h  t e s t  r u n .

F l a t  P l a t e  E x p e r im en t  

C a l i b r a t i o n  P r o d e d u r e

The c a l i b r a t i o n  o f  t h e  e x p e r i m e n t  was much more 

c o m p l i c a t e d  and v e r y  s e n s i t i v e  as  compared t o  t h e  c i r c u l a r  

p i p e  e x p e r i m e n t .  The f i r s t  s t e p  was t h e  c a l i b r a t i o n  o f  t h e  

d r a g  m e a s u r i n g  d e v i c e .  N ex t  was t h e  a d j u s t m e n t  o f  t h e  wind 

t u n n e l  p a s s a g e  so  a s  n o t  t o  add a moment f o r c e  t o  t h e  f l a t  

p l a t e .  The a c c u r a c y  o f  t h e  e n t i r e  s y s te m  was once  a g a i n  

c h e c k e d  by com par ing  t h e  t e s t  r e s u l t s  o f  t h e  f l a t  p l a t e  i n  

c l e a n  a i r  t o  t h e  r e s u l t s  p r e v i o u s l y  o b t a i n e d  by o t h e r  r e ­

s e a r c h e r s  .

Drag m e a s u r in g  d e v i c e .  The c a l i b r a t i o n  o f  t h e  s y s ­

tem was a c c o m p l i s h e d  by p l a c i n g  w e i g h t s  o f  0 . 0 1 ,  0 . 0 2 ,  0 . 0 5 ,  

0 . 1 0 ,  and 0 .2 0  pounds  on t h e  a f t  end o f  t h e  p l a t e .  The moment 

c a u s e d  by t h e  w e i g h t  can be r e l a t e d  t o  t h e  t a n g e n t i a l  f o r c e  

and t h u s  t h e  w e i g h t  i n d e x  i s  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  s k i n -  

f r i c t i o n  c o e f f i c i e n t ,  which i s  g i v e n  a s :

where  t h e  s k i n - f r i c t i o n  f o r c e  (F) i s  t h e  t a n g e n t i a l  f o r c e .

The moment c a u s e d  by t h e  w e i g h t  p u t  a t  t h e  a f t  end  o f  th e  p l a t e ,  

t a k e n  a b o u t  p o i n t  0,  a s  shown in  F i g u r e  ( 5 . 6 ) ,  i s  g i v e n  by t h e
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M = w X
W

V // /W / / / / / / 7 r /7 7 7 r

2^=33. 75"
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% 2 = 1 3 . 0 5

F i g u r e  (5 .6 )  S c h e m a t i c  o f  Drag M easu r ing  D e v ice .

The s k i n - f r i c t i o n  f o r c e  which  would  g iv e  t h e  same moment i s  

g iv e n  by :

Thus E q u a t i o n  (5 .8 )  can be m o d i f i e d  and r e w r i t t e n  a s ,

2 w&̂
PV'C; =f

(5 .9 )

By means o f  E q u a t io n  (5 .9 )  a c u rv e  was p l o t t e d  w i t h  a p p a r e n t  

s t r a i n  v e r s u s  t h e  s k i n - f r i c t i o n  c o e f f i c i e n t  a s  shown i n  F i g u r e  

( 5 . 7 ) .  The v a l u e  f o r  t h e  a p p a r e n t  s t r a i n  i s  o b t a i n e d  by n o t ­

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

p l a c e d  a t  t h e  a f t  end o f  t h e  f l a t  p l a t e .

A d ju s tm e n t  o f  wind t u n n e l  p a s s a g e .  The p r e l i m i n a r y  

t e s t  r u n s  i n d i c a t e d  t h a t  t h e r e  was a s e r i o u s  e r r o r  i n  o u r  s e t ­

up.  The s k i n - f r i c t i o n  c o e f f i c i e n t  was i n c r e a s i n g  w i t h  v e l o c ­

i t y  i n s t e a d  -of d e c r e a s i n g .  I t  was p o s t u l a t e d  t h a t  t h i s  was
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due t o  an e x t r a n e o u s  t o r q u e  on t h e  t e s t  p l a t e  i n t r o d u c e d  by 

th e  p r e s s u r e  g r a d i e n t  i n  t h e  t u n n e l .

P r e v i o u s  work by W a l t e r s  (39) on t h i s  same wind t u n ­

n e l  fo u n d ,  by t h e  use  o f  a h o t - w i r e  anemometer,  t h a t  t h e  t u r ­

b u l e n t  b o u n d a r y - l a y e r  d i s p l a c e m e n t  i n c r e a s e d  i n  d e p t h  0 .1095  

i n c h e s  from t h e  f r o n t  o f  t h e  p l a t e  t o  t h e  r e a r .  F i g u r e  (5 .8 )  

shows t h e  d ev e lo p m en t  o f  t h e  b o u n d a ry  l a y e r  i n  t h e  wind  t u n n e l .

Top V iew-Tunne l

T -

19 .5919 .87 1 9 .8 1

-26.12515 .5

2 0 °

S id e  V iew -Tunne l

12 .8413 .12 13.06

T e s t  P l a t e

20°
F i g u r e  (5 .8 )  Boundary L ay e r  i n  Tunne l .
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T h i s  i n c r e a s e  i n  t h e  bo u n d a ry  l a y e r  d e c r e a s e s  t h e  e f f e c t i v e  

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

The p r e s s u r e  d i s t r i b u t i o n  on t o p  o f  t h e  t e s t  p l a t e  due t o  t h e  

b o u n d a ry  l a y e r  i s  shown i n  F i g u r e  ( 5 . 9 ) .  Owing t o  t h i s  p r e s -

avg

v /p j j j /L h / in  jifrrri im fn n nA P

F i g u r e  (5 .9 )  P l a t e  P r e s s u r e  D i s t r i b u t i o n .

s u r e  g r a d i e n t  t h e r e  a r e  two f o r c e s  which  c r e a t e  a t o r q u e ,  t h e  

s k i n - f r i c t i o n  f o r c e  a c t i n g  p a r a l l e l  t o  t h e  p l a t e  and t h e  p r e s ­

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

The change i n  a r e a  c a u s e s  a change i n  v e l o c i t y  and 

c o n s e q u e n t l y  a change i n  p r e s s u r e .  The c o n t i n u i t y  e q u a t i o n  

f o r  s t e a d y  f lo w  i s :

pAV = c o n s t .  (5 .10)

By t a k i n g  t h e  l o g a r i t h m i c  d e r i v a t i v e  o f  E q u a t i o n  (5 .10 )  f o r  

c o n s t a n t  d e n s i t y  t h e  f o l l o w i n g  e q u a t i o n  i s  o b t a i n e d :

= 0 (5.11)
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R ea r ran g e m e n t  g i v e s ,

dV (5 .12 )

The change i n  p r e s s u r e  can be g i v e n  by t h e  E u l e r  e q u a t i o n :

dP = -pVdV (5 .13a )

T h e r e f o r e ,

dP = (5 .13b)

From t h e  above r e l a t i o n s h i p s  i t  i s  o b v io u s  t h a t  owing t o  t h e

d e c r e a s i n g  a r e a  t h e  p r e s s u r e  a l s o  d e c r e a s e s  as i n d i c a t e d  i n

F i g u r e  (5 .9 )  . To c a l c u l a t e  t h e  h o r i z o n t a l  f o r c e  t h e  p r e s s u r e  

i s  t a k e n  as  a c t i n g  on t h e  end  w o rk in g  a r e a  o f  t h e  p l a t e  o f  

w id th  w^ and t h i c k n e s s  t  ( s ee  F i g u r e  ( 5 . 9 ) ) .  Hence ,

F^ = (AP) (w^) ( t )  (5 .14 )

and t h e  c o r r e s p o n d i n g  t o r q u e  a b o u t  0 i s :

T^^ = = (AP) (w^) ( t )  (5 .15)

T h i s  t o r q u e  a c t s  i n  t h e  c l o c k w is e  d i r e c t i o n .  The v e r t i c a l  

f o r c e  p r o d u c e s  an even g r e a t e r  t o r q u e .  Assuming t h a t  t h e  

p r e s s u r e  d i s t r i b u t i o n  on t h e  t o p  o f  t h e  f l a t  p l a t e  i s  l i n e a r ,  

t h e  a v e r a g e  p r e s s u r e  i s  d e t e r m i n e d  a s ,

APavg '

and a c t s  a t  a p o i n t  1 /3  £ from t h e  f r o n t  edge o f  t h e  p l a t e .  

Thus t h e  f o r c e  a c t i n g  p e r p e n d i c u l a r  t o  t h e  p l a t e  i s  g iv e n  b y ,

'■p =

and t h e  t o r q u e  a l s o  a c t i n g  i n  t h e  c lo c k w is e  d i r e c t i o n  i s ,

T^p = ( l / 6 ) ( F p ) ( £ )  = ( 1 / 1 2 ) (A P ) (w ^)(£) (5 .17)
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Thus t h e  t o t a l  t o r q u e  a c t i n g  on t h e  f l a t  p l a t e  due 

t o  t h e  p r e s s u r e  g r a d i e n t  i s  t h e  a d d i t i o n  o f  t h e  two t o r q u e s .  

These t o r q u e s  a c t  i n  t h e  same d i r e c t i o n  as  t h e  s k i n - f r i c t i o n  

t o r q u e .  S i n c e  t h e  t o r q u e s  due t o  t h e  p r e s s u r e  g r a d i e n t  v a ry  

d i r e c t l y  as  t h e  v e l o c i t y ,  t h e  p ro b le m  f i r s t  e n c o u n t e r e d  i s  t h e  

a p a r e n t  i n c r e a s e  i n  s k i n - f r i c t i o n  c o e f f i c i e n t  a s  t h e  v e l o c i t y  

i n c r e a s e s .  S in c e  t h i s  p r e s s u r e  t o r q u e  can be 150 p e r c e n t  h i g h e r  

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

be  e l i m i n a t e d .

To remove t h i s  l a r g e  e r r o r  i t  was d e c i d e d  t o  have  a 

v a r i a b l e  ramp r o o f  as  shown in  F i g u r e  ( 4 . 1 1 ) .  T h i s  c e i l i n g  

was made o f  a  1 /4  i n c h  plywood and c o u l d  be e a s i l y  molded  a t  

v a r i o u s  p l a c e s  t o  g i v e  a z e r o  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  

p l a t e .  The f o u r  h o l e s  d r i l l e d  a l o n g  t h e  p l a t e  w e re  c l o s e l y  

m o n i t o r e d  by a m icromanometer  t o  see  t h a t  t h e r e  was no p r e s ­

s u r e  g r a d i e n t .  The m ic rom anom eter  h a s  a c a p a b i l i t y  o f  m e asu r ­

i n g  a i r  p r e s s u r e  changes  w i t h  a 0 .000006  p s i .  a c c u r a c y .

S ec o n d a ry  a i r  and v e l o c i t y  p r o f i l e s .  A n o th e r  p rob lem  

e n c o u n t e r e d  i n  t h e  wind t u n n e l  p a s s a g e  i s  t h e  f low  o f  s e c o n d a r y  

a i r  j e t s  coming th r o u g h  t h e  s l o t s  a ro u n d  t h e  p l a t e  and m ix in g  

w i t h  t h e  main  s t r e a m  o f  f lo w  i n  t h e  r e g i o n  n e a r  t h e  f low  o f  t h e  

wind t u n n e l .  To e l i m i n a t e  t h i s  p ro b lem  t h e  a r e a  be low t h e  t e s t  

p l a t e  was e n c l o s e d  i n  an a i r  t i g h t  s h e e t - m e t a l  bo x .  T h i s  box 

was s p e c i a l l y  c o n s t r u c t e d  f o r  t h i s  p u r p o s e  and s t a t i c  p r e s s u r e  

p r o b e s  i n  t h e  box and t h e  wind t u n n e l  p a s s a g e  were  c l o s e l y  

m o n i t o r e d  t o  i n s u r e  t h a t  no f lo w  was b e i n g  su ck e d  i n t o  t h é  wind 

t u n n e l .
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W a l t e r s  (39) and Looney (40) , i n  t h e i r  i n v e s t i g a t i o n  

o f  t h e  f low  i n  t h e  same wind t u n n e l ,  found  t h a t  owing t o  t h e  

f low t h r o u g h  t h e  gaps  be tween  t h e  dummy f l o o r  and t h e  t e s t  

p l a t e  a d v e r s e  c u r v a t u r e s  were p r e s e n t  i n  t h e  v e l o c i t y  p r o f i l e s  

n e a r  t h e  p l a t e .  To remedy t h i s  p ro b le m  th e y  u s e d  a t h i c k  p l a s ­

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

t h e  f lo w  o f  a i r .  With t h e  i n s t a l l a t i o n  o f  t h e  p l a s t i c  bag  t h e  

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

l i g i b l e .

T h e r e f o r e ,  i n  t h i s  c a s e ,  a  more p e rm a n e n t  f i x t u r e  

was i n s t a l l e d  f rom  t h e  b e g i n n i n g  so t h a t  no su ch  p r o b l e m  would  

be  e n c o u n t e r e d .  F i g u r e  (5 .10 )  shows t h e  v e l o c i t y  p r o f i l e  o v e r  

t h e  f l a t  p l a t e  a t  d i f f e r e n t  R eynolds  numbers  and i n d i c a t e s  t h a t  

no s u c h  p ro b le m s  e x i s t e d  h e r e .  A lso  once  a g a i n  t h e  c l o s e  a g r e e ­

ment b e tw een  t h e  l / 7 t h  power law v e l o c i t y  p r o f i l e  w i t h  t h e  t e s t  

d a t a  o b t a i n e d  i n  t h e  f u l l y  t u r b u l e n t  r e g i o n  i n d i c a t e s  t h a t  t h e  

f low i s  f u l l y  t u r b u l e n t .  At t h e  low er  Reynolds  number t h e  v e ­

l o c i t y  p r o f i l e  t e n d s  to w a rd s  t h e  B l a s i u s  l a m i n a r  p r o f i l e .  T h i s  

good a g re e m e n t  o f  t h e  v e l o c i t y  p r o f i l e s  i n d i c a t e s  t h a t  t h e  

f low  i n  t h e  t e s t  s e c t i o n  f o l l o w s  c l o s e l y  t h e  e x p e c t e d  f lo w  p a t ­

t e r n s  .

S k i n - f r i c t i o n  c o e f f i c i e n t  o f  t h e  f l a t  p l a t e .  To 

c heck  o u t  t h e  a c c u r a c y  o f  t h e  s y s te m  i t  was d e c i d e d  t o  compare 

m easu red  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  t h e  f l a t  p l a t e  i n  c l e a n  

a i r  w i t h  t h e  P r a n d t l - S c h l i c h t i n g  E q u a t i o n  (6 ) f o r  a smooth f l a t



117

A  -  Re ••= 1 .5 1  X 10" 

0  - R e  = 6 . 2 6  x lO®

>1

(U
+1
0)

U
(0
A

0

«
'0

0
CQ

— T h e o r e t i c a l  Curves

1.0

8

6

B l a s i u s  Lam inar  Flow.4

l / 7 t h  Power Law 
T u r b u l e n t  Flow '

. 2

1 . 00 .4 0 . 6 0 . 80 . 20

V e l o c i t y  R a t i o  (u/U )

F i g u r e  (5 .10)  V e l o c i t y  P r o f i l e  Over a F l a t  P l a t e  
V a ry ing  With  Reynolds  Number.



118
p l a t e  a t  z e r o  i n c i d e n c e ,

= 0 . 0 5 7 6 ( 5 . 1 8 )

To be a b l e  t o  compare t h e  s k i n - f r i c t i o n  c o e f f i c i e n t s .  E q u a t i o n  

(5 .1 8 )  mus t  be  m o d i f i e d  t o  o b t a i n  t h e  a v e r a g e  s k i n - f r i c t i o n  

c o e f f i c i e n t .  By i n t e g r a t i n g  E q u a t i o n  (5 .18 )  o v e r  t h e  l e n g t h  

o f  t h e  t e s t  p l a t e ,  L^,

^  0.  0576 (V^x/v) " 1 /S  dx (5 .19)

^ 1

where  i s  t h e  d i s t a n c e  from t h e  l e a d i n g  edge  o f  t h e  wind

t u n n e l  f l o o r .  I n t e g r a t i n g  t h e  above  e q u a t i o n  g i v e s  t h e  t o t a l  

s k i n - f r i c t i o n  c o e f f i c i e n t  a s ,

=  0 . 0 7 2 ( V ^ L g / v ) " 1 / S  +  L g j / L g l ^ / S  -  [ L ^ / L g l ^ / S }

(5 .20)

F o r  t h e  p a r t i c u l a r  c a s e  i n  t h i s  r e p o r t  t h e  e q u a t i o n  r e d u c e s  t o :

= 0 .00805 V ^ " l /S  (5 .21 )

where  i s  i n  f e e t  p e r  s ec o n d .  The s k i n - f r i c t i o n  c o e f f i c i e n t

o b t a i n e d  by t h e  t e s t  d a t a  i s  an a v e r a g e  s k i n - f r i c t i o n  c o e f f i ­

c i e n t  and was b a s e d  on t h e  v a l u e s  o b t a i n e d  f rom F i g u r e  ( 5 . 7 ) .  

F i g u r e  (5 .11 )  shows t h e  t e s t  d a t a  compared t o  t h e  t h e o r e t i c a l  

c u r v e  b a s e d  on E q u a t i o n  ( 5 . 2 1 ) .  The good ag re em e n t  b e tw een  

t e s t  d a t a  and t h e  e m p i r i c a l  c u rv e  b a s e d  on S c h l i c h t i n g ' s  

e q u a t i o n  g i v e s  c o n f i d e n c e  i n  t h e  m e a s u r in g  sy s tem .

E x p e r i m e n t a l  P r o c e d u r e

With  t h e  sys tem s  c a l i b r a t i o n  c o m p le te d ,  t h e  p r i m a r y
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t a s k  o f  o b t a i n i n g  d a t a  was now r e a d y  t o  p r o c e e d .  The c l e a n  

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

by p r o v i d i n g  a  good b a s e  l i n e  f o r  c o m p a r i so n .

B e f o r e  any d a t a  were t a k e n  t h e  b a r o m e t r i c  p r e s s u r e  

and room t e m p e r a t u r e  were  m easu red .  The b lo w e r  and t h e  wind 

t u n n e l  f a n  were  t h e n  s t a r t e d .  A c a r e f u l  i n v e s t i g a t i o n  o f  t h e  

e f f e c t  o f  t h e  e n e r g i z i n g  o f  t h e  b o u n d a ry  l a y e r  by t h e  b lo w e r  

was u n d e r t a k e n .  The r e s u l t s  i n d i c a t e d  no change  i n  t h e  d e f l e c ­

t i o n  o f  t h e  s t r a i n  i n d i c a t o r  w i t h  o r  w i t h o u t  t h e  b lo w e r  on.

The v e l o c i t y  o f  t h e  a i r  i n  t h e  wind  t u n n e l  was a d j u s t e d  by t h e  

v a n es  b e h i n d  t h e  w ind  t u n n e l  f a n .  The s t a t i c  p r e s s u r e  t a p s  

were  l o c a t e d  on t h e  s i d e  o f  t h e  t u n n e l  a t  t h e  c e n t e r  l i n e  o f  

t h e  f l a t  p l a t e .  F i g u r e  (5 .12)  shows t h e  r e l a t i o n s h i p  be tw een  

t h e  s t a t i c  p r e s s u r e  and t h e  f r e e  s t r e a m  v e l o c i t y .  A n o th e r  

check  on t h e  v e l o c i t y  was made t o  compare  i t  a g a i n s t  t h e  

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

f o r  t h e  s k i n - f r i c t i o n  c o e f f i c i e n t  c u r v e .  F i g u r e  (5 .13 )  shows 

t h e  r e l a t i o n s h i p  be tw een  v e l o c i t y  and  t h e  d e f l e c t i o n  o f  th e  

s t r a i n  i n d i c a t o r .  T h i s  c u rv e  was u s e d  m a in ly  as  a check  s i n c e  

i t  was n o t  e n t i r e l y  a c c u r a t e  from day t o  day b e c a u s e  o f  changes  

i n  a i r  d e n s i t y .

The f low  r a t e  now h a v i n g  been  s e t ,  t h e  p a r t i c l e s  

were  i n t r o d u c e d  i n t o  t h e  b lo w e r  and c o n s e q u e n t l y  e n t e r e d  t h e  

main f low  u p s t r e a m  o f  t h e  f l a t  p l a t e .  The d e f l e c t i o n  o f  t h e  

s t r a i n  i n d i c a t o r  was n o t e d .  The d u r a t i o n  o f  e ach  t e s t  run  

v a r i e d  from 10 t o  25 s e c o n d s .  A f t e r  e a c h  t e s t  ru n  t h e  s m a l l



Pi

>

u<u+J

IunjPi
>1

4-»-HOOI—I<u>

18

16

12

0 1 . 41.00 . 8 1.20 . 60 . 40.2

K)
I - *

S t a t i c  P r e s s u r e ,  I n c h e s  o f  W a t e r  

F i g u r e  ( 5 . 1 2 )  V e l o c i t y  C o r r e l a t e d  t o  S t a t i c  P r e s s u r e  F o r  W ind  T u n n e l ,



w<î

COH+)üO)

<uQ

30

20

10

7050 60403020100

to
to

V e l o c i t y  ( f t . / s e c . )

Figure (5.13) Deflection of Strain Indicator at Various Velocity Settings,



123
d o o r  i n  t h e  t r a n s i t i o n  p i e c e  was o p en ed  and any p a r t i c l e s  l e f t  

were  sw e p t  o u t  and  w e ig h ed .  At t h e  c o m p l e t i o n  o f  t e s t s  f o r  one 

s i z e  o f  p a r t i c l e s  t h e  e n t i r e  t r a n s i t i o n  p i e c e  was d i s m a n t l e d  

and c l e a n e d  t o  be s u r e  no p a r t i c l e s  were  t r a p p e d  i n  any c r e v i c e s .  

T h i s  d i s m a n t l i n g  d i d  n o t  t a k e  t o o  l o n g  ( a b o u t  10 m i n u te s )  s i n c e  

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

T h r o u g h o u t  t h e  t e s t s  t h e  p r e s s u r e  a l o n g  t h e  f l a t  

p l a t e  was m o n i t o r e d  t o  v e r i f y  t h a t  t h e r e  was no p r e s s u r e  g r a d ­

i e n t ,  w i t h  o r  w i t h o u t  p a r t i c l e s  s u s p e n d e d  i n  t h e  f l o w .  Also  

c a r e  was t a k e n  t o  s e e  t h a t  t h e  p l a t e  was a lw ays  e n t i r e l y  f r e e  

and  d i d  n o t  b i n d  i n  any p l a c e .  At t h e  s t a r t  o f  e a c h  ru n  t h e  

d u s t  c o l l e c t o r  was s p r a y e d  w i t h  t h e  c h e m i c a l  " A t t r a c t " ;  t h i s  

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

t o r .  A n o th e r  p r e c a u t i o n  t a k e n  was t h e  s p r e a d i n g  o f  a l a r g e  

p l a s t i c  s h e e t  n e a r  t h e  f e e d  s y s t e m  so t h a t  any p a r t i c l e s  which  

d i d  n o t  e n t e r  t h e  b lo w e r  c o u l d ,  a f t e r  e a c h  r u n ,  be  c o l l e c t e d  

and  w e ig h ed  t o  c o r r e c t  t h e  p a r t i c l e  w e i g h t  f lo w  m e a s u re m e n t s .



CHAPTER VI 

PHOTOGRAPHIC TECHNIQUES

Flow v i s u a l i z a t i o n  t e c h n i q u e s  have  come o f  age v e ry  

r a p i d l y .  The im p o r t a n c e  o f  b e i n g  a b l e  t o  v i s u a l i z e  t h e  flow 

c a n n o t  be o v e r r a t e d .  Flow v i s u a l i z a t i o n  t e c h n i q u e s  have  been  

u s e d  t o  d e s i g n  more e f f i c i e n t  t u r b o m a c h i n e s ,  t o  check  f low  i n  

b e n d s ,  t o  d e s c r i b e  f low  a ro u n d  b o d i e s ,  and f o r  many o t h e r  im­

p o r t a n t  p r o b le m s .  In  t h i s . r e p o r t  t h e  f lo w  v i s u a l i z a t i o n  t e c h ­

n i q u e s  a r e  u sed  t o  c a l c u l a t e  t h e  v e l o c i t y  o f  t h e  p a r t i c l e s  

su sp e n d e d  i n  t h e  a i r  s t r e a m .  The o b j e c t i v e  h e r e  was t o  o b t a i n  

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

i t i e s .  The v e l o c i t i e s  were  m e asu re d  a t  s e l e c t e d  p o i n t s  w i t h  

t h e  a s s u m p t io n  t h a t  t h e  r a t i o  o f  t h e  p a r t i c l e  v e l o c i t y  t o  t h e  

a i r  s t r e a m  v e l o c i t y  r em a in ed  c o n s t a n t .  Thus no a t t e m p t  was 

made t o  o b t a i n  a v e l o c i t y  p r o f i l e  o f  t h e  p a r t i c l e  f low .

Two d i f f e r e n t  p h o t o g r a p h i c  s e t u p s  had  t o  be c o n ­

s t r u c t e d ,  s i n c e  t h e  r e q u i r e m e n t s  o f  t h e  two e x p e r i m e n t s  were  

d i f f e r e n t .  T h i s  n e c e s s i t a t e d  t h e  use  o f  two d i f f e r e n t  cam­

e r a s  t o  a c h i e v e  t h e  b e s t  r e s o l u t i o n  i n  e ach  c a s e .  The b a s i c  

s y s t e m  c o n s i s t e d  o f  a s p e c i a l l y  c o n s t r u c t e d  t i m e r  (Appendix  I) 

and two s t r o b e  l i g h t s  which  were  c o n n e c t e d  t o  t h e  cam era .  By 

t r i g g e r i n g  t h e  cam era  t h e  t im e  d e l a y  mechanism would  be  a c t i -

124
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v a t e d .  T h i s  i n  t u r n  would  f l a s h  t h e  f i r s t  s t r o b e  l i g h t ,  and 

a f t e r  t h e  p r e - s e t  t im e  d e l a y  t h e  s e c o n d  s t r o b e  l i g h t  would  

be  f l a s h e d  t h u s  p r o d u c i n g  two images f o r  each  p a r t i c l e  on t h e  

e x p o s e d  f i l m .  The s t r o b e  l i g h t s  had  c o l o r e d  f i l t e r s  mounted 

on them t h u s  g i v i n g  f l a s h e s  o f  d i f f e r e n t  c o l o r s  which  would 

e a s i l y  be d i s t i n g u i s h e d .  A l l  t h e  p i c t u r e s  were  t a k e n  on h i g h  

s p e e d  c o l o r  f i l m .

The v e l o c i t y  m easu rem en ts  w ere  made a t  t h e  c e n t e r  o f  

t h e  d i f f e r e n t  t e s t  s e c t i o n s .  By means o f  a p e r t u r e  s e t t i n g s  

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

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

p h o t o g r a p h e d  h ave  a b r i g h t  ro und  image a t  t h e  i n s t a n t  t h e  

s t r o b e  f l a s h e s  and  a t a i l  f o r  t h e  d u r a t i o n  o f  t h e  f l a s h .  T h i s  

i s  a n a lo g o u s  t o  t h e  h e ad  and t a i l  o f  co m ets .  The same ty p e  

image f o r  t h e  s e c o n d  f l a s h  i s  a l s o  o b s e r v e d .  The t a i l  h e l p s  

t o  t i e  t o g e t h e r  t h e  images o f  t h e  same p a r t i c l e .  The v e l o c ­

i t y  i s  c a l c u l a t e d  by m e a s u r in g  t h e  d i s t a n c e  be tw een  t h e  two 

ro u n d  p o i n t s  o f  t h e  images when t h e  s l i d e  i s  p r o j e c t e d  on t h e  

s c r e e n .  T h i s  d i s t a n c e  i s  t h e n  r e l a t e d  t o  a known d i s t a n c e  

p r e v i o u s l y  marked  o f f  on t h e  t e s t  s e c t i o n  which i s  p r o j e c t e d  

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

t i o n  p a r a m e t e r s .  I n  t h i s  manner  t h e  a c t u a l  d i s t a n c e  t r a v e l e d  

by t h e  p a r t i c l e  be tw een  f l a s h e s  i s  known. A lso ,  s i n c e  t h e  

t im e  d e l a y  s e t t i n g  i s  known, t h e  v e l o c i t y  i s  e a s i l y  c a l c u l a t e d .

The g e n e r a l  method h a s  been  o u t l i n e d .  The m u l t i ­

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

t e s t  s e t u p  i s  d e s c r i b e d  s e p a r a t e l y .
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C i r c u l a r  P ip e  Flow

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

c i r c u l a r  p i p e  i t  was d e c i d e d  t h a t  t h e  m os t  s u i t a b l e  p l a c e  t o  

g e t  an a c c u r a t e  p i c t u r e  o f  t h e  v e l o c i t y  would  be a ro u n d  t h e  

c e n t e r  o f  t h e  t e s t  s e c t i o n .  A t t e n t i o n  was t h e r e f o r e  c o n c e n ­

t r a t e d  on t h e  f lo w  a t  t h e  c e n t e r  o f  t h e  p i p e  a t  a p o s i t i o n  

midway i n  t h e  t e s t  s e c t i o n .

Many p r o b le m s  were  e n c o u n t e r e d .  On t h e  f i r s t  t r y ,  

t h e  two l i g h t s  w ere  p l a c e d  a b o u t  1 f o o t  from t h e  p i p e  a t  r i g h t  

a n g l e s  t o  t h e  cam era  l e n s .  The l e n s  was a b o u t  8 i n c h e s  from 

t h e  p i p e .  The p i c t u r e s  were  t a k e n  a t  a p e r t u r e  s e t t i n g s  v a r y ­

i n g  f rom f - 2 . 8  t o  f - 1 6 . 0 ,  b u t  t h e  p a r t i c l e s  c o u l d  n o t  be  s e e n  

due  t o  e x c e s s i v e  g l a r e .  To r e d u c e  t h i s  g l a r e  i t  was d e c i d e d  

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

a t  t h e  t o p  o f  t h e  p i p e .  Then t h e  p i p e  was c o v e r e d  w i t h  b l a c k  

p a p e r  t h a t  had  two h o l e s  c u t  i n  i t ,  one f o r  t h e  l i g h t  and t h e  

o t h e r  f o r  v i e w in g  t h e  f lo w .  Again t h e  whole  r a n g e  o f  a p e r t u r e  

s e t t i n g s  was t r i e d ,  b u t  o n ly  a v e r y  s l i g h t  im provem ent  i n  t h e  

r e d u c t i o n  o f  t h e  g l a r e  was o b t a i n e d .  I t  was f e l t  t h a t  t h e  

l i g h t  was b e i n g  t r a n s m i t t e d  when t h e  l i g h t  beam s t r u c k  t h e  

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

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

Even t h e  u se  o f  " l i g h t  p o l a r i z a t i o n "  t e c h n i q u e s  f a i l e d  t o  s u b ­

s t a n t i a l l y  r e d u c e  t h i s  t r a n s m i t t e d  g l a r e .

To c o r r e c t  t h i s  i t  was decided  to  r e t a in  th e  l i g h t  

d i r e c t i o n a l  mechanism, bu t make a more permanent dev ice  as
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shown i n  F i g u r e  ( 6 . 1 ) .  T h i s  d e v i c e  was b u i l t  from s h e e t - m e t a l ,  

I t  c o n s i s t e d  o f  two r a b b i t  e a r s  w hich  were  c o n n e c t e d  t o  a 3- 

1 /4  i n c h  c i r c u l a r  p i p e .  The l i g h t s  were  moun ted  on s p e c i a l

S t r o b e
H o ld e r

S t r o b e
H o ld e r

D i r e c t  L i g h t i n g

2 "xl"
Viewing  Slots. -Black P a p e r  Cover

‘S t e e l  Bands

F i g u r e  (6 .1 )  R a b b i t  E a r s  f o r  D i r e c t i o n  o f  L i g h t .

m o u n ts ,  e a c h  mount d e s i g n e d  so t h a t  t h e  two d i f f e r e n t  s t r o b e  

l i g h t s ,  w i t h  t h e i r  f i l t e r s ,  c o u ld  be s e c u r e l y  mounted .  The 

i n s i d e  o f  t h e  a p p a r a t u s  was p a i n t e d  b l a c k  so as  t o  p r e v e n t  any 

i n t e r n a l  r e f l e c t i o n .  The r a b b i t  e a r s  were  mounted  so  t h a t  a 

s t r a i g h t  l i n e  t r a v e l e d  by t h e  l i g h t  would  r e a c h  a p o i n t  a b o u t  

1 /4  i n c h  above  t h e  c i r c u l a r  p i p e ,  and  i n  t h i s  manner a good 

d i f f u s e d  l i g h t  r e a c h e d  t h e  c i r c u l a r  p i p e .  In  a d d i t i o n  an 

e q u a l  a b o u n t  o f  l i g h t  from each  s t r o b e  would  r e a c h  t h e  c i r c u ­

l a r  p i p e .

The s ec o n d  c o r r e c t i o n  ( t o  a v o i d  t h e  e x c e s s i v e  g l a r e )  

was t o  c o l o r  t h e  i n s i d e  o f  t h e  p i p e  b l a c k ,  l e a v i n g  two windows 

p e r p e n d i c u l a r  t o  e a c h  o t h e r  so t h a t  l i g h t  c o u l d  e n t e r  th r o u g h
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one  and  t h e  f low  c o u l d  b e  v i s u a l i z e d  t h r o u g h  t h e  o t h e r .  Th is  

t a s k  was more d i f f i c u l t  t h a n  one would  i n i t i a l l y  e x p e c t .  The 

r e a s o n  f o r  t h i s  was t h a t  t h e  p o i n t  i n  t h e  t e s t  s e c t i o n , w h e r e  

t h e  p h o t o g r a p h s  w e re  t o  be  t a k e n  was n o t  e a s i l y  a c c e s s i b l e .

To a c h i e v e  t h e  d e s i r e d  r e s u l t s ,  d u c t  t a p e  mounted  on a s i x  

f o o t  r o d ,  w i t h  t h e  s t i c k y  s i d e  f a c i n g  o u t ,  was i n s e r t e d  i n t o  

t h e  p i p e  and  t h e  t a p e  was t h e n  s t u c k  t o  t h e  g l a s s  a t  t h e  d e ­

s i r e d  p o s i t i o n ,  p a r t  o f  t h e  t a p e  s t i c k i n g  o u t  a t  one e n d .  A 

s e c o n d  t a p e  was a l s o  i n s e r t e d  i n  t h e  same way and p l a c e d  90 

d e g r e e s  a p a r t  from t h e  f i r s t .  A r o l l e r  a t t a c h e d  to  a lo n g  r o d ,  

d i p p e d  i n  f l a t  b l a c k  p a i n t ,  was t h e n  i n s e r t e d  and  t h e  i n s i d e  

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

p e a t e d  t w i c e  t o  a c h i e v e  an a b s o l u t e  b l a c k  s u r f a c e .  When t h e  

p a i n t  was e n t i r e l y  d r y ,  t h e  ends  o f  t h e  t a p e s ,  w h ich  had  been  

h a n g i n g  o u t  o f  t h e  p i p e ,  w e re  c o n n e c t e d  t o  a r o d ,  one a t  a 

t i m e ,  and  t h e  r o d  was t h e n  rammed t h r o u g h ,  r i p p i n g  t h e  t a p e  

from t h e  g l a s s .  C are  h a d  t o  be t a k e n  t h a t  t h e  r o d  d i d  n o t  

t o u c h  any o f  t h e  i n n e r  p i p e  s u r f a c e s  so  a s  n o t  t o  s c r a t c h  them. 

The n e x t  s t e p  was t o  p a i n t  t h e  c l e a r  s t r i p s  i n s i d e  t h e  t u b i n g  

( l e f t  by t h e  r em ova l  o f  t h e  t a p e s )  w i t h  t h e  p a i n t  r o l l e r .  

However j u s t  enough c l e a r  a r e a  was l e f t  u n p a i n t e d  f o r  th e  

l i g h t  and  v i e w in g  windows.

The o u ts id e  of the  c i r c u l a r  p ipe  was covered w ith  

a b lack  paper as p re v io u s ly  d esc r ib ed  in  th e  second run.

F i g u r e  (6 .2 )  shows a p h o t o g r a p h  o f  t h e  e n t i r e  s e t u p .  The v iew ­

i n g  window was 2 i n c h e s  by 1 i n c h .
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F i g u r e  (6 .2 )  P h o t o g r a p h i e  T e s t  S e tu p  f o r  V e l o c i t y  

Measurements  i n  C i r c u l a r  P i p e .
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The camera  u s e d  was a Nikon 35 mm, which had  a 50mm 

f - 2 . 0  l e n s .  E x t e n s i o n  t u b e s  w ere  a t t a c h e d  t o  t h e  cam era  l e n s  

s o  t h a t  c l o s e - u p  p i c t u r e s  c o u l d  be  t a k e n .  The e x t e n s i o n  t u b e s  

e n a b l e  c l o s e - u p  p i c t u r e s  b e c a u s e  t h e y  s h o r t e n  t h e  f o c a l  l e n g t h  

o f  t h e  l e n s .  The c am e ra  was f o c u s e d  t o  t h e  c e n t e r  o f  t h e  p i p e  

on a  t h i n  r o d  p o s i t i o n e d  a t  t h a t  p o i n t .  C are  was t a k e n  t o  s e e  

t h a t  t h e  e n t i r e  o u t l i n e  o f  t h e  v i e w in g  a r e a  was i n c l u d e d  on 

t h e  p i c t u r e  s i n c e  t h e  f rame was t h e  r e f e r e n c e  p o i n t .

Two d i f f e r e n t  model s t r o b e  l i g h t s  w ere  u s e d .  The 

r e a s o n  f o r  t h i s  was t h a t  t h e y  w ere  t h e  o n ly  o n es  a v a i l a b l e .

I t  w ou ld  h ave  been  b e t t e r  i f  t h e  two l i g h t s  w ere  t h e  same.

To c o r r e c t  f o r  t h e  d i f f e r e n c e  i n  i n t e n s i t i e s  a d d i t i o n a l  c o l o r  

f i l t e r s  w ere  u s e d .  The two c o l o r s  s e l e c t e d ,  b l u e  and  r e d ,  

gave  good s e p a r a t i o n  o f  c o l o r s  on t h e  s l i d e s .  T h i s  was done 

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

c o l o r  f i l t e r s .  The f i r s t  s t r o b e  l i g h t  t o  f l a s h  was an A. C. 

pow ered  s l a v e  u n i t  made by Honeywel l  which  h a d  a  b l u e  f i l t e r  

on i t .  I t  was u s e d  as  t h e  number  one  f l a s h  s i n c e  i t  was v e r y  

s e n s i t i v e  t o  any e l e c t r i c a l  i m p u l s e .  The s e c o n d  s t r o b e  was 

a Honeywel l  b a t t e r y  po w ered  s t r o b e  which  h a d  a r e d  f i l t e r  

m ounted  on i t .  The l i g h t s  were  c o n n e c t e d  t o  t h e  t i m e  d e l a y  

s y s t e m  s p e c i a l l y  b u i l t  f o r  t h i s  e x p e r i m e n t  by W ea the r  S e r v i c e  

I n c o r p o r a t e d  o f  Norman, Oklahoma (Appendix  I I ) . The t im e  d e ­

l a y  was s e t  a t  4010 m i l l i s e c o n d s .

The f i l m  u s e d  was High Speed E x t r a c h ro m e  D a y l i g h t  

C o l o r  B a l a n c e  (5 6 0 0 °K ) , n o rm a l  ASA 160. The a p e r t u r e  s e t t i n g  

u s e d  was f - 3 . 5 .
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T h i r t y - s i x  p i c t u r e s  were  t a k e n  a t  d i f f e r e n t  a i r  

v e l o c i t i e s ,  p a r t i c l e  s i z e s ,  and w e i g h t - f l o w  r a t i o s .  The a i r  

v e l o c i t y  was v a r i e d  from a b o u t  20 f e e t  p e r  s ec o n d  t o  a b o u t  48 

f e e t  p e r  s ec o n d .  The p a r t i c l e  s i z e s  were  v a r i e d  from 200 

m ic r o n s  t o  1640 m i c r o n s .  The r e a s o n  t h a t  s m a l l e r  s i z e s  o f  

p a r t i c l e s  were  n o t  c o n s i d e r e d  was t h a t  a t  200 m ic ro n s  t h e  

p a r t i c l e  v e l o c i t y  was t h e  same as  t h a t  o f  t h e  f r e e  s t r e a m ;  

h ence  i t  was assumed t h a t  s m a l l e r  p a r t i c l e s  would  a l s o  t r a v e l  

a t  t h e  f r e e  s t r e a m  v e l o c i t y .  The w e i g h t - f l o w  r a t i o  was v a r i e d  

from 0 .0 1  t o  2 . 0 .  I n  t h i s  manner  a v a r i e t y  o f  r e a d i n g s  were  

p o s s i b l e .

F i g u r e  (6 .3 )  shows t h e  p h o t o g r a p h s  o f  t h e  p a r t i c l e s  

i n  t h e  c i r c u l a r  p i p e  f lo w .  The v e l o c i t y  was c a l c u l a t e d  by 

p r o j e c t i n g  t h e  p h o t o g r a p h  on a  s c r e e n .  The o b s e r v a t i o n s  from 

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

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

w e i g h t - f l o w  d i d  n o t  seem t o  e f f e c t  t h e  m e asu re d  v e l o c i t y  o f  

t h e  p a r t i c l e s .  A lso  t h e  v e l o c i t y  r a t i o  o f  t h e  p a r t i c l e  v e l o c ­

i t y  t o  t h e  a v e r a g e  v e l o c i t y  o f  t h e  a i r  s t r e a m  r e m a in ed  a con ­

s t a n t  f o r  t h e  p a r t i c l e  s i z e .

The f i l m s  were  " f o r c e "  p r o c e s s e d  so  a s  t o  i n c r e a s e  

t h e  e f f e c t i v e  ASA number o f  t h e  f i l m .  Appendix  I I  shows,  i n  

d e t a i l ,  t h e  s t e p s  t h a t  were  f o l l o w e d  t o  f o r c e  p r o c e s s  t h e s e  

f i l m s .

Flow Over a F l a t  P la te

The v e lo c i ty  o f  the  p a r t i c l e s  suspended in  the  a i r
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Figure (6.3) Particle Flow in Circular Pipe.
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s t r e a m  f l o w i n g  o v e r  t h e  smooth  f l a t  p l a t e  was computed  by t a k ­

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

i n i t i a l  p l a n s  were  t o  t a k e  t h e  p h o t o g r a p h s  a t  v a r i o u s  d i f f e r ­

e n t  p o s i t i o n s  and th e n  s u p e r im p o s e  them t o  o b t a i n  an a c c u r a t e  

p i c t u r e  o f  t h e  f low  o v e r  t h e  e n t i r e  p l a t e .  T h i s  p l a n  was 

s c r a p p e d  when i t  was a s c e r t a i n e d  t h a t  t h e r e  was no a x i a l  v e l o c ­

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

p l a t e .  The r e a s o n  t h a t  t h e  e n t i r e  p l a t e  o r  e v en  a l a r g e r  p a r t  

o f  t h e  p l a t e  was n o t  p h o t o g r a p h e d ,  was b e c a u s e  any l a r g e r  a r e a  

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

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

p r a c t i c a l  i m p o s s i b i l i t y .

The s t r o b e  l i g h t s  were  mounted on t h e  r o o f  o f  t h e  

w ind  t u n n e l .  The l i g h t  p e n e t r a t e d  i n t o  t h e  t u n n e l  t h r o u g h  

t h e  s l o t  i n  t h e  r o o f  o f  t h e  w ind  t u n n e l  w h ich  was t h e r e  f o r  

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

o f  t h e  t u n n e l .  T h i s  s l o t  was c o v e r e d  f o r  t h e  d a t a  t e s t  ru n s  

by  t h e  u se  o f  d u c t  t a p e  which  p r e v e n t e d  any s e c o n d a r y  f low s  

t h a t  m i g h t  o t h e r w i s e  have  b een  i n t r o d u c e d  by t h e  s l o t .  S in c e  

t h e  d u c t  t a p e  was n o t  t r a n s l u c e n t  i t  had  t o  be r e p l a c e d  i n  t h e  

p o r t i o n  j u s t  u n d e r n e a t h  t h e  l i g h t s .  In  t h a t  s m a l l  s e c t i o n  t h e  

t a p e  was r e p l a c e d  by a s t r i p  o f  t r a n s l u c e n t  p l a s t i c  t h a t  a l ­

lowed t h e  l i g h t s  t o  i l l u m i n a t e  t h e  t e s t  s e c t i o n  o f  t h e  wind 

t u n n e l .  F i g u r e  (6 .4 )  shows t h e  s c h e m a t i c  o f  t h e  t e s t  s e c t i o n .  

The t a p e ,  w i t h  th e  b l a c k  1 i n c h  s q u a r e s  i n  t h e  f i g u r e ,  was 

a t t a c h e d  o n t o  one o f  t h e  a c c e s s  d o o r s  o f  t h e  w ind  t u n n e l .

T h i s  t a p e ,  w i t h  i t s  1 i n c h  s q u a r e s ,  i s  u s e d  as  t h e  r e f e r e n c e
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S t r o b e  L i g h t s

A i r A i r

T es t P l a te

S i d e  View

S l o t  Through Roof f o r  P ro b e
T r a v e r s i n g ,  S e a l e d  When Not 
i n  Use\

A iri r

Strobe  Lights.

Top View

F i g u r e  (6 .4 )  P h o t o g r a p h i c  S e tu p  f o r  F l a t  P l a t e  E x p e r im e n t .

p o i n t  p r o v i d i n g  t h e  m a g n i f i c a t i o n  s c a l e  on e ac h  p h o t o g r a p h .  

A d j u s t m e n t s  had  t o  be made t o  t h e  r e f e r e n c e  p o i n t  t o  t a k e  i n t o  

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

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

n e l  and  t h e  r e f e r e n c e  p o i n t  was a t  t h e  w a l l  o f  t h e  t u n n e l .
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The e n t i r e  t e s t  s e c t i o n  o f  t h e  wind  t u n n e l  was p a i n t e d  w i t h  

a f l a t  b l a c k  c o a t  o f  p a i n t  t o  a v o i d  any g l a r e .  The window 

t h r o u g h  which  t h e  p h o t o g r a p h s  were  t a k e n  was e n t i r e l y  masked 

e x c e p t  f o r  t h e  p o r t i o n  th r o u g h  which  t h e  p h o t o g r a p h s  were 

t a k e n .  The m ask ing  o f  t h e  window r e d u c e d  any g l a r e  t h a t  m igh t  

h a v e  o c c u r r e d  from th e  l i g h t  r e f l e c t i n g  o f f  t h e  f l o o r  o f  t h e  

t u n n e l .  The p i c t u r e s  were  t a k e n  by t u r n i n g  o f f  a l l  l i g h t s  in  

t h e  h a n g a r  i n  which  t h e  w ind  t u n n e l  was l o c a t e d .  T h i s  p r e ­

v e n t e d  t h e  camera  image from b e i n g  r e f l e c t e d  i n  t h e  g l a s s .  

A n o th e r  p r e c a u t i o n  was t h e  m ask ing  o f  a l l  s h i n y  chrome p a r t s  

o f  t h e  camera .

The s t r o b e  l i g h t s  u s e d  were  t h e  same as  t h o s e  u sed  

i n  t h e  c i r c u l a r  p i p e  e x p e r i m e n t .  They were  u s e d  w i t h  t h e  same 

c o l o r  f i l t e r s  and were  c o n n e c t e d  t o  t h e  same t i m e  d e l a y  s y s te m .  

The t i m e  d e l a y  u s e d  was a l s o  t h e  same, 4010 m i l l i s e c o n d s .  The 

b l a c k  b a ck g r o u n d  u s e d  i n  t h i s  t e s t  was s e t t l e d  on a f t e r  a num­

b e r  o f  t e s t s  were  c o n d u c te d  on v a r i o u s  b a c k g r o u n d s .  The two 

c o l o r s  t h a t  w ere  a c c e p t a b l e  were  b l a c k  and 18 p e r c e n t  g r e y .

The camera  u s e d  was a Zenza B r o n i c a ,  model S-2 w i t h  

a N ik k o r  75 mm f - 2 . 8  l e n s .  The B r o n i c a  was ch o sen  b e c a u s e  o f  

i t s  l a r g e  n e g a t i v e  s i z e  ( 2 - 1 / 4  i n c h e s  by 2 - 1 / 4  i n c h e s )  g i v i n g  

a v e r y  h i g h  d e g r e e  o f  r e s o l u t i o n .  The 35 mm cam era  gave a 

much s m a l l e r  n e g a t i v e  and t h e  r e s o l u t i o n  o b t a i n e d  was p o o r .

The E k tachrom e 35 mm n e g a t i v e  a r e a  i s  1 .255 s q u a r e  i n c h e s  

w h e re a s  t h a t  o f  t h e  Ek tachrom e 120 i s  4 .6 3  s q u a r e  i n c h e s .

S i n c e  t h e  same a r e a  i s  b e i n g  p h o t o g r a p h e d ,  more d e t a i l  i s  p o s ­

s i b l e  on t h e  l a r g e r  s l i d e s .  F i g u r e  (6 .5 )  shows a p h o to g r a p h
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F i g u r e  (5 .5 )  P h o t o g r a p h i e  T e s t  S e tu p  f o r  V e l o c i t y  

Measurements  Over a F l a t  P l a t e .
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o f  t h e  e n t i r e  t e s t  s e t u p  f o r  t h e  p h o t o g r a p h i n g  o f  t h e  p a r t i c l e  

v e l o c i t i e s .

T h i r t y - s i x  p h o t o g r a p h s  were  t a k e n  a t  v a r i o u s  p a r t i c l e  

s i z e s ,  v e l o c i t i e s ,  and w e i g h t - f l o w  r a t i o s .  F i g u r e  (6 .6 )  shows 

t h e  p h o t o g r a p h s  o b t a i n e d .  The r e s u l t s  a r e  e x p l a i n e d  i n  d e t a i l  

i n  t h e  n e x t  c h a p t e r .  The f i n d i n g s  were  s i m i l a r  t o  t h o s e  

found  f o r  t h e  c i r c u l a r  p i p e  f l o w ,  i . e . ,  t h e  w e i g h t - f l o w  r a t i o  

d i d  n o t  e f f e c t  p a r t i c l e  v e l o c i t y ,  and t h e  v e l o c i t y  r a t i o  f o r  

a f i x e d  p a r t i c l e  s i z e  r e m a in e d  c o n s t a n t .

The f i l m  u sed  was a h ig h  sp e e d  "Ektachrome 120 Day­

l i g h t  C o lo r  B a lan c e  (5600°K) w i t h  a norm al  ASA r a t i n g  o f  160.  

The f i l m  was f o r c e d  p r o c e s s e d  t o  an ASA r a t i n g  o f  320 u s i n g  

t h e  t e c h n i q u e  o u t l i n e d  i n  Appendix  I I .  The f o c a l  s e t t i n g  u sed  

was an f - 2 . 8 .  T h i s  gave  a v e r y  n a r ro w  d e p t h  o f  f i e l d .  The 

cam era  was f o c u s e d  t o  a p l a n e  a t  t h e  c e n t e r  o f  t h e  w ind  t u n n e l .

The p h o t o g r a p h i c  t e c h n i q u e s  o u t l i n e d  i n  t h i s  c h a p t e r  

were  p e r f e c t e d  a f t e r  a l o n g  t r i a l  and e r r o r  p e r i o d .  I t  i s  

hoped  t h a t  t h i s  d e t a i l e d  d e s c r i p t i o n  w i l l  a i d  o t h e r  r e s e a r c h e r s  

i n  t a k i n g  s i m i l a r  ty p e  p i c t u r e s .  T h i s  t e c h n i q u e  c o u l d  be u sed  

i n  p ro b le m s  such  as  c a l c u l a t i o n  o f  decay  o f  p a r t i c l e  s i z e  from 

a n o z z l e  s p r a y .  The t e c h n i q u e  c o u l d  a l s o  be  u s e d  f o r  p a r t i c l e s  

s u s p e n d e d  i n  l i q u i d s  t h u s  e a s i l y  d e s c r i b i n g  f low  p a s t  b o d i e s  

o f  d i f f e r e n t  s h a p e s .



Figure (6.6) Particle Flow Over a Flat Plate.



CHAPTER VII

ANALYSIS OF RESULTS

In  C h a p t e r  5 i t  was shown t h a t  t h e  d a t a  o b t a i n e d  by 

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

by p r e v i o u s  r e s e a r c h e r s ,  which  i n d i c a t e d  t h a t  t h e  e q u i p m e n t ' s  

a c c u r a c y  was v e r y  a c c e p t a b l e .  The n e x t  s t e p  was t h e  g a t h e r i n g  

o f  d a t a  by t h e  method d e s c r i b e d  i n  t h e  same c h a p t e r .  The d a t a  

a r e  p r e s e n t e d  h e r e  i n  g r a p h i c a l  form r a t h e r  t h a n  i n  t a b u l a r  

form t h e r e b y  making e v a l u a t i o n  much e a s i e r .

An a t t e m p t  w i l l  a l s o  be made t o  e x p l a i n  most o f  t h e  

o b s e r v a t i o n s  and some l i n k s  t o  t h e  t h e o r e t i c a l  b a c k g ro u n d  w i l l  

be s u g g e s t e d .  T h i s  w i l l  be i n  t h e  form o f  e x p l a n a t i o n s  show­

i n g  t r e n d s  r a t h e r  t h a n  q u a n t a t i v e  r e s u l t s .  An a t t e m p t  w i l l  

a l s o  be made t o  e x p l a i n  some o f  t h e  f i n e r  p o i n t s  o b s e r v e d  in  

t h e  t e s t  r u n s .

D a ta  O b s e r v a t i o n s  

Flow Through a C i r c u l a r  Smooth P ipe

The t e s t s  i n d i c a t e  t h a t  when p a r t i c l e s  a r e  su sp en d ed  

i n  t h e  a i r  s t r e a m  t h e y  re d u c e  t h e  s k i n - f r i c t i o n  c o e f f i c i e n t s  

as  compared t o  t h e  f low  o f  c l e a n  a i r  t h r o u g h  t h e  same c i r c u l a r

139
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smooth p i p e  a t  t h e  same f lo w  r a t e .  The e f f e c t  o f  Reynolds  

number,  p a r t i c l e  d i a m e t e r ,  and w e i g h t - f l o w  r a t i o  p l a y  a v e ry  

i m p o r t a n t  r o l e  i n  t h i s  phenomenon.  Each o f  t h e s e  p a r a m e t e r s  

and  t h e i r  e f f e c t  on t h e  t o t a l  p i c t u r e  w i l l  be i n v e s t i g a t e d .

The Reyno lds  number was v a r i e d  from c l o s e  t o  t h e  

l a m i n a r  r e g i o n  (Re = 9 .5  x 10^) t o  h i g h  i n  t h e  f u l l y  d e v e lo p e d  

t u r b u l e n t  r e g i o n  (Re = 6 . 3  x 1 0 ^ ) .  The w e i g h t - f l o w  r a t i o  

(Wp/W^) o f  p a r t i c l e s  t o  a i r  v a r i e s  from a b o u t  0 .0 2 5  t o  a b o u t  

4 . 0 .  F i g u r e s  (7 .1 )  t h r o u g h  (7 .5 )  show t h e  e f f e c t  o f  d u s t y  a i r  

t h r o u g h  a smooth c i r c u l a r  p i p e  on t h e  p r e s s u r e  d ro p  a t  th e  

t e s t  s e c t i o n .  T h i s  r e d u c t i o n  i n  p r e s s u r e  d ro p  i s  d i r e c t l y  

e q u i v a l e n t  t o  t h e  r e d u c t i o n  o f  t h e  s k i n - f r i c t i o n  d r a g  i n  t h i s  

s e c t i o n .  As can be seen  from t h e s e  r e s u l t s  t h e  maximum r e d u c ­

t i o n  o f  t h e  s k i n - f r i c t i o n  d r a g  o c c u r s  i n  t h e  low R eynolds  num­

b e r  end  o f  t h e  t u r b u l e n t  f low  r e g i o n .  T h i s  e f f e c t  i s  v e ry  

p r o m i n e n t  f o r  s m a l l  p a r t i c l e s  s u sp e n d e d  i n  t h e  f lo w  s t r e a m .  

F i g u r e s  (7 .6 )  t h r o u g h  (7 .8 )  show t h e  e f f e c t  o f  p a r t i c l e  s i z e  

a t  a c o n s t a n t  w e i g h t  f low  o f  t h e  p a r t i c l e s .  A lso  t h e  e f f e c t  

o f  R eyno lds  number i s  v e r y  o b v io u s  i n  t h e s e  F i g u r e s .  The 

t r e n d s  o b s e r v e d  in  t h e  F i g u r e s  a g r e e  w e l l  w i t h  t h o s e  o b s e r v e d  

by Thomas (23) i n  h i s  t e s t s  o f  aqueous  s o l u t i o n s  o f  t h o r i u m  

o x i d e ,  as  d e s c r i b e d  i n  C h a p t e r  2.

F i g u r e  (7 .9 )  shows t h e  e f f e c t  o f  p a r t i c l e  s i z e  on 

t h e  R eynolds  number f o r  maximum d r a g  r e d u c t i o n .  The Reynolds  

number r a n g e  v a r i e s  from Re = 1 .8  x lo** t o  Re = 4 .04  x lo** 

f o r  p a r t i c l e  s i z e s  v a r y i n g  from 15 m ic ro n s  t o  1680 m ic r o n s .



en(Cs-iQ

O
• H
-PO
• H

c
- H
Aiœ
co

• H
4->O3

«
4-1CQJOP0)Oj

10Re
10Re40
10Re
102.82Re
101.82Re
101.3830 Re
10Re ■O

0.945 10Re

20

10

—  —O

0

Weight Flow (lb./min.)

Figure (7.1) Reduction of Drag in a Circular Pipe (ISy)



t7>(dMQ
C0•H+JU-r4
h1
C•H
to
ao-iH

4-1O

pi
4->C0)UM0)CM

10
10
10
10

Re
Re
Re
Re

10
10
10
10

Re
Re
Re
Re

20
0. 945

NJ10

1.0 2 . 0 3.0 4 . 0
Weight Plow (Ib./inin.)

Figure (7.2) Reduction of Drag in a Circular Pipe (lOOy)



XJ\
rdUQ

§-H
-PO
WpL,
c-H
CO

mo
Co-H-pÜ3Tl0)«
-P
§ÜPOJp,

20.0  -

1 0 . 0  -

o  - Re = 6.3
^  — Re = 5.4
o  - Re = 2.8
V  - Re = 1.8
0  - Re = 1.4
O  - Re = 1.2

1.0 2.0 3.0

Weight Flow of Particles (Ib./min.)

Figure (7.3) Reduction of Drag in a Circular Pipe (200y)



tJlnJnQ
CO-H+JO

- r4w

C-H
XW
cr4
co-H
4-1Ü0T3
«
4J
gUM(U

X 10 
X 10

O  - Re 
A  - Re30 4.04 X 100  - Re 
O  -  Re 
V  -  Re 
O  - Re

X 10
1.82 X 10
1.38 X 1020

10

A  A

0 5.0 6.04.03.01.0 2.0

a»

Weight Flow (lb. /rain. )

Figure (7.4) Reduction of Drag in Circular Pipe (840y)



fd
Q
CO
+JÜ
- r - i

k
C

- H
Aiw
C

co-H+JO
■S

-pc0)u5-1(ÜCM

O — Re 
A  -  Re 
□  — Re

20

10

A - £î_
-o-

W eigh t Flow ( I b . / m i n . )

A.U1

Figure (7.5) Reduction of Drag in Circular Pipe (1680y)



-pc0)H
U

• Hm4-1
<D
8

S
- H
+ »
O

- H
P

n
H
M03

0 .03

0 . 02

0.01

O
V
Q
A
O
O

1680y 
840y 
200y 
lOOy 
15y 

Clean Air

CTl

1.0 2 . 0 3.0 4.0 5.0 6.0 7.0
Reynolds Number x 10'

Figure (7.6) Friction Resistance of a Smooth Circular Pipe in Dusty Air 
(W = 1.0 Ib./min.)



4-1C<U-HÜ•H4-1
4-1(U
8
c0-H
4-1 U
-r45-1b-i
C-HM01

0.03
V  - 1680y

15y 
Clean Air

o  -

0 . 0 2

0 .015 1.0 2 . 0 3.0 4.0 5.0 6.0

Reynolds Number (Re = pVD/y) x 10'

Figure (7.7) Friction Resistance of a Smooth Circular Pipe in Dusty Air Weight 
Flow (2 Ib./min.).



4JC
Q)-HO

■rH

m
<u
8
co-H
-PÜ
s-tCm
C-r4
CO

0.03

0 . 0 2

1 6  8 0  ij

8 4 0  y

200  y
100 y

C l e a n  A i r

0.01 _L _ L _L

4̂
00

_ L _ L _L

Figure (7.8)

1.0 2.0 3.0 4.0 5.0 6.0 7.0
Reynolds Number (Re = pVD/y) x 10 

Friction Resistance of a Smooth Circular Pipe in Dusty Air 
(W = 3.0 Ib./min.)



I
o

u0)

0g
U)'ü

I—Ioc
>1

w

5 .

4 .

3 .

\£>

2 .

1 .

160014001 0 0 0 1 2 0 08002 00 400 600

Figure (7.9)
Bead Size ( y)

Reynolds Number For Maximum Drag Reduction For Circular Pipe Flow 
at Various Particle Sizes.



cr>nJ
Q
Co-H+Ju

- H
5-1k
C-M
tn
4-1o
co

- H+Ju
3̂

- PC0)U
5-1
OJC4

40 -

30 -

20  -

10  -

These Curves Hold For Any Reynolds Number 
in the Fully Turbulent Flow Range.

o - 15y
A -  l o o y
□ - 2 0 o y
V - 840U
o -1680y
O -  2 to

U1
o

(Olson and 
McCarthy)

1 . 0  2 . 0  

Weight Flow Ratio (Wp/Wg = Wp/KRe)
3.0

Figure (7.10) Reduction of Skin Friction Drag in Circular Pipe at Various Weight Flow 
Ratios.



151
F i g u r e  (7 .10)  shows t h e  e f f e c t  o f  t h e  w e i g h t - f l o w  r a t i o  

on. p e r c e n t  r e d u c t i o n  o f  t h e  s k i n - f r i c t i o n  d r a g .  A com p ar i so n  

i s  a l s o  shown w i t h  t h e  d a t a  o f  O lson  and McCarthy (33) f o r  2 t o  

60 m ic ro n  s i z e  p a r t i c l e s .  The w e i g h t - f l o w  r a t i o  g i v i n g  maximum 

change  i n  s k i n - f r i c t i o n  d r a g  i s  a b o u t  1 .0  t o  1 .5  f o r  a l l  p a r t i ­

c l e s  s i z e s .  The w e i g h t - f l o w  r a t i o  may a l s o  be w r i t t e n  i n  t e rm s  

o f  Reyno lds  number.  T h i s  r e l a t i o n s h i p  i s  o b t a i n e d  as  shown;

W W

g — P

T h e r e f o r e ,

W W

g

where  K = t n d / 4 .  In  t h i s  manner  F i g u r e  (7 .1 0 )  can be u s e d  t o "

c a l c u l a t e  t h e  p e r c e n t  r e d u c t i o n  i n  d r a g  f o r  any p i p e  s i z e  and

f l o w ,  t h u s  making  F i g u r e  (7 .10)  a v e r y  v e r s a t i l e  and u s e f u l

r e f e r e n c e .

Flow Over a F l a t  P l a t e

The d r a g  o f  t h e  f l a t  p l a t e  was f i r s t  m easu red  i n  c l e a n  

a i r  as d e s c r i b e d  i n  C h a p t e r  5.  The c l o s e  a g re em e n t  a c h i e v e d  

b e tw een  t h e s e  r e s u l t s  and t h o s e  o b t a i n e d  by o t h e r  r e s e a r c h e r s  

i n d i c a t e d  t h a t  t h e  a c c u r a c y  o f  t h e  s y s t e m  was a d e q u a t e .  The 

n e x t  s t e p  was c o n n e c t i n g  t h e  p a r t i c l e  f e e d  sy s te m .  T h i s  s y s ­

tem b lew  a i r  and p a r t i c l e s  up from t h e  f l o o r  o f  t h e  t u n n e l  i n ­

t o  t h e  main a i r  s t r e a m .  To be a b s o l u t e l y  s u r e  t h a t  t h e  s k i n -  

f r i c t i o n  v a r i a t i o n  on t h e  f l a t  p l a t e  was due t o  t h e  p a r t i c l e s  

s u s p e n d e d  i n  t h e  a i r  s t r e a m  and n o t  due t o  t h e  i n j e c t e d  a i r ,
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t h e  e x p e r i m e n t  was f i r s t  c o n d u c te d  w i th  t h e  f e e d  s y s te m  b low ­

i n g  c l e a n  a i r  t h r o u g h  t h e  s l o t  i n  t h e  f l o o r  o f  t h e  wind  t u n n e l .  

The t u n n e l  was s t a r t e d  and  d ra g  m easu rem en ts  on t h e  f l a t  p l a t e  

w e re  o b s e r v e d  w i t h  t h e  m i x t u r e  o f  t h e  two f low  s t r e a m s  f l o w i n g  

o v e r  t h e  p l a t e .  T h e re  was no s i g n i f i c a n t  change  i n  t h e  d r a g  

o b s e r v e d .  Thus i t  was now p o s s i b l e  t o  l e t  t h e  b lo w e r  i n j e c t  

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

e v a l u a t e  t h e  e f f e c t  o f  t h e  p a r t i c l e s  on t h e  d ra g  o f  t h e  f l a t  

p l a t e .

The p a r t i c l e s  s u sp e n d e d  i n  t h e  a i r  s t r e a m  r e d u c e d  

t h e  s k i n - f r i c t i o n  d r a g  on t h e  f l a t  p l a t e  i n  a manner v e r y  s im ­

i l a r  t o  t h a t  e x p e r i e n c e d  i n  t h e  c i r c u l a r  p i p e  f lo w .  The w e i g h t  

f lo w  o f  t h e  p a r t i c l e s  was b a s e d  on t h e  amount o f  p a r t i c l e s  j u s t  

above  t h e  p l a t e  and w i t h i n  t h e  b o u n d a ry  l a y e r .  T h e r e f o r e ,  t o  

o b t a i n  t h e  e f f e c t i v e  w e i g h t  f low  o f  t h e  p a r t i c l e s  t h e  a c t u a l  

w e i g h t  f lo w  m e asu re d  was m u l t i p l i e d  by t h e  r a t i o  o f  two a r e a s .  

The f i r s t  a r e a  was b a s e d  on t h e  f l a t  p l a t e  w i d t h  and t h e  b ound­

a r y  l a y e r  o f  t h e  p l a t e  and t h e  s ec o n d  was b a s e d  on t h e  wind 

t u n n e l  w i d t h  and t h e  p a r t i c l e  l a y e r ,  w h ich  v a r i e d  from 2 t o  4 

i n c h e s .  The f a c t o r s  w hich  were  p r o m i n e n t  i n  t h e  p i p e  f low  

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

Reyno lds  number ,  w e i g h t - f l o w  r a t i o ,  and p a r t i c l e  s i z e .

F i g u r e s  (7 .1 1 )  t h r o u g h  (7 .1 6 )  show t h e  e f f e c t  o f  

p a r t i c l e  f low  i n  r e d u c i n g  t h e  s k i n - f r i c t i o n  d r a g  o v e r  a f l a t  

p l a t e .  The p a r t i c l e  s i z e  was v a r i e d  f rom  100 m ic ro n s  t o  1680 

m i c r o n s .  The s i l i c a  f l o u r  was n o t  u s e d  s i n c e  t h e r e  was no 

r e a l l y  a d e q u a t e  way o f  r e c o v e r i n g  t h e  p a r t i c l e s .  The min-



153

(0
MQ
C

•W

8
•H
■P
U
3
T3
K
P
C
(Uü
k(ü
A

Q)U)(Ü
0)P
U
c
H

4J cn 
C 3 0) k 
U Û U
0) ü 
Pi "H

80

G - R e = l . 51x10® 

A - R e = l . 25x10® 

□  - R e = l . 09x10® 

V - R e = 0 . 89x10® 
O - R e = 0 . 78x10® 

0  - R e = 0 . 626x10

50

40

30

20

10

Weight  Flow ( I b . / m i n . )10

Figure (7 .11)  Reduction o f  Skin F r ic t io n  Drag for  a
Smooth F la t  P la te  (lOOy).



154

60

tp
(0
p
c•H
co
■pÜ
0
Q)
Pi
■P
CQ)UP
0)
A

0tnfd
0)u
u
c
H

■P CP 
CJ (d 0 P 
U P  
p
(U cA -P

50

40 -

30 -

20

10 -

10 -

0 -  Re = 0 .7 8 X 10

□ -  Re = 0 .7 4 X 10

<D -  Re = 0 .7 X 10

0 -  Re = 0 .66 X 10

A -  Re = 0 .6 3 xlO?

W eight  Flow R a t i o  ( I b . / m i n . )

Figure (7.12] Reduction o f  Skin F r ic t io n  Drag for
a Smooth F l a t  P la t e  (lOOy).



155

CP(t)
Q
a•H
(Uw
(C
Q)
MU
<U
O
-M
a0)
uM
0)
A

50 -

40

30

20 f

10 t-

Cn
(du
a
c•H
0)U]
Id
Q)k
u
C
H

+J
C0)uU
0)
A

10 h

20

o  - Re = 7.,8 X 105

V  - Re = 8.,9 X 105

0  - Re = 1.,1 X 10®
A  - Re = 1.,3 X 10®

0  - Re = 1,,5 X 10®

0  _ Re = 6,.3 X 10®

1 . 0  ^  . 0  

W eight  Flow P a r t i c l e s  ( I b . / m i n . )

< o

Figure (7.13)  Reduction o f  Skin F r ic t i o n  Drag
For a Smooth F la t  P la te  (200p) .



156

O  — R g

□ -  Re 
A -  Re

c
0

• H
-p
u
d
'ü

trin)
k
Q ( I b . / m i n . )Weight Flow
c'H
Q)

tC
Q)
k
u
C

H

+Jaou
k
(U
A Figure (7 .14)  Reduction of  Skin F r ic t io n  Drag For

a Smooth F la t  P la te  (200y) .



40

tnmi-lQ
c-H
co•H4->O
rg
«
-Pc0)o
Q)A

30 h

20 r

10 -

G  - Re = 1.51 X 10 ̂
A  - Re = 1.25 X 10^
□  - Re = 1.0 9 X 10®
O  - Re = 0.89 X 10®
V  - Re = 0.78 X 10®
o  - Re = 0.74 X 10®

1.0 2 . 0 3.0 4 . 0 5.0 6 . 0 7.0 8 . 0

Weight Flow (Ib./min.)

Figure (7.15) Reduction of Skin Friction Drag for a Smooth Flat Plate (840y)



tr>(dMQ
O  -  Re 

A  - Re 
□  - Re

c

Go

1.0 2 . 0 3.0 4.0 5 . 0 6 . 0 7.0 8 . 0

Weight Flow (Ib./min.)

Figure (7.16) Reduction of Skin Friction Drag for a Smooth Flat Plate (1680#).



11.0

10.0

I
o
r—I

X

(ü

Lnvo

2 0 0 400 800 1 0 0 00 600 1 2 0 0 1400 1600
Bead Size (y)

Figure (7.17) Reynolds Number For Maximum Drag Reduction For Flat Plate Flow at
Various Particle Sizes.



160
imum r e d u c t i o n  i n  s k i n - f r i c t i o n  d ra g  e x i s t e d  a t  Reynolds  num­

b e r s  a t  t h e  low end  o f  t h e  t u r b u l e n t  f low  r e g i o n .  F i g u r e  

(7 .1 7 )  shows t h e  e f f e c t  o f  p a r t i c l e  s i z e  on t h e  Reynolds  num­

b e r  f o r  maximum d r a g  r e d u c t i o n .  The e f f e c t  o f  p a r t i c l e  s i z e  

was a l s o  s i m i l a r  t o  t h e  p i p e  f low  e x p e r i m e n t ,  t h e  s m a l l e s t  

p a r t i c l e  s i z e  g i v i n g  t h e  l a r g e s t  r e d u c t i o n  i n  d r a g  a t  t h e  same 

w e i g h t - f l o w  o f  t h e  p a r t i c l e s .  F i g u r e s  (7 .18)  t h r o u g h  (7 .20)  

show t h i s  e f f e c t .  I t  s h o u l d  a l s o  be p o i n t e d  o u t  t h a t  a t  t h e  

h i g h  R eyno lds  number t h e  change i n  s k i n - f r i c t i o n  d r a g  i s  n o t  

a s  s i g n i f i c a n t .  Th i s  a g r e e s  w i t h  t h e  t r e n d  shown p r e v i o u s l y  

i n  t h e  p i p e  f low  e x p e r i m e n t ,  b o t h  i n  t h i s  r e p o r t  and i n  t h e  

t h o r i u m  o x i d e  aqueous  s o l u t i o n  e x p e r i m e n t  c a r r i e d  o u t  by Thom­

as ( 2 3 ) .

The e f f e c t  o f  w e i g h t - f l o w  r a t i o  on t h e  s k i n - f r i c t i o n  

d r a g  i s  shown i n  F i g u r e  ( 7 . 2 1 ) .  The w e i g h t - f l o w  r a t i o  may be 

m o d i f i e d ,  as  i n  t h e  c a s e  o f  t h e  c i r c u l a r  p i p e  f lo w ,  t o  be a 

f u n c t i o n  o f  Reynolds  number and p l a t e  s i z e  as shown by t h e  

f o l l o w i n g  r e l a t i o n s h i p s :

W W

g

w w
_ £  = ________ E________
^ g  ( p V 6 )  ( w ^ )  ( ^ )  ( ^ )

W W

^  K('Re ) g X

where  K = (S/x(w^y).  In  t h i s  manner  i t  i s  now p o s s i b l e  t o  

e v a l u a t e  t h e  e f f e c t  o f  p a r t i c l e  f low  on any s i z e  p l a t e  i n  a 

f low  s t r e a m  a t  z e r o  a n g l e  o f  i n c i d e n c e .
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V e l o c i t y  o f  P a r t i c l e s

The v e l o c i t y  o f  p a r t i c l e s  i n  t h e  a i r  s t r e a m  i n  t h e  

m a j o r i t y  o f  p r e v i o u s  i n v e s t i g a t i o n s  was assumed t o  be t h e  same 

as  t h e  a i r  s t r e a m .  The a s s u m p t io n  in  most c a s e s  was q u i t e  

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

u n d e r  200 m ic ro n s  i n  d i a m e t e r .  The p a r t i c l e  s i z e s  u n d e r  i n v e s ­

t i g a t i o n  i n  t h i s  r e p o r t  v a ry  from 15 m ic ro n s  t h r o u g h  1680 m ic­

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

v e l o c i t y  p l a y s  an i m p o r t a n t  r o l e .  S i n c e ,  i n  t h i s  r e p o r t ,

W /W was v a r i e d  from 0 .0  t o  3 .0  i n  the  c i r c u l a r  p i p e  e x p e r i -  
P g

m e n ts ,  i t  was i m p o r t a n t  t o  i n v e s t i g a t e  w h e t h e r  o r  n o t  a t  t h e  

h i g h  w e i g h t - f l o w  r a t i o  t h e r e  was an i n t e r a c t i o n  b e tw een  t h e  

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

V e l o c i t y  o f  p a r t i c l e s  i n  t h e  c i r c u l a r  p i p e .  The 

p h o t o g r a p h s  o f  t h e  f low  i n  t h e  c i r c u l a r  p i p e  were  t a k e n  i n  t h e  

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

i o u s  a i r  v e l o c i t i e s  and d i f f e r e n t  p a r t i c l e  s i z e s .  F i g u r e  (7 .22)  

shows t h e  v e l o c i t y  o f  t h e  p a r t i c l e s  a t  v a r i o u s  p a r t i c l e  s i z e s .

As one may have  o b s e r v e d  i n  b o th  t h e s e  F i g u r e s  no  

v a l u e s  a r e  g iv e n  f o r  t h e  w e i g h t - f l o w  r a t i o .  T h i s  i s  due t o  

t h e  f a c t  t h a t  no v a r i a t i o n  was found  t o  e x i s t  b e tw een  t h e  

p a r t i c l e - a i r  v e l o c i t y  r a t i o  and t h e  p a r t i c l e - a i r  w e i g h t - f l o w  

r a t i o .  T h i s  i n d i c a t e d  t h a t  t h e r e  was v e r y  l i t t l e  i n t e r a c t i o n  

b e tw een  t h e  p a r t i c l e s .  A lso  from t h e  F i g u r e s  (7 .22)  and (7 .2  3) 

i t  i s  o b v io u s  t h a t  t h e  v e l o c i t y  r a t i o  i s  o n ly  a  f u n c t i o n  o f  

p a r t i c l e  s i z e .
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V e l o c i t y  o f  p a r t i c l e s  o v e r  a f l a t  p l a t e .  The p a r t i ­

c l e s  f l o w i n g  o v e r  t h e  f l a t  p l a t e  were p h o t o g r a p h e d  a t  4 i n c h e s  

above t h e  p l a t e  i n  t h e  c e n t e r  v e r t i c a l  p l a n e  o f  t h e  wind t u n n e l .  

F i g u r e s  (7 .23 )  and (7 .24)  show t h e  v e l o c i t y  o f  t h e  p a r t i c l e s  

as  compared  t o  t h e  a i r  s t r e a m .  The v e l o c i t y  r a t i o  i s  o n l y  a 

f u n c t i o n  o f  p a r t i c l e  s i z e  as  was t h e  c a s e  i n  t h e  c i r c u l a r  p i p e .  

The v e l o c i t y  r a t i o  f o r  t h e  c a s e  o f  t h e  f l a t  p l a t e  was s l i g h t l y  

g r e a t e r  f o r  t h e  same p a r t i c l e  s i z e  t h a n  i n  t h e  c a s e  o f  t h e  c i r ­

c u l a r  p i p e  f lo w .  T h i s  may be a t t r i b u t e d  t o  t h e  f a c t  t h a t  i n  

t h e  c a s e  o f  t h e  f l a t  p l a t e  t h e  p a r t i c l e s  a r e  i n j e c t e d  i n t o  t h e  

f low  s t r e a m  w i t h  a f i n i t e  f o r w a r d  v e l o c i t y ,  w h i l e  i n  t h e  c a s e  

o f  t h e  c i r c u l a r  p i p e  t h e  i n i t i a l  i n j e c t i o n  v e l o c i t y  was z e r o  

i n  t h e  f o r w a r d  d i r e c t i o n .  I f  t h e  p a r t i c l e - a i r  m i x t u r e  d i d  n o t  

have  enough t im e  t o  come i n t o  e q u i l i b r i u m  on t h e  f l a t  p l a t e ,  

t h e n  t h e  p a r t i c l e - a i r  v e l o c i t y  r a t i o  m ig h t  r e a d  h i g h e r  t h a n  

f o r  an e q u i l i b r i u m  f low .  A n o th e r  p o s s i b l e  r e a s o n  f o r  t h e  h i g h e r  

p a r t i c l e - a i r  m i x t u r e  v e l o c i t y  r a t i o  on t h e  f l a t  p l a t e  i s  t h a t  

a t  a f i x e d  e l e v a t i o n  above t h e  f l o o r  i n  t h e  b o u n d a ry  l a y e r ,  a 

d e c e l e r a t i o n  o f  t h e  f low  e x i s t s  i n  t h e  downst ream d i r e c t i o n .

The i n e r t i a  e f f e c t s  o f  t h e  heavy  p a r t i c l e s  would  t e n d  t o  main­

t a i n  a h i g h e r  s p e e d .

D i s c u s s i o n  and Theory

The e f f e c t  o f  a d d in g  d u s t  t o  c l e a n  a i r  f l o w i n g  in  

a t u r b u l e n t  m o t io n  i s  t h e  r e d u c 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  o f  t h e  s u r f a c e  i n  c o n t a c t  w i t h  i t .  P a r t i c l e  s i z e ,  

w e i g h t - f l o w  r a t i o ,  and R eynolds  number a r e  t h e  m os t  i m p o r t a n t .
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A f t e r  e x am in in g  t h e  t h e o r y  p r o p o s e d  by o t h e r  r e s e a r c h ­

e r s  i n  t h i s  a r e a ,  n o t a b l y  Lumley (36) and Saffm an (28 and 2 9 ) ,  

i t  was f e l t  t h a t  t h e  Reyno lds  s i m i l a r i t y  p a r a m e t e r  c o u l d  be 

used  t o  d e s c r i b e  t h e  f low  phenomena i n  d u s t y  a i r .  Saffman (2 9 ) ,  

i n  h i s  t h e o r e t i c a l  i n v e s t i g a t i o n  o f  s m a l l  s i z e  p a r t i c l e  f low  

i n  d u s t y  a i r ,  c o n c lu d e d  t h a t  t h e  change i n  d e n s i t y  was a m a jo r  

f a c t o r  c o n t r i b u t i n g  t o  t h e  change  i n  R eynolds  number .  S in c e  

h i s  a n a l y s i s  was b a s e d  on t h e  f a c t  t h a t  t h e r e  was no s l i p  v e ­

l o c i t y  and no change  i n  v i s c o s i t y  o f  t h e  m i x t u r e ,  i t s  a p p l i ­

c a t i o n  was r a t h e r  l i m i t e d .

The a n a l y s i s  o u t l i n e d  i n  t h i s  r e p o r t  a ssumes  t h a t ,  

i f  an e f f e c t i v e  R eynolds  number can be d e f i n e d  a p p r o p r i a t e l y ,  

t h e  p l o t  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 g a i n s t  e f f e c t i v e  Reynolds  

number w ould  form a s i n g l e  c u r v e  r e g a r d l e s s  o f  p a r t i c l e  s i z e .

The f i r s t  s t e p  was t h e  i n v e s t i g a t i o n  o f  t h e  e f f e c t  o f  d e n s i t y  

change  on Reyno lds  number.  A f t e r  c a l c u l a t i n g  t h e  Reynolds  

number b a s e d  on t h e  d e n s i t y  o f  t h e  m i x t u r e .

H e .  " p  '  ' g ' Y ..
M

and p l o t t i n g  i t  a g a i n s t  t h e  s k i n - f r i c t i o n  c o e f f i c i e n t ,  i t  was 

found  t h a t  f o r  t h e  100 m ic ro n  and 200 m ic ro n  p a r t i c l e s  a s i n g l e  

c u r v e  c o u l d  be drawn.  However,  f o r  t h e  s m a l l e s t  p a r t i c l e  s i z e  

t h e  p o i n t s  f e l l  be low t h i s  c u r v e ,  and f o r  t h e  l a r g e r  p a r t i c l e  

s i z e s  t h e  p o i n t s  f e l l  above t h e  c u r v e .  B ecause  t h e r e  e x i s t s  

a s l i p  v e l o c i t y  f o r  t h e  l a r g e r  p a r t i c l e s ,  t h e  R eyno lds  number 

was f u r t h e r  m o d i f i e d  by t a k i n g  i n t o  a c c o u n t  t h e  a v e r a g e  v e l o c ­

i t y  o f  t h e  medium. T h i s  d e f i n i t i o n  o f  t h e  e f f e c t i v e  Reynolds
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number,

y

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

s i z e s .  However t h i s  change d i d  n o t  a c c o u n t  f o r  t h e  s m a l l e s t  

p a r t i c l e  s i z e  b e c a u s e  f o r  t h e s e  p a r t i c l e s  no s l i p  v e l o c i t y  

e x i s t s .  A check  was made t o  s ee  i f  t h e  r e s u l t s  o b t a i n e d  f o r  

t h e  s m a l l e s t  p a r t i c l e  s i z e  were c o r r e c t .  F i g u r e  (7 .10 )  shows 

t h a t  t h e  r e s u l t s  compared f a v o r a b l y  w i t h  t h a t  o b t a i n e d  by 

McCarthy and O lson .  A lso  f u r t h e r  checks  w i t h  o t h e r  p u b l i s h e d  

d a t a  i n d i c a t e d  t h a t  t h e  r e s u l t s  were  a c c u r a t e .  T h e r e f o r e ,  i f  

t h e  a s s u m p t io n  t h a t  t h e  e f f e c t i v e  Reynolds  number d e s c r i b e s  

t h i s  f lo w  phenomenon was t o  be c o r r e c t  t h e n  t h e  v i s c o s i t y  o f  

t h e  g a s  had  t o  be  m o d i f i e d .  From t h e  g r a p h  i t  was n o t e d  t h a t  

th e  v i s c o s i t y  was r e d u c e d  f o r  t h e  d u s t  c l o u d  ( s m a l l e s t  s i z e  

p a r t i c l e s )  and was i n c r e a s e d  f o r  t h e  l a r g e  s i z e  p a r t i c l e s  s u s ­

pended  i n  t h e  a i r  s t r e a m .

The c a l c u l a t i o n  o f  t h e  v i s c o s i t y  o f  t h e  p a r t i c l e - a i r  

m i x t u r e  v a r i e s  c o n s i d e r a b l y  w i t h  t h e  p a r t i c l e  s i z e .  I n  t h e  

e x p e r i m e n t s  c o n d u c te d  h e r e  t h e r e  were  b a s i c a l l y  two t y p e s  o f  

f low .  The f i r s t  t y p e  o f  f low  c o n s i s t e d  o f  a " c l o u d  o f  p a r t i ­

c l e s "  s u sp e n d e d  i n  an a i r  s t r e a m .  The s econd  t y p e  o f  f lo w  con­

s i s t e d  o f  a d i l u t e  sy s tem  o f  l a r g e  s i z e d  s p h e r e s  s u sp e n d e d  i n  

an a i r  s t r e a m .  The two sy s tem s  w i l l  be t r e a t e d  d i f f e r e n t l y  

s i n c e  no s i n g l e  e q u a t i o n  a d e q u a t e l y  g i v e s  t h e  v i s c o s i t y  o f  

t h e  m i x t u r e .
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The c a s e  o f  t h e  d i l u t e  s y s t e m  o f  s p h e r e s  h a s  been 

examined  i n  d e t a i l  by many r e s e a r c h e r s .  The b e s t  known o f  t h e  

numerous v i s c o s i t y  fo r m u lae  i s  t h e  E i n s t e i n  f o r m u la  (4 8 ) .  The 

E i n s t e i n  E q u a t i o n  i s  b a s e d  on t h e  S to k e s  E q u a t i o n ,  which  h o l d s  

f o r  s m a l l  R eynolds  num bers .  T h i s  e q u a t i o n  i s  o b t a i n e d  by mod­

i f y i n g  t h e  g e n e r a l  N a v i e r - S t o k e s  E q u a t i o n  f o r  a s t e a d y  f low 

o f  an i n c o m p r e s s i b l e  f l u i d .  The s t e a d y  N a v i e r - S t o k e s  E q u a t io n  

i s :

V . VV = - 1 / p  VP +  n / p  AV. ( 7 . 5 )

The term, V • VV may be neglected i f  the Reynolds number is 

small, and the equation of motion reduces to a linear equation,

nAV -  VP = 0 (7 .6 )

The effect on a single sphere immersed in a fluid having a 

constant velocity gradient, was then considered. The unper­

turbed flow was described by a linear velocity profile. With 

these conditions Stokes Equation was solved for the velocity 

and pressure. To calculate the effective viscosity the next 

step was the calculation of the mean value of the momentum.

The calculation is based on a single particle fully immersed 

in the fluid. Since the concentration of the suspension is 

small the results can be multiplied by the concentration of 

the suspension. The following equation is obtained for the 

effective viscosity as shown in Landau and Lifshitz ( 4 5 ) :

V = p [ l  + (5/2)4)] (7 .7 )

where (j) = ( l /6 )a^ N ^,  the r a t i o  o f  the t o t a l  volume o f  the sphere

to  the t o t a l  volume o f  the suspension .
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The E i n s t e i n  f o r m u l a ,  a s  shown a bove ,  i s  r e s t r i c t e d  

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

Knudsen numbers  t e n d i n g  t o  z e r o ,

Kn = X/a  ^  0 (7 .8 )

which a l s o  i n d i c a t e s  t h a t  t h e  f lo w  i s  c o n s i d e r e d  t o  be p h y s i c a l ­

l y  c o n t i n u o u s .

F o r  t h e  f low  c o n s i s t i n g  o f  a c l o u d  o f  p a r t i c l e s  t h e  

E i n s t e i n  f o r m u l a  does  n o t  h o l d  s i n c e  i n  t h i s  c a s e  t h e  s p h e r e  

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

l a r g e .  A lso  e x am in in g  t h e  Knudsen number  f o r  t h e s e  p a r t i c l e s  

(Kn = 0 . 0  3) i t  i s  o b s e r v e d  t h a t  t h e  f low  o f  g a s e s  i n  t h i s  

r a n g e  i s  c a l l e d  t h e  s l i p  f lo w .  The E i n s t e i n  f o r m u l a  h o l d s  i n  

t h e  c o n t in u m  f lo w  ra n g e  (Kn •> 0) w here  t h e  g a s  a d j a c e n t  t o  t h e  

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

f o r  t h e  d u s t  c l o u d  (Kn = 0 .0 3 )  t h e  phenomenon o f  s l i p  o c c u r s .  

Th i s  s i g n i f i e s  t h a t  t h e  gas  a d j a c e n t  t o  t h e  s o l i d  s u r f a c e  i s  

no l o n g e r  a t  r e s t  b u t  h a s  a  t a n g e n t i a l  v e l o c i t y .  Thus i t  i s  

o b v io u s  t h a t  t h e  E i n s t e i n  r e l a t i o n s h i p  does  n o t  h o l d  i n  t h i s

r a n g e .  I t  may be deduced  from t h e  above a rg u m e n ts  t h a t  t h e

v i s c o s i t y  o f  t h e  m i x t u r e  s h o u l d  be a f u n c t i o n  o f  t h e  Knudsen 

number and t h e  r a t i o  o f  t h e  t o t a l  volume o f  t h e  s p h e r e s  t o

t h e  t o t a l  volume o f  t h e  s u s p e n s i o n :

Mpg = f  (Kn,*) (7 .9 )

The r e s u l t s  o b t a i n e d  by S p r o u l l  (20) and  Soo (31) 

i n d i c a t e  t h a t  f o r  t h e  d u s t  c l o u d  a r e d u c t i o n  i n  v i s c o s i t y  

was o b s e r v e d .  The r e s u l t s  o b t a i n e d  by t h e  e x p e r i m e n t s  i n  t h i s
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p r o j e c t  a l s o  i n d i c a t e  a s i m i l a r  t r e n d  f o r  t h e  s m a l l e s t  p a r t i ­

c l e s  t e s t e d .  The e x p l a n a t i o n  o f  t h i s  phenomenon i s  n o t  

e n t i r e l y  u n d e r s t o o d .

To e x p l a i n  t h i s  phenomenon v a r i o u s  a t t e m p t s  have  

be en  made t o  e x t e n d  t h e  r e s u l t s  o f  s i n g l e  p a r t i c l e s  t o  a c lo u d  

o f  s m a l l  s i z e d  p a r t i c l e s  w i t h  no s u c c e s s .  Even t h e  use  o f  

O s e e n ' s  (31) E q u a t i o n  which  i n c l u d e d  i n e r t i a  t e rm s  i n  t h e  

f i e l d  away from  t h e  body ,  o r  t h e  Proudman and P e a r s o n  (49) 

E q u a t i o n  which  t r e a t e d  t h e  p ro b le m  by m a tc h in g  d i f f e r e n t  

s e r i e s  e x p a n s i o n s  i n  t h e  f low  r e g i o n s  n e a r  and away from t h e  

s p h e r i c a l  body ,  do n o t  h o l d  when e x t e n d e d  t o  a c l o u d  o f  p a r t i ­

c l e s .  One o f  t h e  r e a s o n s  f o r w a r d e d  t o  e x p l a i n  why t h e  e x t e n ­

s i o n  o f  s i n g l e  p a r t i c l e s  does  n o t  h o l d  h a s  been  g i v e n  by Soo 

( 3 1 ) .  He shows t h a t  f o r  a  h i g h  volume o f  p a r t i c l e s  " t h e  

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

an i m p o r t a n t  p a r t  and t h e  wakes may a c t u a l l y  d i s a p p e a r ,  t h u s  

a l t e r i n g  t h e  d r a g  c o e f f i c i e n t . "

The t r e a t m e n t  o f  t h e  d u s t  c lo u d  as  a  t r u e  con t in u u m  

i s  a l s o  s u b j e c t  t o  much c o n t r o v e r s y  s i n c e  i n  a t r u e  con ­

t in u u m  f lo w  n o t  o n l y  would  t h e  ga s  i m p a r t  i t s  momentum t o  t h e  

p a r t i c l e s  b u t  t h e  d u s t  c l o u d  would  i n  t u r n  t r a n s f e r  i t s  momen­

tum t o  t h e  g a s .  Soo (31) p o i n t s  o u t  t h a t  i f  t h i s  w ere  t r u e  

t h e n  i n  a  d i f f u s i o n  p r o c e s s ,  a s  t h e  p a r t i c l e s  were  s low ed  

down, t h e y  would c o n t r i b u t e  t o  t h e  p r e s s u r e  r i s e .  However,  

as  shown by many r e s e a r c h e r s  i n  t h e  f i e l d ,  t h i s  does  n o t  a lways  

hap p en .
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The above r e a s o n s ,  t o g e t h e r  w i t h  t h e  f a c t  t h a t  t h e  

r e s u l t s  f o r  t h e  d u s t  c l o u d  i n d i c a t e d  t h a t  a r e d u c t i o n  in  

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

examine  and e x t e n d  th e  k i n e t i c  t h e o r y  o f  g a se s  t o  t h i s  phenom­

enon .  I t  was a p p a r e n t  t h a t  t h e  d e t e r m i n a t i o n  o f  t h e  v i s c o s i t y  

b a s e d  on t h i s  t h e o r y  w i t h o u t  t h e  knowledge o f  t h e  m o t io n  o f  

t h e  o t h e r  components  i s  n o t  c o m p l e t e l y  v a l i d  and t h a t  i t s  ex ­

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

mean f r e e  p a t h  l e n g t h  o f  t h e  gas  c a n n o t  be t h e o r e t i c a l l y  j u s ­

t i f i e d .  N e v e r t h e l e s s ,  t h e  r e s u l t s  o b t a i n e d  by u s i n g  i t  v e r i f y  

t h e  d a t a  o b t a i n e d  by t h e  a u t h o r  and v a r i o u s  o t h e r  r e s e a r c h e r s .

The k i n e t i c  t h e o r y  o f  g a s e s  i s  u s u a l l y  o n l y  a p p l i c ­

a b l e  f o r  t h e  c a s e  o f  gas m o l e c u l e s  o f  one gas  c o l l i d i n g  w i th  

m o l e c u l e s  o f  a n o t h e r  g a s .  However,  as p o i n t e d  o u t  p r e v i o u s l y ,  

by e x t e n d i n g  t h i s  t o  gas  m o l e c u l e s  c o l l i d i n g  w i t h  v e r y  s m a l l  

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

m i x t u r e  can be d e t e r m i n e d .  The k i n e t i c  t h e o r y  (46) s t a t e s  t h a t  

v i s c o s i t y , y ,  i s  g i v e n  by:

y = ( 1 / 3 ) pCX (7 .10)

where  p i s  t h e  gas  d e n s i t y ,  C t h e  a v e r a g e  m o l e c u l a r  v e l o c i t y ,  

and A t h e  mean f r e e  p a t h .  The mean f r e e  p a t h  i n  s im p le  k i n e t i c  

t h e o r y  i s  g i v e n  by :

 ̂ = l / ( / 2 n N a ' )  (7 .11)

where  N i s  t h e  p a r t i c l e  number d e n s i t y  and a i s  t h e  p a r t i c l e  

d i a m e t e r .

Assuming t h a t  t h e  d u s t  c l o u d  i s  r e g a r d e d  as a s econd  

gas  m ix in g  w i t h  t h e  t r u e  gas  i n  which i t  i s  s u s p e n d e d ,  one can
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compute t h e  mean f r e e  p a t h  l e n g t h , o f  t h e  gas  m o l e c u l e s  i n  

t h e  d u s t - l a d e n  gas  by (4 6 ) ;

A =  ----------------------------— = 2  (7 .12)
^ /2ir(N a  ̂ + N a ^ / I  + m /m )

9 9 P P 9 p

By e x am in in g  t h e  above e q u a t i o n  i t  can  be n o t e d  t h a t ,  s i n c e

m i s  much s m a l l e r  t h a n  m , t h e  v a l u e  u n d e r  t h e  r a d i c a l  r e d u c e s  
9 P

t o  1 . 0 .  Thus t h e  change in  mean f r e e  p a t h  l e n g t h  depends  on 

t h e  m ag n i tu d e  o f  t h e  t e r m  N^a^^ which v a r i e s  i n  m ag n i tu d e  from 

a b o u t  5 t o  15 p e r c e n t  o f  t h e  t e r m ,  N ^a^^ . C a l c u l a t i n g  t h e  

v i s c o s i t y  o f  t h e  s u s p e n s i o n  b a s e d  on t h i s  new mean f r e e  p a t h  

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

in g  o v e r  t h e  p l a t e  i s  o b s e r v e d .  The above method was u sed  by 

S p r o u l l  (20) w i t h  t h e  d i f f e r e n c e  t h a t  he assumed a v e r y  l a r g e  

b o u nda ry  l a y e r  a ro u n d  each  p a r t i c l e  t h e r e b y  o b t a i n i n g  a r e ­

d u c t i o n  i n  v i s c o s i t y  o f  a b o u t  50 p e r c e n t .  Soo (31) s u g g e s t s  

t h e  use  o f  t h e  f o l l o w i n g  e q u a t i o n :

m

(x^)2 2 x^X2 (x^)^

^11 ^12 ^22
[1 +

(7 .13)

where  x ^ ,  X2 a r e  t h e  mole f r a c t i o n s  b a s e d  on number d e n s i t i e s  

o f  com ponen ts ;  m^, m2 a r e  t h e  m o l e c u l a r  o r  p a r t i c l e  m a ss e s ,  

and i s  t h e  v i s c o s i t y  o f  i n t e r a c t i o n  b e tw een  p a r t i c l e s  o f  

t h e  same s p e c i e s .  T h i s  e q u a t i o n  was o b t a i n e d  by H i r s c h f e l d e r , 

C u r t i s s ,  and B i r d  (50) f o r  a b i n a r y  m i x t u r e .  The e q u a t i o n s  

h o l d  f o r  s p e c i e s  o f  p a r t i c l e s  whose s i z e  i s  s m a l l e r  o r  o f  t h e  

same o r d e r  o f  m agn i tude  as t h e  mean f r e e  p a t h  l e n g t h ,  t h u s  

p l a c i n g  on i t  t h e  same r e s t r i c t i o n s  t h a t  h o l d  f o r  t h e  k i n e t i c
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t h e o r y  o f  g a s e s .  E q u a t i o n  (7 .1 3 )  a l s o  p o i n t s  t o  a r e d u c t i o n  

i n  v i s c o s i t y .  The r e a s o n  t h i s  e q u a t i o n  was n o t  u s e d  was t h a t  

t h e r e  was n o t  enough d a t a  t o  f u l l y  e x p l a i n  a l l  t h e  t e rm s  i n  i t .  

The Reyno lds  number f o r  c l e a n  a i r  i s  a s  f o l l o w s ;

Re = ^  (7 .14)

M o d i fy in g  i t  f o r  t h e  change i n  d e n s i t y  and v i s c o s i t y  as  o u t ­

l i n e d  p r e v i o u s l y ,  t h e  f o l l o w i n g  r e l a t i o n s h i p  i s  o b t a i n e d :

(p + p )V L 
Re = T - J  U --------------- (7 .15)

l P g C l - ' 2 ' ( V g '  +

B ased  on t h i s  R eyno lds  number t h e  new v a l u e  o f  t h e  

s k i n - f r i c t i o n  c o e f f i c i e n t  was c a l c u l a t e d  w i t h  t h e  u se  o f  t h e  

B l a s i u s  E q u a t i o n  (5 .4 )  o r  t h e  P r a n d t l - S c h l i c h t i n g  E q u a t i o n  

(5 .20)  f o r  t u r b u l e n t  f l o w s ,  d e p e n d in g  on w h e th e r  t h e  i n v e s t i ­

g a t i o n  was f o r  t h e  c i r c u l a r  p i p e  f lo w  o r  t h e  f l a t  p l a t e  f low  

r e s p e c t i v e l y .  E q u a t i o n  (7 .15 )  works  w e l l  f o r  t h e  f i n e  d u s t  

p a r t i c l e s  whose m o t ion  f o l l o w s  t h e  a i r  m o t io n  c l o s e l y .  To 

show t h i s  t h e  t e r m  o i s  i n t r o d u c e d .  T h i s  t e r m  may be c a l l e d  

t h e  r e l a x a t i o n  t i m e  o f  t h e  d u s t ,  i . e . ,  t h e  t im e  f o r  t h e  v e ­

l o c i t y  o f  a p a r t i c l e  t o  become a d j u s t e d  t o  ch an g es  i n  t h e  

v e l o c i t y  o f  t h e  a i r .  U sing  S t o k e ' s law f o r  d ra g  on t h e  p a r t i ­

c l e s  t h e  v a l u e  o f  o i s  a s c e r t a i n e d :

D = -SïïyaV (7 .16)

N ew to n 's  law g i v e s ,

m ^  = -SïïyaV
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I n t e g r a t i o n  g i v e s ,

V2
—  = - 3 ï ïy a t /m  - t / a  e = e

where  t h e  v a l u e  o f  a i s  :

m  _ p (1 /6)  ïïa^

o r  f i n a l l y :

a =
3irya 3nya

(7 .17)

For  s m a l l  s i z e d  p a r t i c l e s  t h e  v a l u e  o f  a i s  much s m a l l e r  t h a n  

t h e  t u r b u l e n t  t im e  s c a l e ,  and t h u s  t h e  d u s t  f o l l o w s  t h e  a i r  

m o t io n  c l o s e l y .  F o r  t h e  l a r g e r  s i z e d  p a r t i c l e s  t h e  r e l a x a t i o n  

t i m e ,  " a " ,  w i l l  be  com parab le  w i t h  o r  g r e a t e r  t h a n  t h e  t im e  

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

do n o t  f o l l o w  t h e  a i r  m o t ion  b u t  l a g  b e h i n d .  T h i s  h a s  been  

shown by t h e  p a r t i c l e  v e l o c i t y  p i c t u r e s  t a k e n  i n  b o t h  t h e  c i r ­

c u l a r  p i p e  and t h e  wind  t u n n e l .  T h i s  r e l a t i v e  v e l o c i t y  o f  th e  

p a r t i c l e s  and a i r  c a u s e s  an e x t r a  d i s s i p a t i o n  o f  t h e  e n e r g y .

The change  i n  v i s c o s i t y  o f  t h e  l a r g e r  p a r t i c l e  s i z e s  

h a s  t o  be  a c c o u n t e d  f o r  d i f f e r e n t l y ,  as shown e a r l i e r .  There  

no l o n g e r  e x i s t s  a " f i n e  d u s t  c lo u d "  which can be t r e a t e d  as 

a n o t h e r  g a s .  Thus i n  t h i s  t y p e  o f  f low  t h e  E i n s t e i n  fo r m u la  

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

s i z e  i s  l a r g e  and t h e  volume r a t i o  s m a l l .  T h e r e f o r e  f o r  t h e  

l a r g e  s i z e d  p a r t i c l e s  (840 m ic ro n s  and 1680 m ic ro n s )  t h e  

R eynolds  number i s  m o d i f i e d  by t h r e e  f a c t o r s ;  o n e ,  t h e  v e l o c ­

i t y  o f  t h e  a i r  s t r e a m  which i s  m o d i f i e d  by t h e  e f f e c t  o f  t h e  

l a r g e  r e l a x a t i o n  t i m e  s c a l e ,  tw o ,  t h e  i n c r e a s e  i n  d e n s i t y ,
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and t h r e e ,  t h e  i n c r e a s e  o f  t h e  v i s c o s i t y  b a s e d  on t h e  E i n s t e i n  

f o r m u la .  The new e f f e c t i v e  R eynolds  number i s  t h e r e f o r e  g iv e n  

by:

(p V +p V ) L
Re =    (7 .18 )

y ( l  + 5 /12  a/N )

where  L i s  t h e  l e n g t h  p a r a m e t e r  s u i t a b l e  f o r  each  o f  t h e  d i f ­

f e r e n t  a p p a r a t u s .

I f  one assumes  a p r i o r i  t h a t  Reynolds  s i m i l a r i t y  

s t i l l  h o l d s  f o r  d u s t y  g a s ,  and i f  t h e  e f f e c t i v e  R eyno lds  num­

b e r  i s  u s e d ,  t h e n  i t  becomes p o s s i b l e  t o  p r e d i c t  t h e  s k i n -  

f r i c t i o n  c o e f f i c i e n t .  F i g u r e s  (7 .2 5 )  and (7 .26)  show t h e  r e ­

s u l t s  b a s e d  on t h e  a s s u m p t io n  o f  R eynolds  s i m i l a r i t y  and 

e f f e c t i v e  R eynolds  number .  The " t h e o r y " p o i n t s  on t h e s e  c u r v e s  

were  o b t a i n e d  from a P r a n d t l - S c h l i c h t i n g  c u rv e  o r  a B l a s i u s  

c u r v e  u s i n g  t h e  e f f e c t i v e  Reynolds  number and t h e n  r e p l o t t e d  

u s i n g  t h e  c l e a n  a i r  Reynolds  number.  The K i n e t i c  t h e o r y  o f  

g a s e s  a p p l i e s  t o  o n l y  t h e  s m a l l e s t  p a r t i c l e  s i z e  (15 m i c r o n s ) . 

At a p a r t i c l e  s i z e  o f  100 t o  200 m ic r o n s  no e f f e c t s  o f  v i s c o s ­

i t y  were  o b s e r v e d  f rom a p p l y i n g  e i t h e r  sy s te m .  F o r  p a r t i c l e  

s i z e s  o v e r  200 m ic ro n s  t h e  E i n s t e i n  fo r m u la  was u s e d  and t h i s  

gave  an i n c r e a s e  i n  v i s c o s i t y .  The e n c o u r a g i n g  p a r t  o f  t h i s  

c o r r e l a t i o n  i s  t h e  e x c e l l e n t  t r e n d  t h a t  i t  shows a s  a l l  t h r e e  

p r i n c i p a l  p a r a m e t e r s  ( w e i g h t - f l o w  r a t i o ,  Reynolds  number,  and 

p a r t i c l e  s i z e )  a r e  v a r i e d .  T he re  was found  no o t h e r  t h e o r y  

t h a t  c o u ld  show any ag reem en t  w i t h  t h e  r e s u l t s .
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F i g u r e s  {1.21)  and (7 .28)  show t h a t  t h e  s k i n - f r i c ­

t i o n  c o e f f i c i e n t ,  b a s e d  on t h e  e f f e c t i v e  Reynolds  number,  f a l l s  

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

s i z e ,  t h e r e b y  i n d i c a t i n g  t h a t  Reyno lds  s i m i l a r i t y  i s  v a l i d  f o r  

a d u s t y  g a s .

Mix ing  Leng th  E f f e c t

P r a n d t l ' s  m ix in g  l e n g t h  t h e o r y ,  w i t h  s y s t e m a t i c  e x ­

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

w i t h  t h e  a i r  o f  t h e  b o u n d a r y - l a y e r  t h e o r y .  Using  K a rm a n ' s 

h y p o t h e s i s  f o r  t h e  P r a n d t l  m ix in g  l e n g t h  (4 7) we have

I = —  (7 .19)
m 32û/ayZ

where k i s  t h e  u n i v e r s a l  c o n s t a n t .  F i g u r e s  (7 .29)  and (7 .30)  

show t h e  e f f e c t  on " k" w i t h  t h e  s u s p e n s i o n  o f  p a r t i c l e s  i n  t h e  

a i r  s t r e a m .  The F i g u r e s  i n d i c a t e  t h a t  t h e  m ix in g  l e n g t h  i s  

r e d u c e d  f o r  v a l u e s  o f  R e / c ^  < 3 x 10^ and i n c r e a s e s  f o r  v a l u e s  

g r e a t e r  t h a n  Re/C^ > 3 x 10^.  T h i s  seems t o  i n d i c a t e  t h a t  t h e  

r e d u c t i o n  o f  t h e  m ix in g  l e n g t h - i s  an i m p o r t a n t  p a r a m e t e r  i n  

t h e  r e d u c t i o n  o f  t h e  s k i n - f r i c t i o n  c o e f f i c i e n t ;  how ever ,  i t  

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

P h y s i c a l  D e s c r i p t i o n

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

f low  s t r e a m  t e n d s  t o  b r e a k  up t h e  l a r g e  e d d i e s  i n t o  s m a l l e r  

o n e s ,  t h e r e b y  r e d u c i n g  th e  R eyno lds  s t r e s s e s  and w i t h  i t  t h e  

s k i n - f r i c t i o n  d r a g .  T h i s  i s  one o f  t h e  e x p l a n a t i o n s  p u t  f o r -
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ward  t o  t r y  and d e s c r i b e  t h i s  phenomena.

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

d e c r e a s e  even  f u r t h e r  t h e  s k i n - f r i c t i o n  c o e f f i c i e n t s  u n t i l  an 

optimum c o n c e n t r a t i o n  i s  a c h i e v e d .  The i n c r e a s e  i n  t h e  number 

o f  p a r t i c l e s  p r e s e n t  i n c r e a s e s  t h e  number o f  e d d i e s  d e ca y e d  

u n t i l  t h e  optimum c o n d i t i o n  i s  r e a c h e d .  The r e a s o n  f o r  t h e  

l o s s  o f  e f f e c t i v e n e s s  a t  v e ry  h ig h  c o n c e n t r a t i o n s  i s  n o t  t o o  

c l e a r .  I t  may be t h a t  t h e r e  i s ,  a t  t h e s e  h i g h  c o n c e n t r a t i o n s ,  

a l a r g e  amount o f  c o l l i s i o n s  b e tw een  t h e  p a r t i c l e s  t h e m s e l v e s  

t h e r e b y  r e d u c i n g  t h e i r  e d d y - d e c a y i n g  e f f e c t .

The s m a l l e s t  s i z e d  p a r t i c l e  was found  t o  be most 

e f f e c t i v e  i n  r e d u c i n g  t h e  s k i n - f r i c t i o n  d r a g  f o r  a c o n s t a n t  

p a r t i c l e  f low r a t e .  T h i s  may be e x p l a i n e d  by t h e  same phenom­

enon ,  s i n c e  a t  a c o n s t a n t  f low r a t e  t h e r e  would  be many more 

o f  t h e  s m a l l e r  s i z e d  p a r t i c l e s .  I t  may a l s o  be n o t e d  t h a t  t h e  

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

a t  s m a l l e r  w e i g h t - f l o w  r a t e s  t h a n  f o r  t h e  l a r g e r  p a r t i c l e s .  

T h i s  may be due t o  t h e  f a c t  t h a t  t h e  number o f  p a r t i c l e s  have  

r e a c h e d  t h e  p o i n t  where  i n t e r a c t i o n  b e tw ee n  p a r t i c l e s  t a k e s  

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



CHAPTER VIII

CONCLUSIONS

R e d u c t io 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  t o  a g r e a t e r  

o r  l e s s e r  d e g r e e  was o b s e r v e d  f o r  a l l  s i z e s  o f  p a r t i c l e s  i n v e s ­

t i g a t e d .  The two e x p e r i m e n t s  c o n d u c t e d  w e re  d i s s i m i l a r  i n  

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

p a t t e r n .  The r e s u l t s  on t h e  w ho le  f o l l o w e d  t r e n d s  o b s e r v e d  by 

o t h e r  r e s e a r c h e r s  i n  d i f f e r e n t  f l u i d  mediums.

The t e s t s  c o n d u c t e d  c o v e r e d  a v e r y  wide  ra n g e  o f  

p a r a m e t e r s .  The i m p o r t a n t  p a r a m e t e r s  s u c h  as  R eyno lds  number ,  

w e i g h t - f l o w  r a t i o ,  p a r t i c l e  s i z e  w ere  v a r i e d  w i d e l y .  T h i s  

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

o f  s o l i d  s u s p e n s i o n  on t h e  f lo w  phenomena.  The c a l c u l a t i o n  o f  

r e l a t i v e  v e l o c i t y  p a r a m e t e r s  and t h e  p h o t o g r a p h i c  t e c h n i q u e s  

d e v e l o p e d  s h o u l d  b e  v e r y  u s e f u l  f o r  f u t u r e  r e s e a r c h e r s  i n  many 

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

l y  t h e  t r e n d s  t h a t  can  be e x p e c t e d  when s o l i d s  a r e  s u s p e n d e d  

i n  t u r b u l e n t  a i r  s t r e a m s .  The e q u a t i o n s  show t h e  e f f e c t  o f  

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

t i o n  f o r  v a r i o u s  p a r t i c l e  s i z e s .  The f o l l o w i n g  sums up t h e  

i m p o r t a n t  p o i n t s  c o n c l u d e d  from t h e  r e s e a r c h :

188
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1. S k i n - f r i c t i o n  r e d u c t i o n  was o b s e r v e d  f o r  s o l i d s  s u sp e n d e d  

i n  an a i r  s t r e a m .

2.  The maximum r e d u c t i o n  i n  s k i n - f r i c t i o n  c o e f f i c i e n t  was 

o b s e r v e d  f o r  t h e  s m a l l e s t  p a r t i c l e  s i z e s  t e s t e d  i n  e ac h  o f  t h e  

two f low  l o o p s .

3. The maximum r e d u c t i o n  i n  s k i n - f r i c t i o n  c o e f f i c i e n t  i s  ob­

s e r v e d  i n  t h e  low R eynolds  number r an g e  o f  t h e  t u r b u l e n t  f low  

r e g i o n .

4.  F o r  c o n s t a n t  p a r t i c l e  s i z e s  t h e  w e i g h t - f l o w  r a t i o  p l a y s  a  

v e r y  i m p o r t a n t  r o l e .  F o r  s m a l l  v a l u e s  o f  w e i g h t - f l o w  r a t i o  

t h e  s k i n - f r i c t i o n  r e d u c t i o n  i n c r e a s e s  l i n e a r l y  w i t h  w e i g h t -  

f low  r a t i o .  At h i g h e r  v a l u e s  o f  w e i g h t - f l o w  r a t i o  t h e  s k i n -  

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

5.  The s k i n - f r i c t i o n  d a t a  e x h i b i t e d  R eynolds  s i m i l a r i t y  i n  

t h a t  a l l  o f  t h e  d a t a  f e l l  on a s i n g l e  l i n e  when p l o t t e d  a g a i n s t  

t h e  e f f e c t i v e  Reyno lds  number.

6.  The v i s c o s i t y  o f  t h e  s o l i d - g a s  m i x t u r e  d e c r e a s e d  f o r  t h e  

f i n e  d u s t  p a r t i c l e s  (b a sed  on t h e  k i n e t i c  t h e o r y  o f  g a s e s )  b u t  

i n c r e a s e d  f o r  t h e  l a r g e r  s i z e d  p a r t i c l e s  (b a s e d  on t h e  E i n s t e i n  

v i s c o s i t y  f o r m u l a ) .

7. The v e l o c i t y  r a t i o  (V^/V^) r e m a in s  unchanged  f o r  v a r i a t i o n  

i n  Reyno lds  number and w e i g h t - f l o w  r a t i o  f o r  c o n s t a n t  p a r t i c l e  

s i z e .

8. The p h o t o g r a p h i c  t e c h n i q u e s  ( see  C h a p t e r  6 and Appendix  2) 

d e v e lo p e d  a r e  b a s e d  on a dou b le  c o l o r  e x p o s u r e  and s h o u l d  be  

v e r y  u s e f u l  f o r  many f low  s t u d y  p r o b le m s .
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TIME DELAY SYSTEM

C a p a c i t o r  i s  c h a r g e d  t h r o u g h  r e s i s t o r  t o  a p p ro x ­

i m a t e l y  t h e  s u p p ly  v o l t a g e .  As t h e  f l a s h  c o n t a c t s  on t h e  cam­

e r a  s h u t t e r  a r e  c l o s e d  i s  d i s c h a r g e d  th r o u g h  t h e  p r i m a r y  

o f  t h e  p u l s e  t r a n s f o r m e r  T^. The g a t e  o f  SCR^ t h e n  becomes 

more p o s i t i v e  t h a n  t h e  c a th o d e  and SCR^ f i r e s ,  d i s c h a r g i n g  t h e  

f i r s t  s t r o b e  l i g h t .

At t h e  t im e  d i s c h a r g e s  a n e g a t i v e  p u l s e  i s  ap­

p l i e d  t o  t h e  b a s e  o f  Q^. Th is  p u l s e  i s  i n v e r t e d  and d i r e c t e d  

t o  t h e  i n p u t  o f  OS^. OS^ i s  a o n e - s h o t  m u l t i v i b r a t o r  w i t h  a 

p e r i o d  o f  4 m i l l i s e c o n d s .  The p o s i t i v e  g o in g  4 m . s .  p u l s e  

f rom OS^ i s  i n v e r t e d  by and a p p l i e d  t o  t h e  i n p u t  o f  OS^- 

OSg t r i g g e r s  on t h e  p o s i t i v e  g o in g  t r a i l i n g  edge  o f  t h e  4 m .s .  

p u l s e ,  and p r o d u c e s  a p o s i t i v e  g o in g  1 m .s .  p u l s e  a t  i t s  o u t ­

p u t .  The 1 m .s .  p u l s e  i s  a p p l i e d  t o  t h e  b a s e  o f  Q^. T h i s  

p u l s e  d i s c h a r g e s  c a p a c i t o r  which  i s  c h a r g e d  th r o u g h  Rg.

When d i s c h a r g e s  t h r o u g h  t h e  p r i m a r y  o f  T ^ , SCRg i s  t u r n e d  

on and t h e  s ec o n d  s t r o b e  l i g h t  i s  f i r e d  4 m . s .  a f t e r  t h e  f i r s t .  

The t im e  i n t e r v a l  can  be a d j u s t e d  by t r im m in g  c a p a c i t o r  .

The t im e  d e l a y  s y s t e m  was t e s t e d  on a Monsanto  f r e ­

quency  c o u n t e r  which  had  an a c c r u a c y  o f  1 p a r t  i n  1 0 The 

s y s te m  was found  t o  have a t im e  d e l a y  o f  4010 m i l l i s e c o n d s .
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COLOR DEVELOPMENT PROCESS

The p r o c e s s i n g  o f  t h e  c o l o r  f i l m  had  t o  be  changed  

s l i g h t l y  from t h e  s t a n d a r d  "Kodak P r o c e s s  E-4" due t o  i n ­

a d e q u a t e  s e p a r a t i o n  o f  c o l o r s .  T h i s  change  c o n s i s t e d  o f  i n ­

c r e a s i n g  t h e  t im e  i n  t h e  f i r s t  d e v e l o p e r  by 70 p e r c e n t .  T h i s ,  

i n  e f f e c t ,  i n c r e a s e d  t h e  ASA r a t i n g  from 160 t o  320 and gave 

good c o l o r  s e p a r a t i o n .  The s t e p s  t a k e n  t o  p r o c e s s  t h e  f i l m  

a r e  shown i n  T a b le  (A 2 .1 ) .
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Solution
Procedure

Remarks Te mpe r ature 
° F °C

Time in 
Minutes*

Total
Minutes

Prehardener
Neutralizer

First 4 steps 
in total 
darkness.

85±1
83-87

2 9 . 5 ± h

28-31
3
1

3
4

First
Developer

85±% 2 9 . 5 ± h 12 16

First Stop 
Bath

Don't use Second 
Stop Bath here.

83-87 28-31 2 18

Wash** Running water. 80-90 27-32 4 22
Color
Developer

83-87 28-31 9 31

Second Stop 
Bath

Don't use First 
Stop Bath here.

83-87 28-31 3 34

Wash Running water. 80-90 27-32 3 37
Bleach 83-87 28-31 5 42
Fixer 83-87 28-31 6 48
Wash Running wkter. 80-90 27-32 6 54
Stabilizer 83-87 28-31 1 55
Dry Dry film off reel. <110 <43
* Timing :

** This step
Include time required 
and the following may

to drain 
be done

tank in total time for each processing ste 
in normal room light.

Table (A2.1) Modified Kodak Process E-4 .
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NOMENCLATURE

Symbol D e s c r i p t i o n

A = Area

a = P a r t i c l e  d i a m e t e r

B = C o n s t a n t

C =: C o n s t a n t

C = Average  M o l e c u l a r  V e l o c i t y

C^= Drag C o e f f i c i e n t

Cg= S k i n - F r i c t i o n  C o e f f i c i e n t

cT= Average  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  F i a t
P l a t e

C^= L i f t  C o e f f i c i e n t

D = Drag Force

d = P i p e  D ia m e te r

F = F o rce

f  = F a n n in g  F r i c t i o n  C o e f f i c i e n t

G = Torque

g = G r a v i t a t i o n a l  C o n s t a n t

g = Newton ian  C o n s t a n t

h = M easured  P r e s s u r e  Drop

K = C o n s t a n t

L = L eng th  P a r a m e t e r

I = L eng th  P a r a m e t e r
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^ m b o l  D e s c r i p t i o n

Mixing  Leng th

M = Mach Number

m = Mass Flow Rate

M = Momento

N = Number o f  P a r t i c l e s  p e r  C o n s t a n t  Volume

Nu= N u s s e l t  Number

P = P r e s s u r e

Pr= P r a n d t l  Number

0 = Volume Flow Rate

r  = P o s i t i o n  Along R a d i i

Re= R eynolds  Number

T = T e m p e ra tu re

t  = T h i c k n e s s

u = V e l o c i t y  i n  X D i r e c t i o n

V = V e l o c i t y

V = V e l o c i t y  i n  Y D i r e c t i o n

w = W eigh t

w,= Widthd

X = A b s c i s s a

y = O r d i n a t e

Greek Symbol D e s c r i p t i o n

a = C o n s t a n t

3 = C o n s t a n t

e^= T u r b u l e n t  D i f f u s i v i t i e s  o f  H eat



Symbol
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D e s c r i p t i o n

e =m
6 =

;  =

\  =

'ht =

V =

P =

a =

T =

* =

Ijj =

K =

T u r b u l e n t  D i f f u s i v i t i e s  o f  Momentum

Boundary  L ay e r

E f f e c t i v e  S l i p  C o e f f i c i e n t

Mean F r e e  P a t h  L eng th

V i s c o s i t y

K in e m a t i c  V i s c o s i t y  

D e n s i t y

R e l a x a t i o n  Time o f  D us t  P a r t i c l e s  

S h e a r  S t r e s s  

Volume R a t i o  

C o n s t a n t

U n i v e r s a l  C o n s t a n t

S u b s c r i p t s D e s c r i p t i o n

9 = 

gp= 

P =

Gases

G a s - P a r t i c l e

P a r t i c l e s


