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SUMMARY 

S t e a d y  S t a t e  d i a g n o s t i c  t e s t i n g  o f  an  i s o l a t e d  o r i f i c e  
h a s  shown t h e  n a t u r e  o f  t h e  i n t e r a c t i o n  between g r a z i n g  and o r i -  
f i c e  f low c a u s i n g  t h e  l a r g e  i n c r e a s e  i n  o r i f i c e  r e s i s t a n c e  f o r  
b o t h  i n f l o w  and o u t f l o w .  A s i m p l e  i n v i s c i d  i n t e r a c t i o n  model h a s  
been  d e v e l o p e d  which  u s e s  t h i n  a e r o f o i l  t h e o r y  t o  accoun t  f o r  p r e s -  
s u r e  f o r c e s  e x e r t e d  a t  t h e  i n t e r f a c e  between t h e  o r i f i c e  and g r a z i n g  
f l o w  t o g e t h e r  w i t h  a o n e - d i m e n s i o n a l  d i s c h a r g e  c o e f f - i c i e n t  c o n c e p t .  
The e f f e c t  o f  g r a z i n g  f l o w  boundary  l a y e r  t h i c k n e s s  was a l s o  i n -  
c l u d e d  i n  t h e  model.  R e s i s t a n c e  measurements f o r  e a c h  o r i f i c e  
t e s t e d ,  o v e r  a wide r a n g e  o f  g r a z i n g  f l o w  s p e e d s  and f low r a t e s  
c o l l a p s e  i n t o  a s i n g l e  c u r v e  when p l o t t e d  i n  t e rms  o f  e f f e c t i v e  
d i s c h a r g e  c o e f f i c i e n t  v e r s u s  o r i f i c e  t o  g r a z i n g  v e l o c i t y  r a t i o .  
The c o r r e l a t i o n  c u r v e s  f o r  i n f l o w  and o u t f l o w  a re  d i f f e r e n t .  
Data f o r  c l u s t e r e d  o r i f i c e s  c o l l a p s e  i n  t h e  same way a s  t h e  s i n g l e  
o r i f i c e .  The e f f e c t  o f  boundary  l a y e r  t h i c k n e s s  i s  compared w i t h  
model p r e d i c t i o n s .  The c o r r e l a t i o n  i s  o f  t h e  form 

R e s i s t a n c e  = 1 / 2 P v i / c D e 2  

and n = 1 / 2  m 2 1 / 1 0  

where 

O r i f i c e  l e n g t h - d i a m e t e r  r a t i o  h a s  no e f f e c t  on r e s i s t a n c e  
f o r  o u t f l o w  up t o  l a r g e  o r i f i c e  f l o w  v a l u e s  (Vi/Vw 2 0 . 5 ) ,  b u t  
has  a s i g n i f i c a n t  i n f l u e n c e  a t  a l l  o r i f i c e  f l o w  r a t e s  f o r  i n f l o w .  
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1 .0  INTRODUCTION 

Sound a b s o r b e n t  l i n i n g s  c o n s i s t i n g  o f  c a v i t y - b a c k e d  p e r f o r a t e d  
a n d / o r  p o r o u s  f a c e d  l i n i n g  mater ia l s  a r e  u s e d  f o r  t h e  c o n t r o l  o f  
i n t e r n a l l y  g e n e r a t e d  mach ine ry  n o i s e .  App l i ed  t o  t h e  i n l e t  a n d / o r  
e x h a u s t  d u c t i n g  o f  modern j e t  e n g i n e s ,  t h e  l i n e r  e n c o u n t e r s  h i g h  
d u c t  f l o w  v e l o c i t i e s  and i n t e n s e  sound p r e s s u r e  l e v e l s ,  b o t h  o f  
which s t r o n g l y  a f f e c t  t h e  l o c a l  a c o u s t i c  w a l l  impedance. 

I t  has  been  shown by Morse' and Cremer2 ( f o r  a r e c t a n g u l a r  
d u c t  w i t h o u t  f low)  and by Rice3 ( f o r  d u c t s  w i t h  f low)  t h a t  sound 
a t t e n u a t i o n  d r o p s  o f f  s h a r p l y  f o r  of f -opt imum w a l l  impedance. I n  
a i r c r a f t ,  t h e  amount o f  sound a b s o r b e n t  t r e a t m e n t  i s  l i m i t e d  by 
aerodynamic  and s t r u c t u r a l  pe r fo rmance  c o n s t r a i n t s ,  s o  i t  i s  c r i -  
t i c a l  t o  t h e  e f f e c t i v e  and economical  u s e  o f  w a l l  t r e a t m e n t  t h a t  
t h e r e  be an  a c c u r a t e  d e s c r i p t i o n  o f  t h e  w a l l  impedance and a c l e a r  
and  d e t a i l e d  u n d e r s t a n d i n g  o f  t h e  p a r a m e t e r s  a f f e c t i n g  i t .  

Hersh and Rogers '  showed a n a l y t i c a l l y  (by e s t a b l i s h i n g  t h e  q u a s i -  
s t e a d y  n a t u r e  o f  t h e  f l o w  i n  o r i f i c e s  exposed t o  i n t e n s e  sound 
l e v e l s )  f o r  t h e  c a s e  o f  z e r o  d u c t  g r a z i n g  f l o w ,  t h a t  t h e  a c o u s t i c  
r e s i s t a n c e  o f  o r i f i c e s  i s  i n d e p e n d e n t  o f  f r e q u e n c y  and t h a t  t h e r e -  
f o r e ,  s t e a d y  s t a t e  ( i . e . ,  z e r o  f r e q u e n c y )  r e s i s t a n c e  measurements  
g i v e  a good a p p r o x i m a t i o n  t o  a c o u s t i c  r e s i s t a n c e .  A s imilar  c l o s e  
c o n n e c t i o n ,  d i s c u s s e d  by Groeneweg6, between s t e a d y  s t a t e  and 
a c o u s t i c  r e s i s t a n c e  h a s  been d e m o n s t r a t e d  by Plumblee e t  a l ?  
Feder  and Dean' and Armstrong' t o  e x i s t  even i n  g r a z i n g  f l o w .  
Those s t u d i e s  d e m o n s t r a t e d  c l e a r l y  t h e  v a l u e  and  impor t ance  o f  
s t u d y i n g  t h e  s t e a d y  s t a t e  b e h a v i o r  o f  o r i f i c e s  as a n e c e s s a r y  
p r e l u d e  t o  u n d e r s t a n d i n g  t h e  p h y s i c s  o f  t h e  a c o u s t i c  b e h a v i o r  o f  
o r i f i c e s  i n  g r a z i n g  f l o w .  Consequen t ly  t h e  e x p e r i m e n t a l  and 
a n a l y t i c a l  s t u d y  t o  be d e s c r i b e d  h e r e i n  was u n d e r t a k e n  t o  c l a r i f y  
t h e  p h y s i c s  o f  t h e  e f f e c t  o f  g r a z i n g  f l o w  on s t e a d y  s t a t e  o r i f i c e  
r e s i s t a n c e  as a f i r s t  s t e p  i n  an  ongoing e f f o r t  t o  u n d e r s t a n d  t h e  
a c o u s t i c  b e h a v i o r  o f  o r i f i c e s  i n  g r a z i n g  f low.  

i m p l i c a t i o n ,  a c o u s t i c )  o r i f i c e  r e s i s t a n c e  d a t a  i s  b e s t  i n t e r p r e t e d  
i n  terms o f  t h e  c l a s s i c a l  c o n c e p t  o f  a d i s c h a r g e  c o e f f i c i e n t .  
I t  i s  s h o w n , t h a t  i n t e r p r e t e d  o r  p r e s e n t e d  i n  t h i s  w a y , t h a t  a h e r e -  
t o f o r e  v e r y  c o m p l i c a t e d  and c o n f u s i n g  p i c t u r e  o f  t h e  e f f e c t s  of  
g r a z i n g  f l o w  and o t h e r  v a r i a b l e s  ( o r i f i c e  s h a p e ,  boundary  l a y e r  
t h i c k n e s s ,  e t c . )  i s  g r e a t l y  s i m p l i f i e d ,  and t h a t  s i m p l i f i e d  model ing  
i s  p o s s i b l e .  

Zorumski and P a r r o t t 4  showed e x p e r i m e n t a l l y  and r e c e n t l y  

T h i s  r e p o r t  p u r p o r t s  t o  show t h a t  s t e a d y  s t a t e  (and by 

2 .0  BACKGROUND 

A c o u s t i c  r e s i s t a n c e  measurements o f  o r i f i c e s  w i t h  g r a z i n g  
f l o w  r e p o r t e d  by Groenweg6 i n  a s u r v e y  p a p e r  showed ex t r eme  s e n s i -  
t i v i t y  t o  b o t h  souyd p r e s s u r e  l e v e l  and g r a z i n g  f l o w  v e l o c i t y  
( s e e  a l s o  Plumblee e t  a l . ,  Feder  and Dean' and  Armstrong ' ) .  
A c o u s t i c  r e s i s t ance  i n c r e a s e d  w i t h  g r a z i n g  f l o w  s p e e d  f o r  a c o n s t a n t  
sound p r e s s u r e  l e v e l .  S i m i l a r  b e h a v i o r  was o b s e r v e d  f o r  s t e a d y  
s t a t e  r e s i s t a n c e  by Budoff and  Zorumski", who made a d e t a i l e d  



s t u d y  o f  t h e  s t e a d y  s t a t e  r e s i s t a n c e  o f  s i n g l e  and c l u s t e r e d  o r i -  
f i c e s  i n  a t a n g e n t i a l  ( o r  g r a z i n g )  f l o w .  

Budoff and Zorumski showed t h a t  f o r  low o r i f i c e  f l o w s  ( e i t h e r  
i n f l o w  o r  o u t f l o w )  r e s i s t a n c e  i n c r e a s e d  s i g n i f i c a n t l y  w i t h  g r a z i n g  
f low v e l o c i t y .  I n  c o n t r a s t ,  f o r  l a r g e  normal f l o w s ,  v e r y  modest 
changes i n  f low r e s i s t a n c e  o c c u r r e d  f o r  wide v a r i a t i o n s  i n  g r a z i n g  
v e l o c i t i e s .  S i m i l a r  r e s u l t s  were o b t a i n e d  e a r l i e r  by Feder  and 
Dean’ b u t  no p h y s i c a l  e x p l a n a t i o n  o f  t h e  s p e c t a c u l a r  e f f e c t  o f  
g r a z i n g  f low was p r e s e n t e d .  

The e f f e c t s  o f  g r a z i n  f low on o r i f i c e  r e s i s t a n c e  were 
s t u d i e d  e a r l i e r  by D i t t r i c h ”  and by S t o k e s 1 2  w i t h  r e f e r e n c e  t o  
can combustor and boundary  l a y e r  b l e e d  t e c h n o l o g y  and more r e c e n t l y  
i n  c o n n e c t i o n  w i t h  t h e  v e n t i n g  o f  l a u n c h  and r e e n t r y  

G ~ e t h e r t ~ s u m r n a r i z e s  an e x t e n s i v e  amount o f  d a t a  f o r  t h e  
i n f l o w  ( f low i n t o  t h e  w a l l  - c a l l e d  o u t f l o w  i n  t h i s  r e f e r e n c e )  case 
u s i n g  t h e  mass f low r a t i o  ( pVi/pVW ) and Ap/qw c o r r e l a t i n g  
p a r a m e t e r s .  
c o e f f i c i e n t  b u t  t h i s  i s  n o t  e x p l i c i t l y  r e f e r r e d  t o .  D i t t r i c h  and 
S t o k e s  do i n t e r p r e t  i n f l o w  r e s i s t a n c e  d a t a  i n  t e rms  o f  d i s c h a r g e  
c o e f f i c i e n t .  They o b t a i n e d  a n  e x c e l l e n t  c o r r e l a t i o n  of d a t a  f o r  
a wide r a n g e  o f  o r i f i c e  s i z e  and g r a z i n g  f l o w  v e l o c i t y  s imi l a r  t o  
t h a t  p r e s e n t e d  h e r e i n  ( though  t h e  i d e a l  o r i f i c e  f low and t h e r e f o r e  
d i s c h a r g e  c o e f f i c i e n t  i s  d e f i n e d  d i f f e r e n t l y  - t o t a l  n o t  s t a t i c  
p r e s s u r e  i n  t h e  g r a z i n g  f l o w  was u s e d  f o r  o r i f i c e  ups t r eam p r e s s u r e ) .  
Haukoh1’3presents a wide r a n g e  o f  d a t a  u s i n g  d i s c h a r g e  c o e f f i c i e n t  
b u t  no g e n e r a l  c o r r e l a t i o n  was a t t e m p t e d .  
e t  a l .  g e n e r a l i z e  t h e  e x t e n s i v e  o u t f l o w  d a t a  t h e y  p r e s e n t e d .  The 
l a u n c h  and r e e n t r y  v e h i c l e  v e n t i n g  d a t a  o f  t h e s e  r e f e r e n c e s ,  which 
c o v e r s  up t o  t h e  t r a n s o n i c  r a n g e  o f  V i  f o r  b o t h  i n f l o w  and o u t f l o w  
c a s e s  shows t h e  same g e n e r a l  c h a r a c t e r i s t i c  men t ioned  e a r l i e r  
( i . e .  o r i f i c e  r e s i s t a n c e  i n c r e a s e s w i t h  i n c r e a s i n g  g r a z i n g  f low v e l o c i t y ) .  

I n  e a r l y  a t t e m p t s  t o  u n d e r s t a n d  t h e  e f f e c t s  o f  g r a z i n g  f l o w  

Ap and V i  a r e  r e l a t e d  n a t u r a l l y  t h r o u g h  d i s c h a r g e  

N e i t h e r  d i d  W a l t e r s 1 4  

on l i n e r s ,  I n g a r d 1 6  p roposed  t h a t  low f r e q u e n c y  p r e s s u r e  f l u c t u a -  
t i o n s  i n  t h e  g r a z i n g  f l o w  ( t u r b u l e n t )  boundary  l a y e r  p roduced  a 
r e s i s t a n c e  i n c r e a s e  by supe r impos ing  a d d i t i o n a l  rms v e l o c i t y  on 
t h e  f l u i d  moving t h r o u g h  t h e  l i n e r  a s  a r e s u l t  o f  t h e  i n c i d e n t  sound,  
t h e  e f f e c t  b e i n g  s i m i l a r  t o  t h a t  p roduced  by a s t e a d y  b i a s  v e l o c i t y .  
R ice ’?  p o i n t e d  o u t  t h a t  t h e  l a r g e  i n c r e a s e  i n  o r i f i c e  a c o u s t i c  
r e s i s t a n c e  due t o  g r a z i n g  f l o w  c o u l d  n o t  b e  a c c o u n t e d  f o r  by r e l y i n g  
on boundary  l a y e r  f l u c t u a t i o n s .  The a m p l i t u d e  was n o t  h i g h  enough 
and t h e  known e f f e c t  o f  b o u n d a r y - l a y e r  t h i c k n e s s  was o p p o s i t e  t o  
t h a t  p r e d i c t e d ,  

c y c l e  t h a t  an i n c r e a s e  i n  v e l o c i t y  o f  t h e  f l u i d  l e a v i n g  t h e  o r i f i c e  
i s  induced  by t h e  r educed  mean s t a t i c  p r e s s u r e  a round  t h e  j e t  
ana logous  t o  t h a t  which c a n  b e  shown a n a l y t i c a l l y  f o r  f low of an 
i d e a l  f l u i d  around a c i r c u l a r  c y l i n d e r .  The e f f e c t  o f  t h i s  would b e  
t o  d e c r e a s e  o r i f i c e  r e s i s t a n c e  by i n c r e a s i n g  f l o w  t h r o u g h  t h e  o r i f i c e  
( R  =Ap/V).This c e r t a i n l y  i s  no e x p l a n a t i o n  o f  t h e  g e n e r a l  e f f e c t  

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

2 



of  g r a z i n g  f low i n  i n c r e a s i n g  r e s i s t a n c e  b u t  w i l l  b e  s u g g e s t e d  
l a t e r  t o  e x p l a i n  a r e d u c t i o n  i n  r e s i s t a n c e  (below t h e  n o n - g r a z i n g  
f low v a l u e )  t h a t  o c c u r s  f o r  v e r y  h i g h  o u t f l o w  r a t e s  ( a c t u a l l y  
beyond t h e  r a n g e  o f  i n t e r e s t  i n  j e t  e n g i n e s  - 0 . 5  < Vi/V, < 2 . 0 ) .  

T h i s  r e p o r t  p r e s e n t s  t h e  r e s u l t s  o f  d i a g n o s t i c  e x p e r i m e n t s  
c o n s i s t i n g  o f  f low v i s u a l i z a t i o n  t e s t s  i n  a small w a t e r  t u n n e l  
and l i p  s t a t i c  p r e s s u r e  d a t a  t a k e n  i n  a wind t u n n e l  u s i n g  a l a r g e  
( 1 2 . 7  mm d i a . )  o r i f i c e  which gave c o n s i d e r a b l e  i n s i g h t  i n t o  t h e  
e f f e c t  o f  a g r a z i n g  o r  t a n g e n t i a l  f l ow on f low i n t o  ( i n f l o w  c a s e )  
o r  o u t  o f  ( o u t f l o w  c a s e )  a s q u a r e - e d g e d  wa l l  o r i f i c e .  There f o l l o w s  
a development o f  a s i m p l e  i n v i s c i d  i n t e r a c t i o n  model where t h e  
i n t e r f a c e  between t h e  g r a z i n g  f low and t h e  o r i f i c e  f low i s  t r e a t e d  
a s  a t h i n  l i d  o r  membrane h i n g e d  a t  t h e  ups t r eam edge o f  t h e  o r i f i c e  
f o r  o u t f l o w  and t h e  downstream edge f o r  i n f l o w .  F i n a l l y ,  s t e a d y  
s t a t e  r e s i s t a n c e  d a t a  i s  p r e s e n t e d  f o r  a wide r a n g e  o f  v a r i a b l e s  
and t h e  c o r r e l a t i o n  o f  t h e  d a t a  i s  compared w i t h  t h e  a n a l y t i c a l  
( l i d )  model p r e d i c t  i o n s .  

3 . 0  DIAGNOSTIC TESTING 

To g i v e  a b e t t e r  u n d e r s t a n d i n g  o f  t h e  p h y s i c s  o f  t h e  e f f e c t  
o f  g r a z i n g  f low on r e s i s t a n c e ,  two k i n d s  o f  s i m p l e  d i a g n o s t i c  
e x p e r i m e n t s  were made. Flow v i s u a l i z a t i o n  t e s t s  u s i n g  dye were 
made i n  a s m a l l  w a t e r  t u n n e l  and t h e  q u a l i t a t i v e  r e s u l t s  o b t a i n e d  
were e x p l o r e d  i n  more d e t a i l  i n  a s u b s o n i c  wind t u n n e l  u s i n g  a 
l a r g e  1 2 . 7  mm d i a m e t e r  o r i f i c e  e x t e n s i v e l y  i n s t r u m e n t e d  w i t h  
s t a t i c  p r e s s u r e  t a p s .  

3 . 1  Flow V i s u a l i z a t i o n  T e s t i n g  

Because o f  t h e  e a s e  w i t h  which f l o w  i n t e r a c t i o n  e f f e c t s  
can  be made v i s i b l e  i n  w a t e r  by i n j e c t i n g  d y e ,  a s m a l l  t r a n s p a r e n t  
w a t e r  t u n n e l  was f a b r i c a t e d  from a c l e a r  a c r y l i c  s h e e t  and was 
c o n n e c t e d  t o  a w a t e r  s u p p l y .  The w a t e r  t u n n e l  i s  shown s c h e m a t i c a l l y  
i n  F i g u r e  1 and d e s c r i b e d  i n  Appendix A .  The known e f f e c t s  
of  g r a z i n g  f low i n  a i r  o c c u r  where t h e  f low r a t e s  i n  t h e  o r i f i c e  
a r e  low and t h e  f low f i e l d  may be assumed i n c o m p r e s s i b l e .  The 
k i n e m a t i c  v i s c o s i t y  d i f f e r e n c e  between a i r  and w a t e r  p e r m i t s  a 
Reynolds number s i m u l a t i o n  (based  on h o l e  d i a m e t e r )  u s i n g  a 1 5 -  
f o l d  d e c r e a s e  i n  t h e  d u c t  f l ow v e l o c i t y  g i v e n  t h e  same o r i f i c e  
d i m e n s i o n s .  T h e r e f o r e ,  t h e  Reynolds number o f  t h e  w a t e r  tunnel .  
o r i f i c e  ( b a s e d  on w i d t h  o f  t h e  r e c t a n g u l a r  o r i f i c e  and t h e  g r a z i n g  
f low v e l o c i t y )  d u r i n g  maximum d u c t  f low c o n d i t i o n s  (V, = 0 . 3  m/sec)  
i s  i n  t h e  r a n g e  o f  p r a c t i c a l  i n t e r e s t  f o r  w a l l  p e r f o r a t i o n s  i n  j e t  
e n g i n e s  (where d i a  - 1 - 4 m m ,  d u c t  v e l o c i t i e s  - 1 0 0  - 3 0 0  m / s e c ) .  

Five d i s t i n c t  f l ow r e g i m e s ,  shown s c h e m a t i c a l l y  i n  F i g u r e  
2 ,  were i d e n t i f i e d  b a s e d  on t h e  r e l a t i v e  f l o w  r a t e  and d i r e c t i o n  
t h r o u g h  t h e  o r i f i c e .  The c h a r a c t e r i s t i c s  o f  t h e s e  i n t e r a c t i o n  
f l o w  r e g i m e s  a r e  d e s c r i b e d  i n  d e t a i l  i n  Appendix A .  The r eg imes  
a r e  namely (1) The Zero Flow Regime, ( 2 )  The Low Outf low R e g i m e ,  
( 3 )  The Low I n f l o w  Regime, ( 4 )  The High Outflow Regime, and (5)  
The High I n f l o w  Regime. The h i g h  f low reg imes  ( 4 )  and ( 5 )  a r e  o f  
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l i m i t e d  i n t e r e s t  w i t h  r e s p e c t  t o  ( a i r c r a f t )  l i n e r  a c o u s t i c s  and 
w i l l  r e c e i v e  o n l y  c u r s o r y  a t t e n t i o n  i n  t h i s  r e p o r t .  A t t e n t i o n  i s  
focused  OE t h e  low f low r e g i m e s  ( 2 )  and ( 3 )  and i n  p a r t i c u l a r  on 
t h e  c h a r a c t e r i s t i c s  o f  t h e  d i v i d i n g  s t r e a m  s u r f a c e  between t h e  
f l u i d  p a s s i n g  o v e r  t h e  o r i f i c e  and t h a t  e n t e r i n g  ( f o r  i n f l o w  c a s e )  
o r  l e a v i n g  ( f o r  o u t f l o w  c a s e )  t h e  o r i f i c e .  

3 . 1 . 1  Flow C o n f i g u r a t i o n  During Out f l o w  

3n t h e  a b s e n c e  o f  i n t e r p e n e t r a t i o n  o r  mixing  o f  t h e  two s t r e a m s  
a t  t h e  o r i f i c e  open ing  (and i t  i s  e a s i l y  shown t h a t  d i f f u s i o n  i s  
n e g l i g i b l e ) ,  t h e  emerging  f l u i d  must i n t e r a c t  w i t h  t h e  g r a z i n g  f l o w  
by d e f l e c t i n g  i t  away from t h e  mouth o f  t h e  o r i f i c e .  The d e f l e c t e d  
g r a z i n g  f low i n  t u r n  e x e r t s  d r a g  on t h e  o r i f i c e  f l u i d  t u r n i n g  and 
a c c e l e r a t i n g  i t  i n  a downstream d i r e c t i o n  and a t  t h e  same t i m e  
p r o v i d i n g  an  open ing  a t  t h e  downstream edge o f  t h e  o r i f i c e  t h r o u g h  
which t h e  f l u i d  f l o w s  o u t  o f  t h e  o r i f i c e .  The d e g r e e  o f  open ing  
i s  o b v i o u s l y  a c o n t r o l l i n g  f a c t o r  i n  d e t e r m i n i n g  t h e  r e s i s t a n c e  o f  
t h e  o r i f i c e .  T h i s  i s  shown s c h e m a t i c a l l y  i n  F i g u r e  2 ( b ) .  The 
d i v i d i n g  s t r e a m  s u r f a c e  may b e  v i s u a l i z e d  a s  a d r a g  i n t e r a c t i o n  
a r e a  and i t s  d e f l e c t i o n  r e l a t e d  t o  an e f f e c t i v e  o r i f i c e  open ing  o r  
f low a r e a  a n a l o g o u s  t o  t h e  c l a s s i c a l  c o n c e p t  o f  t h e  "Vena C o n t r a c t a " .  
L a t e r ,  t h e  f low c o n f i g u r a t i o n  d e s c r i b e d  h e r e  w i l l  be i n c o r p o r a t e d  
i n  an a n a l y t i c a l  model.  

3 . 1 . 2  Flow C o n f i g u r a t i o n  Dur ing  I n f l o w  

The g r a z i n g  f low which i s  e v e n t u a l l y  c a p t u r e d  by t h e  o r i f i c e  
d u r i n g  i n f l o w  d e f l e c t s  and a c c e l e r a t e s  t owards  t h e  open ing  and t h e  
d i v i d i n g  s t r e a m  s u r f a c e  (between f l u i d  e n t e r i n g  t h e  o r i f i c e  and 
t h a t  p a s s i n g  on )  imp inges  a t  t h e  downstream l i p  o f  t h e  o r i f i c e .  
Such a f low c o n f i g u r a t i o n  i s  induced  by t h e  d i f f e r e n c e  i n  p r e s s u r e  
between t h e  c a v i t y  and t h e  g r a z i n g  f l o w  moving by t h e  w a l l .  T h i s  
d i f f e r e n c e  may b e  i n d u c e d  d u r i n g  t h e  d u r a t i o n  o f  t h e  compress ion  
h a l f  o f  a sound wave ( A > > > D )  o r  i n  t h e  s t e a d y  s t a t e  a n a l o g  by 
c r e a t i n g  a p r e s s u r e  d r o p  i n  t h e  c a v i t y  r e l a t i v e  t o  t h e  p r a z i n p  f l o w  
p r e s s u r e .  Whereas d u r i n g  o u t f l o w  t h e  o r i f i c e  i s  f i l l e d  w i t h  f l u i d ,  
t h i s  i s  n o t  t h e  c a s e  f o r  i n f l o w .  Graz ing  f l o w  e n t e r i n g  t h e  o r i f i c e  
s e p a r a t e s  from t h e  ups t r eam l i p  and i s  d e f l e c t e d  i n t o  t h e  o r i f i c e .  
For low i n f l o w  r a t e s  most o f  t h e  volume o f  t h e  o r i f i c e  i s  f i l l e d  
by t h i s  s e p a r a t e d  r e g i o n .  The n e c k i n g  o f  t h e  c a p t u r e d  f l o w  t h a t  
o c c u r s  n e a r  t h e  o r i f i c e  o u t l e t  a g a i n  c o n s t i t u t e s  an  e f f e c t i v e  f l o w  
a r e a  o r  "vena c o n t r a c t a "  o f  t h e  o r i f i c e .  

3 .2  I n s t r u m e n t e d  O r i f i c e  T e s t i n g  i n  a Wind Tunnel 

To p r o v i d e  f u r t h e r  u n d e r s t a n d i n g  o f  t h e  d e t a i l s  o f  t h e  i n t e r -  
a c t i o n  shown by t h e  w a t e r  t u n n e l  t e s t s ,  a l a r g e  s c a l e  o r i f i c e  
( 1 2 . 7  mm d i a .  by 2 8 . 6  mm deep)  was i n s t r u m e n t e d  w i t h  s t a t i c  p r e s s u r e  
t a p s  i n s i d e  t h e  o r i f i c e  and n e a r  t h e  l i p s  i n  t h e  t u n n e l  s i d e  w a l l .  
The l a y o u t  o f  t h e  t a p s  a f f o r d i n g  t h e  most i n s i g h t  i n t o  t h e  f l o w  
f i e l d  a r e  i n d i c a t e d  i n  F i g u r e  3 .  
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b e h a v i s r  o f  t h e  d i v i d i n g  s t r e a m  s u r f a c e  o b s e r v e d  i n  t h e  w a t e r  t e s t s .  
Where t h e r e  was no f l o w  t h r o u g h  t h e  o r i f i c e  t h e  d e f l e c t i o n  o f  t h e  
d i v i d i n g  stream surface ( s e e  F i g u r e  4a)  i n t o  and t h e n  o u t  o f  t h e  

4 . 0  THE INVISCID I N T E R A C T I O N  (LID) MODEL 

The d i a g n o s t i c  t e s t s  showed t h e  b e h a v i o r  o f  t h e  d i v i d i n g  
s t r e a m  s u r f a c e  be tween t h e  o r i f i c e  f l u i d  and t h e  g r a z i n g  f l o w  p a s s i n g  
o v e r  t h e  o r i f i c e  o p e n i n g .  For z e r o  o r i f i c e  f low t h e  d i v i d i n g  s t r e a m  
s u r f a c e  s p a n s  t h e  open ing .  When t h e r e  i s  a s l i g h t  i n c r e a s e  i n  
c a v i t y  p r e s s u r e ,  f l u i d  i s  f o r c e d  o u t  o f  t h e  o r i f i c e  by d e f l e c t i n g  
t h e  d i v i d i n g  s t r e a m  s u r f a c e  away from t h e  open ing  a t  t h e  downstream 
s i d e  w h i l e  it r e m a i n s  a t t a c h e d  u p s t r e a m .  The i n t e r a c t i o n  p r e s s u r e  
between t h e  d e f l e c t e d  g r a z i n g  f l o w  and t h e  emerging  o r i f i c e  f l o w  
a c c e l e r a t e s  i t  downstream p a r a l l e l  t o  t h e  w a l l .  Thus,  t h e  d i v i d i n g  
s t r e a m  s u r f a c e  i s  l i k e  a l i d  c l o s i n g  o f f  t h e  open ing  when t h e r e  i s  
no f low and d e f l e c t i n g  upwards a s  t h o u g h , h i n g e d  a b o u t  t h e  u p s t r e a m  
l i p  when t h e r e f  i s  o u t f l o w  ( a t  low f low r a t e s  t h e  l i d  i s  f a i r l y  f l a t  
and o n l y  a c q u i r e s  s i g n i f i c a n t  c u r v a t u r e  f o r  h i g h  o r i f i c e  f low 
r a t e s ) .  C o n v e r s e l y ,  when t h e r e  i s  a s l i g h t  d e c r e a s e  i n  c a v i t y  
p r e s s u r e  ( t h e  i n f l o w  c a s e ) ,  t h e  d i v i d i n g  s t r e a m  s u r f a c e  ( o r  l i d )  
i s  a g a i n  d e f l e c t e d  away from t h e  open ing ,  b u t  t h i s  t i m e  as  though  
h i n g e d  a b o u t  t h e  downstream edge o r  l i p  o f  t h e  o r i f i c e .  Graz ing  
f low i s  c a p t u r e d  by t h e  l i d  i n  t h i s  ca se ,  and t h e  surface p r e s s u r e  
t h a t  would be g e n e r a t e d  i n  d e f l e c t i n g  t h e  c a p t u r e d  f l o w  p a r a l l e l  
t o  t h e  l i d  i s  assumed t o  be o f f s e t  by t h e  r educed  p r e s s u r e  i n  t h e  
c a v i t y  ( t o  e s s e n t i a l l y  p r e s s u r e  u n l o a d  t h e  l i d ) .  Such s i m p l e  i d e a s  
g l e a n e d  from t h e  d i a g n o s t i c  d a t a  were used  t o  g e n e r a t e  a s i m p l i f i e d  
a n a l y t i c a l  model t o  p r e d i c t  t h e  d i s c h a r g e  c o e f f i c i e n t  o r  r e s i s t a n c e  
of a s i n g l e  o r i f i c e  i n  g r a z i n g  f l o w .  

4 . 1  D e f i n i t i o n s  and Assumptions 

t o  be i n c o m p r e s s i b l e .  The p r e s s u r e  d r o p  o r  d r i v i n g  p r e s s u r e  a c r o s s  
t h e  o r i f i c e  i s  t h e  d i f f e r e n c e  i n  p r e s s u r e  be tween t h e  u n d i s t u r b e d  
g r a z i n g  f l o w  s t a t i c  p r e s s u r e  and t h e  s t a t i c  ( o r  t o t a l )  p r e s s u r e  i n  
t h e  c a v i t y ,  wh icheve r  i s  h i g h e r .  T h i s  p r e s s u r e  d rop  ( A P )  i s ' r e l a t e d  
t o  t h e  i d e a l  o r i f i c e  f low r a t e  

The f l u i d  which e n t e r s  o r  l e a v e s  t h e  o r i f i c e  i s  assumed 

Mid  = pAiVo (1)  



where A i  i s  t h e  o r i f i c e  c r o s s - s e c t i o n a l  a r e a  and Vo i s  r e l a t e d  t o  
AP u s i n g  t h e  i n c o m p r e s s i b l e  B e r n o u i l l i  e q u a t i o n  

AP = 1 / 2  pV: ( 2 )  

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

where A i s  t h e  e f f e c t i v e  f low c r o s s - s e c t i o n a l  a r e a  ( e q u i v a l e n t  
t o  t h e  'vena c o n t r a c t a "  a r e a  u s e d  i n  h y d r a u l i c s ) .  

The l i d  model does  n o t  i n v o l v e  any a s s u m p t i o n s  a b o u t  t h e  
b e h a v i o r  o f  t h e  f l u i d  w i t h i n  t h e  o r i f i c e  i t s e l f  and i s  conce rned  
s o l e l y  w i t h  t h e  open ing  a f f o r d e d  by t h e  l i d  f o r  t h e  o u t f l o w  o r  
i n f l o w  o f  f l u i d  and t h e  p r e s s u r e  f o r c e s  t r a n s m i t t e d  a c r o s s  t h e  
i n t e r f a c e .  Thus,  no e f f e c t  o f  t h e  i n t e r n a l  o r i f i c e  c o n f i g u r a t i o n  
( such  a s  l e n g t h - d i a m e t e r  r a t i o )  i s  i n c l u d e d  and o n l y  o r i f i c e s  normal 
t o  t h e  w a l l  a r e  c o n s i d e r e d  i n  t h i s  r e p o r t .  

The l i d  model r e l a t i o n s h i p s  f o r  b o t h  o u t f l o w  and i n f l o w  
w i l l  be  deve loped  f o r  a two-d imens iona l  o r i f i c e  o r  s l o t  o f  i n f i n i t e  
a s p e c t  r a t i o  assuming i n v i s c i d  f low (no g r a z i n g  f l o w  boundary  
l a y e r ) .  The e f f e c t  o f  a boundary  l a y e r  p r o f i l e  i n  t h e  g r a z i n g  f low 
a p p r o a c h i n g  t h e  o r i f i c e  i s  i n c o r p o r a t e d  by s u b s t i t u t i n g  a r e a -  
ave raged  q u a n t i t i e s  i n  t h e  i n v i s c i d  e q u a t i o n s .  An a d a p t a t i o n  o f  
t h e  two-d imens iona l  a n a l y s i s  t o  o r i f i c e s  o f  c i r c u l a r  c r o s s - s e c t i o n  
i s  shown i n  Appendix D .  

4 . 2  Lid Model A n a l y s i s  f o r  Out f low 

F i g u r e  5 ( a )  shows t h e  two d i m e n s i o n a l  model c o n f i g u r a t i o n  
f o r  a n a l y s i s  o f  t h e  l i d  model f o r  o u t f l o w .  The f l u i d  e n t e r s  t h e  
s l o t  a t  v e l o c i t y  Vi and i s  d e f l e c t e d  by t h e  i n t e r f a c e  ( o r  l i d )  a t  
t h e  o r i f i c e  o u t l e t  t h r o u g h  a r i g h t  a n g l e  s o  t h a t  i t  e x i t s  t h e  i n t e r -  
a c t i o n  r e g i o n  a t  t h e  downstream l i p  o f  t h e  s l o t  a t  v e l o c i t y  Vo and 
a t  t h e  g r a z i n g  f low p r e s s u r e  Pa. 

C o n t i n u i t y  f o r  t h e  o r i f i c e  f l o w  i s  g i v e n  by 

AiVi = AoVo ( 4 )  
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The effective discharge coefficient is given by 

CD, E Ao/Ai = DsinB/D = e (for e << 1) ( 5  1 

where 8 is the deflection of the interface in radians. 

The pressure drag on the interface (assumed flat) given by 
thin aerofoil theory” is equated to the momentum of the exiting 
flow in the downstream direction, using a drag coefficient of 2 ~ 0  

Combining equations (5) and (6) and eliminating e gives 

Thus, a simple power relationship is obtained between discharge 
coefficient and the ratio of orifice to grazing flow velocity. 
As will be shown later, experimental data for all orifices tested 
showed a similar power-law characteristic for the range of orifice 
velocities of practical interest (i.e. Vi/V,:0.5). The effect of 
a 1 / 7  power law turbulent boundary layer profile is incorporated by 
substituting an average dynamic pressure for the inviscid value in 
equation (6). The boundary layer dynamic pressure is area-averaged 
by integrating over the frontal area of the lid. The boundary 
layer profile is given by 

A and the area-averaged dynamic pressure q,(zl/AJ dA) is given by 

which gives 
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Upon s u b s t i t u t i n g  i n  e q u a t i o n  ( 6 )  and e l i m i n a t i n g  8 g i v e s  

/ 2  3 
1 4  

C = ( 6 / D )  '/' (Vi/V,) 
0 . 9 2 5  De 

Thus,  i t  i s  p r e d i c t e d  t h a t  f o r  o u t f l o w  t h e  d i s c h a r g e  c o e f f i c i e n t  
i s  p r o p o r t i o n a l  t o  o r i f i c e  v e l o c i t y  r a t i o  r a i s e d  t o  a power s l i g h t l y  
g r e a t e r  t h a n  one h a l f .  By c o n t r a s t  t h e  s e n s i t i v i t y  t o  non-dimen- 
s i o n a l  boundary l a y e r  t h i c k n e s s  i s  a l s o  a power law b u t  much lower 
(one s e v e n t h  t h e  v e l o c i t y  e x p o n e n t ) .  A good approx ima t ion  t o  d a t a  
o b t a i n e d  by o t h e r s ' "  f o r  s l o t s  o f  1 0 / 1  and 7 / 1  a s p e c t  r a t i o s  i s  

which a g r e e s  w e l l  w i t h  e q u a t i o n  ( 1 1 ) .  

4 . 3  The Lid Model f o r  I n f l o w  

F i g u r e  S ( b )  shows t h e  two-d imens iona l  c o n f i g u r a t i o n  f o r  t h e  
a n a l y s i s  o f  t h e  l i d  model f o r  i n f l o w .  The l i d  ( o r . d i v i d i n g  s t r e a m  
s u r f a c e )  s e p a r a t e s  t h e  g r a z i n g  f l o w  p a s s i n g  t h e  s l o t  from t h e  f l u i d  
t h a t  i s  c a p t u r e d  by t h e  s l o t .  The c a p t u r e d  f l u i d  i s  d e f l e c t e d  by 
t h e  downstream w a l l  o f  t h e  s l o t  and e x i t s  a t  v e l o c i t y  Vo p e r p e n d i -  
c u l a r  t o  t h e  o r i g i n a l  g r a z i n g  f low d i r e c t i o n .  W r i t i n g  c o n t i n u i t y  
be tween t h e  c a p t u r e  a r e a  a t  t h e  u p s t r e a m  l i p  o f  t h e  s l o t  and t h e  
u n s e p a r a t e d  f l o w  ( o r  "vena c o n t r a c t a " )  c r o s s - s e c t i o n  e n t e r i n g  t h e  
c a v i t y  g i v e s  

AiOV, = AoVo 

The e f f e c t i v e  d i s c h a r g e  c o e f f i c i e n t  d e f i n e d  as b e f o r e  a s  t h e  e x i t  
f l ow a r e a  t o  t h e  o r i f i c e  a r e a  r a t i o  i s  o b t a i n e d  from Eqn. ( 1 3 ) .  

C De = Ao/Ai  = V m e / V o  

The n e x t  a s s u m p t i o n s  were s u g g e s t e d  by t h e  l i p  s t a t i c  p r e s s u r e  
d a t a  which i n d i c a t e d  t h a t  f o r  low o r i f i c e  f low r a t e s  any change 
i n  i n t e r f a c e  ( l i d )  p r e s s u r e  i s  n e g l i g i b l e  compared t o  t h e  d r i v i n g  
p r e s s u r e  o r  s u c t i o n  i n  t h e  c a v i t y .  Thus,  t h e  e f f e c t  o f  c a v i t y  
s u c t i o n  t r a n s m i t t e d  t h r o u g h  t h e  f l o w  f i e l d  t o  t h e  p r e s s u r e  s i d e  of 
t h e  l i d  i s  t o  n e g a t e  o r  c a n c e l  t h e  p r e s s u r e  r e c o v e r y  t h a t  would 
o t h e r w i s e  o c c u r  ( i . e .  were t h e r e  a l i d b u t  no o r i f i c e ) .  I t  i s  

8 



assumed t h a t  t h e  r educed  p r e s s u r e  o r  s u c t i o n  i n  t h e  c a v i t y  a c c e -  
l e r a t e s  t h e  c a p t u r e d  f low p a r a l l e l  t o  t h e  s l o t  w a l l s  t o  t h e  e x i t  
v e l o c i t y  V and t h a t  t h i s  d r i v i n g  p r e s s u r e  AP(  = Pa, - P ) i s  e q u a l  
t o  t h e  p r e g s u r e  on a t h i n  f l a t  p l a c e d  i n  t h e  g r a z i n g  f lgw a t  t h e  
same a n g l e  o f  a t t a c k  8 a s  t h e  l i d  o r  d i v i d i n g  stream s u r f a c e .  Thus,  
t h e  dynamic p r e s s u r e  o f  t h e  f l u i d  e x i t i n g  t h e  s l o t  i s  e q u a l  t o  t h e  
d r i v i n g  p r e s s u r e  and t h i s  i s  r e l a t e d  t o  t h e  l i d  a n g l e  o f  a t t a c k  
t h r o u g h  t h i n  a e r o f o i l  t h e o r y .  Thus 

S o l v i n g  f o r  8 g i v e s  

e = 1 1 2  ( v O / v w ) *  

Combining e q u a t i o n s  1 3 ,  1 4  and 1 6  and e l i m i n a t i n g  8 g i v e s  

C = l/JT (Vi/VW)l/2 
De 

Thus ,  a g a i n  a s i m p l e  power r e l a t i o n s h i p  i s  o b t a i n e d  between d i s c h a r g e  
c o e f f i c i e n t  and t h e  n o n - d i m e n s i o n a l  o r i f i c e  v e l o c i t y .  The exponen t  
and t h e  c o e f f i c i e n t  f o r  i n f l o w  a r e  b o t h  s l i g h t l y  l e s s  t h a n  f o r  
o u t f l o w ,  a s e c o n d a r y  a s p e c t  o f  t h e  p r e d i c t i o n  model t h a t  r e p e a t e d l y  
a p p e a r s  i n  a l l  t h e  measured  d a t a  (even f o r  c l u s t e r e d  o r i f i c e s  and 
po rous  w a l l s ) .  

The e f f e c t  o f  a g r a z i n g  f low boundary  l a y e r  i s  i n c o r p o r a t e d  
as b e f o r e  by s u b s t i t u t i n g  an a r e a - a v e r a g e d  c a p t u r e  v e l o c i t y  i n  t h e  
c o n t i n u i t y  e q u a t i o n  ( 1 3 )  and an a r e a - a v e r a g e d  dynamic p r e s s u r e  i n  
t h e  t h i n  a e r o f o i l  p r e s s u r e  e q u a t i o n  ( 1 5 ) .  Again t h e s e  a v e r a g e s  
a r e  o b t a i n e d  by i n t e g r a t i n g  from t h e  wa l l  o u t  t o  t h e  ups t r eam p r o -  
j e c t e d  h e i g h t  o f  t h e  l i d .  The a v e r a g e  v e l o c i t y  i s  g i v e n  by 

The a v e r a g e  dynamic p r e s s u r e  g i v e n  by e q u a t i o n  (10) and (18) a r e  
i n s e r t e d  i n  e q u a t i o n  (15)  and (13) r e s p e c t i v e l y  which a f t e r  e l i m i -  
n a t i n g  8 g i v e s  

7 / 1  6 
1 

C = 0.745 ( 6 / D )  /l6(Vi/VW) 
De 
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The exponent  on v e l o c i t y  r a t i o  f o r  i n f l o w  i s  s l i g h t l y  l e s s  t h a n  
one h a l f  and t h e  exponent  on boundary  l a y e r  t h i c k n e s s  i s  a g a i n  
much l e s s  (one s e v e n t h  t h e  v e l o c i t y  r a t i o  e x p o n e n t ) .  Also t h e  
c o e f f i c i e n t  f o r  i n f l o w  i s  l e s s  t h a n  t h a t  o b t a i n e d  f o r  o u t f l o w .  
A l l  t h e s e  f e a t u r e s  o f  t h e  l i d  p r e d i c t i o n  model a r e  s h a r e d  by t h e  
e x p e r i m e n t a l  d a t a  on s i n g l e  round o r i f i c e s .  The above model a n a -  
l y s i s  r e q u i r e d  o n l y  minor m o d i f i c a t i o n s  and c o e f f i c i e n t s  as shown 
i n  Appendix D t o  o b t a i n  e x c e l l e n t  agreement  w i t h  measured d a t a .  

4 . 4  Concludinn Comments on t h e  Lid Model A n a l v s i s  

Only minor a d j u s t m e n t s  t o  t h e  above two d i m e n s i o n a l  models 
t o  accoun t  f o r  t h r e e  d i m e n s i o n a l  e f f e c t s  were r e q u i r e d  t o  o b t a i n  
agreement  w i t h  d a t a .  The c o e f f i c i e n t s  u s e d  i n  t h e  p r e s s u r e  e q u a -  
t i o n s  ( s e e  Appendix D )  a r e  o f  o r d e r  u n i t y  which s u g g e s t s  t h e  
i n v i s c i d  momentum i n t e r a c t i o n  (L id )  model i s  an a d e q u a t e  r e p r e -  
s e n t a t i o n  o f  t h e  s a l i e n t  p h y s i c a l  f a c t o r s  i n v o l v e d  a t  low o r i f i c e  
f low r a t e s  (Vi/Vm<0.5).  
d a t a  e x t e n d s  t o  l a r g e  l i d  d e f l e c t i o n  a n g l e s  f a r  beyond t h e  v a l i d  
r a n g e  f o r  t h i n  a e r o f o i l  t h e o r y  ( f o r  o u t f l o w  8  IT/^ and f o r  
i n f l o w  emax r* ~ r / 4 ) .  
t i o n s  t h e  agreement  o f  t h e  mode l  w i t h  d a t a  i s  f o r t u i t o u s  and p r o -  
b a b l y  due t o  compensa t ing  phenomena n o t  i n c l u d e d  i n  t h e  model. 
More d e t a i l e d  o b s e r v a t i o n s  o f  t h e  i n t e r a c t i o n  s u r f a c e  would no 
doub t  improve t h e  form o f  model b u t  i n  t h e  meantime what i s  p r e s e n t e d  
h e r e  a c c o u n t s  i n  r e a s o n a b l y  q u a n t i t a t i v e  t e rms  f o r  t h e  m a j o r  e f f e c t s  
o f  g r a z i n g  f low v e l o c i t y  (Vm)  and boundary  l a y e r  t h i c k n e s s  t o  o r i f i c e  
d i a m e t e r  r a t i o  (6/D).  A s  ment ioned  above t h e  model d o e s  n o t  i n c l u d e  
any c o n c e r n  w i t h  t h e  mechanics  o f  t h e  a c t u a l  f l ow w i t h i n  t h e  o r i f i c e  
and hence c a n n o t  be used  i n  i t s  p r e s e n t  form t o  make any p r e d i c t i o n s  
i n v o l v i n g  t h e  e f f e c t s  o f  L / D  o f  t h e  o r i f i c e .  

The r a n g e  o v e r  which t h e  model a g r e e s  w i t h  

So i t  i s  c l e a r  t h a t  a t  tRgXhighe r  l i d  d e f l e c -  

5 . 0  MEASUREMENTS OF STEADY STATE RESISTANCE OF SQUARE-EDGED 
ORIFICES I N  G R A Z I N G  FLOW 

I t  h a s  been shown by Rice", and Budoff and Zorumski '"  and 
o t h e r ?  t h a t  g r a z i n g  f low c a u s e s  s t e a d y  s t a t e  o r i f i c e  r e s i s t a n c e  t o  
i n c r e a s e  c o n s i d e r a b l y  above i t s  n o n - g r a z i n g  f low v a l u e  f o r  low 
o r i f i c e  f low r a t e s .  T h i s  was t r u e  f o r  b o t h  o u t f l o w  and i n f l o w  
though  t h e  e f f e c t s  were o f  d i f f e r e n t  magn i tude .  For l a r g e  o r i f i c e  
f low r a t e s  ( g e n e r a l l y  beyond t h e  r a n g e  o f  i n t e r e s t  i n  e n g i n e  q u i e t -  
i n g  t e c h n o l o g y )  t h e  r e s i s t a n c e  a g a i n  approached  t h e  n o n - g r a z i n g  
f low v a l u e .  

Measurements o f  t h e  r e s i s t a n c e  o f  s e v e r a l  s q u a r e - e d g e d  
o r i f i c e  g e o m e t r i e s  (lmm < D < 1 2 . 7 m m ,  0 . 1 2  L / D  2 .0 )  f o r  a wide 
r a n g e  o f  o r i f i c e  and graying-flow v e l o c i t i e s  have been  made and 
w i l l  be  p r e s e n t e d .  Data r e d u c t i o n  w i l l  be  d i s c u s s e d  f o l l o w e d  by 
a p r e s e n t a t i o n  o f  t y p i c a l  r e s u l t s  f o r  one o r i f i c e  geometry  i l l u s -  
t r a t i n g  t h e  g e n e r a l  e f f e c t s  o f  g r a z i n g  f l o w  on o r i f i c e  r e s i s t a n c e  
and t h e  a b i l i t y  t o  c o l l a p s e  r e s i s t a n c e  d a t a  f o r  a wide r a n g e  o f  
g r a z i n g  v e l o c i t i e s  i n t o  a s i n g l e  c u r v e  whose form was p r e d i c t e d  
by t h e  i n v i s c i d  i n t e r a c t i o n  (L id )  model. The p r e d i c t e d  e f f e c t s  o f  
g r a z i n g  f low boundary  l a y e r  t h i c k n e s s  r a t i o  ( 6 / D )  a r e  a l s o  compared 
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w i t h  r e s i s t a n c e  measurements  f o r  a wide r a n g e  o f  o r i f i c e  d i a m e t e r s  
( h o l d i n g  6 c o n s t a n t ) .  O r i f i c e  l e n g t h  w i t h  d i a m e t e r  e f f e c t s  a r e  a l s o  
p r e s e n t e d  by compar ing  d a t a  f o r  one h o l e  d i a m e t e r .  

5 . 1  Data  Reduc t ion  

The p r e s s u r e  d r o p  ( A P )  a c r o s s  t h e  o r i f i c e  was n e a s u r e d  and 
i s  g i v e n  

f o r  o u t f l o w  by AP = P c  - Pa, ( 2 0 )  

- pc and f o r  i n f l o w  by AP = Pm 

where Pa, i s  t h e  s t a t i c  p r e s s u r e  o f  t h e  g r a z i n g  f low a t  t h e  o r i f i c e  
s t a t i o n  b u t  measured f a r  enough away t o  be  e s s e n t i a l l y  unchanged 
by t h e  o r i f i c e  f l o w ,  and Pc i s  t h e  p r e s s u r e  i n  t h e  c a v i t y .  

Whenever a s l i g h t  p r e s s u r e  d rop  was measured f o r  z e r o  o r i f i c e  
f low r a t e  t h i s  was s u b t r a c t e d  t o  o b t a i n  t h e  p r e s s u r e  d r o p  due t o  
f low.  P a r e n t h e t i c a l l y ,  F r a n k l i n  and Wal l ace2 '  have shown t h a t  even 
when p e r f e c t  s q u a r e n e s s  o f  t h e  o r i f i c e  l i p s  and f l a t n e s s  o f  t h e  d u c t  
w a l l  i s  a s s u r e d  t h e r e  i s  s t i l l  a s l i g h t  p o s i t i v e  c a v i t y  p r e s s u r e  
measured .  I n  p r a c t i c e  f o r  c o n v e n t i o n a l l y  d r i l l e d  o r  punched o r i -  
f i c e s  t h e  z e r o  f low c a v i t y  p r e s s u r e  w i l l  a lways  d i f f e r  from t h e  
t r u e  l o c a l  g r a z i n g  f l o w  p r e s s u r e  by  a p o s i t i v e  o r  even n e g a t i v e  
amount (depend ing  on b u r r s ,  e t c . ) .  For  a l l  c o n d i t i o n s  t e s t e d  i t  
may be  assumed t h a t  t o t a l  and s t a t i c  p r e s s u r e s  i n  t h e  c a v i t y  a r e  
e q u a l .  Flow v e l o c i t y  (V. )  t h r o u g h  t h e  o r i f i c e  was o b t a i n e d  by 
d i v i d i n g  t h e  f low r a t e  mEasured by r o t a m e t e r  o r  v e n t u r i  by t h e  
c r o s s - s e c t i o n a l  a r e a  o f  t h e  o r i f i c e  b e i n g  t e s t e d .  The one-dimen- 
s i o n a l  i n c o m p r e s s i b l e  B e r n o u i l l i  e q u a t i o n  i s  used  t o  o b t a i n  t h e  
v e l o c i t y  th rough  t h e  " e f f e c t i v e  vena  c o n t r a c t a ' '  A. a t  t h e  o r i f i c e  
o u t l e t  p r e s s u r e  (P, f o r  o u t f l o w ,  Pc f o r  i n f l o w )  

Then from c o n t i n u i t y  

ViAi  = V A 
0 0  

and t h e  e f f e c t i v e  d i s c h a r g e  c o e f f i c i e n t  i s  g i v e n  by 

C = Ao/Ai  = V i / V o  = Vi/(2AP/p) v 2  
De 
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The f o l l o w i n g  i d e n t i t i e s  which f o l l o w  from e q n s .  2 1 ,  2 2  and 23 
a r e  u s e f u l  

( 2 4 )  R E AP/Vi  = AP/V C = 1 / 2 p  - Vi /CDe  2 
o De 

For c o n s i s t e n c y  t h e  d e n s i t y  i n  t h e s e  e q u a t i o n s  was t a k e n  a t  g r a z i n g  
f l o w  s t a t i c  c o n d i t i o n s  (Pm, T m ) .  

5 . 2  T e s t  R e  s u  1 t s 

For e a c h  o r i f i c e ,  f o r  t h e  comple t e  g r a z i n g  f l o w  v e l o c i t y  
r ange  t e s t e d ,  d i s c h a r g e  c o e f f i c i e n t  was p l o t t e d  a g a i n s t  t h e  r a t i o  
o f  o r i f i c e  f low v e l o c i t y  t o  g r a z i n g  v e l o c i t y  (Vi/Vm). 
by t h e  l i d  model f o r  a n e a r l y  c o n s t a n t  b o u n d a r y - l a y e r  t h i c k n e s s  
a l l  t h e  d a t a  c o l l a p s e d  i n t o  two c u r v e s ,  one a c o r r e l a t i o n  o f  t h e  
o u t f l o w  and t h e  o t h e r  a c o r r e l a t i o n  o f  t h e  i n f l o w  d a t a .  Boundary 
l a y e r  t o t a l  p r e s s u r e  r e c o v e r y  p r o f i l e s  a s  shown i n  F i g u r e  ( 6 )  were 
t a k e n  i n  t h e  t e s t  s e c t i o n ,  and c o n f i r m e d  t h a t  t h e  boundary  l a y e r  
was t u r b u l e n t  and o f  a p p r o x i m a t e l y  c o n s t a n t  t h i c k n e s s  c o n s i s t e n t  
w i t h  a p r e d i c t e d  i n v e r s e  o n e - f i f t h  power o f  Reynolds number v a r i a -  
t i o n  (based  on t h e  w e l l  known 1 / 7  power v e l o c i t y  p r o f i l e ) .  

i n  t h e  e q u i v a l e n t  d i s c h a r g e  c o e f f i c i e n t  ( C D ~ )  form i s  p r e s e n t e d  i n  
F i g u r e  7 .  The o u t f l o w  and i n f l o w  c o r r e l a t i o n s  o f  CDe  v e r s u s  o r i f i c e  
v e l o c i t y  r a t i o  (V./V ) a re  compared w i t h  t h e  n o n - g r a z i n g  f low d i s -  
c h a r g e  c o e f f i c i e n t  (ED ) .  I n  g r a z i n g  f low t h e  e f f e c t i v e  d i s c h a r g e  
L o e f f i c i e n t  a p p r o a c h e s o  t h e  n o n - g r a z i n g  f l o w  v a l u e  a s y m p t o t i c a l l y  
f o r  v e r y  l a r g e  o r i f i c e  f low r a t e s ,  a s  might  be e x p e c t e d .  I n  con-  
t r a s t ,  f o r  small  o r i f i c e  f low r a t e s ,  t h e  e f f e c t  o f  g r a z i n g  f l o w  
domina te s  t h e  o r i f i c e  d i s c h a r g e  c o e f f i c i e n t  ( o r  r e s i s t a n c e )  f o r  
b o t h  i n f l o w  and o u t f l o w .  As r e s i s t a n c e  i s  i n v e r s e  t o  t h e  s q u a r e  
o f  d i s c h a r g e  c o e f f i c i e n t  ( s e e  eqn .  2 4 ) ,  it  i s  c l e a r  t h a t  f o r  low 
v a l u e s  o f  v e l o c i t y  r a t i o  (Vi/V ) o r i f i c e  r e s i s t a n c e  i s  many t i m e s  
t h e  z e r o  g r a z i n g  f low v a l u e .  
t e r i s t i c  s h a p e s  o f  t h e  o u t f l o w  and i n f l o w  d a t a  a r e  a key t o  a b e t t e r  
u n d e r s t a n d i n g  o f  t h e  l a r g e  d i f f e r e n c e s  between o u t f l o w  and i n f l o w  
r e s i s t a n c e  d a t a  n o t e d  by R ice  and o t h e r s .  F i g u r e  8 ,  c o n s t r u c t e d  
by combining Eqn .  ( 2 4 )  w i t h  t h e  d a t a  g i v e n  i n  F i g u r e  7 ,  shows 
r e s i s t a n c e  a s  a f u n c t i o n  o f  o r i f i c e  v e l o c i t y  f o r  t h r e e  g r a z i n g  
v e l o c i t i e s  0 ,  50  and 1 0 0  m e t e r s / s e c .  T h i s  shows a l l  t h e  c h a r a c -  
t e r i s t i c s  o f  g r a z i n g  f low r e s i s t a n c e  d a t a  n o t e d  by Rice2:  and i n  
a d d i t i o n  t h e  o b s e r v a t i o n  t h a t  f o r  v e r y  h i g h  o u t f l o w  v e l o c i t i e s  
r e s i s t a n c e  w i l l  d r o p  below t h e  n o n g r a z i n g  f l o w  v a l u e .  A p l a u s i b l e  
model t o  e x p l a i n  t h i s  c h a r a c t e r i s t i c  o f  t h e  d a t a  would be t h e  
e x i s t e n c e  o f  a r educed  mean s t a t i c  p r e s s u r e  a round  t h e  j e t  emerging  
from t h e  o r i f i c e  a n a l o g o u s  t o  t h a t  which can  b e  shown a n a l y t i c a l l y  
f o r  an  i d e a l  f l u i d  f l o w i n g  a round  a c y l i n d e r .  I n  p r a c t i c e ,  t h i s  
regime i s  g e n e r a l l y  o u t s i d e  t h e  r a n g e  o f  o r i f i c e  v e l o c i t i e s  ( o r  
e q u i v a l e n t  sound p r e s s u r e  l e v e l s )  o f  i n t e r e s t  i n  a i r c r a f t  q u i e t i n g .  

As s u g g e s t e d  

A t y p i c a l  c o r r e l a t i o n  o f  t h e  o r i f i c e  r e s i s t a n c e  d a t a  p r e s e n t e d  

The d i f f e r e n c e s  shown between c h a r a c -  
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1 When t h e  d i s c h a r g e  c o e f f i c i e n t  d a t a  a s  shown i n  F i g u r e  7 
i s  e x t r a p o l a t e d  towards  t h e  o r i g i n ,  t h e  o r i f i c e  r e s i s t a n c e  f o r  z e r o  
o r i f i c e  f low r a t e  i s  i n d e t e r m i n a t e  f o r  b o t h  o u t f l o w  and i n f l o w .  
An e x t r a p o l a t e d  r e s i s t a n c e  p l o t  ( F i g u r e  8 )  o f  t h e  same d a t a  s u g g e s t s  
t h a t  r e s i s t a n c e  i n c r e a s e d  f o r  o u t f l o w  and d e c r e a s e d  f o r  i n f l o w  a s  
o r i f i c e  f low i s  r e d u c e d .  A s i m i l a r  t r e n d  i s  a p p a r e n t  i n  t h e  d a t a  o f  
Rudoff and Zorumski” .  To c l a r i f y  t h e s e  t r e n d s  i n  t h e  d a t a ,  t o  
o b t a i n  t y p i c a l  r e s i s t a n c e  d a t a  o v e r  t h e  w i d e s t  p o s s i b l e  r a n g e  p e r -  
m i t t e d  by t h e  i n s t r u m e n t a t i o n  and i n  hope o f  c o v e r i n g  t h e  r a n g e  o f  
e q u i v a l e n t  sound p r e s s u r e  l e v e l s  e n c o u n t e r e d  i n  j e t  e n g i n e s ,  t e s t i n g  
\%as c a r r i e d  o u t  on one o r i f i c e  f o r  e x t r e m e l y  low o r i f i c e  f l o w  r a t e s .  

5 . 2 . 1  R e s i s t a n c e  Measurements a t  Low O r i f i c e  Flow Rates 

Kccause o f  t h e  e v i d e n c e  above o f  a s i n g u l a r i t y  i n  t h e  d a t a  
a t  z e r o  € l o w ,  measurements  were made o f  t h e  r e s i s t a n c e  o f  an  o r i f i c e  
o f  geometry D = 1 2 . 7  m m ,  L/D = 1 . 0  t o  d e t e r m i n e  i f  a breakdown i n  
t h c  c o r r e l a t i o n  wh ic.h i s  b a s e d  on an  i n v i s c i . d  i n t e r a c t i o n  model 
cou ld  h c  o b s e r v c d .  The d a t a  o b t a i n e d  i s  p r e s e n t e d  i n  f o u r  d i f f e r e n t  
ways i n  F i g u r c  ‘3 t h r o u g h  1 2 .  The raw p r e s s u r e  d r o p  v e r s u s  o r i f i c e  
f l o w  v c l o c i t y  d a t a  i s  shown i n  F i g u r e  9 showing measurements  t a k e n  
f o r  p r e s s u r e  drops as  low a s  7 0  n e w t o n s l s q .  me te r  ( e q u i v a l e n t  t o  a 
sound p r c s s u r e  ampli tuclc  o f  1 0 6  db re  2 x 10‘5N/m2). F i g u r e  1 0  
shows t h e  c o r r c l a t  ion  o f  d i s c h a r g e  c o e f f i c i e n t  v e r s u s  t h e  o r i f i c c  
v c l o c i t y  r a t i o  f o r  ; i l l  g r a z i n g  f lows t e s t e d  p e r s i s t i n g  t o  t h e  l o w e s t  
o r i f i c c  f lows  f o r  which t h e  p r c s s u r e  d r o p s  were m e a s u r a b l e  u s i n g  an 
a l c o h o l  manometer a t  a s l a n t  o f  5 . 5  d e g r e e s  from t h e  h o r i z o n t a l .  
Thc low s c a t t e r  o f  t h e  d a t a  a t t e s t s  t o  t h e  s p e c i a l  c a r e  t a k e n  t o  
a v o i d  f low p u l s a t i o n s  i n  t h e  g r a z i n g  f l o w  o r  t h e  s i d e  b r a n c h .  ‘The 
:;amc d a t a  i s  d i s p l a y e d  i n  F i g u r e  11 on a l o g - l o g  sca l e  showing t h a t  
t h e  power- law Corm o f  t h e  c o r r e l a t i o n  s u g g e s t e d  by t h e  l i d  model 
: i$rces  we l l  w i t h  t h e  d a t a  down t o  t h e  l owes t  f l o w s  t e s t e d .  T h e  
s i n g u l a r i t y  which o c c u r s  f o r  z e r o  f low f o r  t h i s  c o r r e l a t i o n  o f  t h e  
( l a t a  i s  d i s p l a y e d  a s  f o l l o w s .  For  i n f l o w  

~ 

and t h e  c o r r e s p o n d i n g  r e s i s t a n c e  fo rmula  ( t a k i n g  p = 1 . 2 1  kg/m3) 
i s  

R =  1 / 2  p v i p  
De 

= 0 . 9 4 5  V i 0 . 0 6  v m 0 - 9 4  

R e s i s t a n c e  i s  z e r o  f o r  z e r o  f l o w  r a t e  b u t  t h e  s i n g u l a r i t y  a p p e a r s  
i n  t h e  f i r s t  d e r i v a t i v e  w i t h  r e s p e c t  t o  Vi 
r c s i s t a n c e  c u r v e  i s  s i n g u l a r  a t  z e r o  f low on t h e  i n f l o w  s i d e ) .  
!.’or o u t f l o w  

( i . e . ,  t h e  s l o p e  o f  t h e  
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c = o . 9 7 ( v i / v m ) o . 5 3 4  
De 

and r e s i s t a n c e  i s  g i v e n  by 

R = 0 . 6 4 ( V i ) - 0 ' 0 6 8  (Vm) * ' 

Thus, t h e  c o r r e l a t i o n  f o r  o u t f l o w  r e s i s t a n c e  i s  s i n g u l a r  f o r  z e r o  
f low.  While Budoff and Zorurnski ' s ' '  d a t a  was t h e  f i r s t  t o  s u g g e s t  
s i m i l a r  s i n g u l a r  b e h a v i o r  f o r  g r a z i n g  Mach numbers up t o  0 . 4 4 ,  more 
r e c e n t  d a t a  by Fede?'2 s u g g e s t s  t h e  same r e s u l t  f o r  g r a z i n g  f l o w  
v e l o c i t i e s  t o  1 0 0 0  f t . / s e c .  Of c o u r s e ,  t h e r e  a r e  no s i n g u l a r i t i e s  
i n  r e a l  f l u i d  f l o w  and a t  v e r y  low f l o w  r a t e s ,  a p p r o a c h i n g  z e r o ,  
v i s c o s i t y  o f  t h e  f l o w  i n  t h e  o r i f i c e  c a n n o t  be i g n o r e d  a s  i n  t h e  
i n v i s c i d  i n t e r a c t i o n  (Lid)  model.  I n  s u p p o r t  o f  t h i s ,  t h e  w a t e r  
t u n n e l  t e s t s  showed t h e  e x i s t e n c e  of  a ( v i s c o u s )  r e c i r c u l a t i n g  
r e g i o n  i n  t h e  o r i f i c e  neck a t  v a n i s h i n g l y  s m a l l  o r i f i c e  t h r o u g h -  
f low v e l o c i t i e s .  The minimum o r i f i c e  Reynolds number f o r  t h e  d a t a  
shown i n  F i g u r e  1 0  i s  based  on d i ame te r .  T y p i c a l  d a t a  f o r  a 
c l u s t e r  o f  o r i f i c e s  o b t a i n e d  by Feder2 '  
h i s  r e s i s t a n c e  d a t a  h a s  been  r e p l o t t e d  i n  terms o f  d i s c h a r g e  c o e f f i -  
c i e n t  (based  on t h e  f a c e  a r e a  o f  t h e  sample r a t h e r  t h a n  t h e  open 
a r e a ) .  Here t h e  same r e s i s t a n c e  c h a r a c t e r i s t i c s  f o r  c l u s t e r e d  
o r i f i c e s  as f o r  a s i n g l e  o r i f i c e  a r e  shown p e r s i s t i n g  down t o  v e r y  
low o r i f i c e  v e l o c i t i e s  (where t h e  minimum Reynolds number b a s e d  on 
o r i f i c e  d i a m e t e r  and t h e  a v e r a g e  open a r e a  v e l o c i t y  i s  4 5 ) .  Thus,  
f o r  b o t h  s i n g l e  o r i f i c e s  and c l u s t e r s  o f  o r i f i c e s  t h e  e f f e c t i v e  
d i s c h a r g e  c o e f f i c i e n t  f o r  o u t f l o w  i s  p r o p o r t i o n a l  t o  (V./Vm) 
r a i s e d  t o  a power s l i g h t l y  g r e a t e r  t h a n  1 / 2  b u t  f o r  i n f f o w  t h e  
power i s  s l i g h t l y  l e s s  t h a n  1 / 2 .  These d a t a  t e n d  t o  s u p p o r t  t h e  
c o n t e n t i o n  t h a t  t h e  f l o w  i n  o r  o u t  o f  a w a l l  o r i f i c e  i s  c o n t r o l l e d  
p r e d o m i n a n t l y  by t h e  i n t e r a c t i o n  f low f i e l d  on t h e  g r a z i n g  f l o w  
s i d e  o f  t h e  o r i f i c e .  S i m i l a r  d a t a  from Feder  f o r  a porous  f a c i n g  
m a t e r i a l  i s  shown i n  F i g u r e  1 4 .  

i s  shown i n  F igu re  1 3  where 

Note t h a t  a f i r s t  a p p r o x i m a t i o n  t o  t h e  d a t a  shown i n  F igu re  9 
t h r o u g h  1 2  would be t o  assume t h e  e f f e c t i v e  d i s c h a r g e  c o e f f i c i e n t  
i s  p r o p o r t i o n a l  t o  t h e  s q u a r e  r o o t  o f  t h e  v e l o c i t y  r a t i o  (Vi/Vm) 
and t o  b e s t  f i t  such  a s l o p e  t o  t h e  d a t a  a s  shown i n  F i g u r e  11. 
The c o r r e l a t i o n  s o  o b t a i n e d  i s  a l s o  shown d o t t e d  i n  F i g u r e  1 2 .  
T h i s  a p p r o x i m a t i o n  removes t h e  s i n g u l a r i t y  a t  a c o s t  of  d e v i a t i n g  
from t h e  measurements  a t  v e r y  low o r i f i c e  v e l o c i t i e s  ( o r  d r i v i n g  
p r e s s u r e s  - e q u i v a l e n t  sound p r e s s u r e s  a r e  i n d i c a t e d  i n  F i g u r e  91, 
u n d e r - e s t i m a t i n g  t h e  r e s i s t a n c e  f o r  o u t f l o w  and o v e r - e s t i m a t i n g  
i t  f o r  i n f l o w .  
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I n s e r t i n g  t h e  a p p r o x i m a t i o n  C = cl(ViVw) vz i n t o  e q u a t i o n  
(24) g i v e s  f o r  r e s i s t a n c e  De 

R = ( p / 2 a Z ) V i o V i ’  ( 2 9 )  

The e f f e c t  o f  t h i s  a p p r o x i m a t i o n  i s  t h a t  o r i f i c e  r e s i s t a n c e  becomes 
i n d e p e n d e n t  o f  o r i f i c e  v e l o c i t y  Vi  o r  d r i v i n g  p r e s s u r e  and p r o p o r -  
t i o n a l  t o  g r a z i n g  f low v e l o c i t y .  Thus,  i f  we assume t h a t  s t e a d y  
s t a t e  and a c o u s t i c  r e s i s t a n c e  c h a r a c t e r i s t i c s  a r e  a n a l o g o u s ,  it may 
be p r e d i c t e d  t o  a f i r s t  a p p r o x i m a t i o n  (1)  a c o u s t i c  r e s i s t a n c e  i n  a 
f i x e d  h i g h  s p e e d  g r a z i n g  f l o w  i s  independen t  o f  sound p r e s s u r e  l e v e l  
and ( 2 )  a c o u s t i c  r e s i s t a n c e  i s  p r o p o r t i o n a l  t o  g r a z i n g  f low v e l o c i t y .  

5.2.2 E f f e c t s  o f  Grazing Flow Boundary Layer T h i c k n e s s  

The l i d  model p r e d i c t i o n  t h a t  CDe i s  a weak f u n c t i o n  o f  
boundary  l a y e r  t h i c k n e s s  n o n - d i m e n s i o n a l i z e d  by o r i f i c e  w i d t h  o r  
d i a m e t e r  has  been t e s t e d  e x p e r i m e n t a l l y  by a s e r i e s  of measurements 
u s i n g  a wide r a n g e  o f  o r i f i c e  d i a m e t e r s  ( 1  mm < D < 1 2 . 7  mm) h o l d i n g  
boundary l a y e r  t h i c k n e s s  and o r i f i c e  geometry  ( L / D )  c o n s t a n t .  To 
make doub ly  s u r e  o f  a n e g l i g i b l e  v a r i a t i o n  i n  boundary  l a y e r  t h i c k n e s s ,  
g r a z i n g  f l o w  v e l o c i t y  was h e l d  w i t h i n  nar row l i m i t s  ( 3 5 . 4  < Vw <39  
m/sec.  ) . 

The d a t a  i s  p r e s e n t e d  i n  F i g u r e  1 5  f o r  a wide r a n g e  o f  
v e l o c i t y  r a t i o s  and a c r o s s - p l o t  f o r  Vi /Vm = 0 . 1  and 0 . 2  i s  shown 
i n  F i g u r e  16 compared t o  t h e  power law r e l a t i o n s h i p  p r e d i c t e d  by 
t h e  l i d  model.  For o u t f l o w  t h e  agreement  w i t h  p r e d i c t i o n  (shown 
d o t t e d )  i s  e x c e l l e n t ,  For i n f l o w  t h e  i n c r e a s e  i n  d i s c h a r g e  c o e f -  
f i c i e n t  ( o r  d e c r e a s e  i n  r e s i s t a n c e )  i s  g r e a t e r  t h a n  p r e d i c t e d  when 
t h e  o r i f i c e  d i a m e t e r  i s  l e s s  t h a n  one q u a r t e r  o f  t h e  boundary  
l a y e r  t h i c k n e s s .  

r a t i o  ( L / D  = 1 . 6 )  f o r  t h e  1 mm d i a m e t e r  o r i f i c e  d e v i a t e s  c o n s i d e r a b l y  
from t h e  nominal  v a l u e  o f  u n i t y  and i t  may be s e e n  i n  t h e  n e x t  
s e c t i o n  t h a t  t h i s  may accoun t  f o r  most o f  t h e  d e v i a t i o n  o f  t h e  d a t a  
f o r  t h a t  o r i f i c e  from p r e d i c t e d .  N e v e r t h e l e s s ,  i t  i s  c l e a r  from 
t h e  d a t a  t h a t  a power- law exponen t  c l o s e  t o  t h a t  s u g g e s t e d  by 
t h e  l i d  model i s  a f a i r  a p p r o x i m a t i o n  t o  t h e  e f f e c t  o f  boundary  
l a y e r  t h i c k n e s s  r a t i o  on d i s c h a r g e  c o e f f i c i e n t  o v e r  a v e r y  wide 
r a n g e  

I t  must be p o i n t e d  o u t  he re  t h a t  t h e  o r i f i c e  l e n g t h  t o  d i ame te r  

i . e .  R - ( 6 )  -’*’ 
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Although t h e  exponen t  f o r  boundary  l a y e r  t h i c k n e s s  i s  a p p r o x i m a t e l y  
o n e - f i f t h  t h a t  o f  t h e  g r a z i n g  f low v e l o c i t y  a t  t h e  edge o f  t h e  
boundary l a y e r  t h e  e f f e c t  i s  s t i l l  s i g n i f i c a n t  ( e . g .  i f  6 d o u b l e s  
t h e n  R d e c r e a s e s  by 1 5  p e r c e n t )  and may n o t  be i g n o r e d  i n  d u c t  
p r o p a g a t i o n  a n a l y s i s .  

5 . 2 . 3  E f f e c t s  o f  O r i f i c e  Leng th -Diamete r  R a t i o  

C o r r e l a t i o n s  o f  e f f e c t i v e  d i s c h a r g e  c o e f f i c i e n t  f o r  a s e r i e s  
o f  e q u a l  d i a m e t e r  (12 .7  mm) s q u a r e - e d g e d  o r i f i c e s  w i t h  l e n g t h  t o  d i a -  
m e t e r  r a t i o s  from 0 . 1 2  t o  2 . 0  a r e  shown f o r  o u t f l o w  i n  F i g u r e  1 7  
and f o r  i n f l o w  i n  F i g u r e  1 8 .  These d a t a  a r e  summarized i n  F i g u r e  
1 9 .  

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

= 0 . 9 7  (Vi/V,> O - 
'De 

i s  a f a i r  a p p r o x i m a t i o n  t o  t h e  d a t a  f o r  a l l  l e n g t h - d i a m e t e r  r a t i o s  
t e s t e d .  The i n s t r u m e n t e d  o r i f i c e  t e s t s  d e s c r i b e d  i n  Appendix C 
showed t h a t  t h e  s t a t i c  p r e s s u r e s  a l o n g  t h e  ups t r eam and downstream 
s i d e - w a l l s  o f  t h e  o r i f i c e  were n o t  s i g n i f i c a n t l y  d i f f e r e n t  e x c e p t  
j u s t  a t  t h e  l i p  i n d i c a t i n g  t h e  o r i f i c e  i s  f l o w i n g  f u l l  up t o  t h e  
o p e n i n g .  Then o r i f i c e  d e p t h  would n o t  b e  e x p e c t e d  t o  a f f e c t  d i s -  
c h a r g e  c o e f f i c i e n t  and t h i s  i s  h e r e  c o n f i r m e d  f o r  t h e  lower  v e l o c i t y  
r a t i o  r a n g e  (up t o  Vi/Vw = 0 . 3 5 ) .  

and e x t e n d s  t h r o u g h o u t  t h e  whole r a n g e  o f  o r i f i c e  t o  g r a z i n g  f l o w  
r a t i o s  t e s t e d .  ( N e v e r t h e l e s s ,  t h e  exponen t  o f  t h e  c o r r e l a t i o n  f o r  
a l l  o r i f i c e s  i s  less  t h a n  0 . 5  as  h a s  been o b s e r v e d  f o r  a l l  i n f l o w  
d a t a  f o r  s i n g l e  o r i f i c e s  t o  d a t e ) .  A l e n g t h - d i a m e t e r  r a t i o  o f  
0 . 6  gave t h e  l o w e s t  e f f e c t i v e  d i s c h a r g e  c o e f f i c i e n t  c h a r a c t e r i s t i c  
( i . e . ,  h i g h e s t  r e s i s t a n c e )  w i t h  an i n c r e a s e  f o r  l ower  and h i g h e r  
v a l u e s .  

For i n f l o w ,  t h e  e f f e c t  o f  l e n g t h - d i a m e t e r  r a t i o  i s  c o n s i d e r a b l e  

The i n c r e a s e  i n  e f f e c t i v e  d i s c h a r g e  c o e f f i c i e n t  f o r  low 
l e n g t h - d i a m e t e r  r a t i o s  ( i . e . ,  L / D  < 0 . 6 )  h a s  been e x p l a i n e d  by 
S t o k e s  e t  a1 . ' *  as  due t o  t h e  r e l a t i v e  e a s e  w i t h  which t h e  c a p t u r e d  
f low e n t e r s  t h e  c a v i t y  as  t h e  t h i c k n e s s  o f  t h e  downstream w a l l  o f  
t h e  o r i f i c e  i s  r e d u c e d .  The t h i n n e r  t h e  w a l l  t h e  l e s s  s t a g n a t i o n  
o c c u r s  and t h e  f u r t h e r  u p s t r e a m  t h e  c a v i t y  d e p r e s s i o n  i s  f e l t  s o  
more f l u i d  i s  d e f l e c t e d  and c a p t u r e d  by t h e  o p e n i n g .  

The i n c r e a s e  i n  d i s c h a r g e  c o e f f i c i e n t  f o r  h i g h e r  l e n g t h  t o  
d i a m e t e r  r a t i o s  (L/D > 0 . 6 )  i s  due t o  p r e s s u r e  r e c o v e r y  w i t h i n  t h e  
o r i f i c e  a f t e r  t h e  minimum e f f e c t i v e  f l o w  a r e a  o r  "vena c o n t r a c t a "  
has  been r e a c h e d .  The same mechanism o p e r a t e s  f o r  L / D  > 0 . 6  f o r  
s q u a r e - e d g e d  o r i f i c e s  i n  normal  f l o w  ( s e e  Appendix E ) .  
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~ 6 . 0  CONCLUSIONS 

(1) The r e s i s t a n c e  o f  w a l l  o r i f i c e s  i n c r e a s e s  i n  g r a z i n g  f l o w  
due t o  a momentum i n t e r a c t i o n  mechanism which c a u s e s  t h e  f l o w  a r e a  
t o  be  c o n s t r i c t e d  l e a v i n g  t h e  o r i f i c e .  

( 2  1 The mechanisms f o r  o u t f l o w  and i n f l o w ,  w h i l e  governed  by 
t h e  g r a z i n g  f low t o  o r i f i c e  f low momentum r a t i o ,  o p e r a t e  d i f f e r e n t l y .  
During o u t f l o w  t h e  g r a z i n g  f low b l o c k s  t h e  o r i f i c e  f low a t  t h e  w a l l  
and unde rgoes  d e f l e c t i o n  t o  p r o v i d e  t h e  c o n t r o l l i n g  f low a r e a  o f  
t h e  o r i f i c e .  Dur ing  i n f l o w  t h e  c a p t u r e d  g r a z i n g  f l o w  i s  d e f l e c t e d  
i n t o  t h e  o r i f i c e  s e p a r a t i n g  a t  t h e  ups t r eam l i p  and f l o w i n g  t h r o u g h  
a minimum e f f e c t i v e  a r e a  a g a i n s t  t h e  downstream w a l l  o f  t h e  o r i f i c e .  

( 3 )  An i n v i s c i d  momentum-drag i n t e r a c t i o n  model based  on a 
s i m p l i f i e d  c o n f i g u r a t i o n  o f  t h e  i n t e r f a c e  ( o r  l i d )  between t h e  
o r i f i c e  and g r a z i n g  f low gave r e l a t i o n s h i p s  between t h e  ma jo r  con-  
t r o l l i n g  v a r i a b l e s  which c o r r e l a t e d  r e s i s t a n c e  ( o r  e f f e c t i v e  d i s -  
c h a r g e  c o e f f i c i e n t )  o v e r  a wide r ange  o f  g r a z i n g  f low v e l o c i t i e s ,  
o r i f i c e  d i a m e t e r s  and b o u n d a r y - l a y e r  t h i c k n e s s .  

( 4 )  The s t e a d y  s t a t e  r e s i s t a n c e  c h a r a c t e r i s t i c s  f o r  o u t f l o w  
and i n f l o w  a r e  d i f f e r e n t .  T h e r e f o r e  t h e  r e s p o n s e  o f  a c a v i t y -  
backed o r i f i c e  i n  a g r a z i n g  f l o w  t o  sound may n o t  b e  symmet r i ca l  
and may i n v o l v e  an  a d j u s t m e n t  o f  t h e  mean c a v i t y  p r e s s u r e  t o  equa -  
l i z e  t h e  i n f l o w  and o u t f l o w  p e r  c y c l e .  

(5)  
( 1 . 0  < D < 1 2 . 7  m m ,  0 . 1 2  - < L / D  - < 2 . 0 )  c o r r e l a t e d  f o r  each  o r i f i c e  
i n  t h e  form 

R e s i s t a n c e  d a t a  f o r  a wide r ange  o f  s q u a r e - e d g e d  o r i f i c e s  

o r  

where ci and n a r e  c o r r e l a t i o n  c o e f f i c i e n t s .  I n  g e n e r a l  t h e  c o e f -  
f i c i e n t s  ci and n a r e  d i f f e r e n t  f o r  i n f l o w  and o u t f l o w  ( s e e  4 a b o v e ) .  

( e . g .  f o r  t h e  f o l l o w i n g  c o n d i t i o n s  D = 1 2 . 7  mm L / D  = 1 . 0  6 = 9 mm 

0 . 0 0 4  - < Vi/Vm 5 0 . 5  t h e  f o l l o w i n g  c o r r e l a t i o n s  were o b t a i n e d  

I 

f o r  o u t f l o w  R(Ray1) = 0 . 6 4  V i - o ' 0 6 8 V  W 1 ' 0 6 8  

0 . 9 4  
f o r  i n f l o w  R(Ray1) = 0 . 9 5  V i o ' 0 6 V  a, 
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where velocity is in meters per second.) 

(6) A fair approximation t o  both inflow and outflow data would 
be a relationship of the form 

which gives for resistance 

R - (Vi)o(vrn)l*o 

suggesting that in high speed grazing flow to first order,acoustic 
resistance is proportional to Vm and independent of incident sound 
pressure level. 

( 7 1  Increasing grazing f l o w  boundary layer thickness decreases 
orifice resistance. Resistance is approximately inversely propor- 
tional to the one-fifth power of boundary layer thickness to orifice 
diameter ratio for both inflow and outflow as predicted by the lid 
mode 1. 

(8 )  The length-diameter ratio of square-edged orifices had a 
negligible effect on outflow resistance up to a velocity ratio of 
one-half. For inflow, the length-diameter ratio effect on resis- 
tance is significant at all orifice velocities. A maximum resistance 
(or minimum discharge coefficient) was measured at a length-diameter 
ratio of six-tenths. Resistance is reduced for thinner orifices 
probably due to the reduced blockage effect of the downstream wall. 
It is also reduced for greater orifice depths probably due t o  
pressure recovery after the effective "vena contractaft--as for 
large L/D orifices in normal flow. 
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Appendix A 

Flow Regimes Observed i n  Water Tunnel 

Water Tunnel D e s c r i D t i o n  

A q u a s i - t w o - d i m e n s i o n a l  o p e n - c i r c u i t  w a t e r  t u n n e l  was f a b r i c a t e d  
from t r a n s p a r e n t  a c r y l i c  s h e e t  ( P l e x i g l a s  - 1 2 . 7  mm t h i c k ) ,  The 
l a y o u t  o f  t h e  t u n n e l  and t h e  v a l v e s  c o n t r o l l i n g  t h e  main d u c t  and 
s i d e  b r a n c h  f low r a t e s  i s  shown i n  F i g u r e  1. The f low w i t h i n  t h e  
o r i f i c e  was made v i s i b l e  by i n j e c t i n g  dye (by means o f  hypodermic 
s y r i n g e s  t h r o u g h  c o r k s )  i n t o  t h e  c a v i t y  o r  g r a z i n g  f low a s  i n d i c a t e d .  
The maximum g r a z i n g  f low v e l o c i t y  was l i m i t e d  by t h e  l o c a l  w a t e r  
s u p p l y  p r e s s u r e  (and by f i n g e r  p r e s s u r e  on t h e  p l u n g e r s  o f  t h e  
s y r i n g e s ) .  The g r a z i n g  f low c r o s s - s e c t i o n  was 25.4 mm x 25.4 mm 
and t h e  o r i f i c e  was 1 2 . 7  mm wide by 2 0  mm long  x 1 2 . 7  mm deep .  The 
c a v i t y  was 51 mm d i a m e t e r .  The r e l a t i v e  f low r a t e s  i n  t h e  main 
d u c t  and t h r o u g h  t h e  o r i f i c e  ( i n f l o w  o r  o u t f l o w )  were e a s i l y  
a d j u s t e d  f o r  s t e a d y  f l o w  o b s e r v a t i o n s .  Some l i m i t e d  a l t e r n a t i n g  
f l o w  o b s e r v a t i o n s  were made by s q u e e z i n g  a s o f t  p l a s t i c  b o t t l e  
a t t a c h e d  t o  t h e  c a v i t y .  Only v e r y  low f r e q u e n c y  p r e s s u r e  p u l s e s  
were s i m u l a t e d  i n  t h i s  way and no s i g n i f i c a n t  d i f f e r e n c e s  between 
s t e a d y  s t a t e  and a l t e r n a t i n g  f l o w  reg imes  were o b s e r v e d .  

Flow Regimes D e s c r i p t i o n  

Depending on t h e  r e l a t i v e  l e v e l  and d i r e c t i o n  o f  t h e  o r i f i c e  
f l o w ,  f i v e  main f l o w  r e g i m e s  were o b s e r v e d  - t h e  z e r o - n e t  f l o w ,  
t h e  h i g h  o r  low o u t f l o w ,  and t h e  h i g h  o r  low i n f l o w  reg imes .  The 
more i m p o r t a n t  f e a t u r e s  o f  t h e s e  r eg imes  a r e  shown s c h e m a t i c a l l y  
i n  F i g u r e  2 .  

1. The Zero-Flow Regime ( F i g u r e  2a) 

When t h e r e  i s  no f low t h r o u g h  t h e  o r i f i c e ,  t h e  g r a z i n g  f low 
i n d u c e s  a r e c i r c u l a t i n g  f low w i t h i n  t h e  o r i f i c e  d r i v e n  by t h e  s h e a r  
e x e r t e d  by t h e  d u c t  f l u i d  p a s s i n g  o v e r  t h e  o p e n i n g .  T h i s  phenomenon 
c a u s e s  t h e  w e l l - k n o w n  s l i g h t  inaccuracy  o f  f i n i t e - s i z e d  w a l l  s t a t i c  
p r e s s u r e  t a p s  d r i l l e d  normal t o  a s u r f a c e  p a r a l l e l  t o  t h e  l o c a l  
s t r e a m l i n e s .  The d e f i n i t i v e  measurements o f  F r a n k l i n  and W a l l a c e 2 ’  
showed t h a t  a s l i g h t  p o s i t i v e  p r e s s u r e  e r r o r  r e s u l t s  when p r a c t i c a l -  
s i z e d  p e r f e c t l y  s q u a r e - e d g e d  w a l l  t a  s a r e  u s e d .  S i m i l a r  measu re -  
ments  by Shaw23 and Zogg and ThomannY4 showed f u r t h e r  e f f e c t s  o f  
h o l e  c o n f i g u r a t i o n  and show t h a t  t h e  e r r o r  can  be o f  e i t h e r  s i g n  
depend ing  on t h e  h o l e  s h a p e ,  t h e  p r e s e n c e  o f  b u r r s ,  edge r a d i u s ,  
e t c .  Thom and A p e l t ”  have d e m o n s t r a t e d  a n a l y t i c a l l y  ( f o r  two- 
d i m e n s i o n a l  low Reynolds number f low)  t h e  e x i s t e n c e  o f  t h e  r e c i r -  
c u l a t i n g  f l o w  i n  t h e  h o l e ,  t h e  d e f l e c t i o n  o f  t h e  d i v i d i n g  stream- 
l i n e  i n t o  t h e  h o l e  and t h e  i n c r e a s e  i n  l o c a l  s t a t i c  p r e s s u r e  a t  
t h e  downstream edge .  I n  t h e  w a t e r  t u n n e l  t h e  r e c i r c u l a t i o n  was 
s e e n  t o  f i l l  t h e  o r i f i c e  c o m p l e t e l y  and f o r  t h e  h i g h e r  d u c t  f l ow 
ra tes  t h e  c i r c u l a t i n g  r e g i o n  e x t e n d e d  down i n t o  t h e  c a v i t y .  

2 .  The Low Outf low Regime ( F i g u r e  2b) 

When t h e r e  i s  a v e r y  low n e t  o u t f l o w  t h e  zone o f  r e c i r c u l a t i o n  
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becomes smaller t h a n  f o r  z e r o  f l o w ,  s p e e d s  up on i t s  p e r i p h e r y  and 
i s  moved o v e r  n e a r  t h e  downstream l i p  o f  t h e  o r i f i c e .  With f u r t h e r  
i n c r e a s e  i n  o u t f l o w  r a t e  t h e  r e c i r c u l a t i o n  zone i s  s u p p r e s s e d  a l -  
t o g e t h e r .  T h i s  o c c u r s  when t h e  d e f l e c t i o n  o f  t h e  g r a z i n g  f l o w  by 
t h e  o r i f i c e  f low i s  s u f f i c i e n t  t o  l i f t  t h e  d i v i d i n g  s u r f a c e  c o m p l e t e l y  
o u t  o f  t h e  o r i f i c e  e x i t  p l a n e .  The emerging  o r i f i c e  f l o w  i s  d e -  
f l e c t e d  downstream p a r a l l e l  t o  t h e  w a l l  by p r e s s u r e  and s h e a r  f o r c e s  
e x e r t e d  by t h e  d e f l e c t e d  g r a z i n g  f l o w  on t h e  d i v i d i n g  s u r f a c e .  Thus 
t h e  g r a z i n g  f l o w  a t  f i r s t  ( z e r o - n e t  f l o w  reg ime)  b l o c k s  t h e  o r i f i c e  
open ing  c o m p l e t e l y  and h a s  i t s  b l o c k a g e  r educed  as  o r i f i c e  o u t f l o w  
i s  i n c r e a s e d .  

3 .  The High Out f low Regime ( F i g u r e  2c) 

I n  t h i s  regime t h e  b l o c k a g e  o r  r e s i s t a n c e  t o  f low t h r o u g h  t h e  
o r i f i c e  i s  d e t e r m i n e d  more by i n l e t  c o n d i t i o n s  ( t h e  well-known 
v e n a - c o n t r a c t a  e f f e c t )  t h a n  by t h e  e f f e c t s  o f  g r a z i n g  f low.  Pene-  
. t r a t i o n  i n t o  t h e  g r a z i n g  f low i s  l a r g e  and c a u s e s  s e p a r a t i o n  up -  
stream o f  t h e  o r i f i c e .  T h i s  r eg ime  g e n e r a l l y  r e p r e s e n t s  p r e s s u r e  
a m p l i t u d e s  o u t s i d e  t h e  r a n g e  o f  a c o u s t i c s  ( e . g .  t h r u s t  v e c t o r i n g  
i n  r o c k e t s ,  e t c . ) .  

4 .  The Low I n f l o w  Regime ( F i g u r e  2d) 

The n e t  f l ow drawn i n t o  t h e  o r i f i c e  i s  low and t h e  z e r o - n e t  
f l ow c i r c u l a t i o n  becomes a s e p a r a t e d  r e g i o n  o f f  t h e  u p s t r e a m  l i p  
o f  t h e  o r i f i c e .  The s e p a r a t e d  f low e x t e n d s  t h r o u g h  t h e  f u l l  d e p t h  
o f  t h e  o r i f i c e  and a t  f i r s t  f i l l s  up a l m o s t  t h e  f u l l  c r o s s - s e c -  
t i o n a l  area o f  t h e  o r i f i c e  a t  e n t r a n c e  t o  t h e  c a v i t y .  A s  i n f l o w  
r a t e  i n c r e a s e s  t h e  c r o s s - s e c t i o n  o f  t h e  s e p a r a t e d  r e g i o n  a t  t h e  
o r i f i c e  o u t l e t  t o  t h e  c a v i t y  d e c r e a s e s ,  and t h e r e b y  t h e  n e c k i n g  o r  
c o n s t r i c t i o n  o f  t h e  o r i f i c e  i n f l o w .  As more g r a z i n g  f low is  c a p -  
t u r e d  t h e  d i v i d i n g  s u r f a c e  e x t e n d i n g  u p s t r e a m  from t h e  downstream 
edge o f  t h e  o r i f i c e  r e a c h e s  d e e p e r  i n t o  t h e  g r a z i n g  f l o w  (boundary 
l a y e r ) .  

5 .  The G g h  I n f l o w  Regime ( F i g u r e  Ze) 

T h i s  regime i s  c h a r a c t e r i z e d  by a v e r y  s t e e p  s l o p e  t o  t h e  d i -  
v i d i n g  s u r f a c e  a t  t h e  downstream l i p  i n d i c a t i n g  t h a t  most o f  t h e  
l a t e r a l  d e f l e c t i o n  of  t h e  o r i f i c e  f low o c c u r s  b e f o r e  e n t e r i n g  t h e  
o r i f i c e .  Again ( a s  f o r  t h e  h i g h  o u t f l o w  reg ime)  t h e  d i r e c t i o n  o f  
f low i s  p r e d o m i n a n t l y  i n  t h e  d i r e c t i o n  o f  t h e  o r i f i c e  c e n t e r l i n e  
b e f o r e  e n t e r i n g  t h e  o r i f i c e  and r e s i s t a n c e  is  a g a i n  d e t e r m i n e d  m a i n l y  
by t h e  vena c o n t r a c t a  e f f e c t .  
i n f l o w  r e g i m e s  a r e  l i k e l y  t o  b e  e n c o u n t e r e d  i n  j e t  e n g i n e  a c o u s t i c  
w a l l  t r e a t m e n t s  b u t  t h e y  r e p r e s e n t  an  i n t e r e s t i n g  l i m i t i n g  cases 
when t h e  e f f e c t  o f  t h e  g r a z i n g  f low r e l a t i v e  t o  t h e  h i g h  o r i f i c e  
f low r a t e  i s  v a n i s h i n g l y  small and o r i f i c e  r e s i s t a n c e  a p p r o a c h e s  
t h e  n o n - g r a z i n g  f l o w  v a l u e .  

N e i t h e r  t h e  h i g h  o u t f l o w  o r  h i g h  
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Appendix B 

Hersh A c o u s t i c a l  E n g i n e e r i n g  Wind Tunnel 

The Hersh  A c o u s t i c a l  E n g i n e e r i n g  s u b s o n i c  wind t u n n e l  i s  a 
c o n t i n u o u s ,  o p e n , s u c t i o n  t y p e  w i t h  a r e c t a n g u l a r  t e s t  s e c t i o n  
2 5 . 4  c m  ( L O  in . )  x 1 2 . 7  c m  (5 in . )  and 30 .5  c m  (12 in.)  l o n g .  
The t u n n e l  h a s  been  d e s i g n e d  s p e c i f i c a l l y  t o  c o n d u c t  a c o u s t i c  
t e s t i n g  i n  a s t e a d y  u n i f o r m  g r a z i n g  f low env i ronmen t .  With t h e  
p r e s e n t  t u n n e l  d r i v e  s y s t e m ,  t h e  maximum g r a z i n g  f l o w  Mach Number i s  
0 . 3 3  (113 m / s e c . )  b u t  a s t a n d b y  d r i v e  sys t em may b e  i n s t a l l e d  t o  
g i v e  0 . 5  Mach Number (170 m / s e c . ) c a p a b i l i t y .  A s c h e m a t i c  o f  t h e  
t u n n e l  as  u s e d  f o r  s t e a d y  s t a t e  t e s t i n g  i s  shown i n  F i g u r e  B 1 .  

The t u n n e l  d r i v e  c o n s i s t e d  o f  a r a d i a l  b l a d e  f a n , b e l t - d r i v e n  
by a 2 0  H . P .  i n d u c t i o n  motor (1800 RPM synchronous  s p e e d ) .  The 
f a n  e x h a u s t s  t o  a tmosphe re  and t h e  i n l e t  draws a i r  t h r o u g h  a 
s t a l l - f r e e  d i f f u s e r  from t h e  t e s t  s e c t i o n  and i n l e t - c o l l e c t o r  
system. The i n l e t - c o l l e c t o r  sys t em c a p t u r e s  and a c c e l e r a t e s  am- 
b i e n t  a i r  t h r o u g h  a r e c t a n g u l a r  c o n t r a c t i o n  s e c t i o n  ( 1 6 : l  c o n t r a c t o r  
r a t i o ) .  The c a p t u r e  area i s  1 0 1 . 5  c m  x 50.7 c m  and t h e  w a l l s  of t h e  
c o n t r a c t i o n  s e c t i o n  were c o n t o u r e d  s o  t h a t  a x i a l  v e l o c i t y  i n c r e a s e d  
m o n o t o n i c a l l y  and s e p a r a t i o n  due t o  o v e r a c c e l e r a t i o n  n e a r  t h e  w a l l s  
was a v o i d e d .  The c o n t r a c t i o n  s e c t i o n  w a l l s  were c o n t o u r e d  f o l l o w i n g  
t h e  g u i d e l i n e s  recommended by Rouse and H a s s a n 2 6 .  
c o n s i s t e d  o f  two c u b i c  a rcs  b l e n d e d  t o g e t h e r  ( i . e .  have e q u a l  and 
o p p o s i t e  s l o p e s )  a t  t h e  i n f l e c t i o n  p o i n t .  Uniform t e s t  s e c t i o n  
p r o f i l e s  and a 1 / 7  power t u r b u l e n t  boundary  l a y e r  p r o f i l e  ( i . e .  
s e p a r a t i o n - f r e e  i n l e t )  have been c o n f i r m e d  f o r  t h i s  t u n n e l  o v e r  
t h e  f u l l  v e l o c i t y  r a n g e .  

The c o n t o u r  

The t e s t  s e c t i o n  made from 1 2 . 7  mm ( 1 / 2  i n . ) t h i c k  t r a n s p a r e n t  
a c r y l i c  s h e e t  had one removable  s i d e - w a l l  c o n t a i n i n g  t h e  t e s t  
spec imen o r i f i c e  ( o r  c l u s t e r  of  o r i f i c e s  o r  p e r f o r a t e ) .  The t e s t  
specimen was backed  by a c y l i n d r i c a l  c a v i t y  ( 5  cm - 2 i n .  d i a . )  
bonded t o  t h e s i d e w a l l a n d  c o n t a i n i n g  a wal l  s t a t i c  p r e s s u r e  t a p .  
F l o w  t h r o u g h  t h e  o r i f i c e  specimen w a s  c o n t r o l l e d  by means o f  
b l o w e r s  u s e d  i n  t h e  s u c t i o n  ( f o r  i n f l o w )  o r  b lowing  ( f o r  o u t f l o w )  
modes and t h e  s i d e  b r a n c h  o r  o r i f i c e  f l o w  r a t e  was m e t e r e d  u s i n g  
e i t h e r  a c a l i b r a t e d  F i s c h e r - P o r t e r  v a r i a b l e  o r i f i c e  ( r o t a m e t e r )  
sys t em ( r a n g e  2 . 6  - 34,400 c c / m i n u t e )  o r  a 1 2 . 7  mm ( 1 / 2  i n . ) d i a -  
meter t h r o a t  s i z e  v e n t u r i  m e t e r  f o r  t h e  h i g h e s t  f l o w  r a t e s .  
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Appendix C 

I n s t r u m e n t e d  O r i f i c e  ‘Test Data 

A 1 2 . 7  mm ( 1 / 2  in . )  d i a m e t e r  o r i f i c e  28.6 mm (1-1/8 in . )  d e e p ,  
was i n s t r u m e n t e d  w i t h  s t a t i c  p r e s s u r e  t a p s  i n s i d e  and n e a r  t h e  l i p  
i n  t h e  t u n n e l  s i d e  w a l l .  The l a y o u t  o f  t h e  t a p s  [ t h e  i n t e r n a l  
and e x t e r n a l  l i p  t a p s )  a f f o r d i n g  t h e  most i n s i g h t  i n t o  t h e  f l o w  
f i e l d  i s  numbered i n  t h e  i n s e r t  i n  F i g u r e  3 .  Three c a s e s  were 
c o n s i d e r e d :  (1)  z e r o  f l o w ,  ( 2 )  low o u t f l o w ,  and ( 3 )  low i n f l o w .  

1. The s t a t i c  p r e s s u r e  t a p s  were m o n i t o r e d  f i r s t  w i t h  z e r o  f low 
th rough  t h e  o r i f i c e  o v e r  t h e  r a n g e  o f  g r a z i n g  f low v e l o c i t y  26 
< V < 7 0  m / s e c .  The p r e s s u r e s  a s  measured by t h e  p r e s s u r e  t a p s  
witKin t h e  o r i f  i c e  d i f f e r e d  n e g l i g i b l y  from t h e  c a v i t y  p r e s s u r e  
( P  ) w i t h  t h e  n o t a b l e  e x c e p t i o n  o f  t h e  p r e s s u r e  t a p  l a b e l e d  P5 
l o E a t e d  j u s t  i n s i d e  t h e  downstream l i p .  Approximate ly  1 2  p e r c e n t  
o f  t h e  g r a z i n g  f low c o r e  dynamic p r e s s u r e  (9,) was r e c o v e r e d  h e r e  
a s  shown i n  F i g u r e  C1. N o t i c e  a l s o  t h e  r educed  p r e s s u r e  P p  due 
t o  l o c a l  expans ion  and t h e  r educed  p r e s s u r e  P 3  i n d i c a t i n g  t h e  
e x i s t e n c e  o f  a s e p a r a t i o n  b u b b l e  n e a r  t h e  downstream l i p  o f  t h e  
o r i f i c e .  A l l  t h r e e  p r e s s u r e s  a r e  r e l a t a b l e  t o  t h e  l o c a l  c u r v a t u r e  
o f  t h e  d i v i d i n g  s t r e a m  s u r f a c e .  

2 .  The v a r i a t i o n  o f  i n t e r n a l  (PI,  and P s )  and e x t e r n a l  ( P 2  and P 3 )  
l i p  s t a t i c  p r e s s u r e s  a s  a f u n c t i o n  o f  t h e  r a t i o  o f  o r i f i c e  f low 
v e l o c i t y  t o  g r a z i n g  v e l o c i t y  i s  shown i n  F i g u r e  C 2  f o r  t h e  o u t f l o w  
c a s e .  The e x t e r n a l  ups t r eam p r e s s u r e  ( P 2 )  i s  i n i t i a l l y  s l i g h t l y  
n e g a t i v e ,  a s  shown i n  F i g u r e  C 1  f o r  z e r o  n e t  f l o w ,  b u t  becomes 
i n c r e a s i n g l y  p o s i t i v e  f o r  i n c r e a s i n g  o u t f l o w  r a t e s  b e c a u s e  o f  
d e c e l e r a t i o n  o f  t h e  g r a z i n g  f low (boundary l a y e r )  a p p r o a c h i n g  t h e  
o r i f i c e .  The n e a r b y  i n t e r n a l  l i p  p r e s s u r e  ( P I + )  i s  comparable  and 
r e p r e s e n t s  l o c a l  d e c e l e r a t i o n  o f  t h e  f l o w  w i t h i n  t h e  o r i f i c e  as  i t  
s t a g n a t e s  a g a i n s t  and d e f l e c t s  t h e  g r a z i n g  f low p a s s i n g  o v e r  t h e  
o r i f i c e .  These p r e s s u r e s  i n c r e a s e  as  t h e  d i v i d i n g  s t r e a m  s u r f a c e  
i s  d e f l e c t e d  f u r t h e r  o u t  o f  t h e  e x i t  p l a n  o f  t h e  o r i f i c e .  The 
downstream i n t e r n a l  l i p  p r e s s u r e  ( P s ) ,  which i s  h i g h e r  t h a n  Pm 
a s  i n d i c a t e d  above f o r  z e r o  n e t  f l o w ,  d e c r e a s e s  a s  o r i f i c e  f l o w  
i n c r e a s e s .  I t  i s  i n d i c a t i v e  o f  t h e  l o c a l  v e l o c i t y  o f  t h e  f low i n -  
s i d e  t h e  o r i f i c e  o r  a l t e r n a t e l y  t h e  n e a r b y  s l o p e  o f  t h e  d i v i d i n g -  
s t r e a m  s u r f a c e  between t h e  g r a z i n g  f low and t h e  o r i f i c e  f l o w  t u r n i n g  
t h e  f low p a r a l l e l  t o  t h e  d u c t  w a l l .  The downstream e x t e r n a l  l i p  
p r e s s u r e  ( P 3 )  becomes i n c r e a s i n g l y  n e g a t i v e  i n d i c a t i n g  t h e  p r e s e n c e  
o f  a growing s e p a r a t i o n  bubb le  a s  o r i f i c e  f l o w  i n c r e a s e s .  I n  summary, 
as o r i f i c e  o u t f l o w  i n c r e a s e s ,  t h e  d i v i d i n g  s t r e a m  s u r f a c e  i s  d e f l e c t e d  
o u t  from t h e  e x i t  p l a m o f  t h e  o r i f i c e  and t h e  f l u i d  l e a v i n g  t h e  
o r i f i c e  i s  d e f l e c t e d  and a c c e l e r a t e d  by d r a g  f o r c e s  e x e r t e d  on i t  
by t h e  g r a z i n g  f l o w .  

3 .  For i n f l o w ,  s i m i l a r  s t a t i c  p r e s s u r e  d a t a  t a k e n  n e a r  t h e  o r i f i c e  
l i p  (ups t r eam and downstream) s u g g e s t  t h e  manner i n  which t h e  
c a p t u r e d  f low i s  t u r n e d  and a c c e l e r a t e d  i n t o  t h e  o r i f i c e .  F i g u r e  C 3  
shows t y p i c a l  d a t a  f o r  one g r a z i n g  v e l o c i t y  (Vm) g i v i n g  t h e  v a r i a -  
t i o n  o f  l i p  p r e s s u r e s  w i t h  o r i f i c e  f l o w  v e l o c i t y  (Vi) .  
s u r e s  o u t s i d e  ( P 2 )  and i n s i d e  (PI , )  t h e  ups t r eam l i p  a r e  a lways  l e s s  
t h a n  t h e  u n d i s t u r b e d  g r a z i n g  f low s t a t i c  p r e s s u r e  (P,) a s  f l u i d  
i n  t h i s  r e g i o n  i s  s i m p l y  b e i n g  a c c e l e r a t e d  i n t o  t h e  o r i f i c e  unde r  

The p r e s -  
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t h e  i n f l u e n c e  of  t h e  d e p r e s s i o n  i n  t h e  c a v i t y .  The p r e s s u r e  ( P 5 )  
j u s t  i n s i d e  t h e  downstream l i p  i s  h i g h e r  t h a n  Pa f o r  z e r o  f low 
above a s  i n d i c a t e d  and i t  i n c r e a s e s  a t  f i r s t  w i t h  o r i f i c e  f l o w  
r e a c h i n g  a maximum ( r e c o v e r i n g  80 p e r c e n t  o f  t h e  g r a z i n g  f low dynamic 
p r e s s u r e )  a t  an  o r i f i c e  v e l o c i t y  r a t i o  o f  f o u r - t e n t h s  ( V . / V w  = 0 . 4 ) .  
As o r i f i c e  f low i s  i n c r e a s e d  s t i l l  f u r t h e r  t h i s  p r e s s u r e l c o n t i n u e s  
t o  d e c r e a s e  as  t h e  c a p t u r e d  f low t e n d s  t o  be a c c e l e r a t e d  more and 
more b e f o r e  i t  r e a c h e s  t h e  o r i f i c e  e n t r a n c e .  The o u t s i d e  downs t r ean  
l i p  p r e s s u r e  ( P 3 )  which i s  i n i t i a l l y  l e s s  t h a n  Pw f o r  z e r o  o r i f i c e  
f low becomes e q u a l  t o  Pw when V . / V w  i s  a p p r o x i m a t e l y  0 . 0 5  i n d i c a t i n g  
t h e  d i s a p p e a r a n c e  o f  t h e  s e p a r a t i o n  b u b b l e .  P 3  i s  e s s e n t i a l l y  e q u a l  
t o  Pm f o r  a p p r o x i m a t e l y  a f i v e - f o l d  i n c r e a s e  i n  o r i f i c e  f low i n d i -  
c a t i n g  t h e  p r e s s u r e  i n c r e a s e  due t o  d e f l e c t i o n  by t h e  w a l l  down- 
s t r e a m  o f  t h e  o r i f i c e  l i p  i s  e q u a l  and o p p o s i t e  t o  t h e  l o c a l  d e -  
p r e s s i o n  c a u s e d  u p s t r e a m  when t h e  d i v i d i n g  s t r e a m  s u r f a c e  i s  d e -  
f l e c t e d  towards  t h e  o r i f i c e .  For h i g h e r  o r i f i c e  f lows  ( V . / V m  > 0 . 2 5 )  
t h e  downstream o u t s i d e  l i p  p r e s s u r e  P 3  i n c r e a s e s  w i t h  i n c a e a s i n g  
o r i f  i c e  f l o w .  
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A m e n d i x  D 

E x t e n s i o n  o f  L id  Model t o  C i r c u l a r  O r i f i c e s  

The two-d imens iona l  i n v i s c i d  i n t e r a c t i o n  model as  d e r i v e d  i n  
S e c t i o n  4 g i v e s  t h e  c o r r e c t  p a r a m e t r i c  form t o  t h e  i m p o r t a n t  v a r i a -  
b l e s  c o n t r o l l i n g  t h e  r e s i s t a n c e  o r  d i s c h a r g e  c o e f f i c i e n t  o f  s q u a r e  
edged w a l l  o r i f i c e s  i n  a g r a z i n g  f l o w .  S t r i c t l y  t h e  a n a l y s i s  a s  
g i v e n  a p p l i e s  o n l y  t o  i n f i n i t e  s l o t s  p e r p e n d i c u l a r  t o  t h e  g r a z i n g  
f l o w .  Al though t h e  same form o f  c o r r e l a t i o n  was o b t a i n e d  f o r  t h e  
a c t u a l  measured d a t a  f o r  c i r c u l a r  o r i f i c e s  as was p r e d i c t e d  f o r  
s l o t s ,  t h e  c o e f f i c i e n t s  and e x p o n e n t s  were s l i g h t l y  d i f f e r e n t .  
Then i t  w a s  d i s c o v e r e d  t h a t  a s l i g h t  m o d i f i c a t i o n  t o  t h e  b a s i c  i n p u t  
e q u a t i o n s  which were s i m p l e  and r e a s o n a b l e  t o  a c c o u n t  f o r  t h e  t h r e e -  
d i m e n s i o n a l i t y  o f  t h e  i n t e r a c t i o n  f low f i e l d ,  b r o u g h t  t h e  l i d  model 
d e r i v a t i o n  i n t o  a l m o s t  e x a c t  c o r r e s p o n d e n c e  w i t h  t h e  d a t a  f o r  c i r c u -  
l a r  o r i f i c e s .  

For 0ut.f low 

Both t h e  c o n t i n u i t y  and d r a g  r e l a t i o n s h i p s  were m o d i f i e d  i n  a 
s i m p l e  way t o  a c c o u n t  f o r  t h e  t h r e e - d i m e n s i o n a l i t y  o f  t h e  o r i f i c e  
o u t l e t  and t h e  i n t e r a c t i o n  i n t e r f a c e  above i t .  The e x i t  a r e a  ( o r  
minimum o r i f i c e  f l o w  area)  i n  t h e  p l a n e  normal  t o  t h e  w a l l  a t  t h e  
down-stream l i p  o f  t h e  o r i f i c e  was assumed t o  be a t r i a n g l e  one 
o r i f i c e  d i a m e t e r  wide  a t  t h e  w a l l  s u r f a c e ,  and o f  h e i g h t  DO i n  t h e  
c e n t e r .  

The 1 / 7  power t u r b u l e n t  boundary  l a y e r  v e l o c i t y  p r o f i l e  i s  
assumed and t h e  e f f e c t i v e  dynamic p r e s s u r e  a c t i n g  on t h e  c a p t u r e  
t r i a n g l e  i s  r e p r e s e n t e d  as f o l l o w s  

The t h i n  a e r o f o i l  d r a g  fo rmula  ( eqn .  6 ) b a s e d  on t h e  maximum 
d e f l e c t i o n  a n g l e  6 n o w c l e a r l y o v e r e s t i m a t e s  t h e  p r e s s u r e  d r a g  on 
t h e  i n t e r f a c e  s o  t h e  fo rmula  was m o d i f i e d  by r a i s i n g  8 t o  a power 
g r e a t e r  t h a n  u n i t y  and comparing t h e  f i n a l  e q u a t i o n  t o  e x p e r i m e n t a l  
d a t a .  The s l o p e  o f  t h e  e x p e r i m e n t a l  d a t a  Ln(CDe) V s  Ln(Vi/Vm) 
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a g r e e s  f a i r l y  w e l l  w i t h  t h e  f i n a l  forrn2la o b t a i n e d  a n a l y t i c a l l y  
when 0 was r a i s e d  t o  t h e  t h r e e - h a l v e s  power. The f i n a l  r e s u l t  o f  
t h e s e  m o d i f i c a t i o n s  was t h e  f o l l o w i n g  r e l a t i o n s h i p  f o r  t h e  e f f e c t i v e  
d i s c h a r g e  c o e f f i c i e n t  

/ 5  3 
4 2 8  

CD, = 0 . 8 6  (&/D) '53(Vi/V_) 

~ 

The d a t a  f o r  D = 1 2 . 7  m m ,  L / D  = 0 . 4  c o r r e l a t e d  a s  

CD, = 0 . 9 7  ( V i / V m ) ' 5 3 7 ,  ( 6 / D  = .71)  (D4 1 

I t  i s  o f  i n t e r e s t  t o  n o t e  t h a t  t h e  c o n s t a n t  c o e f f i c i e n t  i n  ( D 3 )  
w i l l  be  b r o u g h t  i n t o  c o r r e s p o n d e n c e  w i t h  ( D 4 )  i f  t h e  t h i n  a e r o f o i l  
fo rmula  f o r  d r a g  c o e f f i c i e n t  i s  t a k e n  a s  

3 
Drag C o e f f i c i e n t  = 1 . 2 4  e "G_ (D5 1 

For In f low 

The c r o s s - s e c t i o n  o f  g r a z i n g  f low c a p t u r e d  by t h e  o r i f i c e  i s  
assumed t o  be a symmet r i ca l  t r i a n g l e  o f  b a s e  e q u a l  t o  t h e  o r i f i c e  
d i a m e t e r  D and c e n t e r  h e i g h t  D e .  Then c o n t i n u i t y  between t h e  c a p t u r e  
a r e a  and t h e  e x i t  a r e a  o f  t h e  o r i f i c e  i s  g i v e n  by 

- 

where Vm i s  t h e  a r e a - a v e r a g e d  c a p t u r e  v e l o c i t y  f o r  a 2 / 7  powerilow 
t u r b u l e n t  b o u n d a r y - l a y e r  p r o f i l e  g i v e n  by 

I / 7  = 49/60 ( D e / & )  

2 5  



An expression for the dynamic pressure of the fluid exiting the 
orifice was assumed to be 

where q,is the area averaged dynamic pressure of captured grazing 
flow from equation (D2) and c1 and n are coefficients to be obtained 
from experimental data. It was found that very good agreement with 
the experimental measurements was obtained when a and n were assumed 
to be unity gi’ving for the effective discharge coefficient 

The data for D = 12.7 mm L/D = 0.4 correlated as 

C D ~  = 0.8 (Vi/Vw)o’47, (S/D = . 7 1 )  

which agrees adequately with prediction (eqn. D8). 
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Appendix E ___- 

Discha rge  ___ C o e f f i c i e n t  o f  - O r i f i c e s  f o r  Non-Grazing Flow 

Only d a t a  f o r  s q u a r e - e d g e d  o r i f i c e s  i s  p r e s e n t e d  i n  t h i s  
append ix .  A wide r a n g e  o f  o r i f i c e  d i a m e t e r s  ( 1 - 1 2 . 7  mm) and 
l e n g t h - t o - d i a m e t e r  r a t i o s  (0 .12  < L / D  < 3 . 1 4 )  were t e s t e d .  T h e  
o r i f i c e s  were d r i l l e d  i n  P l e x i g l a s  s h e e t  t a k i n g  care  t o  a v o i d  any 
c r a c k i n g  o r  c h i p p i n g  o f  t h e  h o l e s  a t  e n t r y  o r  e x i t .  The f l o w  
r a t e  t h r o u g h  t h e  o r i f i c e  and t h e  p r e s s u r e  d rop  a c r o s s  i t  were 
measured o v e r  a wide r a n g e .  The v a r i a b l e  a r e a  f lowmeter  r e a d i n g s  
were c o r r e c t e d  f o r  ambient  t e m p e r a t u r e ,  and t h e  volume f l o w  r a t e  
was d i v i d e d  by t h e  o r i f i c e  c r o s s - s e c t i o n a l  a r e a  t o  g i v e  t h e  o r i f i c e  
e n t r a n c e  v e l o c i t y  ( V . ) .  The t o t a l  p r e s s u r e  d rop  a c r o s s  t h e  o r i f i c e  
was t a k e n  a s  t h e  d i f k e r e n c e  i n  s t a t i c  p r e s s u r e  between t h e  c a v i t y  
and ambient  p r e s s u r e .  N e g l i g i b l e  e r r o r  i s  i n v o l v e d  i n  assuming 
c a v i t y  s t a t i c  and t o t a l  p r e s s u r e  t o  be  e q u a l .  

and l e n g t h / d i a m e t e r  r a t i o s  was measured.  For t h e  Reynolds  number 
r a n g e  where C D ~  i s  i n s e n s i t i v e  t o  f low th rough  t h e  o r i f i c e  ( i . e . ,  
Reynolds  number based  on i n l e t  v e l o c i t y  and d i a m e t e r ,  Re = ViD/v) 
no s i g n i f i c a n t  e f f e c t  o f  d i a m e t e r  was o b s e r v e d  (1 mm < D < 1 2 . 7 ) .  
O n  t h e  o t h e r  hand ,  CD, i s  shown t o  be  v e r y  s e n s i t i v e  t o  l e n g t h /  
d i a m e t e r  p a r t i c u l a r l y  i n  t h e  r a n g e  0 . 4  < L / D  < 1 . 0  a s  i l l u s t r a t e d  
i n  F i g u r e  E l .  I t  may b e  n o t e d ,  i n  p a s s i n g ,  t h a t  C D ~  i s  a l s o  a f f e c t e d  
by o t h e r  g e o m e t r i c a l  f a c t o r s  s u c h  a s  e x i s t e n c e  o f  b u r r s ,  r a d i u s i n g  
o f  t h e  e n t r a n c e ,  e t c .  I n  t h e s e  t e s t s  s u c h  e f f e c t s  were c a r e f u l l y  
a v o i d e d .  

The d i s c h a r g e  c o e f f i c i e n t  o f  a wide r a n g e  o f  o r i f i c e  d i a m e t e r s  

The e f f e c t  o f  l o w e r i n g  Reynolds  number (based  on i n l e t  v e l o c i t y  
and d i a m e t e r )  below t h e  R e r n o u i l l i  reg ime i s  shown i n  F i g u r e  E 2  f o r  
t h e  s m a l l e s t  o r i f i c e  t e s t e d  (D = 1 m i l l i m e t e r ) .  I t  can  b e  s e e n  
t h a t  CD d e c r e a s e s  when Reynolds  number i s  l e s s  t h a n  a p p r o x i m a t e l y  
l o 3 .  
t i o n a l  t o  v e l o c i t y  b u t  w i l l  have  a h i g h e r  v a l u e  i n v e r s e l y  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  t h e  a c t u a l  d i s c h a r g e  c o e f f i c i e n t .  

S F e a d y - s t a t e  o r i f i c e  r e s i s t a n c e  w i l l  t h e n  be  no l o n g e r  p r o p o r -  

2 7  
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