
Velocity profile measurements of laminar, turbulent and laminar pulsating flow
by Michael Graham Mower

A thesis submitted to the Graduate Faculty in partial fulfillment of the requirements for the degree of
MASTER OF SCIENCE in Mechanical Engineering
Montana State University
© Copyright by Michael Graham Mower (1967)

Abstract:
An experimental investigation was conducted in which velocity profiles were measured directly in
laminar, turbulent, and laminar pulsating flow. Air was the working medium, and the flow conduit was
aluminum pipe, 1.9 inches in diameter. The non-steady pressure gradient was caused by rhythmically
increasing and decreas ing the volume of a cylinder.

Velocities were measured with a hot wire anemometer which could be positioned within the pipe along
a diameter by means of a microscope slide. Radial distance could be measured to within .0001 inch.

Laminar flow profiles were measured in a range of Reynolds numbers from 1000 - 20,000. For plots at
Reynolds numbers below 5000, typical parabolic distributions were observed.

Turbulent flow profiles were measured in a range of Reynolds numbers from 10,000 to 25,000. Best fit
curves were calculated by an IBM 1620 computer. They are for the buffer zone: (Formula not captured
by OCR) and for the turbulent core: (Formula not captured by OCR) The flow was divided into three
zones, Laminar Sub-layer (Formula not captured by OCR) 5
Buffer Zone (Formula not captured by OCR) 27
Turbulent Core (Formula not captured by OCR) Laminar pulsating flow profiles were measured over a
range of α, parameters from 1.4 to 3.56. At an α of 3.56 definite, ,flow re versal was observed, with a
magnitude of approximately 25% of the mean flow. No turbulence at any time during a period was
noticed. There was a maximum phase lag of the velocity relative to the pressure pulse at the pipe
centerline of about 33° with α equal to 3.56. The profiles seemed to follow the theoretical curve
reasonably well, except that four inflection points were noticed instead of two. 
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ABSTRACT

An e x p e r i m e n t a l  i n v e s t i g a t i o n  was c o n d u c te d  i n  which v e l o ­
c i t y  p r o f i l e s  were m easu red  d i r e c t l y  i n  l a m i n a r ,  t u r b u l e n t , and 
l a m i n a r  p u l s a t i n g  f l o w .  A i r  was t h e  w ork ing  medium, and t h e  f lo w  

■ c o n d u i t  was aluminum p i p e , 1 . 9 i n c h e s  ' i n  d i a m e t e r .  The n o n - s t e a d y  
p r e s s u r e  g r a d i e n t  was c a u s e d  by r h y t h m i c a l l y  i n c r e a s i n g  and d e c r e a s  
i n g  t h e  volume o f  a  c y l i n d e r .

V e l o c i t i e s  were, m easu red  w i t h  a  h o t  w i r e  anemometer which 
c o u l d  be p o s i t i o n e d  w i t h i n  t h e  p i p e  a l o n g  a  d i a m e t e r  by means o f  a  
m i c r o s c o p e  s l i d e .  R a d i a l  d i s t a n c e  c o u l d  be m easu red  t o  w i t h i n  
.0001 i n c h .

Lam inar  f l o w  p r o f i l e s  were m easu red  i n  a  r a n g e  o f  R eyno lds  
numbers  from 1000 -  2 0 ,0 0 0 .  F o r  p l o t s  a t  R eyno lds  numbers  below 
5 0 0 0 , t y p i c a l  p a r a b o l i c  d i s t r i b u t i o n s  were o b s e r v e d .

T u r b u l e n t  f l o w  p r o f i l e s  were m easu red  i n  a  r a n g e  o f  Reyno lds  
numbers  from 1 0 ,0 0 0  t o  2 5 ,0 0 0 .  B es t  f i t  c u r v e s  were c a l c u l a t e d  by 
an  IBM 1620 c o m p u te r .  They a r e  f o r  t h e  b u f f e r  zone:

Vfr*5 ' 4 ^ 5  + 4 . 3 0  I n  ( ~ ^ -~ ) • 
and f o r  t h e  t u r b u l e n t  c o r e :

f * -  5.23 + 2.53 In

The f l o w  was d i v i d e d  i n t o  t h r e e  z o n e s ,

0 < ( 4 ^ - )  < 5

5 < C " I " ') < 27
< 2 7

Laminar  p u l s a t i n g  f l o w  p r o f i l e s  were m easu red  o v e r  a  ran g e  
o f  d, p a r a m e t e r s  from 1 . 4  t o  5»56.  At an e< o f  3*56 d e f i n i t e ,  . f low r e  
v e r s a l  was o b s e r v e d ,  w i t h  a  m a g n i tu d e  o f  a p p r o x i m a t e l y  25% o f  t h e  
mean f l o w .  No t u r b u l e n c e  a t  any t im e  d u r i n g  a  p e r i o d  was n o t i c e d .  
The re  was a  maximum p h a se  l a g  o f  t h e  v e l o c i t y  r e l a t i v e  t o  t h e  p r e s ­
s u r e  p u l s e  a t  t h e  p i p e  c e n t e r l i n e  o f  a b o u t  35° w i t h  o< e q u a l  t o  
3 . 5 6 . The p r o f i l e s  seemed t o  f o l l o w  t h e  t h e o r e t i c a l  c u r v e  r e a s o n ­
a b l y  w e l l ,  e x c e p t  t h a t  f o u r  i n f l e c t i o n  p o i n t s  were n o t i c e d  i n s t e a d  
o f  two.

Lam inar  S u b - l a y e r  

B u f f e r  Zone 

T u r b u l e n t  Core



I .  INTRODUCTION AND STATEMENT OF PROBLEM ■

With  t h e  r a p i d  a d v an c e s  i n  m e d i c a l  s c i e n c e  i t  h a s  become i n ­

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

b l o o d  t h r o u g h  t h e  human a r t e r y .  There  have  been  a  number o f  r e ­

s e a r c h e r s  who have,  a t t e m p t e d  t o  i n v e s t i g a t e  b lo o d  f l o w ,  w i t h  v a r y ­

i n g  d e g r e e s  o f  s u c c e s s .  I n v e s t i g a t i o n  h a s  b e en  d i v i d e d  i n t o  two 

d i s t i n c t  c l a s s e s ,  one i n  which a  l i v e  s u b j e c t ,  ( i . e .  r a b b i t s  o r  

dogs )  i s  used ,  and b l o o d  f l o w  i s  d i r e c t l y  o b s e r v e d ,  and t h e  second  

where b l o o d  f l o w  i s  s i m u l a t e d  by m e c h a n ic a l  means.  T h e re  a r e  d i s ­

a d v a n t a g e s  c o n n e c t e d  w i t h  b o t h  m ethods  o f  r e s e a r c h .  When a  l i v e  

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

v a t i o n s  and t h e  i n s t r u m e n t a t i o n  i s ,  by n e c e s s i t y ,  l i m i t e d .  Con­

s e q u e n t l y  o b s e r v a t i o n s  a r e  u s u a l l y  made o v e r  a  c o m p a r a t i v e l y  s h o r t  • 

p e r i o d  o f  t i m e .  With  t h e  second  m e th o d , u s i n g  s i m u l a t e d  b l o o d  

■ f l o w ,  t h e  d i s a d v a n t a g e  i s  o b v i o u s , t h i s  b e i n g  j u s t  how c l o s e  t h e  

s i m u l a t e d  f l o w  i s  t o  r e a l  b l o o d  f l o w .  A n o th e r  p rob lem  w i t h  

m e c h a n i c a l l y  s i m u l a t e d  f l o w  a r i s e s  when t h e  q u e s t i o n  o f  v i s c o s i t y  

i s  b r o u g h t  u p .  I t  i s  g e n e r a l l y  assumed t h a t  v i s c o s i t y  i s  a  con­

s t a n t ,  h ow ever ,  i n  r e s e a r c h  p e r f o r m e d  by T a y l o r  (2 )  t h e r e  i s  e v i ­

dence  t h a t  i n  a c t u a l  b l o o d  f lo w  t h e  v i s c o s i t y  v a r i e s  i n  a  r a d i a l  

d i r e c t i o n .  There  have  b e e n  a  number o f  i n v e s t i g a t i o n s  c o n c e r n i n g  

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

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

i n f e r r i n g  from p r e s s u r e  m easu rem en ts  t h e  c o n f i g u r a t i o n  o f  t h e  v e l o ­

c i t y  p r o f i l e s .

As a  f i r s t  s t e p  t o  t h e  more c o m p le te  u n d e r s t a n d i n g  o f



2 -

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

m easurement  o f  v e l o c i t y  p r o f i l e s .  A i r  was t h e  w ork ing  medium and 

h o t  w i r e  anemometry t e c h n i c s  were employed f o r  v e l o c i t y  m e a s u r e ­

m e n t s .  I n  t h i s ,  t h e  f i r s t  p a r t  o f  a  two p a r t  s t u d y ,  a  f l o w  system 

was d e s i g n e d  and c o n s t r u c t e d .  T h i s  sy s tem  a l lo w e d  a c c u r a t e  v e l o ­

c i t y  m easu rem en ts  t o  be made. U s in g  t h e  r e c o r d e d  d a t a  v a r i f i c a t i o n  

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

and  l a m i n a r  p u l s a t i n g  f l o w .



I I .  REVIEW OP LITERATURE

T here  h a s  b e e n  a  c o n s i d e r a b l e  amount o f  r e s e a r c h  done i n  t h e  

a r e a  o f  p u l s i t a l  f l o w  i n  r e c e n t  y e a r s .  Much o f  t h e  work h a s  been  

c a r r i e d  o u t  i n  m e d ic a l  s c h o o l s  and h o s p i t a l s  w i th  e m p h as i s  on a r t e r  

i a l  b l o o d  f l o w .  McDonald ( 7 ) v iewed  b l o o d  f l o w  t h r o u g h  t h e  a o r t a  

o f  a  r a b b i t  by i n j e c t i n g  a  b l u e  dye i n  o r d e r  t o  d e f i n e  t h e  f lo w  

p r o f i l e s .  The r e s u l t i n g  f l o w  o u t l i n e  was f i l m e d  a t  1500 f r a m e s  p e r  

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

e a r l y  p a r t  o f  s y s t o l e  ( r h y t h m i c a l  c o n t r a c t i o n  o f  t h e  h e a r t ) .

Toward t h e  peak  v e l o c i t y  some t u r b u l e n c e  was n o t e d ,  and t h e n  a  

b r i e f  p e r i o d  o f  f l o w  r e v e r s a l .  V e l o c i t y  was m easu red  by t i m i n g  t h e  

movement o f  dye i n  t h e  a x i a l  d i r e c t i o n .  A c r i t i c a l  R ey n o ld s  num­

b e r  o f  a p p r o x i m a t e l y  $00 t o  550 was c a l c u l a t e d  u s i n g  t h e  s t a n d a r d  

f o r m u l a  o f :

n V x D x PRe = ------------------

V e l o c i t y  p r o f i l e s  were c a l c u l a t e d  from o b s e r v e d  p r e s s u r e  

g r a d i e n t s  i n  t h e  f e m o r a l  a r t e r y  o f  a  dog by McDonald and Womersley 

( 5 ) •  Ho t u r b u l e n c e  was o b s e r v e d  a t  any t im e  d u r i n g  a  s y s t o l e .  ' A 

marked d i f f e r e n c e  i n  p h ase  a n g l e  be tw een  t h e  p r e s s u r e  g r a d i e n t  and 

t h e  f l o w  a c r o s s  t h e  a r t e r y  was o b s e r v e d  w i t h  t h e  maximum l a g  a t  

t h e  c e n t e r l i n e .  I n  a  s t u d y  by Help  and McDonald (6 )  s i m i l i a r  t o  

t h e  p r e v i o u s  t w o , a  v o r t e x  r i n g  o f  s e m i - t u r b u l e n t  f l o w  was s e e n  t o  

e x i s t  w i t h  l a m i n a r  f l o w  on b o t h  s i d e s  o f  t h i s  t u r b u l e n t  v o r t e x  

r i n g .  I t  was p o s t u l a t e d  t h a t  t u r b u l e n t  f l o w  i n  t h e  human a r t e r y  

would  d e v e l o p s  a t  a  R ey n o ld s  number o f  a p p r o x i m a t e l y  2000 .  U s ing  

m e c h a n i c a l l y  p r o d u c e d  f l o w  i n  a  I  cm d i a m e t e r  g l a s s  t u b e , S te h b e n s



( lO )  o b s e r v e d  t h e  v a r i o u s  f l o w  r e g i o n s .  The s tu d y  was a i d e d  by 

i n j e c t i n g  dye t o  i l l u m i n a t e  t h e  s t r e a m l i n e s .  . At v e l o c i t i e s  which 

p ro d u c e d  Reyno lds  numbers  i n  t h e  v i c i n i t y  o f  2000 t u r b u l e n t  f l o w  

was s e e n  t o  e x i s t  t h r o u g h o u t  t h e  s y s te m .  D ur in g  f l o w  r e v e r s a l  a  

c r i t i c a l  Reyno lds  number o f  a b o u t  200 -  $00 was o b s e r v e d  i n  models  

o f  v a r i o u s  c o n f i g u r a t i o n s .  ( i . e .  S s h a p e , T s h a p e ) .

From t h e  r e v i e w  o f  l i t e r a t u r e . i t  becomes i n c r e a s i n g l y  c l e a r  

t h a t  a  number o f  c o n t r a d i c t i o n s  c o n c e r n i n g  o b s e r v e d  phenomenon 

e x i s t e d .  A l s o , a l t h o u g h  v e l o c i t y  p r o f i l e s  had  been  a ssum ed ,  none 

had  b e en  m easu red  d i r e c t l y .  I n  t h e  s i m u l a t i o n  o f  b l o o d  f l o w  some 

s i m p l i f i c a t i o n s  a r e  o b v i o u s l y  n e c e s s a r y .  F o r  t h i s  s t u d y  th e y  i n ­

c lu d e s

1 .  R i g i d  p i p e  w a l l s ,

2 .  C o n s t a n t  v i s c o s i t y ,

3.  The w ork ing  medium, a i r ,  i s  c o n s i d e r e d  i n c o m p r e s s i b l e

a t  low v e l o c i t i e s



I I I .  EXPERIMENTAL APPARATUS

The p u l s a t i n g  f l o w  sys tem  was d e s i g n e d  and b u i l t  w i t h  ' 

s e v e r a l  d e s i g n  c r i t e r i a  i n  mind.  They were:

1 .  F r eq u e n c y  p a r a m e t e r  = r ^ ,

2 .  Ease  i n  making  v e l o c i t y  and p r e s s u r e  m e a s u re m e n t s ,

J .  Ease  o f  c h a n g in g  R eyno lds  number ,  f r e q u e n c y  o f  p u l s a t i o n  

and a m p l i t u d e  o f  p u l s a t i o n ,  .

4 .  The n e c e s s i t y  f o r  c l e a n ,  d u s t  f r e e  a i r  when o p e r a t i n g  

h o t  w i r e  anem om ete rs .

With  t h e s e  c r i t e r i a  i n  m ind ,  t h e  sys tem  was d e s i g n e d  and 

c o n s i s t e d  o f  t h e  f o l l o w i n g  com ponen ts ,  2 / 3  hp f a n ,  2 i n c h  d i a m e t e r  

aluminum p i p e , p u l s e  g e n e r a t o r ,  e n t r a n c e  s e c t i o n ,  t e s t  s e c t i o n ,  

p r e s s u r e  t a p s ,  c o o l i n g  c o i l s ,  and an  o r i f i c e .  (See  f i g u r e  l ) .

P i p e  f o r  t h e  f l o w  sys tem  was s e l e c t e d  f o r  economy, a v a i l a ­

b i l i t y ,  e a s e  o f  h a n d l i n g  and r e f e r e n c e  to  t h e  a l p h a  p a r a m e t e r  ( s e e  

s e c t i o n  on p u l s e  " g e n e r a t o r ) . Aluminum i r r i g a t i o n  p i p e  w i t h  an O.D. 

o f  2 . 0  i n c h e s  and an I . D .  o f  I . 9 i n c h e s  s a t i s f i e d  t h e  d e s i g n  c r i ­

t e r i a  and was c h o s e n .  T o t a l , l e n g t h  o f  r u n  was 62 f e e t  (372 d i a ­

m e t e r s )  which a s s u r e d  f u l l y  d e v e lo p e d  f l o w  a t  t h e  t e s t  s e c t i o n .

The t e s t  s e c t i o n . w a s  43»6 f e e t  (281 d i a m e t e r s )  from the. e n t r a n c e  o f  

t h e  p i p e .

The e n t r a n c e  s e c t i o n  was d e s i g n e d  t o  e l i m i n a t e  t h e ' i n c o m i n g  

t u r b u l e n c e  from t h e  o r i f i c e  and p r o v i d e  l a m i n a r  f l o w  a t  t h e  e n ­

t r a n c e  t o  t h e  2 i n c h  d i a m e t e r  p i p e .  The e n t r a n c e  s e c t i o n  c o n s i s t e d  

o f  two p a r t s ,  a  f i l t e r  s e c t i o n  and a r e a  r e d u c t i o n  s e c t i o n s  The 

f i l t e r  s e c t i o n  was 12 i n c h  d i a m e t e r  aluminum tu b e  w i t h  f i b e r g l a s
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f u r n a c e  f i l t e r s  and 24 and 48 mesh- c o p p e r  s c r e e n . '  There  were s i x  

s c r e e n s ?  t h e  f i r s t  t h r e e  were 24 mesh and t h e  n e x t  t h r e e  were 48 

mesh. F i l t e r s  were p l a c e d  i n  f r o n t  o f  e ac h  24 mesh s c r e e n .  A 

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

s e c t i o n  t o  r e d u c e  t h e  f l o w  a r e a  from t h a t  o f  t h e  12 i n c h  d i a m e t e r  

s c r e e n  s e c t i o n  t o  t h e  2 i n c h  d i a m e t e r  p i p e .  The a r e a  r a t i o  be tw een  

t h e  2 i n c h  d i a m e t e r  p i p e  and t h e  f i l t e r  s e c t i o n  was 5 6 : 1 .  The a r e a  

r e d u c t i o n  s e c t i o n  t a p e r e d  f rom  a 12 i n c h  d i a m e t e r  c y l i n d e r  t o  a  11#> 

i n c h  d i a m e t e r  co n e .  The cone  d e c r e a s e d . f r o m  a l i f e  i n c h  . d i a m e te r  t o  

a  4 i n c h  d i a m e t e r  i n  9 i n c h e s  and t h e n  i n  a  smooth c u r v e  f rom  a  4 

i n c h  d i a m e t e r  t o  a  2 i n c h  d i a m e t e r  i n  a  t o t a l  d i s t a n c e  o f  3 i n c h e s .  

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

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

f a s t e n e d  t o  t h e  f i l t e r  s e c t i o n  and t h e  j u n c t i o n  s anded  t o  a  smooth 

i n n e r  s u r f a c e .  'The end 2 i n c h e s  o f  t h e  t r a n s i t i o n  s e c t i o n  Vas 

m ach ined  t o  an  o u t s i d e  d i a m e t e r  o f  2 .1 0 0  i n c h e s  w i t h  an  i n s i d e  d i a ­

m e t e r  o f  1 . 9  i n c h e s .  S c h e d u le  80 aluminum p i p e  was u s e d  a s  a  

c o u p l i n g  b e tw ee n  p i p e  s e c t i o n s .  (See  f i g u r e  2 ) .  A l l  i n s i d e  j o i n t s  

were smooth i n  o r d e r  t o  e l i m i n a t e  t u r b u l e n c e .  j

The c o u p l i n g  s e c t i o n s  were a l s o  s anded  smooth .  A p i c t u r e  o f  

t h e  c o m p le te d  e n t r a n c e  s e c t i o n  i s  shown i n  f i g u r e  4 .  D e s ig n  s p e c i ­

f i c a t i o n s  a r e  shown i n  f i g u r e  3*

The p u l s e  g e n e r a t o r  was, d e s i g n e d  u s i n g  t h e  a l p h a  p a r a m e t e r  

t o  d e t e r m i n e  f r e q u e n c y .  A p a p e r  by J .  R. Womersley (8 )  i n d i c a t e s  

thh- i  t h i s  p a r a m e t e r ,  which i s  d i m e n s i o n l e s s ,  , i s  a p p r o x i m a t e l y  3« 5
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f o r  a  human a r t e r y .  A s h o r t  com pu te r  program was w r i t t e n  g i v i n g  

t h e  of f a c t o r  and f r e q u e n c y  a s  o u t p u t s  ( s e e  a p p e n d i x , . p rogram  l ) .  

The d e s i g n  f r e q u e n c y  i n d i c a t e d  was b e tw ee n  .0 1  and .0 5  o p s .  Thp 

s t r o k e  n e c e s s a r y  t o  p r o v i d e  t h e  c o r r e c t  a m p l i t u d e  f o r  t h e  p u l s e  was 

an  unknown q u a n t i t y ,  so i t  was d e c i d e d  t o  u se  t h e  volume o f  }£ t h e  

sys tem  which  was 1 . 5 8  f t . A  16 i n c h  d i a m e t e r  b o re  w i t h  a  one 

f o o t  s t r o k e  g i v e s  1 .5 9  c u b i c  f e e t  o f  d i s p l a c e m e n t  which  i s  a p p r o x i ­

m a t e l y  $  t h e  volume o f  t h e  s y s te m .  To o b t a i n  t h e  n e c e s s a r y  speed  

r e d u c t i o n  a  m o to r  was c o n n e c t e d  t o  a  s p ee d  r e d u c e r  t h r o u g h  a  s e r i e s  

o f  p u l l e y s  and t h e n  t o  a  12 i n c h  d i a m e t e r  d r i v i n g  w h e e l .  The d r i v ­

i n g  wheel,  was d r i l l e d  a t  one " inch  i n t e r v a l s  so t h e  s t r o k e  c o u ld  be 

v a r i e d  from two to  tw e lv e  i n c h e s ,  and c o n n e c t e d  t o  a  b e l l o w s .  

■Frequency c o u ld  be v a r i e d  from .009 t o  .0 7  c p s .

B e l lo w s  o f  16 i n c h  d i a m e t e r  f l e x i b l e  d u c t i n g  were f a s t e n e d  

t o  a  plywood f r a m e ,  and a  2 i n c h  h o l e  was d r i l l e d  t o  a l l o w  co n n ec ­

t i o n  t o  t h e  f l o w  s y s te m .  A c r o s s  head  was u s e d  t o  c o n v e r t  c i r c u ­

l a r  m o t io n  t o  v e r t i c a l  m o t io n .  The b e l l o w s  were t h e n  c o n n e c t e d  to  

t h e  sys tem  j u s t  u p s t r e a m  o f  t h e . e n t r a n c e  s e c t i o n  ( s e e  f i g u r e  5)«

An o r i f i c e  t h a t  gave  an  a r e a  r e d u c t i o n  o f  1 6 :1  was i n s t a l l e d  

u p s t r e a m  from t h e  p u l s e  - g e n e r a t o r  t o  dampen any p u l s e s  t h a t  p o s s i ­

b l y  t r a v e l e d  u p s t r e a m  i n  t h e  f l o w  s y s te m .

The i n s t r u m e n t  s e c t i o n  c o n s i s t e d  m a i n l y  o f  a  h o t  w i r e  anemo-
r  '  •

m e t e r  p ro b e  t r a v e r s i n g  mechanism.  T h i s  t r a v e r s i n g  mechanism r a i s e d

and lo w e re d  t h e  h o t  w i r e  p ro b e  a s  l i t t l e  a s  .001 i n c h  and was a b l e
+ .

t o  r e p e a t  w i t h i n  -  .0001  i n c h .  A u s e d  m ic r o s c o p e  b a s e  was m o d i f i e d
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by a d d in g  f i b e r g l a s  b l o c k s  t o  t h e  s l i d e  t o  h o l d  t h e  p ro b e  and t h e n  

f a s t e n e d  t o  a  f l a t t e n e d  p i e c e  o f  aluminum 2]6 i n c h  b a r  s t o c k  which 

a c t e d  a s  a  p i p e  c o u p l i n g .  A d i a l  m i c r o m e t e r  was mounted  on t o p  o f  

t h e  m ic ro s c o p e  s l i d e  t o  m easu re  p ro b e  t r a v e l .

The p ro b e  e n t r a n c e  i n t o  t h e  t e s t  s e c t i o n  was t h r o u g h  a  .050  

i n c h  d r i l l e d  and  reamed h o l e .  (See  f i g u r e  6 ) .

The i n s i d e  o f  t h e  c o u p l i n g  was m ach ined  and s an d e d  i n  p l a c e  

p r o v i d i n g  a  smooth i n s i d e  s u r f a c e  t h r o u g h o u t  t h e  t e s t  s e c t i o n .

(See  f i g u r e  9 ) .

P r e s s u r e s  w i t h i n  t h e  p i p e  were m easu red  by a  s e r i e s  o f  ■ 

s t a t i c  p r e s s u r e  t a p s .  These  were p o s i t i o n e d  6 .0»  25 .1»  43».6 , and 

6 2 .0  f e e t  from t h e  e n t r a n c e .  Each t a p  c o n s i s t e d  o f  f o u r  h o l e s »

.050  i n c h  i n  d i a m e t e r ,  d r i l l e d  90 d e g r e e s  a p a r t .  Each  h o l e  was 

c o v e r e d  by a  one i n c h  s q u a r e  P l e x i g l a s s  b l o c k  d r i l l e d  and t a p p e d  

f o r  a  1X i n c h  b r a s s  p i p e  f i t t i n g .  The f o u r  b l o c k s  a t  a  g i v e n  l o c a ­

t i o n  were c o n n e c t e d  t o g e t h e r  to '- 'g ive  t h e  a v e r a g e  s t a t i c  p r e s s u r e  a t  

t h e  l o c a t i o n .  T h e . f o u r  a v e r a g e  s t a t i c  p r e s s u r e s  were t h e n  d u c t e d  

t o  a  m a n i f o l d  by X inch, p l a s t i c  h o s e .  (S ee  f i g u r e  8 ) .

A .050  i n c h  O.D. p i t o t  t u b e  was i n s t a l l e d  i n  t h e  p i p e  one 

f o o t  down s t r e a m  from t h e  t e s t  s e c t i o n .  The t i p . w a s  made t o  c o i n ­

c i d e  w i t h  t h e  c e n t e r l i n e  o f  t h e  p i p e .  The t o t a l  dynamic' head  p r e s ­

s u r e  from t h i s  p i t o t  tu b e  was a l s o  r u n  to  t h e  p r e s s u r e  t a p  m a n i f o l d  

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

v e l o c i t y .  (See  f i g u r e  7 ) .

The mean f l o w  i n * t h e  sys tem  was p r o v i d e d  by a  v a r i b l e  s p ee d ,
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2 /3  hp f a n  c o n n e c t e d  on th e  down s t r e a m  s i d e  o f  t h e  t e s t  s e c t i o n .  

Two c o i l s  o f  % i n c h  c o p p e r  t u b i n g  a p p r o x i m a t e l y  30 i n c h e s  l o n g  and 

i n c h  i n  d i a m e t e r  were i n s t a l l e d  a t  t h e  i n l e t  and o u t l e t  o f  t h e  

f a n  f o r  t e m p e r a t u r e  c o n t r o l .  C o o l in g  l i q u i d  f o r  a i r  t e m p e r a t u r e  • 

c o n t r o l  was w a te r ,  a t  a p p r o x i m a t e l y  ^0° F .  Upst ream from t h e  f a n  a  

s e c t i o n  o f  p i p e  one f o o t  l o n g  was v e n t e d  t o  a tm o sp h ere  and c o v e r e d  

w i t h  f i b e r g l a s  f i l t e r  t o  f i l t e r  incom ing  a i r .  ( See f i g u r e  1 0 ) .

Two i n c h  b l a c k  r u b b e r  e x h a u s t  hose  was u s e d  t o  c o n n e c t  t h e  

m ain  and  r e t u r n  l i n e s  and a l s o  t o  c o n n e c t  t h e  p u l s e  g e n e r a t o r  t o  

t h e  m a i n l i n e .

The main  f l o w  p i p e  was i n s u l a t e d  w i t h  Yz i n c h  a r m f l e x  r u b b e r  

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

Two th e r m o m e te r s  were i n s t a l l e d ;  one i n s i d e  t h e  f l o w  sys tem 

and one t o  r e c o r d  room t e m p e r a t u r e .  These t h e r m o m e te r s  p r o v i d e d  

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



i

IV.  INSTRUMENTATION

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

p r o f i l e s  and p r e s s u r e  c h an g e s  can  be d i v i d e d  i n t o  two m a in  a r e a s  

d e p e n d in g  on t h e  f l o w  t y p e .  They a r e :

1 .  S te a d y  f lo w

a .  Lam inar

b .  T u r b u l e n t  .

2 .  P u l s i t a l  f l o w

a .  Lam inar  . '

The i n s t r u m e n t a t i o n  u s e d  t o  r e c o r d  s t e a d y  l a m i n a r  and t u r b u ­

l e n t  f l o w  was b a s i c a l l y  t h e  same, e x c e p t  i n  t u r b u l e n t  f l o w  i t  was 

n e c e s s a r y  t o  a v e r a g e  t h e  f l u c t u a t i n g  v e l o c i t y  t o  o b t a i n  a  mean v e l o ­

c i t y .  (See  f i g u r e s  11 and 1 2 . )  .

The f o l l o w i n g  i n s t r u m e n t a t i o n  was u s e d  f o r  s t e a d y  f l o w  v e l o ­

c i t y  p r o f i l e  m e asu re m e n ts :

1 .  Thermo- S y s terns model 1010A c o n s t a n t  t e m p e r a t u r e  anemo­

m e t e r ,

2 .  Thermo-Sys tems model 1005B l i n e a r i z e r ,

) .  MKS B a r a t r o n  Type 77 p r e s s u r e  m e t e r ,

4. Tektronix oscilloscope,
5.  Hickok d i g i t a l  v o l t m e t e r .

A b r i e f  d i s c u s s i o n  o f  t h e  anemom eter ,  l i n e a r i z e r ,  and p r e s ­

s u r e  m e t e r  i s  i n c l u d e d  f o r  t h e  r e a d e r ’ s c l a r i f i c a t i o n .  The h o t  

w i r e  anemometer i s  u s e d  t o  m easu re  t h e  v e l o c i t y  o f  a f l o w i n g  f l u i d  

( i n  t h i s  c a s e  a i r )  by m e a s u r i n g  t h e  h e a t  t r a n s f e r r e d  f rom  a sm a l l
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heate .d  w i r e » t o  t h e  f l u i d .  A s m a l l  t u n g s t e n  w i re  o r  s e n s o r  ( d i a ­

m e t e r  .00015 i n c h )  i s  p l a o e d  a c r o s s  a  p ro b e  t i p .  (See  f i g u r e  1 5 ) .  

T h i s  p ro b e  o r  s e n s o r  i s  p a r t  o f  a  f e e d b a c k  l o o p  o f  t h e  anemometer.  

Changes i n  e n v i r o n m e n t a l  c o n d i t i o n s  a ro u n d  t h e  p ro b e  r e s u l t  i n  i n ­

c r e a s e d  o r  d e c r e a s e d  h e a t i n g  c u r r e 'n t  from t h e  anemometer b r i d g e ,  

which  i n  t u r n  p r o d u c e s  a  change  i n  o u t p u t  v o l t a g e  from t h e  anemo­

m e t e r .  T h i s  change  i s  c a u s e d  by chan g es  i n  t h e  s e n s o r  h e a t  t r a n s ­

f e r  r a t e  which i n c r e a s e s  o r  d e c r e a s e s  t h e  c u r r e n t  n e c e s s a r y  t o  

m a i n t a i n  a  c o n s t a n t  w i r e  t e m p e r a t u r e .  .Any p a ra m e te r ,  which  t h e n  

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

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

v e l o c i t y ,  and any c h an g e s  i n  s u r f a c e  c o n d i t i o n s  o f  t h e  s e n s o r .  By 

m a i n t a i n i n g  a l l  t h e  sy s tem s  p a r a m e t e r s ,  e x c e p t  t h e  v e l o c i t y ,  r e l a ­

t i v e l y  c o n s t a n t ,  i t  i s  t h e n  p o s s i b l e  t o  o b t a i n  a  r e l a t i o n  be tw een  

f l u i d  v e l o c i t y  a'nd t h e  c u r r e n t  t h r o u g h  t h e  h o t  w i r e  s e n s o r .  F o r  

t h e  c a s e  when t h e  v e l o c i t y  i s  c o n s i d e r e d  t o  be t h e  o n l y  v a r i a b l e ,  

t h e  r e l a t i o n  b e tw ee n  b r i d g e  o u t p u t  and v e l o c i t y  i s  g o v e rn e d  by an 

e q u a t i o n  known a s  K ings  F o rm u la ,  w r i t t e n  a s  f o l l o w s :

CE^ = (A + .B u 1//n)

Power o u t p u t  from t h e  h o t  w i r e  s e n s o r  i s  g o v e rn e d  by th e  

p ro b e  t e m p e r a t u r e  which  i n  t u r n  i s  g o v e rn e d  by t h e  o p e r a t i n g  r e s i s ­

t a n c e .  Cold  r e s i s t a n c e  o f  t h e  anemometer i s  d e t e r m i n e d  ( r e s i s t a n c e  

o f  s e n s o r  a t  am b ie n t  t e m p e r a t u r e ) ,  and t h e  r u n n i n g  r e s i s t a n c e  i s  

c a l c u l a t e d  and s e t  on t h e  anemometer .
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R “ Re ^ ( t s - t e ) j |

T h i s  e q u a t i o n  i f  o f t e n  e l i m i n a t e d  by d e f i n i n g  an o v e r h e a t  r a t i o .
R■ o v e r h e a t  r a t i o  = -rr—Re

I

so t h a t :  R == Re ( o v e r h e a t  r a t i o )

An o v e r h e a t  r a t i o  o f  I . 7 was u s e d  t o  o b t a i n ' a l l  e x p e r i m e n t a l  d a t a .  

I t  was n o t i c e d  t h a t  t h e  c o l d  r e s i s t a n c e  would v a r y  a p p r o x i m a t e l y  -  

IO^ from r u n  t o  r u n .  T h i s  c o u l d  p o s s i b l y  be a t t r i b u t e d  t o  t h e  

l a r g e  t e m p e r a t u r e  v a r i a t i o n s  w i t h i n  t h e  l a b .

. S in c e  t h e  anemometer o u t p u t  v a r i e s  a s  t h e  one f o u r t h  

power o f  t h e  v e l o c i t y ,  i t  i s  n e c e s s a r y  t o  s q u a r e  t h e  o u t p u t  tw ic e  

t o  o b t a i n  a  v o l t a g e  which i s  l i n e a r  w i t h  v e l o c i t y  p a s t  t h e  h o t  

w i r e .  The l i n e a r i z e r  a c c o m p l i s h e s  t h i s  by means o f  t h r e e  a n a l o g  

f u n c t i o n  c i r c u i t s .  A l i n e a r i z e r  i s  b a s i c a l l y  an a n a l o g  d e v i c e  con ­

s i s t i n g  o f  one s q u a r i n g  c i r c u i t ,  a  d i f f e r e n c e  c i r c u i t ,  and a  v a r i ­

a b l e  power c i r c u i t .  The l i n e a r i z e r  can  p r o v i d e  an o u t p u t  v o l t a g e  

w hich  i s  an  a v e r a g e  o r  i n s t a n t a n e o u s  v a l u e  o f  an im put  s i g n a l  which 

h a s  b e e n  s q u a r e d ,  d e p r e s s e d  by a  c o n s t a n t  v o l t a g e  and r a i s e d  t o  a 

v a r i a b l e  power be tw een  1 .9 5  -  5 .0 0 .

T h i s  s a t i s f i e s  t h e  f o l l o w i n g  e q u a t i o n s :

E. = anemometer o u t p u t
A ■ ■ - 

C l ’ ( E ^ ) 2 = s q u a r i n g  c i r c u i t  I  o u t p u t  = (A + B U ^ n )

• u 1//n = (Cl (Ea ) 2 -  A ) /  B

• ' U = C2 (Cl -  A)n = s q u a r i n g  c i r c u i t  2 o u t p u t ,  -

s
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I f  t h e  v a r i a b l e  power n i s  s e t  a t  t h e  c o r r e c t  v a l u e , t h e  

o u t p u t  from s q u a r i n g  c i r c u i t  2- i s  l i n e a r  w i t h  t h e  v e l o c i t y  p a s t  th e

h o t  w i r e  s e n s o r
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A. L i n e a r i z e r  C a l i b r a t i o n

The v a l u e  o f  l / n  was t a k e n  a s  .4-5 (22)  which gave  n a v a lu e  

o f  2 . 2 2 .  S1In d e  i t  was i m p o s s i b l e  t o  s e t  t h e  power o f  s q u a r i n g  c i r ­

c u i t  2 d i r e c t l y  t o  a  p r e d e t e r m i n e d  v a l u e » i t  was n e c e s s a r y  t o  f i n d  

t h e  v a l u e  o f  t h e  v a r i a b l e  power s e t t i n g  which gave a  power o f  2 . 2 2 .  

T h i s  was a c c o m p l i s h e d  by t r i a l  and e r r o r  a s  f o l l o w s :

o u t p u t  Sq2 = ( im p u t  Sq2)n  ( c o n s t a n t )  

o r  y = C ( x ) n

V a r i a b l e  power s e t t i n g s  were s e l e c t e d  i n  s t e p s  o f  100 from 0 

t o  1000.  Imput was s u p p l i e d  by a  D-C s o u r c e  o v e r  t h e  r a n g e  o f  t h e  

anemometer o u t p u t  o f  1 . 8  t o  J .O v o l t s .  Imput and o u t p u t  were r e ­

c o r d e d .  T a k in g  t h e  n a t u r a l  l o g  o f  b o t h  s i d e s  g i v e s  t h e . f o l l o w i n g  

e q u a t i o n  which i s  a s t r a i g h t  l i n e :

I n  y => I n  C + n I n  (x)

The power i s  t h e n  t h e  s l o p e  o f  t h e  s t r a i g h t  l i n e .  U s ing  t h e  

t h e o r y  o f  l e a s t  s q u a r e s  t o  f i t  t h e  c u r v e s  ( s e e  a p p e n d i x ,  program 2) 

t h e  n  power o f  e ac h  r u n  was d e t e r m i n e d .

I t  was fo u n d  t h a t  a  v a r i a b l e  power s e t t i n g  o f  575 c o r r e s ­

ponded to  a vya lue  o f  2 . 2 2 .  A check  o f  t h e  assumed n v a l u e  was a l s o  

made by:

a s su m in g :  u = C2 (Cl -  A ) ^

b u t :  y  u '  /-w

J T  = C3.(C1 -  a ) 2 ,2 2  = u

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

so:
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dynamic h e ad  (P)  and l i n e a r i z e r  o u t p u t  (u )  were r e c o r d e d  g,nd 

p l o t t e d .  ( See f i g u r e  14)

From t h e  p l o t t e d  r e s u l t s  i t  was c o n c lu d e d  t h a t  n = .4-5 gave 

a  l i n e a r  v e l o c i t y  o u t p u t .

The MKS B a r a t r o n  Type 77 p r e s s u r e  m e t e f  i s  a  v e r y  a c c u r a t e  

p r e s s u r e .m e a s u r in g  d e v i c e  w i t h  a  maximum p r e s s u r e  c a p a b i l i t y  o f  I  

m i l l i m e t e r  o f  m ercury  and w i t h  e i g h t  f u l l  s c a l e  r a n g e s .  These 

r a n g e s  a r e  . 0 0 0 5 ? «0 0 5 , «001, . 0 5 , «01, . 5 ,  • I  and I  m i l l i m e t e r  o f  

m e rc u ry .  The p r e s s u r e  m e a s u r i n g  sys tem c o n s i s t s  o f  a  m e a s u r in g  

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

a  d iaphragm  which moves u n d e r  p r e s s u r e  and u n b a l a n c e s  an  AC 

b r i d g e .  The v o l t a g e  which  i s  p r o p o r t i o n a l  t o  t h e  p r e s s u r e  i s  am­

p l i f i e d  and u s e d  t o  d e f l e c t  t h e  m e t e r .  R e a d -o u t  c an  be i n  one o f  

t h r e e  ways,  d i r e c t l y  from m e t e r ,  from an e x t e r n a l  AC o r  DC v o l t ­

m e t e r  o r  by n u l l i n g  ( r e b a l a n c i n g  t h e  b r i d g e s ) .

I n  a d d i t i o n  t o  t h e  above mentioned,  e q u i p m e n t , a d d i t i o n a l  

equ ipm en t  was n e c e s s a r y  f o r  m easurement  o f  p u l s i t a l  f l o w .  I n c l u d e d  

was:

8 .  An 8 t r a c k  Sanborn  FM t a p e  r e c o r d e r ,

9» H e w l e t t - P a c k a r d  model EMS v o l t m e t e r ,

10 .  RC f i l t e r ,

11 .  Timing l i g h t ,

12 .  S top  w a tch ,

1 5 « DC s o u r c e .



V. EXPERIMENTAL PROCEDURE

E x p e r i m e n t a l  p r o c e d u r e  d i f f e r e n c e s  be tw een  l a m i n a r  and t u r ­

b u l e n t  f l o w  and l a m i n a r  p u l s a t i n g  f l o w  were p r i m a r i l y  i n  t h e  

methods  u s e d  t o  r e c o r d  d a t a .  I n  b o t h  c a s e s  t h e  i n s t r u m e n t a t i o n  and 

f a n  were t u r n e d  on a t  l e a s t  one h o u r  b e f o r e  any t e s t i n g  was done t o  

a llow- a d e q u a te  warm-up and i n s t r u m e n t  s t a b i l i z a t i o n .  The f a n  speed  

was k e p t  r e l a t i v e l y  c o n s t a n t  by s e l e c t i n g  o r i f i c e s  o f  d i f f e r e n t  

s i z e s  d e p e n d in g  on t h e  f l o w  r e g i o n  u n d e r  c o n s i d e r a t i o n ,  i . e .  sm a l l  

o r i f i c e  f o r  l a m i n a r  f l o w .  A f t e r  a l l o w i n g  a d e q u a te  warm-up t i m e , 

t h e  v a r i o u s  i n s t r u m e n t s  were a d j u s t e d  t o  t h e i r  optimum o p e r a t i n g  

c o n d i t i o n s .  At f r e q u e n t  i n t e r v a l s  i t  was n e c e s s a r y  t o  check  and 

r e - a d j u s t  t h e  i n s t r u m e n t s .  V a r i a t i o n s  were c a u s e d  p r i m a r i l y  by 

c h a n g in g  t e m p e r a t u r e s  w i t h i n  t h e  t e s t  a r e a .

F o r  n o n - p u l s a t i n g  l a m i n a r  f l o w  t h e  Reyno lds  number was 

v a r i e d  by c h a n g in g  t h e  f a n  s p eed  and p r o f i l e s  o f  t h e  v e l o c i t y  were 

o b t a i n e d  s t a r t i n g  a t  t h e  p i p e  c e n t e r  and moving to w ard  t h e  w a l l  i n  

.050  i n c h  s t e p s .  At e ac h  s t e p  t h e  l i n e a r i z e r  o u t p u t  was r e c o r d e d .  

The f i n a l  s t e p  was .010  i n c h  from t h e  p i p e  w a l l .  The ' c e n t e r l i n e  • 

dynamic  p r e s s u r e  f o r  e ac h  r u n  was r e c o r d e d ,  so a  r e l a t i o n  be tw een  

t h e  l i n e a r i z e r  o u t p u t  and t h e  a c t u a l  v e l o c i t y  c o u ld  be c a l c u l a t e d .  

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

r e c o r d e d ,  and a l s o  t h e  s t a t i c  p r e s s u r e  a t  t h e  t h i r d  t a p .  O pera ­

t i n g  c o n d i t i o n s  w i t h i n  t h e  t e s t  a r e a  were r e c o r d e d  a t  t h e  b e g i n ­

n i n g  o f  e ac h  t e s t  s e s s i o n .  I n c l u d e d  were b a r o m e t r i c  p r e s s u r e , 

a m b ia n t  a i r  t e m p e r a t u r e  and t h e  t e m p e r a t u r e  o f  t h e  f l o w i n g  a i r .  At 

.a l l .  t i m e s  t h e  l i n e a r i z e r  o u t p u t  was m o n i t o r e d  on an o s c i l l o s c o p e  t o
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v e r i f y  t h e  l a m i n a r  f l o w  c o n d i t i o n s .

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

m anner ,  e x c e p t  th e  l i n e a r i z e r  o u t p u t  was p u t  t h r o u g h  a  l a r g e  RC 

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

f l o w , ,  i t  was fo u n d  n e c e s s a r y  t o  p r o v i d e  a  t r i g g e r  i n  t h e  form o f  a  

w i r e  j u s t  downst ream from, t h e  e n t r a n c e  s e c t i o n .

F o r  l a m i n a r  p u l s a t i n g  f l o w ,  t e s t  d a t a  was somewhat more 

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

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

f l o w  re m a in e d  l a m i n a r  a t  a l l  t i m e s  d u r i n g  e a c h  p e r i o d .  As i n  lam­

i n a r  f l o w  t h e  p ro b e  was l o w e re d  i n  .050  i n c h  s t e p s .

On t a p e  r e c o r d e r  c h a n n e l s  I  and 2 t h e  n o n - s t e a d y ,  p r e s s u r e  

m e t e r  and  l i n e a r i z e r ,  v o l t a g e  o u t p u t s  were r e c o r d e d .  On c h a n n e l  5 

a  one v o l t  p u l s e  was r e c o r d e d  each  t im e  t h e  p u l s e  g e n e r a t o r  p a s s e d  

t o p  dead  c e n t e r .  A f o u r t h  c h a n n e l  was u s e d  f o r  v o i c e  comment.  The 

d a t a  r e c o r d e d  on m a g n e t i c  t a p e  was c o n v e r t e d  t o  a  u s e f u l  form by an 

a n a l o g  t o  d i g i t a l  c o n v e r t e r  c o u p le d  w i t h  an  IBM 1620 c o m p u te r .  The 

o u t p u t  v a l u e s  were punched  on c a r d s .  S in c e  t h e  i n p u t  t o  t h e  c o n v e r  

t e r  was l i m i t e d  t o  one v o l t ,  and t h e  l i n e a r i z e r  o u t p u t  had  a  m ax i­

mum m a g n i tu d e  o f  a b o u t . 2 .5  v o l t s ,  i t  was n e c e s s a r y  t o  u s e  a v o l t a g e  

d i v i d e r  t o  l i m i t  t h e  o u t p u t  t o  I  v o l t  o r  l e s s .  A b a ck g r o u n d  l e v e l  

o f  a b o u t  50 m i l l i v o l t s  was a  c h a r a c t e r i s t i c  o f  t h e  t a p e d  m a t e r i a l .'

■ A c a l i b r a t i o n  p r o c e d u r e  was d e v i s e d  whereby t h e  d i g i t i z e d  

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

B e f o r e  e ac h  r u n  t h e  f o l l o w i n g  c a l i b r a t i o n s  were c a r r i e d  o u t .
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A z e ro  i n p u t  (g ro u n d )  was r e c o r d e d  on e ac h  c h a n n e l  f o r  ab o u t  JO 

s e c o n d s .  D i r e c t l y  f o l l o w i n g ,  a  one v o l t  i n p u t  from a  DC s o u rc e  was 

r e c o r d e d  f o r  ab o u t  t h e  same t im e  p e r i o d .  The 0 and I  v o l t  s i g n a l s  

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

t o  t h e  0 and I  v o l t  i n p u t . The f o l l o w i n g  c o r r e c t i o n  was t h e n  

a p p l i e d  t o  eac h  d i g i t i z e d  v a l u e .  ( See a p p e n d ix ,  p rogram  j ) .

Tape i n p u t  = A + B (OP)

So f o r  0 i n p u t :  0 = A + B (OPO)

and f o r  I  v o l t  i n p u t :  I  = A'+ B (OPl)
' i

S o l v i n g :  A = - B  (OPO)

B = l / ( 0 P l  -  OPO)

T h e r e f o r e :  c o r r e c t e d  ( v e l o c i t y  o r  p r e s s u r e )  = A + B ( d i g i t i z e r  v e l o  

c i t y  o r  p r e s s u r e ) .

Two c o m p le te  o s c i l l a t i o n s  were r e c o r d e d  a t  e ac h  p ro b e  p o s i t i o n .  

A f t e r  e ac h  p u l s a t i n g  r u n  was c o m p le t e d ,  t h e  p u l s e  g e n e r a t o r  was 

t u r n e d  o f f , and a  s t a n d a r d  l a m i n a r  t e s t  was p e r f o r m e d .



VI.  RESULTS

E x t e n s i v e  u s e  was made o f  t h e  IBM 1620 com pu te r  and p l o t t e r  

d u r i n g  t h i s  i n v e s t i g a t i o n .  Comprehens ive  p rogram s  were w r i t t e n  t o  

c o r r e c t  and r e d u c e  r e c o r d e d  d a t a  t o  'a m e a n i n g f u l  fo rm .  ( See appen­

d i x )  . As an  e x a m p l e , w i t h  p u l s a t i n g  f l o w  as  many a s  2 0 ,0 0 0  

p o i n t s  'were r e c o r d e d  d u r i n g  one d a t a  r u n  o f  a p p r o x i m a t e l y  40 min­

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

A. Lam inar  f l o w ,

B. T u r b u l e n t  f l o w ,

■C. P u l s a t i n g  l a m i n a r  f l o w .  ,
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A. Lam inar  Flow

• As e x p l a i n e d  by Pao ( 1 5 ) i n  l a m i n a r  f l o w  t h e  f l u i d  a p p e a r s  

t o  move i n  l a y e r s ,  w i t h  one l a y e r  s l i d i n g  o v e r  a n o t h e r .  P o r  l a m i ­

n a r  f lo w  t h e  H a g e n - P o i s e r i l l e  t h e o r y  f o r  i n o o m p r e s i b l e  f l u i d s  i n  

ro u n d  p ipes -  i s  p r e s e n t e d  by Pao ( 1 5 ) a s  f o l l o w s :  a ssum ing  s t e a d y

f l o w  and a  c o n c e n t r i c  c y l i n d e r  a s  a  f r e e  body ,  t h e  momentum e q u a ­

t i o n  i s :

PTTr2 -  (P + -“ I  dx) TT r 2 - T ( 2 7 r r ) d x  -  O

S i m p l i f i n g : r ( f ?

Newton’ s law o f  v i s c o s i t y  s t a t e s  ( 1 5 ) :

Zv* m M- 4-̂
ay

S u b s t i t u t i n g  e q u a t i o n  2 i n t o  I  and s u b s t i t u t i n g  f o r  y g i v e :

V u

( I )

( 2 )

- u

S o l v i n g :

>. r  
I  ■ 3. P

#  Cf)

u  -  4 ^  t ;  ( r o -  r > ( ? )

E q u a t i o n  3 i s  t h e  e q u a t i o n  o f  a  s t a n d a r d  p a r a b o l a .  ; F o r  a  c i r c u l a r  

p i p e  t h e  maximum v e l o c i t y  o c c u r s  a t  t h e  c e n t e r l i n e ,  t h e r e f o r e :

WU = U max ( 1. -  (t t ) 2 )

E x p e r i m e n t a l  d a t a  i s  shown i n  g r a p h  form i n  f i g u r e s  15» 16 ,  17-

(See  a p p e n d i x ,  p rogram  3 )» The p l o t s  a r e  i n  a d i m e n s i o n l e s s  form

w i t h  r / r  and — a s  t h e  a b s c i s s a  and o r d i n a n t  r e s p e c t i v e l y ,  and 
0 Umax

show t h e  t h e o r e t i c a l  c u rv e  a s  w e l l  a s  t h e  e x p e r i m e n t a l  d a t a .  

F i g u r e s  15 and  16 c o v e r  t h e  r a n g e  o f  R eyno lds  numbers  e x p e c t e d  i n  

p u l s i t a l  l a m i n a r  f l o w .  T e s t s  were c o n d u c te d  o f f s e t t i n g  t h e  p robe
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-  5» ~ 10 ,  -  15 and -  50 from t h e  v e r t i c a l  t o  check  f o r  f l o w  p r o ­

f i l e  s i m i l a r i t y .  The o f f s e t  p r o f i l e s  were i n d i s t i n g u i s h a b l e  from 

t h e  v e r t i c a l  p r o f i l e s .  Laminar  f l o w  was m a i n t a i n e d  i n  t h e  f lo w  

sys tem  t o  a  Reyno lds  number g r e a t e r  t h a n  2 0 ,0 0 0  w i t h  t u r b u l e n c e  

o c c u r r i n g  o n l y  i f  t r i g g e r e d  e x t e r n a l l y .
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Bo T u r b u l e n t  Flow

T u r b u l e n t  f l o w  i s  c h a r a c t e r i z e d  by v e r y  e r r a t i c  m o t io n  o f  

t h e  f l u i d  p a r t i c l e s  w i t h  l a r g e  momentum e x ch an g es  b e tw ee n  p a r t i c l e s .  

T u r b u l e n t  f l o w  i s .  b e l i e v e d  t o  commence a t .  a  p o i n t „ u s u a l l y  d e f i n e d  

by t h e  Reyno lds  number,  when t h e  r a t i o  o f  t h e  i n e r t i a  f o r c e s  t o  t h e  

v i s c o u s  s h e a r  f o r c e s  a r e  a b o u t  2500 ( l 4 ) . The R ey n o ld s  number i s  

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

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

t h e  more t h e  i n e r t i a  f o r c e  p r e d o m i n a t e s , and t h e  more a p t  t h e r e  i s  

t o  be t u r b u l e n t  f l o w .  At t h e  p r e s e n t  t im e  t h e r e  i s  no c o m p l e t e l y  

s a t i s f a c t o r y  t h e o r y  e x p l a i n i n g  t u r b u l e n t  f l o w ,  how ever ,  a  number o f  

s e m i e m p i r i c a l  t h e o r i e s  have  been  p r e s e n t e d  which seem t o  a g re e  

f a i r l y  w e l l  w i t h  e x p e r i m e n t a l  e v i d e n c e . P r a n d t l 1s m ix in g  l e n g t h  

t h e o r y  i s  p r o b a b l y . t h e  most  u s e f u l  o f  t h e  s e m i e m p i r i c a l  t h e o r i e s  

d e v e l o p e d  f o r  t u r b u l e n t  f l o w  and i s  p r e s e n t e d  by Pao (15 )  a s  

f o l l o w s :  b a s e d  on t h e  c o n c e p t  o f  momentum e x c h a n g e , a  m ix in g

l e n g t h  L i s  p o s t u l a t e d  which  i s  s i m i l i a r  i n  c o n c e p t  t o  t h e 'm e a n  

f r e e  p a t h  i n  t h e  k i n e t i c  t h e o r y  o f  g a s e s .  A p a r t i c l e  i s  assumed 

t o  t r a v e l  i t s  e n t i r e  m ix in g  l e n g t h  w i th  i t s  o r i g i n a l  momentum and 

s u d d e n ly  a c q u i r e  new momentum a t  t h e  end o f  i t s  p a t h .  ( See f i g u r e  

1 9 ) .  The f l u c t u a t i n g  v e l o c i t y  component u  h a s  t h e  same m agn i tude  

a s  t h e  d i f f e r e n c e  i n  x -  d i r e c t i o n  mean v e l o c i t i e s .

S o : (5)
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M u l t i p l y i n g  b o t h  s i d e s  by f> g i v e s :

r. ( ... /O u >  y ( 6 )

Rate,  o f  mass  t r a n s f e r  i n  t h e  y  d i r e c t i o n  i s  /> v dA and ^  . i s  e q u a l  

t o  t h e  r a t e  o f  momentum exchange  i n  t h e  x -  d i r e c t i o n  p e r  u n i t  a r e a .

G iv in g :  . v  dA L( 3. u /  "A y)  Au
d A = v L 5 7 ( 7 )

The c o m b i n a t i o n s  o f  e q u a t i o n s  6 and ;7 g i v e s :

T", = u ' v '  t

Which i s  known as  R eyno lds  s h e a r  s t r e s s . e q u a t i o n .  

■Assuming: u & v  a r e  o f  t h e  same m a g n i t u d e :

A u>u 5^ v  = L  ( y j ) »

t h e  f i n a l  e q u a t i o n  i s :
. 2 ,  >- un2 •

■ r t  “ / ° L (7 7 ) °

A lso  assum ing  t h a t  n e a r  t h e  p i p e  w a l l >

L = ky

Wq h a v e :  ' = k 2y^ ( " ! " r ) 2

( 8 )

(9)

( 1 0 )

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

du
dy rv f-4 ky

D e f i n i n g :  = 7y ( s h e a r i n g  v e l o c i t y )  and s o l v i n g ' t h e  e q u a t i o n
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f o r  u  r e s u l t s  i n  t h e  e q u a t i o n ;

. u  = Ln(y)  + c (H)

U sin g  t h e  b o unda ry  c o n d i t i o n s  u  = umax

@ y => r Q t o  s o l v e  f o r  C9

u  = u  + T i V & l n ( ^ ~ ) max k xr  '

o r ; u - -  u I  n / r  s
-JLfiS " v Ln(_o)

* V* K y
( 1 2 )

E q u a t i o n  12 f o r  t h e  t u r b u l e n t  c o r e  o f  a  smooth p i p e  becomes:

(13)

■Three f l o w  zones  e x i s t  d e p e n d in g  on t h e  m o d i f i e d  R ey n o ld s  number 

(L £ JL £ _ )e They a r e :  -

1 .  l a m i n a r  s u b - l a y e r ,

2 .  b u f f e r  zone ,  ' ■

5» t u r b u l e n t  c o r e .

The p a r a m e t e r s  and ( ~ ^ ~ ~ )  a r e  u s u a l l y  u sed  t o  d e f i n e  u+ and

y r e s p e c t i v e l y .  The p a r a m e t e r s  u  and y  a r e  d i m e n s i o n l e s s  numbers  

t h a t  c h a r a c t e r i z e  t h e  v e l o c i t y  and d i s t a n c e  from t h e  p i p e  w a l l .

E q u a t i o n  I J  was s o l v e d  u s i n g  t h e  method o f  l e a s t  s q u a r e s  t o  

f i n d  c o n s t a n t s  A and B. ( See a p p e n d i x ,  p rogram 4 ) .  The e x p e c t e d  

p l u s  o r  minus  d e v i a t i o n  was a l s o  s o l v e d  f o r .  The f o l l o w i n g  t a b l e
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g i v e s  t h e  e x p e r i m e n t a l  r e s u l t s *  I t  i s  n o t e d  t h a t  i n s u f f i c i e n t  

p o i n t s  were r e c o r d e d  i n  t h e  l a m i n a r  s u b - l a y e r  f o r  a  c u rv e  t o  be 

f i t t e d .  ‘
I

'■ ' TABLE I

R e s u l t s  o f  T u r b u l e n t  Plow T e s t s

Reyno lds  Number B u f f e r Zone T u r b u l e n t  Core

A B A B

2 7 ,2 2 8 4 . 4 4  i  .100 2 .5 3  *  .096

23 ,487 ' . ■ 5 . 0 2 ± .078 2 .4 7  i  .077

1 6 ,3 6 6 .409  j= .097 4 . 1 3 ± .188 4 . 7 9  * . 0 5 7 2 . 6 0 ± .067

1 1 ,2 0 6 .6 3  i  e 16 4 . 2 6  a . 299 5 .7 7  i . 0 9 7 2 .51  t. .12

1 0 ,6 5 8 .296  i  .108 • 4 . 5 3  *■ .19 6 .1 1  i  .027 2 . 5 6 t .037

A t y p i c a l  example o f  t h e  t u r b u l e n t  p l o t  i s  shown i n  f i g u r e  20.  The 

v a r i a t i o n  w i t h i n  t h e  c u r v e s  from t h e  mean a t  t h e  95$ c o n f i d e n c e  

l e v e l  was a b o u t  -  5 $ - i n  t h e  t u r b u l e n t  c o r e  and ab o u t  -  10$  i n  t h e  

b u f f e r  zone.

■The f i n a l  e q u a t i o n s  u s i n g  a v e r a g e  v a l u e s  were:  

b u f f e r  zone:  = .445  + 4 . 5 0  I n  ( - 4 X - .-) ( l 4 )

t u r b u l e n t  c o r e :  ^  = 5 .2 3  + 2 .5 3  I n  ’) ( 1 5 )

The f l o w  zone d i v i s i o n s  o b s e r v e d  were as  f o l l o w s :

1 .  l a m i n a r  s u b - l a y e r :  0 < y + <. 5

2 .  b u f f e r  zone:  5 < < 27

y*  > 2 7 .3 t u r b u l e n t  c o r e :
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The zone d i v i s i o n s  a r e  shown i n  f i g u r e  2 0 .  The g e n e r a l  shape  o f  

t h e  p l o t t e d  d a t a  p o i n t s  a p p e a r s  t o  a g r e e  v e r y  w e l l  w i t h  t h e  r e s u l t s  

o f  N ik u r a d s e  and E e i c h a r d t  a s  p u b l i s h e d  by Pao ( l$ )»-  I n  f i g u r e  19» 

t h e  a c c e p t e d  e m p i r i c a l  f o r m u l a  d e r i v e d  by N ik u ra d s e  and R e i c h a r d t  

i s  p l o t t e d .  The p l o t t e d  e q u a t i o n  i s :

. ^ . - 5 . 5  + 2 . 5  i n

A lso  p l o t t e d  on f i g u r e  IQ a r e  e x p e r i m e n t a l  d a t a  p o i n t s  f o r  a 

R eyno lds  number o f  27»220.
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C. Lam inar  P u l s a t i n #  Flow

The r e s u l t s  o b t a i n e d  from l a m i n a r  p u l s a t i n g  f l o w  c o n s i s t  

p r i m a r i l y  o f  com pu te r  drawn v e l o c i t y  p r o f i l e s  showing t h e  r e l a t i o n  

(p h a s e  a n g l e )  "between1 t h e  v e l o c i t y  p r o f i l e  and p r e s s u r e  p u l s e s .

(See  a p p e n d i x ,  p rog ram s  5 & 6 ) .  The f a c t o r  was v a r i e d  so v e l o ­

c i t y  p r o f i l e s  would e x h i b i t  b o t h  f l o w  r e v e r s i n g  and n o n - f l o w  r e ­

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

were sampled  a t  a  r a t e  o f  10 t i m e s  p e r  s econd  t o  o b t a i n  t h e  p r e s ­

s u r e  and  v e l o c i t y  p r o f i l e s .  A t y p i c a l  p r o f i l e  showing f l o w  r e v e r ­

s a l  i s  shown i n  f i g u r e  21 ,  and one w i t h  no f l o w  r e v e r s a l  i s  shown 

i n  f i g u r e  22 .  P l o t s  were a l s o  d raw n •o f  v e l o c i t y  v e r s u s  c e n t e r l i n e  

d i s t a n c e  a t  s p e c i f i c  p o i n t s  on e a c h  p e r i o d  ( e v e r y  1 8 ° ) .  F i g u r e  2J> 

shows a  c o m p le te  c y c l e  i n c l u d i n g  f l o w  r e v e r s a l  and i n f l e c t i o n  

p o i n t s .  Shown i n  f i g u r e  24 i s  a  p l o t  s i m i l i a r  t o  2$ ,  how ever ,  

t h e r e  i s  no- f l o w  r e v e r s a l .  A t h e o r e t i c a l  s o l u t i o n  f o r  l a m i n a r  p u l -  , 

s a t i n g  f l o w  i s  p r e s e n t e d  by S a rp k a y a  ( l l )  and i s  r e p r o d u c e d  i n  p a r t  

a s  f o l l o w s .  From t h e  N a v i e r - S t o k e s  e q u a t i o n  o f  m o t io n  f o r  an 

a x i a l l y  s y m m e t r i c a l  f l o w  t h e ■d i f f e r e n t i a l  e q u a t i o n  f o r  a  n o n - s t e a d y  

p r e s s u r e  g r a d i e n t  i s :

Assuming:

3. r
I  i  Pu  = 0 @ r  = r  and -  -x ~ — o P . Ax K cos  ( n t ) /

g i v e s  t h e  f o l l o w i n g  e q u a t i o n :

f "  ( r )  +' -  f '  ( r )  -  ~  f ( r ) - k
(15)
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where u ( n ,  t )  ha s  t h e , fo rm f ( r )

The s o l u t i o n  f o r  t h i s  d i f f e r e n t i a l  e q u a t i o n  h a s  t h e  f o l l o w i n g  form:

. ,u ( r » t )  = ^  (l«* )  (16)

V/hen s o l v i n g  t h i s  e q u a t i o n  ( l 4 )  s e v e r a l  i m p o r t a n t  p a r a m e t e r s . a r e

d e f i n e d .  I n c l u d e d  i s  t h e  p a r a m e t e r  m e n t io n e d  p r e v i o u s l y  and a
x V

p a r a m e t e r  ^  « The p a r a m e t e r  X i s  d e f i n e d  a s  p . A g r a p h  o f  #*
' V

v e r s u s  A was drawn by S a rp k a y a  ( l l )  showing << n e c e s s a r y  f o r  f l o w

r e v e r s a l  a t  a  p i p e  w a l l  ( s e e  f i g u r e  2 $ ) ,  F i g u r e  25 shows t h e  ■

t h e o r e t i c a l  c u rv e  w i t h  t h e  d a t a  p o i n t s  f rom  t a b l e  2 drawn i n .  The

f o l l o w i n g  t a b l e  g i v e s  t h e  c a l c u l a t e d  and A v a l u e s '  f o r  t h e  t e s t
'

r u n s  p e r f o r m e d .

TABLE 2

& V a lu es  f o r  Laminar  P u l s a t i n g  Flow T e s t s

Run I • 2 6 8 9 10

2 .1 8 2 .1 8 3 .5 6 3 .5 6 2.95 ; 1.97
X .65 . 502 1 . 2 4 1 .1 7 1 .1 9 I .055

I n  t a b l e  5 t h e  p hase  l a g  b e tw ee n  t h e  p r e s s u r e  and v e l o c i t y  i s  shown 

f o r  r u n s  6 ,  9» and 10 .  D i s t a n c e s  a r e  m easu red  s t a r t i n g  a t  t h e  p ip e  

c e n t e r l i n e  and moving to w a rd  t h e  w a l l .  P a r e n t h e s i s  i n d i c a t e  i n t e r ­

p o l a t e d  v a l u e s .

The m ag n i tu d e  o f  t h e  p r e s s u r e  d i f f e r e n c e s  m e asu re d  be tw een  

p r e s s u r e  t a p s  2 and 5 h a d  a  mean o f  a b o u t  ,1  mm o f  m e r c u r y ,  w h i l e



t h e  a m p l i t u d e  o f  t h e  f l u c t u a t i n g  component v a r i e d  f rom  «02 t o  .04-7 

mm o f  m e rc u ry .

At an  o f  f a c t o r  o f  3 . 5 6  and 2 .9 5  d e f i n i t e  f l o w  r e v e r s a l  i s  

o b s e r v e d .  The r e v e r s e  f l o w  was a p p r o x i m a t e l y  25$ o f  t h e  maximum 

f l o w  and o c c u r r e d ,  a t  t h e  c e n t e r l i n e  o f  t h e  p i p e .  No t u r b u l e n c e  was 

n o t i c e d ' a t  any t im e  d u r i n g  f lo w  r e v e r s a l .  Flow r e v e r s a l  was seen  

t o  be d e p en d e n t  t o  a  l a r g e  e x t e n t  on t h e  f r e q u e n c y  a s  shown by r u n s  

9 and 1 0 . P r e s s u r e  i n  r u n s  9 and 10 was a p p r o x i m a t e l y  t h e  same, 

b u t  t h e  f r e q u e n c y  o f  p u l s a t i o n  i n  10 i s  d e c r e a s e d  by No f lo w

r e v e r s a l  i s  o b s e r v e d  i n  1 0 ,  and a  v e r y  d e f i n i t e  r e v e r s a l  i s  ob­

s e r v e d  i n  9« Phase  l a g  a l s o  a p p e a r s  t o  be d e p en d e n t  on t h e  f r e ­

quency a s  s e e n  i n  t a b l e  5 w i t h  t h e  maximum l a g  o b s e r v e d  a t  t h e

c e n t e r l i n e  a s  e x p e c t e d .  ' ,A p h a se  l a g  o f  ab o u t  $0 d e g r e e s  was ob-
. ■ • 

s e r v e d  w i t h  oi. = 5 . 56  and X = 1 .17«

- 2 9 -
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TABLE 5 ■

Phase  Angles  f o r  P u l s a t i n g  Laminar  Plow

D i s t a n c e Rua 6 o< = 3»56 Run 9 6K == 2 »95 Run 10 H 1*97

.00. (53J 2 1 .6 9*0

.05 • 30 1 9 . 8 8 . 4

.1 0 2 8 .8 1 8 .0 6 .0

. 15  . 2 8 .2 1 6 .7 ( 6 . 0 )

.20 2 8 .2 1 6 .7 6 . 0

. 25 2 4 .0 ( 1 6 . 0 )  , ( 6 . 0 )

.30 22.8 ( 1 5 . 2 ) (6.0)
/35. 2 1 .0  . 14.4 ' 6 .0

.40 ( 2 0 . 7 )  ' 1 3 .8 (4.8)

.45  • 2 0 .4 1 0 .8 (3.6)

.50 1 6 .8 (10.5) (2.4)

.55 (14.9) (10.2) 1 . 2

. 60 (12.8) (9.9) 0

. 65 (1 0.9) 9.6 0

. 70 9 . 0 (8.1) 0

.75 (7 .0 ) ( 6 . 6 ) 0

.80 4 . 8 (5.1) 0

.85 3 . 6 3 .6 0

. 9 0 NA NA' NA

. 94 NA ' NA NA

’/ NA = n o t  m easured



T H .  DISCUSSION OP RESULTS

I n  an a n a l y s i s  o f  t h e  r e s u l t s  p r o d u c e d  by t h i s  i n v e s t i g a t i o n  

i t  i s  n e c e s s a r y  t o  d i s c u s s  and s p e c u l a t e  ab o u t  t h e  f o l l o w i n g ' i t e m s : 

I .  P e r f o rm a n c e  o f  f l o w  sy s te m ,

2 e Laminar  f l o w  p r o f i l e s ,

' 5* T u r b u l e n t  f l o w  p r o f i l e s ,

4 .  P u l s i t a l - l a m i n a r  f l o w  p r o f i l e .
.

O v e r - a l l  t h e  f l o w  sys tem  p ro d u ced  t h e  r e s u l t s  e x p e c t e d  o f  i t .

T he re  w e r e , how ever ,  some good as  w e l l  a s  p o o r  p o i n t s .  The e n t r a n c e  

s e c t i o n  p e r fo rm e d  beyond  e x p e c t a t i o n ,  which i s  shown by R eyno lds  

numbers  f o r  l a m i n a r  f l o w  i n  e x c e s s  o f  2 0 ,0 0 0 .  The p u l s e  g e n e r a t o r  

p r o d u c e d  a  p r e s s u r e  wave which was somewhat uneven  a t  t i m e s  show­

i n g  t h e  need  f o r  a  more r i g i d  c y l i n d e r .  Some d i f f i c u l t y  was e x ­

p e r i e n c e d  w i t h  v e l o c i t y  p r o f i l e  s h i f t  from t h e  c e n t e r l i n e , due to

t e m p e r a t u r e  v a r i a t i o n s .  T h i s  n o n - a x i a l  f l o w  w a s ■m in im ize d  by c a r e -
, • ‘

f u l  t e m p e r a t u r e  c o n t r o l .

Laminar  f l o w  p r o f i l e s  were a s  e x p e c t e d .  They e x h i b i t e d  t h e  

t y p i c a l  p a r a b o l i c  v e l o c i t y  p r o f i l e  p r e d i c t e d  by t h e o r y .  An e n ­

t r a n c e  l e n g t h  o f  281 d i a m e t e r s  p ro v e d  a d e q u a t e  t o  p ro d u c e  f u l l y  

d e v e l o p e d  l a m i n a r  f lo w  t o  a  R eyno lds  number o f  a b o u t  5000. With 

h i g h e r  R eyno lds  numbers  t h e  f l o w  was o b v i o u s l y  n o t  f u l l y  d e v e lo p e d .  

T h i s  c o u ld  e a s i l y  be s e e n  i n  t h e  " s q u a r e d  o f f "  v e l o c i t y  p r o f i l e  o f  

f i g u r e  17.

T u r b u l e n t  f l o w  p r o f i l e s  f o l l o w e d  t h e  e x p e r i m e n t a l l y  d e r i v e d  

e m p i r i c a l  e q u a t i o n s  f o r  t u r b u l e n t  f l o w  v e r y  w e l l .  The t u r b u l e n t  

f l o w  e q u a t i o n  g i v e n  by S c h l i c h t i n g  ( 2 l )  h a s  t h e  fo rm:



u* = A + B I n  y +

The a c c e p t e d  v a l u e s  f o r  A and B a r e  5*5 and 2 . 5  r e s p e c t i v e l y .  ( 1 5 ) 

E x p e r i m e n t a l  d a t a  v a r i f i e d  B w i t h i n  57& a t  a l l  t i m e s , how ever ,  t h e  

i n t e r c e p t  A seemed somewhat d e p en d e n t  on t h e  R eyno lds  number .  The 

l o w e r  t h e  Reyno lds  number t h e  h i g h e r  t h e  B v a lu e  seemed t o  b e .

T h i s  c o u l d  p o s s i b l y  be due t o  t h e  e x t r e m e l y  smooth f l o w  c h a r a c t e r ­

i s t i c s  o f  t h e  e n t r a n c e  s e c t i o n  and p i p e .  T h i s  p o s s i b l y  c o u l d  cau se  

t h e  b u f f e r  zone to  s h i f t  c l o s e r  t o  t h e  w a l l ,  t h e r e b y  c a u s i n g  t h e  y 

i n t e r c e p t  t o  s h i f t  upw ard .  A l s o ,  t h e  b u f f e r  zone was s e e n  t o  be 

l e s s  by  a  f a c t o r  o f  a p p r o x i m a t e l y  IO^ t h a n  t h e  u s u a l l y  a c c e p t e d  

v a l u e .  T h i s  a l s o  c o u ld  p o s s i b l y  s h i f t  t h e  c u rv e  upward .

The r e s u l t s  f rom  p u l s i t a l  l a m i n a r  f l o w  were n o t  q u i t e  what 

had  b e e n  p r e d i c t e d  by s e v e r a l  r e s e a r c h e r s .  S a rp k a y a  ( l l )  m e n t io n s  

t h e  im p o r t a n c e  o f  i n f l e c t i o n  p o i n t s  and f l o w  r e v e r s a l  a s  a  c r i t e r i a  

f o r  d e t e r m i n i n g  t h e  s t a b i l i t y  o f  t h e  f l o w .

D e f i n i t e  f l o w  r e v e r s a l  was e v i d e n t  and a l s o  f o u r  i n f l e c t i o n  

p o i n t s  d u r i n g  e a c h  c y c l e ,  how ever ,  no t u r b u l e n c e  was o b s e r v e d .

T h i s  c o u l d  p o s s i b l y  be due to  t h e  c h a r a c t e r i s t i c s  o f  t h e  f l o w  s y s ­

tem ,  o r  t h e  i n f l e c t i o n  p o i n t s  and f l o w  r e v e r s a l  do n o t  n e c e s s a r i l y  

c a u s e  t r a n s i t i o n ; ' .  ■ o f  t h e  f l o w  from l a m i n a r  t o  t u r b u l e n t .

Two l a m i n a r  i n f l e c t i o n  r i n g s  (4  i n f l e c t i o n  p o i n t s  p e r  d i a ­

m e t e r )  were o b s e r v e d  to  e x i s t  d u r i n g  f l o w  r e v e r s a l .  T h i s  i s  con­

t r a r y  t o  t h e  t h e o r e t i c a l  d e ve lopm en t  by McDonald and Womersley ( 5 ) ,  

•which shows o n ly  one r i n g .  McDonald ( 7 )  i n  p r e v i o u s  work on l i v e  

s u b j e c t s  n o t i c e d  t h e  e x i s t e n c e  o f  r i n g s  d u r i n g  f l o w  r e v e r s a l .



A t h e o r e t i c a l l y  p r e d i c t e d  p hase  l a g  o f  ab o u t  60 d e g r e e s  

s h o u ld  have  b e e n  n o t i c e d  w i t h  = 3 . 5 » how ever ,  t h e  maximum l a g  

o b s e r v e d  was o n ly  30 d e g r e e s , which o c c u r r e d  a t  t h e  c e n t e r l i n e  o f  

t h e  p i p e .  The re  i s  no r e a s o n a b l e  e x p l a n a t i o n  f o r  t h i s  p h a se  d i s ­

c r e p a n c y  a t  t h i s  t i m e .
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V II I .  SUMMARY

The p u rp o s e  o f  t h i s  i n v e s t i g a t i o n  was t o  measure  v e l o c i t y  

_p r o f i l e s  i n  t h r e e  f l o w  a r e a s .  They were l a m i n a r ,  t u r b u l e n t , and 

p u l s a t i n g  l a m i n a r  f l o w .  To acco m p l i sh '  t h i s  i t  was n e c e s s a r y  t o  

d e s i g n  and c o n s t r u c t  an e x p e r i m e n t a l  sy s tem  t h a t  c o u l d  c a u s e  a 

v a r y i n g  p r e s s u r e  g r a d i e n t  t o  be su p e r im p o se d  on a  s t e a d y  f l o w .  A i r  

was s e l e c t e d ’ a s  a  w o rk in g  f l u i d , a n d  a  h o t  w i re  anamometer was u s e d  

t o  m easu re  t h e  v e l o c i t y .

•Laminar f l o w  v e l o c i t y  p r o f i l e s  were drawn w i t h  R eyno lds  num­

b e r s  v a r y i n g  f rom a b o u t  1000 t o . 2 0 ,0 0 0 .  With Reyno lds  numbers  b e ­

low 5000 t h e  v e l o c i t y  p r o f i l e s  seemed t o  f o l l o w  w i t h i n  brfo o f  t h e  

p r e d i c t e d  p a r a b o l i c  s h a p e .

T u r b u l e n t  p r o f i l e s  were p l o t t e d  and t h e  e q u a t i o n s  o f  t h e  

l i n e s  computed .  The e q u a t i o n s  were c l o s e  t o  t h e  e m p e r i c a l l y  p r e ­

d i c t e d  o n e s , h o w e v e r , t h e  b u f f e r  zone was n o t i c e d  t o  r u n  from y + 

o f  5 t o  a y  o f  2 7 , which  i s  somewhat l e s s  t h a n  t h e  a c c e p t e d  

l i m i t s .

Lam ina r  p u l s a t i n g  p r o f i l e s  were drawn and d e f i n i t e  f l o w  r e ­

v e r s a l  was n o t e d  a t  an  o< o f  5*56 and a  A o f  1 . 1 7 . No t u r b u l e n c e  

was o b s e r v e d  d u r i n g  peak  o r  back  f l o w .  A maximum .phase  l a g  o f  JO0 

a l s o  o c c u r r e d  a t  an «< o f  5*56 and X o f  1 . 1 7 .



LIST OF SYMBOLS AND ABBREVIATIONS

A

B

C

Cl

02

C3

D

du
dy

e A

j O

k

L

n

OP

OPO

OPl

P

r o

r

R

C o n s t a n t  u s e d  i n  K i n g ' s  I a w 5 u n i v e r s a l  v e l o c i t y  p r o f i l e , and 

t h e  A t o  D c o n v e r t e r  c o r r e c t i o n  e q u a t i o n s . '

C o n s t a n t ■u s e d  i n  K i n g ' s  l a w ,  u n i v e r s a l  v e l o c i t y ’p r o f i l e „ and 

t h e  A to  D c o n v e r t e r  c o r r e c t i o n  e q u a t i o n s .

C o n s t a n t  u s e d  i n  K ing*s law .

C o n s t a n t  u s e d  i n  K i n g ' s  law .

C o n s t a n t  u s e d  i n  K i n g ' s  law .

C o n s t a n t  u s e d  i n  l i n e a r i z e r  c a l i b r a t i o n .

D ia m e t e r .

V e l o c i t y  g r a d i e n t .

Anemometer o u t p u t .

B e s s e l s  f u n c t i o n ,  1 s t  k i n d ,  0 o r d e r .

C o n s t a n t  u s e d  i n  u n i v e r s a l  v e l o c i t y  p r o f i l e s .
I •

P r a n d t l ' s  m ix in g  l e n g t h .

V a r i a b l e  power i n  l i n e a r i z e r  e q u a t i o n s .

A t o  D c o n v e r t e r  o u t p u t .

A t o  D c o n v e r t e r  o u t p u t  a t  0 v o l t  i n p u t .

A t o  D c o n v e r t e r  o u t p u t  a t  I  v o l t  i n p u t .

P r e s s u r e .

R a d i u s .  ‘ “  ,

Any p o i n t  a lo n g  r a d i u s .

Running  r e s i s t a n c e  o f  t h e  anemometer.

Cold r e s i s t a n c e  o f  t h e  anemometer.
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t  Time0

t  Hot. w i r e  t e m p e r a t u r e ,

t  j imbient t e m p e r a t u r e .

u  V e l o c i t y  a t  any p o i n t  i n  x -  d i r e c t i o n .

u Z F l u c t u a t i n g  v e l o c i t y  i n  x -  d i r e c t i o n .

u + D im e n s i o n le s s  v e l o c i t y 9 u + = V Hf

y + D i m e n s i o n l e s s  d i s t a n c e  „ y + = )

V Mean v e l o c i t y .

VtJ. S h e a r i n g  v e l o c i t y , Vj» = |  P

V^ A m pli tude  o f  f l u c t u a t i n g  v e l o c i t y  component

v '  F l u c t u a t i n g ■v e l o c i t y  i n  y -  d i r e c t i o n .

Greek  L e t t e r s :

F r eq u e n c y  p a r a m e t e r .

T em p era tu re  c o e f f i c i e n t .

Dynamic v i s c o s i t y .

K in e m a t i c  v i s c o s i t y *

D e n s i t y .

A n g u la r  v e l o c i t y .

S h ea r  s t r e s s .

Wall  s h e a r  s t r e s s .

T u r b u l e n t  s h e a r  s t r e s s
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F i g .  I .  S k e t c h  o f  O v e r a l l  System
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F i g .  3 .  D es ign  S p e c i f i c a t i o n s  o f  Entrance S e c t i o n
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Fig. 4. Picture of Entrance Section
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F i g .  7• Sketch o f  P i t o t  Tube
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PULSE 
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P i g .  11.  I n s t r u m e n ta t io n  Layout
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x[P" VERSUS LINEARIZER OUTPUT 
VARIABLE POWER SETTING = 575  
n = 2 .2 2

LINEARIZER OUTPUT (VOLTS)

F i g .  14.  s i r  Versus L i n e a r i z e r  Output (P = T o ta l  Head)
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EXPERIMENTAL POINTS 

THEORETICAL CURVE

VERSUS

F i g .  1 5 . P l o t  o f  T y p ica l  Laminar P r o f i l e  (pe = 2588)
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EXPERIMENTAL POINTS 
THEORETICAL CURVE

W o VERSUS %  MAX

u MAX

P i g .  16 .  P l o t  o f  T y p ic a l  Laminar P r o f i l e  (Re = 4 )4 0 )



-4-9-

EXPERIMENTAL POINTS 
THEORETICAL CURVE

VERSUS

u MAX

F i g .  17 P l o t  o f  High Reynold Humber Laminar P r o f i l e  (Re = 11»555)
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TURBULENT FLOW PROFILE

• = DATA POINTS
- = BEST FIT CURVE
-O = NIKURADSE AND RQCHARDT 

EXPERIMENTAL POINTS

P i g .  18 .  Turbulent Plow P r o f i l e  (Re = 2 7 ,2 2 0 )
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FLUID LAYER

FLUID LAYER 2

F i g .  1 9 . Sketch  f o r  P r a n d t l e 13 Mix ing Length Development
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VERSUS y

TURBULENT
CORE

BUFFER
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LAMINAR
SUBLAYER

F i g .  20 .  P l o t  o f  Turbulent P r o f i l e  Showing 5 Flow Zones (Re = 1 6 , 5 6 6 )
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Fiff• 21. Plot of Velocity Profile for One Period 
Showing Flow Reversal



- 5 4 -

VELOCITY a  PRESSURE
VERSUS

DEGREES

MEAN VELOCITY

PRESSURE
+.05--

VELOCITY

CENTERLINE
DISTANCE = .05

a  = 1.97

DEGREES

Pig. 22. Plot of Velocity Profile for One Period 
Showing Plow Reversal Just Starting.
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F i g .  2 J .  Plot o f  Velocity Versus Centerline Distance 
At 36 Degree Intervals ( a. = 3* 56). .
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P i g .  24.  P l o t  o f  Velocity Versus Centerline Distance 
At 56 Degree Intervals ( = 1.97)•
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Fig. 25. Graph Showing Theoretical Flow Reversal 
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Program I
HUMAN FACTOR 

P R I N T  2 0
DO 1 0  1 = 1 0 0 , 1 0 0 0 , 1 0  
AI  = I 
X = A I * . I
F = ( X * * 2 ) * 2 . 0 4 E - 5 * 1 4 4 o 0 / ( I . 9 * 2 . * 3 . 1 4 )
P R I N T  3 0 , X , F 

1 0  CONTI NUE
2 0  FORMAT I 5 X » 1 2 H A L P H A  F A C T O R , 3 X , 8 H F R E Q  C P S / / ) 
3 0  FORMAT ( 5 X » E l 5 . 8 , E l 5 . 8 / / )

CALL E X I T  .
END



n
n

n
n

n
n

n
n

n

C

8 0
81

10

9

7

1
2

11

1 4
1 6

13

8
12

3

4

Program 2
LEAST SQUARES R E G R E S S I O N  CURVE F I T  
CARD NUM COLUMNS I NFORMATI ON
1 1 - 2  THE NUMBER OF CURVES TO BE F I T T E D  ( 1 2 )
2 1 - 7 2  D E S C R I P T I O N  OF THE C U R V E »D A T E ♦ E T C o
3 - P O I N T S  1 - 1 5  A N D l 6 - 3 0  THE DATE ( E 1 5 . 1 0 )
LAST I THE TYPE ' OF CURVE TO BE F I T T E D  ( 2  ( I D

I STANDS FOR A S TRAI GHT L I N E  F I T
2 FOR A POWER F I T  Y=AX* * B
3 FOR A ' EXPONENT IOAN FORM Y = A * ( B * * C )
DI ME N S I ON X( 1 0 0  )’» Y( 1 0 0  ) » D I S C (  1 8 )  *T ( 1 0 0  ) 
DO 8 0  I = 1 , 3 0
READ 8 1 ,  T ( I )  
FORMAT ( 1 F 1 0 « 5 )  
READ 1 0 , NCURVE 
FORMAT ( 1 2 )
DO 9 9  I J  = I , NCURVE 
READ 9 , D I S C  
FORMAT ( I 8 A 4 )
READ 7 , NPTS 
FORMAT ( 1 3 )
DO I 1 = 1 , NPTS 
READ 2 , X ( I ) , Y I  I )
Y ( I ) =SQRT F ( Y ( I ) ) * 5 3 . 8
CONTI NUE
FORMAT ( 2  F l 5 o 1 0 )
READ 1 1 , I F I T  
FORMAT ( I l )
I F  ( I F I T - 2 ) 1 2 , 1 3 , 1 4  
DO 1 6  1 = 1 , NPTS
Y ( I ) = L O G F ( Y( I ) )
GO TO 12 
DO 8 1 = 1 , NPTS 
X( I )  = L O G F ( X ( I ) )
Y ( I ) = L O G F ( Y ( I ) )
S U M X = O o O  

S U M Y = O o O  

DO 3 1 = 1 , NPTS 
S U M X = S U M X f X ( I )

SUMY=SUMY+Y(I ) •
AVERAGE VALUES 
ANPTS=NPTS 
XAVG=SUM X/AN PTS 
YAVg =SUMY/ANPTS 
A=YAVG 
S U M X M = O o O  

SUMSQ=OoO 
DO 4 1 = 1 , NPTS
SUMXM=SUMXMf( ( X( I ) - X A V G ) * ( Y ( I ) - A ))  
SUMSQ=SUMSQf( ( X< I ) - X A V G ) * * 2 )
B=SUMXM/ SUMSQ
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BETA=B ■
AL P H A = Y A V G - ( B*XAVG)
THE EQUATI ON I S  Y=ALPHA+BETA* X 

' COMPUTE THE CONF I DE NCE  I NTERVALS  
S UMS = Oe O 
DO 5 1 = 1 , NP TS

5 S U M S = S U M S + ( X ( I ) * ( X ( D - X A V G ) )
S XS Q= S UMS / A N PTS 
S I GM=Oo O 
DO 6 I = I 9NPTS

6  S I G M = S I G M + ( ( Y ( I ) - A L P H A - I B E T A * X ( I ) ) ) * * 2 )
S I G M S Q = S l GM/ A N PT S 
COMPUTE THE VARI ANCE 
VARBEt = S I G M S Q / ( ANPT S ^ S X S Q ) '
V A R A L P = ( S I G M S Q / A N P T S ) * ( 1 . 0  ■ + ( ( X A V G * * 2 ) / S X S Q ) )
FOR THE CONF I DE NCE  L I M I T S 9 DEPEND ON LEVEL AND NUM OF.  P O I N T S  
CALCULATI ON OF S E IN P R E D I C T I O N  EQUATI ON 
S UMXl =  OoO 
DO 5 3  I =  I e NPTS 

' 5 3  S UMXl =  SUMXl  + X ( I ) * * 2  
SUMX2 = S UMX* * 2  

. SXX = A N P T S * S U MX 1 -  SUMX2 
S U M Y I = O oO 
DO 5 4  1 = 1 ,  NPTS

5 4  SUMYl  = SUMYl  + Y ( I ) * * 2  '
SUMY2= S U MY * * 2
SYY = A N P T S *  SUMY l - S U M Y2 .
S UMXYl =  O 0 O
DO 5 5  I = I , NP TS  . • '

5 5  SUMXYl  = S UMXYl +  X ( I ) *  Y ( I )
■ SUMXY2 = SUMX* SUMY

SXY= ANP T S *  SUMXYl  -  SUMXY2
SE = ( ( S X X  *  SYY -  ( S X Y * * 2 ) ) /  ( A N P T S * ( A N P T S - 2 o O ) *  S X X ) ) * * . 5 0  

C 3 0  VALUES FROM. TABLE
I Z  = NP TS  - 2  
I F ( 1 2 - 3 0 ) 8 2 , 8 3 , 8 3

8 2  GO TO 8 5
8 3  I Z =  3 0  
8 5  CONTI NUE

AA = T ( I Z )  *  SE *  (.<{ SXX + ( A N P T S *  X A V E ) * * 2 ) / ( A N P T S * S X X ) ) * * , 5 ) .  
BB = T ( I Z )  *  SE * ( (  ANPTS / S X X  ) * * e 5)
P R I N T  9 8 ,  D I S C  

9 8  FORMAT ( 1 8 A 4 )
P R I N T  2 0 0 , SE

2 0 0  FORMAT ( 5 H  SE = ,  E 1 4 . 8 )
. P R I N T  2 0 0 0 ,  ( X ( I ) 9Y ( I ) 9 I = I 9N P T S )

2 0 0 0  FORMAT ( I H , 1 0 F 1 0 . 4 / / )  '
P R I N T  2 0 1 ,  A L P H A ,  A A 9 B E T A 9 BB

2 0 1  FORMAT ( 6 H Y = ( , E 1 4 . 8 ,  7H + OR - , E 1 4 . 8 i 4 H  ) + , 2 H  ( E I 4 . 8 , 8 H  + OR



6 2 -
1 - , E 1 4 » 8 » 4 H  ) X )

P R I N T  9 1 ,  VARALP 
P R I N T '  9 2 *  VARBET

9 1  FiORMAT ( L M O t l X s n H V A R  I ENCE ALPHA * * J E 1 4 . 8 )

9 2  FORMAT ( I HO * I X » I 6 HVARI ENCE BETA = , E 1 4 . 8 / / / )  
P R I N T  8 9

8 9  FORMAT ( I H O )
9 9  CONTI NUE 

CALL E X I T  
END

\ f
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Program J

C DATA REDUCTI ON FOR 2 I NCH P I P E
C CALCULATI ON AND PLOT OF V E L O C I T Y BEST F I T  CURVES
C INPUT. DATA FORMATS
C
c

CARD NO. COLUMNS FORMAT VARI ABLE MEANI NG

C I 1 - 5 F.5 o 3 T l MERCURY BAROMETER TEM-  + + +
C I 6 - 1 0 F5  o 3 Hl BAROMETER HE I GHT  I NS  HG
C 2 1 - 5 F 5  o 3 T 2 ' TEST S E C T I O N  TEMP DEG F
C 2 6 —10 F5.3 T3 AMB TEMP DEG F AT TEST S E C T I O Nc. ' . 3 1- 2 . .12 NUMBER OF CURVES
C ABOVE DATA FOR EACHI S E R I E S OF CURVES
C 4 1 - 8 0 2 0 A 4 DESCRIPTION OF THE DATA TO BE RUN
C • 5 1 - 1 0 F 1 0 o 5 P3 C E NT E R L I N E  DYNAMIC P R E S S U R E
C MM HG AT 0 DEG C
C 5 ' ' 1 6 - 2 0 F l O e 5 ' H 2 • P RE S S URE  D I F F  BETWEEN ATM AN+
C THE T E S T  S E C T I O N  MM HG
C 6 1.-2 12 NDP THE NUMBER OF P RE S S UR Ec ■ D I F F E R E N C E S  MEASURED BETWEEN
C STATIC P RE S S URE  TAPS'c 7 • 1 - 2 12  . I NUMBER OF THE UPSTREAM P R E S S U - I
C ■ TAP
C '7 3 - 4 12 J NUMBER OF THE DOWNSTREAM TAP
C 7 5 - 1 4 F10.3 PD ( I 9J )  P RE S S URE  DROP S T A T I C  BETWEEI
C THE GI VEN T AP S  IN MM HG
C . ' 8 1 - 1 5 F I 5 o 5 U ( I ) VE L OCI T Y
C 8 ' 1 6 - 3 0 F l  5 . 5 ' R ( I ) DI S T AN CE  FROM WALL IN
C ■ 8 3 1 - 3 6 15 !CHECK I  IN COL 3 1 - 3 6  TO I N D I C A T E  I

DIMENSION X ( I O O ) 9 Y ( I O O ) 9 T ( A O ) 9R ( I O O ) 9 U( I OO)
DIMENSION UPLUs ( I O O ) 9 YPLUS( l OO)
DIMENSION A ( S 9I O O ) 9 B I ( 1 0 0 ) , D I S C ( 2 0 ) , A L ( 1 0 0 ) , 8 ( 6 , 1 0 0 ) ,

I THETA( 2 0 )  9E P B( 2 0 )  , PD( 7 , 7 )  , I I ( 7 )  , J J ( 7 )  , DL( 7 , 7 ) , P D F ( 7 , 7 )
NOW WANT THE ATMOSPHERIC CONDITIONS 
T l  = TEMP OF MERCURY COLUMN o DEG F
Hl  = HEIGHT OF MERCURY BAROMETER INCHES OF HG 'AT TEMP Tl  
READSO9T l 9Hl  

5 9  FORMAT ( 2 F 5 . 3 )

CHANGE Tl  TO DEG C
T l = ( T l - 3 2 . 0 ) * 5 . 0 / 9 . 0  '

T l  I S NOW DEG C
CORRECT THE HEIGHT OF THE MECURY COLUMN FOR TEMPERATURE 
Hl =  ( H l * < l o O - 1 6 o 3 4 E - 0 5 * T l / ( l o O + 1 8 o l 8 E - 0 5 * T l ) ) ) * 2 5 c A  
HI I = H l / 2 5 . 4
Hl  I S NOW IN MM HG AT 0 DEG C 9 LAST EQ FROM ESCHBACH 
NOW WANT THE CONDITIONS IN THE TEST SECTION .
T2 = TEST SECTION TEMPERATURE DEG F-
T3 = AMBIENT TEMP AT TEST SECTION DEG F y
H2 = PRESSURE DIFFERENCE BETWEEN ATM AND TEST S E C T I O N , I N C H E S  H20 
R E A D 5 8 , T 2 , T 3  

5 8  FORMAT ( 2 F 5 . 3 )
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READ 1 0 »  NCURVE 
1 0  FORMAT( 1 2 )

DO 9 9  I J =  I »NCURVE 
R E A D 6 1 » D I S C  

6 1  FORMAT ( 2 0 A 4 )
READ 3 7 » P3  »H2 

3 7  FORMAT ( 2 F 1 0 . 3 )
H2 = ( H 2 * ( 1 . 0 - 1 6 . 3 4 E - 0 5 * T l / ( 1 . 0 + 1 8 . 1 8 E - 0 5 * T 1 ) ) )
H2 I S  NOW IN MM HG AT 0 DEG C 
P l  = T E S T  S E C T I O N  P RE S S URE  MM HG 
P l =  H l  + H2
P l  I S  NOW IN MM HG AT 0 DEG C 
NOW WANT THE TEST S E C T I O N  F L U I D  P R O P E R T I E S  
CHANGE THE TES T S E C T I O N  P RE S S URE  TO L B F /  F T * * 2  
P2 = P l  *  2 . 7 8 5  '
P = P 2
USE THE P ERF E CT  GAS EQUATI ON FOR THE S P E C I F I C  VOLUME
V = S P E C VOL CUF T / L BM
RR= 5 3 . 3 6
G = 3 2 . 1 7
T2 = T2 + 4 5 9 . 7
T 2 IN DEG R
V= R R * T 2 / P 2
DEN I N L BM/ CUF T
DEN= 1 . 0 / V
NOW COMPUTE THE V I S C O S I T Y
VMU =ABSOLUTE V I S C O S I T Y  L B M / F T # S E C
T 2 = T 2 - 4 5 9 e 7
VMU = ( 1 . 1 3 4 + 0 . 0 0 1 3 9 6 * T 2 ) * 1 . 0 E - 0 5  
DYNAMIC V I S C O S I T Y  S Q F T / S E C  
VNU=VMUZDEN
NOW P R I N T  OUT THE OP E RAT I NG C O N D I T I O N S  
P R I N T  1 4

1 4  FORMAT ( I H l )
P R I N T  15

1 5  FORMAT ( I X » 3 2 H TWO I NCH P I P E  DATA R E D U C T I O N / / ) '
P R I N T  1 6 , D I S C

1 6  FORMAT ( I  X » 2 0 A 4 / )
P R I N T  4 3 , H l l

4 3  FORMAT ( I X » 2 5 H A T M0 S P H E R I C P R E S S UR E  I S  , F 8 . 1 , 1 7 H  IN HG AT 0 DEG C /  
I )

P R I N T  1 7 , T2
1 7  FORMAT ( 2 1 H  T ES T S E C T I O N  TEMP = , F 5 . 1 » 6 H  DEG F I 

P R I N T  4 4 , D E N , VNU
4 4  FORMAT ( I X , I O H D E N S I T Y  = , F 8 . 6 , 4 X » 20HDYNAMI C V I S C O S I T Y  = , E l O . 3 , 1 0  

I H SQ F T / S E C / / )
NOW TO GET THE F R I C T I O N  C O E F F I C I E N T  AND P RE S S URE  DROPS 
P3 = MEASURED C E N T E R L I N E  DYNAMIC HEAD IN MM HG 
CHANGE P 3 TO L B F / F T * * 2  
P3  = P 3 *  2 . 7 8 5



- 6 5 “

c  VEL = C e n t e r l i n e  v e l o c i t y  f t / s e c
VEL = S QRT F  ( 2 « 0 * G * R 3 / D E N ) • ■

C NEED THE P R E S S UR E  DROPS FROM THE S T A T I C  TAPS
C NPD = NUMBER OF D I F F E R E N T I A L  S T A T I C  P RE S S URE  DROP S '  MEASURED

READ 1 8 »  NDP
18 FORMAT ( 1 2 )

C P D ( I »J ) = P RE S S UR E  DROP BETWEEN ' I AND J  NUMBER TAP
C DL’ ( I »J )  = LENGTH IN FT BETWEEN I AND J  TAP

DO 1 9  K = I »NDP 
READ 5 7 » I »J  » P D ( I »J )

5 7  FORMAT ( 2 I 2 » F 1 0 , 3 )
I I ( K ) = I

1 9  J J ( K ) = J
C PD IN MM HG
C NOW D E F I N E  THE D U  I » J )  IN FT

D L ( I » 2 ) = 1 9 . 1 2 5  
DL ( 2 »3 ) = i a . 5 0 0  
D L ( 3 » A 1 = 1 8 . 5 8 0  
D L ( I » 3 ) = 3 7 . 6 2 5  
D L ( I  , 4 ) = 5 6 . 2 0 5  
D L ( 2 , 4 ) = 3 7 . 0 8 0

C NOW F I N D  P RE S S UR E  D R O P / F T
DO 5 6  K= I »NDP 
I = I I ( K )
J = J J ( K )  '

5 6  P D F ( I » J ) = P D (  I »J ) / D L ( I » J )
C PDF ARE NOW IN MM H G / F T

P R I N T  2 4  ' ''
C ■ P R I N T  OUT THE DATA

2 4  FORMAT { 3 8 H P RE S S UR E  D R O P S » MM HG / F T  BETWEEN T A P S / / )
DO 2 2  K= I »NDP
I = I I ( K )
J = J J ( K )

2 2  P R I N T  2 3 »  I »J 9 P D F ( I , J ) , P D ( I »J ) »D L ( I »J )
2 3  FORMAT ( I X » 1 1 » I H - » 1 1 , 3 X » E l O . 3 » I O X » 2 ( 2 X » E l O . 3 ) )

C AVERAGE DROP SPD
XNDP =NDP 
SPD = O 8 O 
DO 2 5  K = I 9NDP 
I = I I ( K )
J = J J ( K )

2 5  S P D= S P D + P D F ( I 9J ) Z X N D P
C P R I N T  SPD THE AVG P RE S S URE  DROP

' P R I N T  2 6 » SPD
2 6  FORMAT ( I X  3 0 HT HE  AVERAGE P R E S S U R E  DROP I S  » E 1 0 . 3  99H MM H G / F T / /  ) 

D= 1 . 9 0 /  1 2 . 0
S P D = S P D *  2 . 7 8 5

C SPD NOW I N ( L B F / F T * * 2 ) / FT
C VEL=MAX OR C E N T E R L I N E  V E L O C I T Y
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C VM=MEAN V E L O C I T Y
VM = . 5 * VE L  
RE = VM* D/ VNU 
F= 6 4 .  / R E  
P3 = P 3  / 2 . 7 8 5  
TO = S PD *  D /  4 . 0  

C P R I N T  OUT
P R I N T  2 8 , P 3 , V E L

2 8  FORMAT ( 1 X » 2 3 H  C E N T E R L I N E  DYN P R E S S  = , E 1 0 . 3 , 2 X ,  5HMM HG 
I 2 X » 2 OH C E N T E R L I N E  V E L O C I T Y , F 6 . 2 ,  TH F T / S E C )

P R I N T  2 9 , V M , F
2 9  FORMAT ( 1 5 H MEAN V E L O C I T Y  , F 6 . 2 ,  TH F T / S E C , 2 X ,  2 2 H F R I C T I O N y CO

! E F F I C I E N T  , F T . 5)
C COMPUTE REYNOLDS NUMBER AND P RE D I C T E D  F R I C T I O N  COEFF

' P R I N T  4 9 ,  RE
4 9  FORMAT ( 1 8 H REYNOLDS N U M B E R , E 1 0 . I >

P R I N T  3 4 , TO L
3 4  FORMAT ( 2 6 H  THE WALL SHEAR S T R E S S  , I S , E 1 0 . 3  , I O H  L B F / F T * * 2 / / )

DO 7 5  1 = 1 , 2 0 0  
READ 7 6 , U ( I ) , R ( I )  , !CHECK 

' 7 6  FORMAT ( 2 F 1 5 . 5 ,  1 5 )
I F  ( ! CHECK - I ) 7 5 , 7 7 , 7 7  

7 5  CONTI NUE '
7 7  N P T S = I

C F I N D  MAX V E L O C I T Y
UMAX = U ( I )
DO 7 8  1 = 2 , NPTS 
I F  ( U ( I ) - U M A X ) 7 8 , 7 8 , 7 9  

7 9  UMAX = U ( I )
7 8  CONTI NUE 
11  CONTI NUE

XMIN = 0 .
XMAX = I .
XL = 5 .
XD = I .
YMIN = 0 .
YMAX = I .
YL = 5 .
YD = I  o
CALL PLOT ( I ,  XM I N , XMAX , X L , XD , YM I N , YMAX, Y L , Y D )
CALL PLOT ( 9 0 , - . 1 , . 5 )
CALL CHAR ( 0  , .  I  , I )

1 0 1  FORMAT ( 4 H R / R 0 )
CALL PLOT ( 9 0  , . 5  , —. I )
CALL CHAR ( 0 , . 1 , 0 )

1 0 2  FORMAT ( 4 H V / V 0 )
CALL PLOT ( 9 0 , . 3 , . 5 )
CALL CHAR ( I , . 1 , 0 , RE )

9 2  FORMAT ( 6 H RE = , E 1 2 . 2 )
RAD = . 9 5



- 6 ?

DO 4 0  I = I » NPTS 
VELL = U ( I )  / UMAX 
RADE = R ( I )  / RAD 
CALL PLOT ( 9 , VELL 9 R A D E ) 

4 0  CONTI NUE
CALL PLOT ( 9 9 )
DO 4 5  1 = 1 , 1 0 0  
Al  = I
RA = A I / 1 0 0  0 
UA = ( I ,  - R A  * * 2 )
CALL PLOT ( 9 0 ,  UA , R A )

4 5  CONTI NUE
CALL PLOT ( 9 9 )
CALL PLOT 17)

9 9  CONTI NUE 
CALL E X I T  
END
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Program  4

DATA REDUCTION FOR 2 INCH - P I PE
CALCULATION AND PLOT OF VELOCITY BEST FI T CURVES 
INPUT DATA FORMATS
CARD NO» COLUMNS FORMAT VARIABLE MEANING

I F 5 a 3 T l MERCURY BAROMETER TEM-  + + +
I ■ 6 —10 F 5 o 3 H l BAROMETER HE I GHT  I NS  HG
2 1 - 5 F 5 . 3 T 2 TES T S E C T I O N  TEMP DEG F
2 6 - 1 0 F 5 e 3 T3 AMB TEMP DEG F AT TEST S E C T I O N
3 1 - 2 12 NUMBER OF CURVES

ABOVE DATA FOR EACH S E R I E S OF CURVES '  „
4 1 - 8 0 2 0 A 4 ' D I S C R I P T I  ON OF THE DATA TO BE RUN
5 ■ 1 - 1 0 F l O  o 5 P3 C E NT E R L I NE  DYNAMIC P R E S S U R E  

MM HG AT O DEG C
5 1 6 - 2 0  ■ F l O  o 5 H2 P RE S S URE  D I F F  BETWEEN ATM AN+ 

THE TES T S E C T I O N  MM HG
-6 1 - 2 12 - NDP THE NUMBER OF P R E S S U R E  

D I F F E R E N C E S  MEASURED BETWEEN 
S T A T I C  P RE S S URE  TAPS

7 1 - 2 12 I NUMBER OF THE UPSTREAM P R E S S U - E  
TAP

7 3 —4 12  ■ J NUMBER OF THE DOWNSTREAM TAP
7 5 - 1 4 F 1 0  o 3 PD ( I * J )  P RE S S URE  DROP S T A T I C  BETWEEN 

THE GI VEN TAP S  IN MM HG
8 1 - 1 5 F l  5 « 5 U ( D VE L OCI T Y
8 1 6 - 3 0 F 1 5 . 5 R ( I ) D I S T A N C E  FROM WALL IN
8 3 1 - 3 6 ■ 15 ! CHECK I IN COL 3 1 - 3 6  TO I N D I C A T E  LAS

D I ME N S I ON X ( I O O ) 9 Y ( I O O ) 9 T ( 4 0 ) , R ( I O O ) 9 U ( I O O )
DI ME N S I O N  UP LUs ( I O O ) 9 Y P L U S ( l O O )  
DO 8 0  I = I 9 3 0  
READ S l 9 T ( I )
FORMAT( I F l O  © 5)
DI ME N S I O N  Al 6 , 1 0 0 ) 9 B I ( 1 0 0 ) , D I S C ( 2 0 )  , A L ( 1 0 0 ) , B I  6 , 1 0 0 )  , '

I THETA( 2 0 )  »EPB( 2 0 )  »PD( 7 » 7 )  , I I ( 7 )  »J J ( 7 )  »DL( 7  * 7 ) »  P D F ( 7 * 7 )  
NOW WANT THE- ATMOSPHERIC CONDITIONS 
T l  = TEMP OF MERCURY COLUMN» DEG F
Hl  = HEIGHT OF MERCURY BAROMETER INCHES OF HG AT TEMP Tl  
READ59 9 T I »H l '

59  FORMAT ( 2 F 5 . 3 )
CHANGE T l  TO DEG C 
T l = ( T l - 3 2 . 0 ) * 5 . Q / 9 # 0  
Tl  IS NOW DEG C
CORRECT THE HEIGHT OF THE MECURY COLUMN FOR TEMPERATURE 
Hl =  ( H l * ( 1 . 0 - 1 6 . 3 4 E - 0 5 * T i / ( 1 . 0 + 1 8 . 1 8 E - 0 5 * T 1 ) ) ) * 2 5 . 4  
H l l = H l / 2  5 « 4
Hl  I S NOW IN MM HG AT 0 DEG C,  LAST EQ FROM ESCHBACH 
NOW WANT THE CONDITIONS IN THE TEST SECTION 

. T2 = TEST SECTION TEMPERATURE DEG F 
T3 = AMBIENT TEMP AT TEST SECTION DEG F
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C H2 = P RE S S UR E  D I F F E R E N C E  BETWEEN ATM AND TEST S E C T I O N , I N C H E S  H 2 0  
R E A D 5 8 , T 2 , T 3  

5 8  FORMAT ( 2 F 5 . 3 )
READ 1 0 ,  NCURVE 

1 0  FORMAT( 1 2 )
DO 9 9  I J =  I , NCURVE '
READ61  , D I S C 1 

6 1  FORMAT ( 2 0 A 4 )
READ 3 7 s P 3 , H2 

3 7  FORMAT ( 2 F 1 0 . 3 J
1 H2 = ( H 2 * (  I  » 0 - 1 6 e 3 4 E - 0  5 * T l / (  I «, 0 + I 8 „ I  8 E - 0  5 * T I  ) ) ) '

H2 I S  NOW IN MM HG AT 0 DEG C 
P l  = T E S T  S E C T I O N  P RES S URE MM HG 
P l =  Hl  + H2
P l  LS NOW IN MM HG AT 0 DEG C 
NOW WANT THE T E S T  S E C T I O N  F L U I D  P R O P E R T I E S  
CHANGE THE T E S T  S E C T I O N  P R E S S UR E  TO L B F /  F T * * 2  
P2  = P l  *  2 . 7 8 5  

' P = P 2
USE THE P ERF E CT  GAS EQUATI ON FOR THE S P E C I F I C  VOLUME 
V = S PEC VOL CUF T / L BM 
RR= 5 3 . 3 6  
G = 3 2 . 1 7  
T 2 =  T 2 + 4 5 9 . 7  
T2 I N DEG R 
V = R K * T 2 / P 2  
DEN I N LBM/ C U FT
DEN= 1 . 0 / V  . . ' '
NOW COMPUTE THE V I S C O S I T Y  
VMU =ABSOLUTE V I S C O S I T Y  L B M / F T * S E C
T 2 = T 2 - 4 5 9 . 7
VMU = ( 1 . 1 3 4 + 0 . 0 0 1 3 9 6 * T 2 ) * 1 . 0 E - 0 5  

C DYNAMIC V I S C O S I T Y  S Q F T / S E C
VNU=VMUZDEN

C NOW P R I N T  OUT THE OP E R AT I NG C O N D I T I O N S
P R I N T  1 4

1 4  FORMAT ( I H l )
P R I N T  15  -

1 5  FORMAT ( I X s 3 2 H TWO I NCH P I P E  DATA R E D U C T I O N / / )
P R I N T  1 6 , D I S C

1 6  FORMAT { I X , 2 0  A 4 / )
P R I N T  4 3 , H l l

4 3  FORMAT ( I X ,  2 5 HATMOSPHERI C P R E S S U R E  I S  » F 8 „ I , 1 7 H IN HG AT O DEG C /  
I ) .

P R I N T  1 7 , T2
1 7  FORMAT ( 2 1 H TEST S E C T I O N  TEMP = , F 5 . 1 » 6 H  DEG F )

P R I N T  4 4 , D E N , VNU
4 4  FORMAT ( I X , 1 0 H D E N S I TY = , F 8 . 6 , 4 X , 2 0 H D Y N A M I C  V I S C O S I T Y  = , E 1 0 . 3 , 1 0  

I H  SQ F T / S E C / / )  -
NOW TO GET THE F R I C T I O N  C O E F F I C I E N T  AND P RE S S URE  DROPSC
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PS = MEASURED CENTERLINE DYNAMIC HEAD IN MM HG .
CHANGE P3 TO LBF/FT**-2  
P3 = P3* 2.785
VEL =CENTERLINE VELOCITY FT/SEC 
VEL =1 SQRTF (2.0*G*P3/DENI
NEED THE PRESSURE DROPS FROM THE STATIC TAPS
NPD = NUMBER OF DIFFERENTIAL STATIC PRESSURE DROPS MEASURED 
READ 1 8 » NDP .

18 FORMAT ( 1 2 )
. P D ( I » J )  = PRESSURE DROP BETWEEN I AND J NUMBER TAP 

DL ( I 9J)  = LENGTH. IN FT BETWEEN I AND J TAP
DO 19 K=IiNDP 1 '
READ 5 7 » I , J 9P D ( I 9J)

57  FORMAT ( 2 I 2 » F 1 0 . 3 )
I I ( K ) = I

19 J J ( K ) = J  
PD IN MM HG
NOW DEFINE THE D L ( I 9J)  IN FT 
DL( 1 , 2 ) = 1 9 . 1 2 5  ■
DL( 2 , 3 ) = 1 8 . 5 0 0  
DL( 3 , 4 ) = 1 8 . 5 8 0  
DL( I , 3 ) = 3 7 . 6 2 5  
DL( I » 4 ) = 5 6 . 2 0 5  
DL( 2 , 4 ) = 3 7 * 0 8 0  

C NOW FIND PRESSURE DROP/FT
DO 56 K = I 9NDP 
I = I I ( K )
J = J J ( K)

56  P D F ( I 9J ) = P D ( I 9J ) Z D L ( I 9J)
C PDF ARE NOW IN MM HG/FT

PRINT 24
C PRINT OUT THE DATA

2 4  FORMAT ( 38H PRESSURE DROPS, MM HG/FT BETWEEN T A P S / / )
DO 22 K = I 9NDP ■
I = I I ( K )
J = J J ( K)

22 PRINT 2 3 , I , J 9P D F ( I 9J ) , P D ( I 9J ) , D L ( I 9J)
' 2 3  FORMAT ( I X , 1 1 , I H - , 1 1 , 3 X , E l O . 3 , I OX , 2 I 2 X , E l O . 3 ) )

C AVERAGE DROP SPD
XNDP =NDP 
SPD =0.0 
DO 25  K = I 9NDP 
I = I I ( K )
J = J J ( K)

2 5  SPD = SPD+PDF( I , J ) /XNDP
C PRINT SPD THE AVG PRESSURE DROP

PRINT 26  »SPD
2 6  FORMAT ( IX 30HTHE AVERAGE PRESSURE DROP IS 9E 1 0 . 3 , 9 H  MM H G / F T / / )  

D= 1.90/ 1 2 . 0
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S P D = S P D *  2 . 7 8 5  
SPD NOW I N ( L 8 F / F T * * 2 ) / F T  
VEL=MAX OR C E N T E R L I N E  VE L O C I T Y  
VM=MEAN'  VE L O C I T Y

■ V M = V E L - 1 . 4 3 * S Q R T F ( 2 . 0 * G * D * S P . D / D E N )
VM I S  IN F T / S E C
FOR THE F R I C T I O N  C O E F F I C I E N T ,  F 
F = ( ( V E L / V M - l o O ) / 1 . 4 3 ) * * 2  
P R I N T  2 7

2 7  FORMAT (I -HO)
C • CHANGG P 3  BACK TO MM HG 

P3 = P 3 / 2  c 7 8 5  ,
C P R I N T  OUT

P R I N T  2 8 , P 3 , VE L
2 8  FORMAT ( 1 X . 2 3 H  C E N T E R L I N E  DYN P R E S S  = , E 1 0 . 3 , 2 X ,  SHMM HG,

I  2 X , 2 OH C E N T E R L I N E  V E L O C I T Y , F 6 . 2 ,  7H F T / S E C )
P R I N T  2 9 , VM, F

2 9  FORMAT ( I S H  MEAN V E L O C I T Y  , F 6 . 2 ,  7H F T / S E C , 2 X ,  2 2 H F R I C T I O N  CO 
/ ! E F F I C I E N T  , F 7 o 5 )

C COMPUTE REYNOLDS NUMBER AND P R E D I C T E D  F R I C T I O N  COEFF
RE = VM*D/V.NU

C FOR THE F l  USE F I R S T  B L A S I U S , THEN PRANDTL
F l  =O o 3 1 6 4 / ( R E * * O » 2 5)
P R I N T  4 5 , F l

4 5  FORMAT ( 2 5 H  B L A S I U S  F R I C T I O N  COE F F  , F 7 . 5 )
C 1 = 2 « 0 / L O G F ( I O o O )
R F = S Q R T F t F l )
Q l  = C l * L O G F t  R E * R F ) - 0 b 8
Q 2 = 1 . 0 / R F
I F  ( Q 1 - Q 2 )  4 7 , 4 8 , 4 6

4 6  F l = F l - 0 . 0 0 0 0 1  
R F = S Q R T F ( F l )
Q 1 = C 1 * L 0 G F ( R E * R F ) - 0 » 8  
Q 2 = 1 . 0 / R F
I F  ( Q 1 - Q 2 ) 4 8 , 4 8 , 4 6

4 7  F I  = F l + 0  « 0 0 0 0 1  ‘
R F = S Q R T F ( F 1 )
Q 1 = C 1 * L O G F ( R E * R F ) - O o 8

■ Q 2 = l o O / R F
I F ( Q 1 —Q 2 ) 4 7 , 4 8 , 4 8

4 8  CONTI NUE 
P R I N T  4 9 ,  R E , F l

4 9  FORMAT ( 1 8 H  REYNOLDS NUMBER, E l O » I , 3 X , 2 2 HP RANDT L  F R I C T I O N  C - + +  
I  F , F 7 • 5)

C F I N D  THE WALL SHEAR S T R E S S
TO = S P D * D / 4  o O 
P R I N T  3 4 , TO

3 4  FORMAT ( 2 6 H  THE WALL SHEAR S T R E S S  I S  , E 1 0 . 3  , IOH L B F / F T * * 2 / / )
DO 7 5  1 = 1 , 2 0 0
READ 7 6 , U ( I ) , R t  I ) , !CHECK



O
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7 6  FORMAT ( 2 F 1 5 0 5» 15  )
I F  ( ! CHECK - I )  7 5 , 7 7 , 7 7  

' 7 5  CONTI NUE
7 7  N P T S = I

C F I N D  MAX V E L O C I T Y
UMAX = U ( I )
DO 7 8  1 = 2 , NPTS 
I F  ( U ( I ) - U M A X ) 7 8 , 7 8 , 7 9  

7 9  UMAX = U ( I )
7 8  CONTI NUE 

C =VELZUMAX 
DO 3 0 0  I = I s N P T S

3 0 0  U ( I )  = C * U ( I )
TNOT = WALL S HE ARI NG S T R E S S  
S HE ARI NG V E L O C I T Y  = ( T N O T / D E N S ) * * » 5

UTAU = ( 3 2 . 3 * T 0  / DE N ) * * . 5  
DO 3 0 1  1 = 1 ,  NPTS  
R ( I )  = R ( I )  / 1 2 .
U P L U S ( I ) = U ( I )  /  UTAU

3 0 1  Y P L U S ( I )  = R ( I )  * UT AUZVNU
C PLOT DATA

XMIN = I .
XMAX = Se 
XL =5 o 
XD= I * 142 
YMIN = Oo 
YMAX = 2 5 o 
YL = 5o 
YD = 5 e
CALL PLOT ( I , XM I N , XMAX, X L , XDsYM I N , YMAX, YL » Y D ) 
CALL PLOT ( 9 0 , - . 2 , 1 5 . )
CALL CHAR ( O , o l , l )

3 0 7  FORMAT ( 5H UZV* )
CALL PLOT ( 9 0 , 3 . , - I . )
CALL CHAR ( 0 , . 1 » 0 )

3 0 8  FORMAT ( I l H  L N ( V * Y P / U ) )
CALL PLOT ( 9 0 , 5 . , 5 . )
CALL CHAR ( I , . 1 , 0 , RE)

3 0 9  FORMAT ( 5H RE = , E 1 2 . 2 )
DO 6 0  J =  I s N P T S

' C= U P L U S t  I ) :
AB= LOGFt  Y P L U S ( I ) )
CALL PLOT ( 9 , A B , C )

6 0  CONTI NUE
CALL P L O T ( 9 9 )

C S P L I T  OF DATA I NTO 3 FLOW R E GI ONS
DO 3 0  I = I 9NPTS 
I F ( Y P L U S ( I )  - 5 . ) 3 1 , 3 1 , 3 2  

31  I L = I
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GO TO 3 0

3 2  I F ( Y P L U S d )  - 2 7 . 1 3 3 , 3 3 , 3 0
3 3  I B = I
3 0  CONTI NUE 

N= -  ( I )
M = - ( I )
IX = I

4 0  GO TO 3 5  
12  CONTI NUE

DO 3 0 4  I =  I X d L  
Y ( I )  = U P L U S ( I )

3 0 4  X ( I ) = L O G F ( Y P L U S ( I ) )
SUMX = 0 . 0  
SUMY = 0 . 0  

4 2  DO 3 I = I X o I L  
S UMX= S UMX+ X( I )

' 3 S UMY= S UMY+ Y( I )
C AVERAGE VALUES

ANPTS = ( I L  - ( I X - I ) )
XAVG=SUMX/ A N PT S c
YAVG= S UMYZ ANP T S .

' AB = YAVG 
■ SUMXM=O6 O 

SUMSQ=OoO 
DO 4  I =  I X o I L
SUMXM=SUMXM+( ( X ( I ) - X A V G ) * ( Y ( I ) - A B ) )

4  SUMS Q = S U MS Q + ( { X ( I ) - X A V G ) # * 2 )
BA =SUMXM/ SUMSQ 
BETA=BA
AL P HA= YAVG- ( BA* XAVG)
THE EQUATI ON I S  Y=A L P HA + B E T A * X 
COMPUTE THE CONF I DE NCE  I NTERVALS 
S UMS = O6 O 
DO 5 I =  I X o I L  '

5 S U MS = S U MS + ( X ( I ) * ( X ( I ) - X A V G ) )
S X S Q = S U MS / A N P T S  
S I GM= Oo O 
DO 6 I =  I X o I L

6 S I GM=S I GM+ ( ( Y U ) - A L P H A - ( B E T A * X ( I ) ) ) * * 2 )
S I GMSQ=S I GM/ A N PTS 
COMPUTE THE VARI ANCE 
V A R B E T = S I G M S Q / ( A N P T S ^ S X S Q )
V A R A L P = ( S I G M S Q / A N P T S ) * ( 1 . 0  + ( ( X A V G * * 2 ) / S X S Q ) ) '
FOR THE CONF I DE NCE  L I M I T S ,  DEPEND'  ON LEVEL AND NUM OF P O I N T S  

• CALCULATI ON OF S E  IN P R E D I C T I O N  EQUATI ON 
S U MX l =  0 . 0  
DO 5 3  I = I X o I L  

5 3  S UMXl =  SUMXl  + X ( I ) * * 2  
SUMX2 = SUMX* * 2  
SXX = A N P T S * S U MX 1 -  SUM X2



- 7 4 -

S U M Y l = O 0 O 
DO 5 4  I = I X s I L

5 4  SUMYl  = SUMYl  + Y ( I ) * * 2

SUMY2= S U MY * * 2
SYY = ANP TS *  SUMY1- SUMY2 
S UMXYl =  OcO 
DO 5 5  I = I X , I L

5 5  SUMXYl  = S U M X Y l +  X ( I ) *  Y ( I )
SUMXY2 = SUMX* SUMY
SXY= ANP T S *  SUMXYl  -  SUMXY2
SE = ( ( SXX *  SYY - ■ ( S X Y * * 2 ) ) /  ( A N P T S * ( A N P T S - 2 „ O ) *  S X X ) ) * * . 5 0  

I Z  = I L - 2  
I F ( 1 2 - 2 ) 5 1 , 5 1 , 5 2

5 1  I Z = I
GO TO 8 5

5 2  I F ( 1 2 - 3 0 ) 8 2 , 8 3 , 8 3  • ■
8 2  GO TO 8 5

■' 83  I Z = 3 0  
..85 CONTI NUE 

1 0 0  FORMAT ( 4 F 1 5 0 5 )
AA = T ( I Z )  *  S E  *  ( ( (  S X X  +  ( A N P T S *  XAVE) * * 2 ) / ( A N P T S * S X X ) ) * * » 5 )  
BB = T ( I Z )  *  SE * ( (  ANPTS / S X X  ) * * . 5 )
P R I N T  2 0 0 , SE

2 0 0  FORMAT ( 5H SE = ,  E 1 4 . 8 )
P R I N T  2 0 1 ,  AL P HA,  A A , B E T A ,  BB

2 0 1  FORMAT ( 6H Y = ( » E 1 4 . 8 ,  7H + OR - , E 1 4 . 8 , 4 H  ) + , 2 H  ( E 1 4 . 8 , 8 H  + OR 
1 —, E l 4«  8 »4H ) X  )

P R I N T  9 1 ,  VARALP
9 1 ■ FORMAT ( I H O , 1 X , 1 7 H V A R I E N C E  ALPHA = , E 1 4 » 8 )

P R I N T  9 2 ,  VARBET
9 2  FORMAT ( I H O , I X , 1 6 H V A R I ENCE BETA = , E 1 4 . 8 / / / )

P R I N T  8 9  
8 9  FORMAT ( I H O )

I F  ( N ) 6 5 , 6 6 , 6 7
6 5  Z= 4 o 

S = l »
GO TO 6 9

6 6  Z = 7 «
S = 5 o
GO TO 6 9

6 7  Z = 1 3 «
S = I Z 0 O

6 9  DO 6 8  1 = 1 , 5 0  
A l =  I
YA = ( Al  /  5 0 = )  *  Z +S  
XA = ( YA -  ALPHA)  /  BETA 
CALL PLOT ( 9 0  , XA, YA)

6 8  CONTI NUE
I F  (M) 3 5 , 3 6 , 9 6



3 5  I X = I L - H  
IL = I B
I F ( I L - I X )  7 1 * 7 1 * 7 2

71  GO TO 3 6
7 2  CONTI NUE 

N=O
M=O
GO TO 12

3 6  IX = I B - H  
I L = NPTS 
N = I
M=I
GO TO 12 

9 6  CONTI NUE
CALL PLOT ( 7 )

9 9  CONTI NUE 
CALL E X I T  
END



n
 n

 n
 n B I  I S  VE L O CI T Y CONSTANT FROM LAMI NAR PLOT PROGRAM 

B2 I S  THE P R E S S UR E  C O N S T A N T '
TI ME = P E R I O D  OF O S C I L A T I O N

BI  C O L 1 — 1 0  s B2 COL.  I 1 - 2 0 ,  TI ME COL 2 1 - 3 0  ON C A R D  I  
DI ME N S I O N  X V E L ( 1 3 3 0 ) » XP R ( 1 3 3 0 ) » X P U L S E ( 1 3 3 0 ) » I P N T ( 3 )
DO 2 7  I J = I » 1 0  
READ 2 6 ,  B I ,  B 2 ,  TI ME 

2 6  FORMAT ( 3 F 1 0 . 3 )

C S E N S E  ON CALC CONSTANTS FOR EACH RUN
I F  ( S E N S E  S WI TCH I )  6 0 ,  6 1

6 0  DO 5 0  J =  1 , 2  
READ 2 1 , N C A R D S  •

2 1  FORMAT!  3 6 X , 1 5 )
■ N P T S =  N C A R D S * 1 9

READ 2 3 ,  ( X V E L ( K ) ^ K =  I , N P T S )
. 2 3  FORMAT ( 1 9 F 4 . 0 )

READ 2 1 , N C A R D S

READ 2 3 ,  ( X P R ( K ) , K = I 9NP T S )
READ 2 1 , N C A R D S

READ 2 3 , ( X P U L S E ( K ) ,  K = I 9N P T S )
■GO TO ( 5 1 , 5 2 ) 9J

5 1  Vl S UM=  O 
P l S U M=  O
DO 2 5  I = I 9NPTS
VI SUM = VI SUM + X V E L ( I )

2 5  P l S U M = P l S UM + X P R ( I )
P O I N T S =  NPTS
Vl AVG = ( V I S U M /  P O I N T S  ) / 1 0 0 0 .

. P l AVG = ( P I SUM/  P O I N T S  ) / 1 0 0 0 .
GO TO 50

5 2  V2 SUM=0  
P 2 S UM= 0
DO 5 3  I = I 9NPTS
V2SUM = V2SUM + X V E L ( I )

' 5 3  P2SUM =P2 SUM + X P R ( I )
P O I N T S  = NP TS
V2AVG = ( V2SUM / P O I N T S )  /  1 0 0 0 .
P2AVG = ( P2SUM / P O I N T S  ) /  1 0 0 0 .

5 0  CONTI NUE
C l =  l o /  ( V2 AV G-  V l A V G )
C 2='  - C 1 * V 1 A V G
C 3 =  I 0 /  ( P 2 A V G -  P l A V G )
CA= - C 3  «• P l AVG 
P R I N T  6 5 ,  C 1 , C 2 , C 3 , C 4

6 5  FORMAT ( 4 H C 1  = F 9 . 3 , 5 X , 4 H C 2  = F 9 . 3 , 5 X , 4 H C 3  = F 9 . 3 , 5 X , 4 H C 4  = F 9 . 3

6 1  DO 2 7  L= 1 , 2 0
C READ IN DATA FOR I  P OI NT

DO 7 J = I , 3
READ I , I C O D E 9 I C H N A L 9NOPTS 

I  FORMAT ( 7 X , 1 5 , 9 X 9 I S 9 I O X , 1 5 )

Program 5
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p r i n t  2 , ! CODE* I C H N A L , NOPTS
2 FORMAT( 6H CODE= I 5 , 5 X » 8 H C H A N N E L = 1 5 , 5 X * 2 0 H T H E  NUMBER OF C A R D S = I S )  

NOPTS = 1 9 *  NOPTS
NUM =O
I F  ( NOPTS -  1 3 3 0  ) 8 5 , 8 5 , 8 6  

8 6  Ml  = NOPTS -  1 3 3 0  
NUM = MI /  19  
NOPTS = 1 3 3 0  

8 5  GO TO ( 3 , 5 , 6 )  , J
3 READ 4 , ( X V E L ( K ) , K = I 9N O P T S )
4 FORMAT ( 1 9 F 4  o O )

I F  ( NUM ) 8 2 , 8 2 ,  8 3  '
83'  DO 8 4  I =  I , NUM 
8 4  READ 4 ,  DUM 
8 2  GO TO 7

5 READ 4 , ( X P R ( K ) , K = 1 , N 0 P T S )
I F  ( NUM ) 9 0 , 9 0 , 9 1

■91 DO 9 2  I =  I ,  NUM 
9 2  READ 4 ,  DUM 
9 0  GO TO 7

6 READ 4 , ( X P U L S E ( K ) , K = I 9 NOP TS )
I F  ( NUM ) 7 , 7 , 9 4

9 4  DO 9 5  I =  I 9NUM
9 5  READ 4 ,  DUM

7 CONTI NUE .
TOTAL = 0 «  ,
SUM = O 0 '
I P N T ( 3 )  =O 
N = I
DO 1 4  I = I 9NOPTS 
GO TO ( 8 , 1 2 , 8 ) )  , N

8 I F ( X P U L S E ( I ) + 9 9 9  o ) 9 , 9 , 1 4
9 J =  I + 1

I F  ( X P U L S E ( J )  + 9 9 9 . ) 1 0 , 1 0 , 1 4
1 0  I P N T ( N ) =  I

I F ( N - 3 ) 1 1 , 1 5 , 1 1  .
11  N = 2

GO TO 1 4
1 2  I F  ( X P U L S E ( I )  + 8 0 0 . )  1 4 , 1 3 , 1 3
1 3  N= 3
1 4  CONTI NUE
1 5  I F  ( I P N T O ) )  1 7 , 1 6 , 1 7
1 6  M=I

M l =  TI ME *  I O 0 
GO TO 7 4

1 7  M= I P N T ( I )
' M l = I P N T ( 3 )

7 4  CONTI NUE
C RENUMBER P O I N T S  S T AR T I N G  AT I  , P T S  BETWEEN P UL S E S
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IY = MI - M+I 
DO 30 1 = 1 , I Y 
K= M+ I - I
X V E L ( I ) =  XVEL(K)

30 XPR( I ) = XPR(K)
C CORRECT EACH POINT AND CHANGE TO VELOCITY FT/ SEC

DO 31 I= I ? I Y
X V E L ( I ) =  B I * ( C l *  X V E L ( I ) +  C 2 ) / 1 0 0 0 .

31 X P R ( I )  = B 2 * ( C 3 *  X P R ( I )  +CA) / 1 0 0 0 .
C PUNCH CORRECTED VALUES OF VELOCITY AND PRESSURE ■

PUNCH 7 5 , ! C O D E , I Y
75 FORMAT( 6H CODE=I 6 , 5 X , 2  I HTHE NUMBER OF POI NTS = I S )  

PUNCH 3 9 , (  XVEL( I ) » I = 1 , I Y)
' PUNCH 3 9 , (  XPR( I ) , I = I » IY)

39 FORMAT( 1 3 F 6 . 2 )
2 7  CONTINUE 

CALL EXIT 
END



DIMENSION XPR( 1 0 0 0 ) , XVEL( 1 0 0 0 ) 9 P R O F I U 2 0 * 2 0 )
DO 99  I J  = I , 10 
DO 2 7  L=I  , 2 0  
READ I , IY

1 FORMAT ( 3 8 X , I 6)
READ 2 , ( X V E L ( I ) , 1 = 1 , IY )

2 FORMAT ( 1 3 F 6 .2  )
READ 2 ,  ( XPR( I ) ,  I = I , IY )

C FIND AVERAGE VALUE OF PRESSURE AND VELOCITY
DO 11 I = I , I Y 
SA= Oe
NI = I  . , "
N 2 = I + 1 3
I F  ( N 2 - 1Y) 1 4 , 1 4 , 1 5

14 DO 12 J = N I , N2 
12 SA =SA +XPR(J)

AVE = S A / 1 3 .
K= 1 + 6

11 XPR(K)  = AVE
15 CONTINUE

DO 4 I= I , IY 
SS =O0 
NN = I 
NM =1+5
I F  ( NM — I Y) 5 , 5 , 6

5 DO 7 .J = NN ,NM
7 SS = SS +XVEL( J )

AVEV = S S / 6  o 
K= 1+2

4 XVEL(K) = AVEV
6 CONTINUE 

SUM =O0 
TOTAL =0«

18 DO 19 I = I , IY
SUM = SUM+XVEL( I )

19 TOTAL=TOTAL+XPR( I )
■ U=IY

AVGVEL= SUM/U 
AVGPR = TOTAL/U'

' PRINT 2 0 ,  AVGVEL, AVGPR
20  FORMAT( 21H THE AVG VELOCITY IS E l 2 » 6 , 1 OX, 2  I H THE AVG PRESSURE I S E

1 12 o 6 )
C MAKE VELOCITY AND PRESSURE AXIS SAME

DI FF  = AVGVEL - ( AVGPR * 6 0 . )
DO 43  I = I 9 I Y 

X P R ( I )  =60  o * X P R ( I )
4 3  XPR( I ) =XPRI I ) + D I F F

C . FIND MIN PRESSURE AND MAX VELOCITY 
PMIN = X P R ( I )
DO 4 4  1 = 2 , 1Y

Program 6
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I F ( PMI N - X P R ( D )  4 4 , 4 4 , 4 5  
4 5  PMIN = XPR( I )

Al =  I
4 4  CONTINUE

amp  =a v g v e l - p m i n
VMAX ■ XVEL( I )
DO 70  1 = 2 , I Y
I F ( X V E L ( I ) - V M A X ) 7 0 , 7 0 , 7 2  

• 72 VMAx=XVEL( I )
B I =  I

70 CONTINUE ''
AMPl =VMAX -  AVGVEL 
AMP2 _= AMP/ 60 o 
PRINT 8 , AMP2, AMPl

8 FORMAT( 5X,  19H THE VELOCITY AMP = E 1 2 « 6 , I 3 X , I 9H THE PRESSURE AMP 
.1= El  2 © 6 )

C I F  PHASE ANGLE +, PRESSURE LEADS VELOCITY
XX= A I - B I
ANGLE = XX/U * 3 6 0 .
PRINT 7 3 , ANGLE

73 FORMAT( 5X»16H PHASE ANGLE I S F 1 2 . 3 )  ■
I F t S E NS E  SWITCH 3) .  7 8 , 7 9  

78  CONTINUE 
' PRINT 17» L

17 FORMAT( 5 X , I 6H POINT PLOTTED = 12 )
C PLOT DATA

CALL P L 0 T ( l » 0 o 0 , 1 0 o 0 , 5 o 0 , 2 . 5 , 0 . 0 « 1 5 . 0 , 5 . 0 , 3 . 0 )
DO 32 1 = 1 , I Y 
DI = I
X= I O 0 * D I /  U

32 CALL PLOT ( 9 0 , X , X V E L ( I ) )
CALL PLOT( 9 9 )
NI =I Y - I
DO 80 1 = 1 , I Y , NI
DI = I
X= 1 0 .  *  DI /U 

80 CALL PLOT ( 9 0 , X , AVGVEL)
CALL PLOT( 9 9 )
DO 55 I = I » I Y 
DI = I

X= 1 0 . *  DI /U -
P= XP R ( I )

55  CALL PLOT( 9 0  » X » P )
CALL P L O T ( 99)
I F  (SENSE SWITCH I ) 9 , 1 6

9 DO 4 6  I= I » I Y»3 
DI =  I
THETA = ( ( DI / U ) * 2 . *  3 . 1 4 1 6  + 3 . 1 4 1 6  / 1 6 . )
Y= ( S I N F ( T H E T A ) *  AMP ) +AVGVEL
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X= I O 0-K-DI /  U 

4 6  CALL PLOT (90,X,Y)
CALL PLOT( 9 9 )
DO 10 I = 1 , I Y , 3 
DI =I
THETA = ( ( D I / U ) * 2 „ *  3 * 1 4 1 6  + 3 * 1 4 1 6  * 1 5 » / 1 6 » ) 
Y= ( S I N F ( T H E T A ) *  AMPl ) +AVGVEL 
X= 1 0 « * DI  /  U 

10 CALL PLOT ( 9 0 , X, Y)
CALL PLOT( 9 9 )

16 CALL PLOT( 7  )
C STORE PLOT VALUES.

79 CONTINUE
DO 96  M= 1 , 2 0  

' SUMV=O*
AM =M
N= AM * U /  20*
NI = N- 4
DO 64  I= N I , N 

64 SUMV= SUMV + XVEL( I )
VAVE= SUMV / 5 »

96  PROF I L {M, L ) = VAVE 
2 7  CONTINUE

c a l l  p l o t ( i , 0 *0 , 1 5 * , 5 * , 3 * , 0 *0 , 2 0 * , 5 * , 5 *0 )
DO 9 9  1 = 1 , 2 0  
DO 62 J  = I , 2 0  

S= PROFI Lt  I , J )
T = 2 1 - J

62 CALL PLOT( 9 0 , S , T )
CALL PLOT( 9 9 )
I F ( I -5)99,100,101

101 I F ( I  - 1 0 )  9 9 , 1 0 0 , 1 0 2
102 I F ( I - 1 5 )  9 9 , 1 0 0 , 9 9
100  CALL PLOT( 7  )

CALL PLOT( I , 0 * 0 , 1 5 * , 5 * , 3 * , 0 * 0 , 2 0 * , 5 * , 5 * 0 )
99  CONTINUE 

CALL EXIT 
END
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