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SUMMARY 

An exper imenta l s tudy was performed i n order t o determine the 

mean flow c h a r a c t e r i s t i c s i n a p ipe dur ing flow e s t a b l i s h m e n t . The 

smooth, s t r a i g h t , c i r c u l a r p ipe was h o r i z o n t a l l y a l i g n e d . The upstream 

e x t r e m i t y of t h i s p ipe was a wel l - rounded i n l e t which was l o c a t e d i n a 

l a r g e r e s e r v o i r . The downstream ex t remi ty of t h i s p i p e was unobs t ruc ted 

so t h a t a l i q u i d j e t was formed i n the atmosphere downstream from t h e 

p ipe o u t l e t . Ve loc i ty - t ime d a t a were obtained from a motion p i c t u r e 

r eco rd of t he j e t . P r e s su re - t ime d a t a were obta ined a t s e l e c t e d p o i n t s 

a long t h e p i p e . These d a t a were recorded by sending the output s i g n a l s 

of p r e s s u r e t r a n s d u c e r s through an o s c i l l o g r a p h . 

The exper iments were performed w i t h a sys t ema t i c v a r i a t i o n of the 

independent d imens ion less v a r i a b l e s . These independent d imens ionless 

v a r i a b l e s were p ipe l eng th t o p ipe d iamete r r a t i o L/D and an i n e r t i a l 

r e a c t i o n t o v i scous shear force r a t i o ghJD^/L-i ) 2 . h Q i s the p iezomet r i c 

head i n t h e r e s e r v o i r and T) i s t h e k inemat ic v i s c o s i t y of the f l u i d . 

The value of L/D was e s t a b l i s h e d a t 9 5 , 1 9 0 , 2 8 5 . 3 8 0 , and kl$« The 

va lue of g h ^ / L - O 2 was e s t a b l i s h e d a t 6 ( 1 0 6 ) , 1 2 ( 1 0 6 ) , 1 8 ( 1 0 6 ) , 2 U ( l 0 6 ) , 

and 3 0 ( 1 0 ^ ) , Thus the t o t a l number of exper imenta l runs was t w e n t y - f i v e . 

Supplementary a n a l y s i s was r e q u i r e d i n order t o determine t h e mean 

v e l o c i t y i n t he pipe from the motion p i c t u r e r ecord of the j e t . As the 

r e s u l t of t he a c t i o n of shear f o r c e s , t h e v e l o c i t y d i s t r i b u t i o n i s non

uniform. Consequently the j e t i s s u i n g from the p ipe o u t l e t had g r e a t e r 



V I I I 

L I N E A R M O M E N T U M T H A N I F T H E V E L O C I T Y D I S T R I B U T I O N W E R E U N I F O R M . T H U S T H E 

P R O B L E M W A S T O D E T E R M I N E T H E N O N - U N I F O R M I T Y O F T H E V E L O C I T Y D I S T R I B U T I O N 

I N O R D E R T O R E L A T E T H E O B S E R V E D V E L O C I T Y T O T H E M E A N V E L O C I T Y . D U R I N G 

T H E L A M I N A R F L O W , T H E V E L O C I T Y W A S A S S U M E D T O H A V E A U N I F O R M D I S T R I B U T I O N 

I N A C E N T R A L C O R E R E G I O N A N D T O H A V E A P A R A B O L I C D I S T R I B U T I O N W I T H I N T H E 

B O U N D A R Y L A Y E R R E G I O N . T H I S B O U N D A R Y L A Y E R T H I C K N E S S W A S D E T E R M I N E D B Y 

T H R E E M E T H O D S W H I C H U T I L I Z E D E X P E R I M E N T A L D A T A . D U R I N G T H E T U R B U L E N T 

F L O W , T H E V E L O C I T Y W A S A S S U M E D T O H A V E A D I S T R I B U T I O N B A S E D O N T H E 

S E V E N T H - R O O T L A W O F V E L O C I T Y D I S T R I B U T I O N . 

T H E O B S E R V E D A N D T H E M E A N V E L O C I T Y - T I M E D A T A A R E P R E S E N T E D I N T H I S 

T H E S I S I N T H E F O R M O F V A R I O U S G R A P H S A N D C U R V E S . T H E P R E S S U R E - T I M E D A T A 

A R E T O B E P R E S E N T E D I N P A R T H I O F T H I S S T U D Y . A D E T A I L E D A N A L Y S I S O F 

T H E T R A N S I T I O N F R O M L A M I N A R T O T U R B U L E N T F L O W I S P R E S E N T E D I N P A R T I X 

O F T H I S S T U D Y . 

S I G N I F I C A N T R E S U L T S O B T A I N E D F R O M T H I S S T U D Y A R E A S F O L L O W S . 

( 1 ) F O R T U R B U L E N T F L O W C O N D I T I O N S , T H E M E T H O D O F O B T A I N I N G M E A N V E L O C I T I E S 

B Y J E T P H O T O G R A P H Y E N T A I L S O N L Y A N A S S U M P T I O N O F A V E L O C I T Y D I S T R I B U T I O N . 

( 2 ) F O R L A M I N A R F L O W , T H E M E T H O D O F J E T P H O T O G R A P H Y F O R O B T A I N I N G M E A N 

V E L O C I T I E S R E Q U I R E S T H A T A V E L O C I T Y D I S T R I B U T I O N B E A S S U M E D , T H A T P R E S S U R E 

M E A S U R E M E N T S B E O B T A I N E D A T V A R I O U S P O I N T S A L O N G T H E P I P E , , A N D T H A T T H E R E 

B E N O S E P A R A T I O N O F T H E I S S U I N G L A M I N A R J E T . ( 3 ) C H A R A C T E R I S T I C L A M I N A R 

J E T S E P A R A T I O N W I L L O C C U R I F T H E N O N - U N I F O R M I T Y O F T H E V E L O C I T Y D I S T R I B U 

T I O N A S M E A S U R E D B Y T H E R A T I O O F T H E N O M I N A L B O U N D A R Y = L A Y E R T H I C K N E S S T O 

T H E P I P E R A D I U S E X C E E D S A V A L U E O F 0 . 6 5 • (k) T H E E X A C T V A R I A T I O N O F 

V E L O C I T Y W I T H R E S P E C T T O T I M E D U R I N G F L O W E S T A B L I S H M E N T I S A F U N C T I O N O F 



t he t ime o f tu rbu lence i n c e p t i o n , t h e r a t e of g rowth of the t u r b u l e n t 

r e g i o n , and the p o s i t i o n of tu rbu lence i n c e p t i o n , , (5) The exper imenta l 

parameters u t i l i z e d are s u f f i c i e n t t o i n s u r e s i m i l a r i t y i n regard t o 

t he t ime of t u rbu lence i n c e p t i o n and the r a t e of growth o f the t u r 

b u l e n t r e g i o n . Since the p o s i t i o n of t u rbu lence i n c e p t i o n i s appa ren t l y 

random, the exper imenta l parameters are n o t s u f f i c i e n t t o i n s u r e exact 

s i m i l a r i t y i n rega rd t o the v a r i a t i o n o f v e l o c i t y w i t h respec t t o t ime 

d u r i n g f l ow e s t a b l i s h m e n t . (6 ) The use o f s tep computat ion methods 

employing a v a r i a b l e va lue of the Darcy-Weisbach f i s unwarranted i n 

p r a c t i c a l eng ineer ing s o l u t i o n s u t i l i z i n g one-d imens iona l methods o f 

a n a l y s i s . The use o f a cons tan t va lue of f i s s u f f i c i e n t l y a c c u r a t e . 



CHAPTER I 

INTRODUCTION 

The mean flow c h a r a c t e r i s t i c s —boundary shear s t r e s s , v e l o c i t y 

d i s t r i b u t i o n , and t o t a l energy changes— of s t e a d y flow i n both rough 

and smooth p i p e s have been e x t e n s i v e l y s t u d i e d by exper imenta l and 

mathemat ica l methods . The v a l i d i t y of the s o l u t i o n t o t h e Navier -

Stokes equa t ions for a l o n g , s t r a i g h t , c i r c u l a r condu i t was v e r i f i e d 

e x p e r i m e n t a l l y by t h e middle of t h e n i n e t e e n t h c e n t u r y . This s o l u t i o n 

i s known as t h e Hagen-Poiseu i l l e equa t ion and i s v a l i d as long as the 

flow i s l a m i n a r . Steady t u r b u l e n t flow i n a p ipe i s of g r e a t e r s i g n i f i 

cance t o t he e n g i n e e r , bu t t h e mathemat ical s o l u t i o n f o r t h i s type of 

flow has not been obta ined because of t h e complexi ty of the tu rbu lence 

a s s o c i a t e d wi th the mot ion . N e v e r t h e l e s s , t he importance of de termining 

t h e mean flow c h a r a c t e r i s t i c s of s t eady t u r b u l e n t flow i s r e l a t e d t o t h e 

v a s t number of r epo r t ed exper imenta l s t u d i e s . The experiments p r i o r t o 

t he t w e n t i e t h cen tu ry were l i m i t e d i n scope and were r epo r t ed as e m p i r i 

c a l e q u a t i o n s . R a t i o n a l a n a l y s i s of the mean flow c h a r a c t e r i s t i c s of 

s t eady t u r b u l e n t flow has been p r o g r e s s i v e l y improved by many workers , 

w i t h t h e most no tab le advances being made by Reynolds , P r a n d t l , and Von 

Karman 0 The c l a s s i c experiments of Nikuradse i n conjunct ion w i t h the 

ana lyses of P r a n d t l and Von Karman a re the b a s i s of s a t i s f a c t o r y 

r a t i o n a l express ions f o r t h e mean flow c h a r a c t e r i s t i c s except i n t he 



transition region from the hydraulically smooth pipe to the hydraulically rough pipe. The detailed turbulent flow characteristics in a pipe have not been subjected to rational analysis and have only recently been the object of experimental research. The statistical theory of turbulence is useful mainly as an experimental tool. The statistical theory is indicative of the quantities that must be measured, that is, scale5 intensity, and correlation coefficients. This theory is of very limited utility for explaining the observed turbulence characteristics and for relating these turbulence characteristics and the boundary conditions. Because of the difficult experimental techniques involved, 
• reported experimental research is both limited and recent [l], [2]. If the subject of pipe flow is extended to include unsteady flow5 one finds that the reported works concerning unsteady flow are divided into two categories. The first category includes a vast amount of literature presenting methods of analysis for specific problems [3], for example, the methods employed in the design of a surge tank at a hydroelectric installation. Invariably, these analyses are based upon the use of the steady flow boundary shear stress. The second category includes a limited amount of literature in which the mean flow characteris tics of unsteady flow are determined without utilizing the steady flow characteristics. Unsteady laminar flow in a U tube has been investigated by Valensi and Clarion [U], Clarion [j>J, Yanada and Taneda and Christopherson [7]• Jones [8] investigated oscillatory laminar motion in a straight tube. These investigations were for the purpose of 



d e t e r m i n i n g b o u n d a r y s h e a r s t r e s s • A more l i m i t e d e x p e r i m e n t a l s t u d y t o 

d e t e r m i n e t h e v e l o c i t y d i s t r i b u t i o n of l a m i n a r f low s t a r t i n g from r e s t 

i n a s t r a i g h t c i r c u l a r t u b e was p e r f o r m e d by C r a u s s e [fy. Bounda ry 

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

o b t a i n e d i n a s t r a i g h t p i p e b y D a i l y and Deeiaer [l6] . To t h e w r i t e r " s 

knowledge t h e r e have b e e n no s t u d i e s c o n c e r n i n g t h e d e t a i l e d t u r b u l e n c e 

c h a r a c t e r i s t i c s of u n s t e a d y p i p e f l o w . 

The p a u c i t y of i n f o r m a t i o n c o n c e r n i n g u n s t e a d y f low i n p i p e s c a n 

b e t r a c e d t o t h r e e c a u s e s . I n t h e f i r s t p l a c e , t h e s t u d y of s t e a d y f l ow 

i n p i p e s h a s b e e n a f r u i t f u l f i e l d of r e s e a r c h . B e i n g a s i m p l e r and more 

common f l ow c o n d i t i o n , i t i s n a t u r a l and p r o p e r t h a t g r e a t e r e f f o r t s 

wou ld b e d e v o t e d t o s t e a d y f low s t u d i e s . I n t h e s e c o n d p l a c e , t h e i n s t r u 

m e n t a t i o n f o r u n s t e a d y f low i s more complex ; t h e s t u d y r e q u i r e s r a p i d 

t i m e r e s p o n s e i n s t r u m e n t s w h i c h a r e o n l y now becoming r e a d i l y a v a i l a b l e . 

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

a r y c o n d i t i o n s a r e i n f i n i t e i n n u m b e r . Fo r e x a m p l e , t h e mean f low c h a r a c 

t e r i s t i c s of l a m i n a r f low would be d i f f e r e n t f o r o s c i l l a t i o n i n a s t r a i g h t 

t u b e and f o r f low e s t a b l i s h m e n t i n a s t r a i g h t t u b e . T h u s , t h e i n s t a n t a n 

e o u s f low c h a r a c t e r i s t i c s of u n s t e a d y l a m i n a r f low w i l l depend upon t h e 

h i s t o r y o r t h e a g g r e g a t e of p a s t e v e n t s of t h a t f l o w . F o r t u n a t e l y , t h e 

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

b e i n d e p e n d e n t of t h e h i s t o r y of t h e m o t i o n . 

I n v i ew o f t h e e x t r e m e l y l i m i t e d number of s t u d i e s c o n c e r n i n g t h e 

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

p r o b l e m i s n o t g u i d e d by p a s t e x p e r i m e n t s , b u t p r i m a r i l y b y t h e amount 



of in fo rmat ion t h a t can be obta ined from a l i m i t e d s t u d y . In the f i r s t 

p l a c e , the problem should be of t e c h n i c a l i n t e r e s t . I n the second p l a c e , 

i t i s d e s i r a b l e t o have uns teady t u r b u l e n t flow s ince the r e s u l t s do not 

depend upon the h i s t o r y of t h e motion and thus t h e s e r e s u l t s w i l l be more 

g e n e r a l l y a p p l i c a b l e . The problem of flow e s t ab l i shmen t i n a s t r a i g h t 

c i r c u l a r p ipe a t t a ched t o a l a r g e r e s e r v o i r was judged t o be a problem 

worthy of s tudy i n view of the above s t a n d a r d s . 

An exper imenta l s tudy of the mean flow c h a r a c t e r i s t i c s dur ing flow 

e s t a b l i s h m e n t was performed i n the Hydraul ics Labora tory of the Georgia 

I n s t i t u t e of Technology. A s t r a i g h t c i r c u l a r p ipe was h o r i z o n t a l l y 

a l i g n e d . The upstream e x t r e m i t y of t h i s p ipe was p laced i n a l a r g e 

r e s e r v o i r . The downstream e x t r e m i t y was unobs t ruc ted so t h a t a f r e e 

j e t was formed i n the atmosphere downstream from t h e p i p e . The flow was 

e s t a b l i s h e d by i n s t a n t a n e o u s r e l e a s e of a d i s k va lve placed a g a i n s t t h e 

square-edged downstream end of the p i p e . Ve loc i ty - t ime d a t a were ob

t a i n e d from a m o t i o n - p i c t u r e r eco rd of the j e t . P r e s su re - t ime d a t a were 

ob ta ined a t s e l e c t e d po in t s a long t h e p i p e . 

From t h e r e s u l t s of t h i s exper iment , mean flow c h a r a c t e r i s t i c s 

can be determined i n both laminar and t u r b u l e n t f low. I n a d d i t i o n t o 

t h e g e n e r a l sequence of e v e n t s , t h e d e t a i l s of the t r a n s i t i o n from 

laminar t o t u r b u l e n t flow can a l s o be observed . The complete r e p o r t of 

t h e exper imenta l program and r e s u l t s i s t o be conta ined i n t h r e e m a s t e r s 

t h e s e s as fo l lowss 

UNSTEADY FLOf IN A SMOOTH PIPE AFTER INSTANTANEOUS OPENING OF 
A DOWNSTREAM VALVE 

P a r t I . "Mean Flow C h a r a c t e r i s t i c s - V e l o c i t y , " by 
B . G. Chr i s tophe r ; 
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P A R T I T . " T R A N S I T I O N F R O M L A M I N A R T O T U R B U L E N T F L O W , " 

B Y J . B . T R I M B L E ; A N D 

T H E R E P O R T O F T H E M A T H E M A T I C A L I N V E S T I G A T I O N O F T H I S P R O B L E M I S C O N T A I N E D 

I N O N E M A S T E R ' S T H E S I S : 

U N S T E A D Y F L O W I N A S M O O T H P I P E A F T E R I N S T A N T A N E O U S O P E N I N G 

O F A D O W N S T R E A M V A L V E 

P A R T I V . " M A T H E M A T I C A L A N A L Y S I S , " 

B Y R . W . O L I V E . 

P A R T I I I . " M E A N F L O W C H A R A C T E R I S T I C S - P R E S S U R E A N D B O U N D A R Y 

S H E A R , " B Y J . E . R O L L E R . 



CHAPTER I I 

THEORETICAL CONSIDERATIONS 

A complete mathemat ical t r e a t m e n t i s n o t p o s s i b l e f o r the problem 

of flow e s t a b l i s h m e n t i n a s t r a i g h t tube a f t e r i n s t an t aneous opening of 

a downstream v a l v e . I n t h e f i r s t p l a c e , t h e flow i s i n i t i a l l y laminar 

bu t soon i s t u r b u l e n t . During t h e i n i t i a l l aminar s t a g e , t h e s o l u t i o n 

of the Navier -Stokes equa t ions wi th t he p roper boundary c o n d i t i o n s 

would c o n s t i t u t e an exac t s o l u t i o n f o r t h i s s t a g e . However, no such 

exac t s o l u t i o n i s p o s s i b l e i n the l a t e r t u r b u l e n t s t age s ince t h e r e a re 

no c o u n t e r p a r t s i n t u r b u l e n t flow t o the Navier-Stokes equa t ions of 

laminar f l o w . Even i n t h e i n i t i a l laminar s t a g e an exac t s o l u t i o n of 

t h e Navier -Stokes equa t ions has no t been obta ined s i n c e p r e s s u r e , 

boundary s h e a r , and v e l o c i t y a re a func t ion of d i s t a n c e from t h e i n l e t 

as w e l l as t i m e . Even though no exac t s o l u t i o n f o r t h i s problem i s 

a v a i l a b l e , s o l u t i o n s of a l l i e d problems, approximate s o l u t i o n s , and t h e 

d i f f e r e n t i a l equa t ions a re i n v a l u a b l e i n organiz ing and ana lyz ing e x 

p e r i m e n t a l d a t a . 

Re la ted s o l u t i o n s of t h e Navier -Stokes equat ions.—Szymanski [jLl] ob

t a i n e d a s o l u t i o n of t h e Navier-Stokes equa t ions f o r flow es t ab l i shmen t 

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

For two reasons t h i s s o l u t i o n i s only remote ly r e l a t e d t o t h e flow 

r e s u l t i n g from i n s t a n t a n e o u s opening of a downstream valve i n a s t r a i g h t 



p i p e a t t a c h e d t o a l a r g e r e s e r v o i r . F i r s t , as a r e s u l t o f u t i l i z i n g a 

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

I n o t h e r "words , t h e s o l u t i o n i s i n d e p e n d e n t o f t h e c o o r d i n a t e o f d i s t a n c e 

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

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

i n f l u e n c e d b y t h e p r o x i m i t y o f t h e i n l e t . T h i s i n l e t r e g i o n o r r e g i o n 

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

• w i t h t h e passage o f t i m e 0 S e c o n d , t h e p r e s s u r e a t t h e i n l e t end o f t h e 

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

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

c o n s t a n t . T h i s p r e s s u r e mus t be l o w e r t h a n t h e r e s e r v o i r p i e z o m e t r i c 

p r e s s u r e i n o r d e r t © a c c e l e r a t e t h e f l u i d t o t h e i n l e t . C o n s e q u e n t l y 

t h e p r e s s u r e w i l l be l o w e r a t t h e i n l e t n o t o n l y b y t h e amount o f 

p o t e n t i a l e n e r g y c o n v e r t e d t o k i n e t i c e n e r g y b u t b y an amount t h a t i s 

r e l a t e d t © t h e l o c a l a c c e l e r a t i o n . Thus t h e Szymansk i s o l u t i o n c a n be 

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

p r o f i l e s w i t h t i m e . 

Langhaa r [ l 2 ] o b t a i n e d an a p p r o x i m a t e s o l u t i o n o f t h e N a v i e r -

S t o k e s e q u a t i o n s i n t h e r e g i o n downs t ream f r o m a s t r e a m l i n e d i n l e t f o r 

t h e case o f s t e a d y f l o w . T h i s s o l u t i o n i s o f q u a l i t a t i v e i n t e r e s t i n 

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

i n l e t . 

I n P a r t I V o f t h i s s t u d y , O l i v e o b t a i n e d a s o l u t i o n o f t h e N a v i e r = 

S t o k e s e q u a t i o n s f o r t h e case i n w h i c h t h e p r e s s u r e g r a d i e n t v a r i e s 

l i n e a r l y w i t h t i m e b u t i s i n d e p e n d e n t o f t h e d i s t a n c e c o o r d i n a t e f r o m 
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the i n l e t . Obv ious ly , t h i s s o l u t i o n does no t i n c l u d e any e f f e c t s due t o 

the i n l e t r e g i o n . A l s o , the u t i l i z a t i o n o f a pressure g rad i en t t h a t 

v a r i e s l i n e a r l y -wi th t ime i s on l y an a p p r o x i m a t i o n . Never the less , the 

s o l u t i o n should be a reasonable f a c s i m i l e o f t he p h y s i c a l c o n d i t i o n s a t 

s m a l l va lues o f t ime when the i n l e t r e g i o n i s s h o r t i n r e l a t i o n t o the 

t o t a l p i p e l e n g t h . 

One-dimensional ana l ys i s .—Gross s i m p l i f i c a t i o n o f the problems can be 

made b y u t i l i z i n g the methods o f one-d imensional a n a l y s i s . The two f u n 

damental concepts o f one-d imens iona l a n a l y s i s are as f o l l o w s 2 ( l ) the 

p i ezome t r i c pressure or p iezomet r i c head i s cons tan t i n a cross s e c t i o n 

wh ich i s normal t o the d i r e c t i o n o f f l o w ; and (2) the va r i ous p o i n t 

v e l o c i t i e s can be rep laced by the mean v e l o c i t y V i n t he cross s e c t i o n . 

Th is second concept i s d i r e c t l y a p p l i c a b l e i n the equa t ion o f c o n t i n u i t y 

f o r the t o t a l cross s e c t i o n . I n order t o app l y t he second concept t o the 

energy equa t i on i t i s necessary t o m u l t i p l y t he k i n e t i c energy based on 

the mean v e l o c i t y by the k i n e t i c energy c o r r e c t i o n f a c t o r K e i n order t o 

o b t a i n the t r u e mean k i n e t i c energy . I n a l i k e manner, the l i n e a r momen

tum f l u x based on the mean v e l o c i t y must be m u l t i p l i e d b y the momentum 

c o r r e c t i o n c o e f f i c i e n t i n order t o o b t a i n the t r u e l i n e a r momentum 

f l u x * 

P r i o r t o app l y i ng one-d imens iona l ana l ys i s t o t he p ipe s e c t i o n , 

an approximate a n a l y s i s i s p resented t o eva lua te the pressure a t the 

p i pe i n l e t . F igu re 1 i s a d e f i n i t i v e ske tch o f i r r o t a t i o n a l f l o w i n t o 

a rounded i n l e t . The f l ow i s presumed t o approach the i n l e t i n a manner 



Fig. 1# Flow into a rounded inlet similar to the three-dimensional hydrodynamic sink; that is, the velocity is entirely in the radial direction, the velocity-potential surfaces are hemispherical, and the velocity magnitude is constant on each potential surface. With an incompressible fluid, the volume rate of flow Q past every normal section is a function only of time. Thus the equation of continuity can be written in the following forms, 
Q m VA H V (1) 

and 
Q = - v r 2 u r ' .2 (2 ) 
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IN -WHICH V IS THE MEAN VELOCITY IN THE PIPE, D IS THE PIPE DIAMETER, R IS 
THE RADIAL COORDINATE OF THE SINK, AND VR IS THE VELOCITY IN THE FIELD OF 
THE SINK. THUS, 

Y = - — V 
R 8R2 

(3 ) 

AND 

3T 
D2 DV 

8R2 DT (h) 

SINCE THE SHEAR -WILL BE NEGLIGIBLE IN THE SINK FIELD, THE EQUATION OF 
MOTION IS 

mm Si_ P _ Q' dvr ^VR 

3R 3T 
(5) 

IN WHICH P IS THE FLUID DENSITY AND P IS THE PIEZOMETRIC PRESSURE, 
STITUTING EQ. (U) IN EQ. {$) AND TAKING THE DOT PRODUCT WITH DR, THE 
DIFFERENTIAL WORK-ENERGY EQUATION IS DERIVED. 

SUB< 

"C3R R-
V , 

+ P 
m PD DV 1 (6 ) 

THE INDICATED INTEGRATION IS PERFORMED WITH THE FOLLOWING LIMITS AS 
O O , V . 0, AND P P0 IN WHICH PQ IS THE PIEZOMETRIC 

PRESSURE IN THE LARGE RESERVOIR. THE LOWER LIMIT OF R IS D/\[WOR THE 
POSITION AT WHICH I VR| = | V | • THE RESULT IS 

PI = PO - (°- a D DV 
1 DT (7 ) 



I t i s apparent f rom E q . ( 7 ) , t h a t the e n t i r e e f f e c t of unsteadiness i n 

the mot ion i s con ta ined i n the t h i r d te rm on the r i g h t P (D / A / 8 * ) ( d V / d t ) 0 

The d i f f e r e n t i a l equa t ion and t he s o l u t i o n are r e a d i l y obta ined f o r 

f l o w es tab l i shment i n a s t r a i g h t p ipe a t tached t o a l a rge r e s e r v o i r i f 

boundary shear s t r e s s i s neg lec ted and one-d imensional ana l ys i s are 

employed. F igu re 2 i s a d e f i n i t i v e ske tch f o r f l ow i n a s t r a i g h t p ipe 

a t tached to a l a r g e r e s e r v o i r . 

c 
Q 

L 

D T 

F i g . 2 , Flow i n a s t r a i g h t p ipe a t tached 
t o a l a r g e r e s e r v o i r 

The d i f f e r e n t i a l equa t ion f o r t h i s case i s s imp l y 

3 - r " I « 
(8 ) 

The p ressure g r a d i e n t i s assumed t o be a f u n c t i o n o f t ime o n l y ; t h a t i s , 

the i n l e t r e g i o n e f f e c t s are n e g l e c t e d . The pressure P 2 a t the o u t l e t 
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i s atmospher ic and i s a r b i t r a r i l y e s t a b l i s h e d a t a zero v a l u e . Thus 

Bp P1-P2 = P l 
" L L 

(9 ) 

S u b s t i t u t i n g Eqs . (7 ) and (9 ) i n E q . (8) a separable d i f f e r e n t i a l equa t ion 

i s o b t a i n e d . The s o l u t i o n o f t h i s equa t i on i s 

" V 

- t anh sfT (L/D) 
1 + 7 T ( L / b ) 

(10) 

U t i l i z i n g the same assumptions as used i n t he d e r i v a t i o n o f Eq . (10) 

t h e e f f e c t o f boundary shear can be i n c o r p o r a t e d . The d i f f e r e n t i a l equa

t i o n cor respond ing t o E q . (8 ) f o r t h i s case i s 

-f--Vs- P£ (n) 
o x 

i n wh ich 7̂  i s the boundary shear s t r e s s . Assuming t h a t 7̂  i s a f u n c t i o n 

o n l y o f t ime and t h a t the magnitude o f the shear s t r e s s i s i d e n t i c a l t o 

the s t e a d y - s t a t e shear s t r e s s , i t f o l l o w s t h a t 

(12) 

i n wh ich f i s the s t e a d y - s t a t e Darcy-4 ' feisbach f r i c t i o n f a c t o r . Equat ion 

(12) i s then s u b s t i t u t e d i n Eq . ( l l ) . The d e r i v a t i o n and s o l u t i o n p a r a l l e l 

t h a t g i v e n i n the p reced ing pa rag raph . The on l y d i f f e r e n c e a r i s e s be 

cause, w i t h the i n c l u s i o n of boundary shear , the v e l o c i t y d i s t r i b u t i o n 

across the p ipe may n o t be u n i f o r m . Hence, t h e on ly change i n v o l v e d i s 

t h a t the m u l t i p l i e r o f the k i n e t i c energy te rm i n E q . (7) i s no longer 
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t anh 1 [A * f L [A * f / 8 ' ( L / D ) _ 

V o + D 

Inasmuch as the boundary shear was neg lec ted i n the d e r i v a t i o n o f 
# 

E q . (10) and the boundary shear was overes t imated i n the d e r i v a t i o n o f 

E q . ( 1 3 ) , the exper imenta l va lues w i l l be i n t e rmed ia te between these two 

f u n c t i o n s . 

The complete one-d imensional d i f f e r e n t i a l equa t i on o f mot ion i s o f 

va lue i n the d e t e r m i n a t i o n o f boundary shear f rom e x p e r i m e n t a l l y determined 

va lues o f p ressure and v e l o c i t y . The f l u i d element u t i l i z e d i n the d e r i v a 

t i o n i s a cross s e c t i o n a l element o f t h e f l u i d i n the p ipe wh ich i s dx i n 

l e n g t h . 

F i g . 3 « F l u i d element w i t h i n t h e p ipe 

u n i t y b u t i s K . The r e s u l t i n g s o l u t i o n i s r e a d i l y obta ined a n a l y t i c a l l y 
e 

i f i t i s f u r t h e r assumed t h a t f i s a c o n s t a n t ; o t h e r w i s e , the s o l u t i o n 

must be ob ta ined by numer ica l methods. Assuming f i s a cons tan t , i t 

f o l l o w s t h a t 
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The e x t e r n a l fo rces on the f l u i d element i n the x d i r e c t i o n are the 

r e s u l t a n t p r e s s u r e fo rce on t h e end a reas and the boundary shear f o r c e . 

The momentum equa t ion f o r t h i s element i s 

3 x »• 3 x t v dQ dx + 
dt 

J P v dV 

(1U) 

The f i r s t term on the r i g h t s i d e of Eq, ( l l i) i s the d i f f e r e n c e of momentum 

f l u x through t h e end a reas of the f l u i d e l ement . U t i l i z i n g the one-dimen

s i o n a l method, 

v d Q ^ Y Q V O K ^ V 2 ^ (15) 

The second term on the r i g h t s i de of Eq, (1U) i s the t ime r a t e of change 

of l i n e a r momentum of the p a r t i c l e s on the i n t e r i o r of the e lement . The 

symbol V i s used t o r e p r e s e n t volume. 

d¥ - dA dx 

The end a r e a s of t he element a re chosen so t h a t dx i s a cons t an t f o r every 

dA, Thus, 
V 

-4 p v d V = —it f p v DA 
8* J R AT J F 

dx = p ^ T dx 
\ d t 

(16) 

S i n c e , 

Q = V A 

and s i nce Q i s func t ion of time a lone 
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I n t r o d u c i n g Eqs . ( l 5 ) > ( 1 6 ) , and (17) i n t o Eq. (H i ) and d i v i d i n g by t h e 

e l ementa l volume, the d e s i r e d d i f f e r e n t i a l equa t ion i s 

-Ĵ -L'j!. f l h + e g (18) 
By means of Eq. ( 1 8 ) , t h e boundary s h e a r can be determined i n t u r 

b u l e n t flow reg ions where ^ K m / 5x a 0 , provided t h a t expe r imen ta l ly 

determined va lues of dp/ Bx and dV/dt are a v a i l a b l e . Eva lua t ion of 

boundary shear i s d i scussed i n d e t a i l i n P a r t I I I of t h i s s t u d y . Also 

Eq. (18) i s i n v a l u a b l e i n t h e de t e rmina t ion of laminar flow v e l o c i t y 

d i s t r i b u t i o n c h a r a c t e r i s t i c s from measured va lues of dp/ 9x and 

d V / d t . Ve loc i ty d i s t r i b u t i o n i s d i s c u s s e d i n d e t a i l i n the fo l lowing 

s e c t i o n and i n Chapter IV, EXPERIMENTAL RESULTS. 

Boundary l a y e r a n a l y s i s . — D e t a i l s of laminar v e l o c i t y d i s t r i b u t i o n are 

r e a d i l y v i s u a l i z e d by employing the boundary l a y e r concep t . The boundary 

l a y e r i s conceived as be ing the r e g i o n ad j acen t t o t h e boundary i n which 

the e f f e c t s of shea r p redomina te . Conversely , the r eg ion ou t s ide the 

boundary l a y e r i s not in f luenced by t h e boundary s h e a r . With the flow 

sepa ra t ed i n t o t hese two r e g i o n s , d i f f e r e n t ana lyses may be advantageously 

app l ied i n each r e g i o n . Boundary l a y e r a n a l y s i s i s not o r d i n a r i l y 

a s s o c i a t e d wi th s t eady pipe flow s ince the boundary l a y e r extends t o the 

p ipe c e n t e r l i n e . Two examples of p ipe flow i n which the boundary l a y e r 

does not extend t o the p ipe c e n t e r l i n e a re ( l ) fo l lowing a s t r eaml ined 

pipe i n l e t i n t h e r eg ion of a s p a t i a l l y developing v e l o c i t y p r o f i l e and 

(2) du r ing the t ime of flow es t ab l i shmen t w i th a c h r o n o l o g i c a l l y 
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\ 

D 

y 
F i g . U* Laminar b o u n d a r y l a y e r a f t e r S c h i l l e r 

l a y e r t h i c k n e s s £ i s e q u a l t o t h e p i p e r a d i u s r 0 . S c h i l l e r u t i l i z e d 

t h i s b o u n d a r y l a y e r i n t h e o n e - d i m e n s i o n a l e q u a t i o n s of m o t i o n and 

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

f l o w s i t u a t i o n s was p e r f o r m e d b y S c h i l l e r [ l 3 j u t i l i z i n g u n c o m p l i c a t e d 

b o u n d a r y l a y e r c o n c e p t s . 

S c h i l l e r s t u d i e d t h e d e v e l o p i n g l a m i n a r v e l o c i t y p r o f i l e downst ream 

from a s t r e a m l i n e d i n l e t f o r s t e a d y p i p e f l o w . A u n i f o r m v e l o c i t y d i s 

t r i b u t i o n was assumed i m m e d i a t e l y downs t ream from t h e i n l e t . At some 

d i s t a n c e downs t r eam from t h e i n l e t t h e v e l o c i t y d i s t r i b u t i o n a p p r o a c h e s 

t h e p a r a b o l i c v e l o c i t y d i s t r i b u t i o n . S c h i l l e r assumed a b o u n d a r y l a y e r 

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

v e l o c i t y d i s t r i b u t i o n a s shown on F i g . h . By c h o o s i n g t h e p a r a b o l i c 

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

d i s t r i b u t i o n i n t h e p i p e i s a t t a i n e d a t t h e p o i n t w h e r e t h e b o u n d a r y 



17 

OBTAINED A SOLUTION FOR THE SPATIAL DEVELOPMENT OF THE BOUNDARY LAYER. 
VELOCITY MEASUREMENTS BY NIKURADSE [L3] IN THIS REGION WERE IN SURPRISING
LY GOOD AGREEMENT WITH THE SCHILLER SOLUTION. SINCE THE BOUNDARY LAYER 
WITH PARABOLIC VELOCITY DISTRIBUTION WAS FOUND TO BE A GOOD APPROXIMATION 
FOR THE SPATIALLY DEVELOPING LAYER, THE EMPLOYMENT OF THE PARABOLIC 
VELOCITY DISTRIBUTION IN THE LAMINAR BOUNDARY LAYER IS SUGGESTED FOR THE 
CASE OF THE CHRONOLOGICALLY DEVELOPING LAYER. 

THE EXPERIMENTAL MEASUREMENTS OF CRAUSSE [9~] ARE INDICATIVE THAT 
THE CHRONOLOGICALLY DEVELOPING BOUNDARY LAYER IN A PIPE AFTER FLOW 
ESTABLISHMENT CAN BE CLOSELY APPROXIMATED BY THE SCHILLER VELOCITY PROFILE. 
CRAUSSE DETERMINED THE POINT VELOCITIES IN A PIPE DURING FLOW ESTABLISH
MENT BY MEASURING TRAJECTORIES OF SUSPENDED ALUMINUM PARTICLES. CRAUSSE 
PHOTOGRAPHED THE ALUMINUM PARTICLES AT A POINT WHICH WAS SIXTY DIAMETERS 
FROM THE REENTRANT INLET FROM A LARGE RESERVOIR. A SHARP-EDGED ORIFICE 
WAS PLACED AT THE DOWNSTREAM END OF THE STRAIGHT CIRCULAR TUBE. THE 
MEASURED POINT VELOCITIES ARE SHOWN ON FIG. 5. THE UPPER ONE-HALF OF 
FIG. 5 IS A COMPARISON OF THE CHRONOLOGICALLY DEVELOPING VELOCITY PROFILE 
BETWEEN THE CRAUSSE DATA AND THE SZYMANSKI SOLUTION. THE SZYMANSKI 
SOLUTION WAS OBTAINED BY ASSUMING A CONSTANT VALUE OF THE PRESSURE GRADIENT. 
WITH THE PHYSICAL ARRANGEMENT OF CRAUSSE'S EXPERIMENT THE MAGNITUDE OF THE 
PRESSURE GRADIENT WAS DECREASING WITH TIME. THIS DIFFERENCE IS REFLECTED 
IN A MORE RAPIDLY DEVELOPING VELOCITY PROFILE IN THE EXPERIMENTS. THE 
LOWER ONE-HALF OF FIG. £ MERELY ILLUSTRATES THAT CRAUSSE1S EXPERIMENTALLY 
DETERMINED VELOCITY PROFILES CAN BE APPROXIMATED BY THE SCHILLER VELOCITY 
PROFILES. 



F I G U R E 5 . C O M P A R I S O N O F V E L O C I T Y D I S T R I B U T I O N S . 



T H E S C H I L L E R V E L O C I T Y P R O F I L E I S 

V ss V . a C O N S T A N T (19) 

• W I T H I N THE> C E N T R A L C O R E R E G I O N A N D 

V = V . 2 J L J J L 
S U 

(20) 

W I T H I N T H E L A M I N A R B O U N D A R Y L A Y E R I N W H I C H Y I S T H E D I S T A N C E F R O M T H E 

P I P E W A L L ( F I G . U). T H E M E A N V E L O C I T Y V I S 

V = V , 6-Un + N2 

(21) 

I N W H I C H N = S / R Q . T H E B O U N D A R Y S H E A R S T R E S S 7̂  I S 

' O N 

6-un + N* 
7 D (22) 

I N W H I C H JUL I S T H E D Y N A M I C V I S C O S I T Y O F T H E F L U I D . T H E V A L U E S O F O N E -

D I M E N S I O N A L M O M E N T U M A N D K I N E T I C E N E R G Y C O R R E C T I O N C O E F F I C I E N T S A R E 

F U N C T I O N S O N L Y O F T H E V E L O C I T Y P R O F I L E A N D N O T T H E V E L O C I T Y M A G N I T U D E . 

H E N C E , T H E L I N E A R M O M E N T U M C O R R E C T I O N C O E F F I C I E N T A N D T H E K I N E T I C 

E N E R G Y C O R R E C T I O N C O E F F I C I E N T K A R E F U N C T I O N S O F T H E D I M E N S I O N L E S S 

E 

B O U N D A R Y L A Y E R T H I C K N E S S N . 

6 

K -
E 

- i 2 r -

6-hn + n 

6- lm + N2 

15-LIUI + UN2 

15 

IQ0-L52N + U7N' 

mo 

( 2 3 ) 

( 2 A ) 
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U t i l i z i n g the S c h i l l e r v e l o c i t y p r o f i l e s , boundary l a y e r growth 

w i t h time can be determined from expe r imen ta l l y determined p r e s s u r e 

g r a d i e n t - t i m e and v e l o c i t y - t i m e d a t a dur ing flow es t ab l i shmen t* During 

the t ime of flow e s t ab l i shmen t t h e laminar boundary l aye r t h i cknes s i s 

i n c r e a s i n g w i t h time b u t , i n a d d i t i o n , t h e boundary l a y e r t h i c k n e s s i s 

i n c r e a s i n g w i t h i n c r e a s i n g d i s t a n c e from t h e i n l e t . The r e g i o n of 

s p a t i a l l y deve loping l a y e r t h i c k n e s s i s a r e g i o n of dec reas ing shea r 

wi th i n c r e a s i n g d i s t a n c e from the i n l e t i n accordance wi th Eq. (22). 

This r eg ion i s a l s o a r eg ion of i n c r e a s i n g va lues of w i t h i n c r e a s i n g 

d i s t a n c e from t h e i n l e t i n accordance w i t h Eq. (23)• The combined e f f e c t 

of t he i n c r e a s i n g va lue of and t h e decreas ing va lue of shea r w i t h 

d i s t a n c e r e s u l t s i n a p r e s s u r e g r a d i e n t w i t h dec reas ing s t eepness w i t h 

i n c r e a s i n g d i s t a n c e from t h e i n l e t . Thus a r e g i o n i n which the p r e s s u r e 

g r a d i e n t i s vary ing i s a r e g i o n of s p a t i a l l y developing boundary l a y e r 

t h i c k n e s s and converse ly a r eg ion i n which the p res su re g r a d i e n t i s 

c o n s t a n t i s a r eg ion of c o n s t a n t boundary l a y e r t h i c k n e s s . There fo re , 

i n a r eg ion of cons t an t p r e s s u r e g r a d i e n t , the value of ^ K m / 2 x w i l l 

be z e r o . Consider ing only such a reg ion and i n t r o d u c i n g Eq. (22) i n 

Eq. ( 1 8 ) , i t fol lows t h a t 

V 6 
n _6-iui + n _ 

^ (25) d t v o v 

This express ion i s the b a s i s f o r the computation of r e l a t i v e boundary 

l a y e r t h i cknes s from expe r imen ta l l y determined va lues of d p / 3x , V, 

and d V / d t . The a d a p t a t i o n of Eq. (25) f o r computa t ional purposes and t h e 

r e s u l t s of t h i s computation a r e p r e sen t ed i n Chapter 17, EXPERIMENTAL 

RESULTS. 
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V S F ( T , G H 0 , L , D , 7 ) ) 

C H A P T E R I I I 

E X P E R I M E N T A L P R O G R A M 

G E N E R A L D E S C R I P T I O N O F E X P E R I M E N T . — F L O W E S T A B L I S H M E N T I N A S M O O T H P I P E 

A F T E R I N S T A N T A N E O U S O P E N I N G O F A D O W N S T R E A M V A L V E W A S S T U D I E D B Y M E A N S 

O F E X P E R I M E N T A L D E T E R M I N A T I O N O F V E L O C I T Y A N D P R E S S U R E A S F U N C T I O N S O F 

T I M E . D U R I N G T H E T I M E O F F L O W E S T A B L I S H M E N T , A M O T I O N P I C T U R E W A S T A K E N 

O F T H E J E T I S S U I N G F R O M T H E P I P E O U T L E T . F R O M T H I S F I L M , T H E V A R I A T I O N S 

O F V E L O C I T Y W I T H T I M E W E R E D E T E R M I N E D . C O N T I N U O U S P R E S S U R E - T I M E M E A S U R E 

M E N T S W E R E S I M U L T A N E O U S L Y T A K E N A T D I F F E R E N T P O I N T S A L O N G T H E P I P E . T H E 

P R E S S U R E - T I M E M E A S U R E M E N T S A R E T O B E U S E D P R I M A R I L Y I N T H E I N V E S T I G A T I O N 

O F S H E A R D U R I N G F L O W E S T A B L I S H M E N T , B U T A V E R Y I M P O R T A N T S E C O N D A R Y U S E 

O F T H E S E R E C O R D S I S I N T H E S T U D Y O F T H E T R A N S I T I O N F R O M L A M I N A R T O T U R 

B U L E N T F L O W . P R E S S U R E - T I M E D A T A A R E T O B E P R E S E N T E D I N P A R T I I I O F T H I S 

S T U D Y . 

T H E D I F F E R E N T V A R I A B L E S I N V O L V E D I N T H I S P R O B L E M ( F I G . 2 ) M A Y B E 

D I V I D E D I N T O T H R E E C A T E G O R I E S : F L O W , G E O M E T R Y , A N D F L U I D P R O P E R T I E S . 

T H E F L O W V A R I A B L E S A R E S V , T H E M E A N V E L O C I T Y ; T , T H E E L A P S E D T I M E F R O M 

V A L V E O P E N I N G ; A N D G H Q , T H E P O T E N T I A L E N E R G Y P E R U N I T M A S S O F T H E F L U I D . 

T H E G E O M E T R I C V A R I A B L E S A R E : L , T H E P I P E L E N G T H ; D , T H E P I P E D I A M E T E R ; 

A N D A L S O T H E R O U N D E D I N L E T , A N D T H E S M O O T H P I P E . T H E F L U I D P R O P E R T Y 

V A R I A B L E I S X ) , T H E K I N E M A T I C V I S C O S I T Y O F T H E F L U I D . T H U S , 
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in which V is the dependent variable and all others are independent. 
Utilizing dimensional analysis, this functionality may be written in 
dimensionless terms as 

s 
- f t L ghoD' 

The selection of these particular forms of the dimensionless parameters 
is indicated by their appearance in the one-dimensional solutions, Eqs. 
( 10 ) and ( 1 3 ) . 

The procedure for experimentation was based upon a systematic 
variation of the above dimensionless parameters. The length parameter, 
L/D, was varied from approximately 95 to approximately U75 in four equal 
increments. For each value of L/D, the head parameter, ghQD3/L-02, was 
systematically varied from the value of 6 x 10̂  to 30 x 10̂  in four 
equal increments. Since V/->/2gh0 is a continuous function of t \J$T0/L 

and since this continuous function was determined in each run, no special 
measures were required to obtain a systematic variation of the independent 
variable t \ / $ i 0 / ± , . Thus the entire study consisted of 25 runs. A complete 
tabulation of these runs is presented in Table I, APPEM)IX. 
Detailed description of equipment.—Figure 6 is a photograph showing an 
overall view of the equipment used in this study. The description of the 
equipment components is presented from the upstream section to the down
stream. 

The reservoir (A, Fig. 6 ) was a 575-gallon cylindrical steel tank 
with a diameter of l\2 inches. Due to space limitations, a water-stand-



Figure 6. General arrangement of equipment . 
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p i p e a i r r e g u l a t o r was used t o o b t a i n h i g h heads o f w a t e r w i t h o u t e x 

c e s s i v e r e s e r v o i r h e i g h t ( F i g . 7 ) . The t a n k was s e a l e d and compressed 

a i r was i n t r o d u c e d i n t o t h e r e s e r v o i r i n t h e space above t h e w a t e r l e v e l . 

The f l o w o f a i r was c o n t r o l l e d b y a n e e d l e v a l v e ( F i g , 7 and K, F i g . 6 ) 

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

a i r p r e s s u r e s r e q u i r e d . As l o n g as a s m a l l s t r e a m o f a i r b u b b l e d f r o m 

t h e submerged a i r l i n e , t h e a i r p r e s s u r e was p r a c t i c a l l y c o n s t a n t 

t h r o u g h o u t t h e s y s t e m and was e q u a l t o t h e h e i g h t o f w a t e r i n t h e s t a n d -

p i p e . 

The w a t e r l e v e l i n t h e r e s e r v o i r was k e p t n e a r l y c o n s t a n t b y t h e 

use o f t h e g l a s s - t u b e d w a t e r l e v e l i n d i c a t o r ( E , F i g . 6 ) . The w a t e r 

t e m p e r a t u r e was o b t a i n e d b y a m e r c u r y t h e r m o m e t e r ( F , F i g . 6 ) l o c a t e d 

i n t h e s i d e o f t h e r e s e r v o i r . The t h e r m o m e t e r had a r a n g e o f 0 ° t o 3>0° 

c e n t i g r a d e w i t h g r a d u a t i o n s o f 0 . 1 ° c e n t i g r a d e . 

The t o t a l head was measured b y means o f a w a t e r - m e r c u r y d i f f e r e n 

t i a l manometer ( G , F i g . 6 ) . The c e n t e r l i n e o f t h e p i p e was used as t h e 

manometer r e f e r e n c e b a s e , w h i c h was o b t a i n e d b y c o n n e c t i n g t h e manometer 

t o t h e w e l l ( C , F i g . 6 ) . The w a t e r l e v e l i n t h i s w e l l ( C , F i g . 6 ) was 

e s t a b l i s h 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 w i t h t h e a i d o f t h e hook gage 

i n t h e w e l l . Two manometers w e r e used d u r i n g t h e t e s t s . The s m a l l 

manomete r , w i t h v e r n i e r d i v i s i o n s o f 0 . 0 0 1 i n c h , was emp loyed f o r heads 

l e s s t h a n t w e l v e f e e t . The l a r g e manomete r , w i t h v e r n i e r d i v i s i o n s o f 

0 . 0 0 1 f o o t , was emp loyed f o r heads g r e a t e r t h a n t w e l v e f e e t . Thus t h e 

maximum e r r o r i n t h e r e a d i n g s was l e s s t h a n ± 0 . 1 5 p e r c e n t . 

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

s e c t i o n s o f e x t r a - h e a v y smoo th b r a s s p i p e we re used ( T a b l e H , APPENDIX) . 
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Each end of each p ipe s e c t i o n was m i l l e d on a l a t h e t o f i t i n t o the 

c a r e f u l l y machined brass s leeve c o u p l i n g wh ich assured a x i a l a l i gnmen t . 

Mic rometer measurements o f the i n s i d e d iameter o f each end of each p ipe 

showed the d iameter t o be 0.5UU - 0.0005 i n c h e s . The p ipes proved t o 

be u n i f o r m when checked by the method o f w a t e r - w e i g h t and volume-enclosed 

f o r each p ipe s e c t i o n . The p ipes were suppor ted by c lamping i n a d j u s t 

ab le wooden b racke ts w h i c h , i n t u r n , were b o l t e d t o heavy-base s t a n d s . 

The rounded p ipe i n l e t was made of machined brass w i t h the i n l e t 

r ad ius o f roundness equal t o 1.13 p ipe d i a m e t e r s . The i n l e t was a t tached 

t o the f i r s t p i p e s e c t i o n by a s l i p - f i t o f c lose t o l e r a n c e s i m i l a r l y t o 

the s leeve c o u p l i n g . The i n l e t was f i t t e d t o p ipe n o . 1 and was c a r e 

f u l l y scraped w i t h a sharp k n i f e t o i n s u r e c o n t i n u i t y a t the j u n c t i o n o f 

p ipe w a l l and i n l e t . S l i g h t l y upstream f r o m the tangent p o i n t of i n l e t 

roundness, a band o f sand roughness app rox ima te l y l / 8 - i n c h wide was 

p laced around the i n l e t mouth . The sand g r a d a t i o n used was t h a t wh ich 

passed t he No. 100 screen b u t was r e t a i n e d on the No. 200 s c r e e n . 

Th is exper imen ta l s tudy r e q u i r e d t h a t a downstream va l ve be 

r a p i d l y opened w i t h o u t d e c e l e r a t i n g or a c c e l e r a t i n g the oncoming f l o w . 

The type of va l ve se lec ted f o r t h i s s tudy was a f l a t aluminum d i s k faced 

w i t h a smooth p iece of hard - rubber gasket m a t e r i a l . The d i s k va l ve was 

l o c a t e d a t the end of the downstream pipe s e c t i o n , f i t t i n g f l u s h t o the 

p ipe end . The va l ve opening mechanism was a s imp ly supported r o t a t i n g 

arm a c t i v a t e d b y sp r i ngs (D, F i g . 6 ) . The d i s k va lve was coupled t o the 

r o t a t i n g arm by means o f a b a l l and socket c o n n e c t i o n . The p r imary or 

a c c e l e r a t i n g s p r i n g produced enough f o r c e t o g i ve the d i s k va l ve a 



g r e a t e r a c c e l e r a t i o n than was t o be encountered by the f l u i d i n t h e 

proposed t e s t s . The secondary or r e s i s t i n g sp r ing was s t rong enough 

t o overcome the pr imary s p r i n g fo rce p lu s the fo rce due to t h e wa t e r 

p r e s s u r e . Rapid va lve opening was accomplished w i t h i n t h e def ined 

meaning by r e l e a s e of t he secondary s p r i n g . 

The coord ina te frame ( J , F i g , 6 ) provided suppor t f o r t he 

v a l v e , t h e g r i d s c a l e s , t he c lock , and the l i g h t source for pho to 

graphing the j e t . The coord ina te frame c o n s i s t e d of two p a r a l l e l 

53 -by 66 - i n c h a n g l e - i r o n f rames, r i g i d l y connected and having fou r 

e l e v a t i n g screws i n i t s b a s e . The back frame was covered wi th a one-

h a l f inch plywood board on which the bank of f l u o r e s c e n t back l i g h t s 

was mounted. The bank of l i g h t s c o n s i s t e d of t e n UO-watt U8- inch 

(Standard Cool Whi te , Rapid S t a r t ) f l u o r e s c e n t lamp tubes p laced 

v e r t i c a l l y and spaced a t s i x inches on c e n t e r . The f r o n t frame v/as 

covered w i t h a s h e e t of one -qua r t e r inch t h i c k c l e a r p l a s t i c . Immedi

a t e l y behind t h i s p l a s t i c shee t a p i e c e of whi t e co t ton c l o t h was 

smoothly s t r e t c h e d i n order t o evenly d i f fu se the t r a n s m i t t e d l i g h t . 

The h o r i z o n t a l and v e r t i c a l coo rd ina t e g r i d s c a l e s were p l a s t i c s t r i p s 

which could be independent ly a l i gned i n the p lane of t h e j e t . 

The c lock c o n s i s t e d of a 115 v o l t AC synchronous speed motor t o 

which was a t t a c h e d a me ta l hand. The motor speed was c o n s t a n t a t 300 

r e v o l u t i o n s per n i n u t e . The c lock face was marked w i t h twenty d i v i s i o n s 

Thus the c lock hand passed a d i v i s i o n i n 0 , 0 1 s econd . 

The j e t was recorded by means of a 35 ram motion p i c t u r e camera. 

The exposure t ime fo r each frame was 0,0015 second. The camera was run 
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a t a speed o f approx imate ly 3 6 frames p e r second. The camera was 

p o s i t i o n e d w i t h t he a x i s of t he lens pe rpend icu la r t o t he p lane o f 

the j e t . The camera was centered on the coord ina te f rame, and the 

lens was found t o be f r e e o f excessive d i s t o r t i o n by examinat ion o f 

photographs of the h o r i z o n t a l and v e r t i c a l s c a l e s . 

I n order t o o b t a i n p ressure measurements a t d i f f e r e n t p o i n t s 

a long the p i p e , p iezometer holes were l oca ted a t the downstream end o f 

each p ipe s e c t i o n . Four p iezometer ho les were d r i l l e d on or thogona l 

d iameters w i t h a No, d r i l l . These p iezometer holes were l oca ted 

one -ha l f i n c h upstream f rom the downstream end of each p ipe s e c t i o n . 

The ho les were r i g i d l y i n s p e c t e d , and b u r r s caused by d r i l l i n g were 

c a r e f u l l y scraped away w i t h a sharp k n i f e . A se r i es of s teady - f l ow 

t e s t s was made w i t h the p ipe sec t i ons j o i n e d i n order t o check the 

geometr ic accuracy o f bo th p iezometers and p i p e . The p iezomet r i c 

head g r a d i e n t s determined by these t e s t s showed d e v i a t i o n s no t g r e a t e r 

t han one per cent f rom the B l a s i u s smooth p i p e data p L l y i I n d i v i d u a l 

pressure measurements a t each p iezometer r e s u l t e d i n d e v i a t i o n s f rom 

the B l a s i u s g r a d i e n t no g r e a t e r than 0.7 per cent of the t o t a l head 5 

h o -

The p iezometer r i n g s ( F i g . 8) were cut i n the p ipe s leeve 

c o u p l i n g and were completed by the brass t ransducer c o l l a r . Four 

ho les were d r i l l e d i n the p ipe s leeve t o co i nc i de w i t h the p iezometer 

ho les i n the p ipe s e c t i o n . The t ransducer c o l l a r was s l i p p e d over the 

p ipe s leeve and was sealed i n p lace by two brass pressure p l a t e s and 

t w o - i n c h "0" r i n g s . Two ho les were tapped i n the c o l l a r , a l l o w i n g 
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access t o the p iezometer r i n g . The upper ho le "was used t o b leed a l l a i r 

f rom the r i n g and the lower -was used t o a t t a c h the pressure t r a n s d u c e r s . 

The p ressure measuring dev ices used -were manufactured by C o n s o l i 

da ted Eng ineer ing C o r p o r a t i o n . The dev ices are known as Conso l idated 

p ressure t r a n s d u c e r s , Type i i - 312 , -with a pressure d i f f e r e n t i a l range of 

± 7 .5 pounds pe r square i n c h . The t ransducers were connected t o the 

c o l l a r s by two methods. I n the f i r s t method the t ransducer was d i r e c t l y 

a t tached t o the c o l l a r by means of a p ipe n i p p l e (B , F i g . 6 ) . I n the 

second method a three-way va lve was p laced between the c o l l a r and the 

t r ansduce r ( F i g . 9 ) . A s h o r t s tandpipe was a t tached t o one l e g o f the 

v a l v e . The s tandp ipe wa te r su r face e l e v a t i o n cou ld be ad jus ted t o the 

e l e v a t i o n o f the p i p e c e n t e r l i n e , thus p r o v i d i n g a re fe rence base f o r 

the t ransducer d e f l e c t i o n s . 

I n o rder t o measure p ressure v a r i a t i o n s w i t h t i m e , a Sanborn 

Twin-V iso C a r d i e t t e Recorder, Model 60 , was used t o r e c o r d the t r a n s 

ducer impulses ( H , F i g . 6 ) . I n the ope ra t i on o f t h i s recorder an 

e l e c t r i c a l l y heated s t y l u s i s d e f l e c t e d by a v a r i a b l e magnet ic f o r c e i n 

response t o the e l e c t r i c a l s i g n a l f rom t h e t r a n s d u c e r . The heated s t y l u s 

produces a cont inuous t r a c e on s e n s i t i z e d paper f rom wh ich the pressure 

v a r i a t i o n s can be de te rm ined . The s e n s i t i z e d paper i s a cont inuous 

sheet wh i ch t r a v e l s a t a cons tan t speed. Time measurements are obta ined 

f rom " p i p s " produced by an independen t l y ac tua ted t i m i n g s t y l u s on t h e 

s e n s i t i z e d paper . 

D e t a i l e d d e s c r i p t i o n o f t e c h n i q u e . — I n the preced ing s e c t i o n a d e t a i l e d 

p h y s i c a l d e s c r i p t i o n o f the equipment was p resen ted . I n t h i s s e c t i o n a 



D E T A I L E D D E S C R I P T I O N O F T H E E X P E R I M E N T A L T E C H N I Q U E S I S P R E S E N T E D . 

H O R I Z O N T A L A N D V E R T I C A L A L I G N M E N T O F T H E P I P E M A S A T T A I N E D T O T H E 

N E A R E S T TIRO T H O U S A N D T H O F A F O O T . T H E P I P E C E N T E R L I N E E L E V A T I O N W A S 

E S T A B L I S H E D A N D T R A N S P O S E D T O T H E H O O K G A G E . T H E C O O R D I N A T E F R A M E W A S 

P L A C E D P A R A L L E L T O T H E P I P E A N D I N S U C H A P O S I T I O N T H A T T H E V A L V E A R M 

W A S V E R Y N E A R L Y V E R T I C A L W H E N I N T H E C L O S E D P O S I T I O N . C E N T E R I N G O F 

T H E V A L V E D I S K O N T H E P I P E O U T L E T W A S A C C O M P L I S H E D B Y M E A N S O F T H E 

L E V E L I N G S C R E W S I N T H E C O O R D I N A T E F R A M E B A S E . A F T E R T H E V A L V E W A S 

C E N T E R E D , I T W A S C A R E F U L L Y C L O S E D S O A S T O A V O I D A N Y S H E A R I N G F O R C E 

B E T W E E N T H E V A L V E D I S K A N D T H E E N D O F T H E P I P E . I T W A S O B S E R V E D T H A T 

A S H E A R I N G F O R C E A T T H I S J U N C T I O N C O U L D B E R E S P O N S I B L E F O R U N D E S I R A B L E 

P I P E V I B R A T I O N S A F T E R T H E V A L V E W A S R E L E A S E D . C A R E H A D T O B E T A K E N I N 

C L O S I N G T H E V A L V E A F T E R E A C H R U N I N O R D E R T O A V O I D W A T E R H A M M E R P R E S S U R E S 

W H I C H C O U L D H A V E O V E R S T R E S S E D T H E P R E S S U R E T R A N S D U C E R S • 

T H E C O O R D I N A T E G R I D S C A L E S W E R E T H E N A L I G N E D I N T H E P L A N E O F T H E 

J E T . A P L U M B B O B W A S U S E D T O A L I G N T H E V E R T I C A L S C A L E S O T H A T I T M A R K E D 

T H E E N D O F T H E P I P E . 

T H E M O T I O N P I C T U R E C A M E R A W A S C E N T E R E D O N T H E C O O R D I N A T E F R A M E 

W I T H T H E L E N S A X I S P E R P E N D I C U L A R T O T H E P L A N E O F T H E J E T . A F T E R S E V E R A L 

T R I A L R U N S , A S M A L L A M O U N T O F R E D V E G E T A B L E D Y E W A S I N T R O D U C E D I N T O T H E 

W A T E R A N D A R E D F I L T E R W A S A T T A C H E D T O T H E C A M E R A L E N S . T H I S P R A C T I C E 

R E S U L T E D I N A V E R Y C L E A R P I C T U R E O F T H E J E T . T H E D Y E C O N C E N T R A T I O N W A S 

O N T H E O R D E R O F 0 . 0 3 O F O N E P E R C E N T B Y V O L U M E . T H E A S S U M P T I O N W A S 

M A D E T H A T T H I S L O W C O N C E N T R A T I O N W O U L D N O T C H A N G E T H E P R O P E R T I E S O F 
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The pressure t ransducers were p laced a t the d e s i r e d p o s i t i o n on 

the p ipe and t he p iezometer r i n g s were b l e d o f a l l a i r wh ich might have 

become entrapped i n the p i p e . The r e s e r v o i r was a l l owed to s e t t l e a t 

l e a s t f o u r or f i v e hours a f t e r each d is tu rbance be fo re any runs were 

a t t e m p t e d . Excessive l i n e vo l t age v a r i a t i o n s d u r i n g the day a f f e c t e d 

the p ressure t ransducer records and n e c e s s i t a t e d t h a t runs be taken a t 

n i g h t o r ve ry e a r l y i n the morn ing . The p r a c t i c e g e n e r a l l y f o l l o w e d 

was t o make one r u n per n i g h t . 

Immedia te ly p r i o r t o runn ing a t e s t , t he temperature of the 

wa te r was r e c o r d e d . U t i l i z i n g t h i s temperature the r e q u i r e d head o f 

wa te r was computed i n o rde r t o o b t a i n the des i r ed va lue o f the head 

parameter . The manometer was then re fe renced t o the p i pe c e n t e r l i n e 

f rom the p r o p e r l y ad jus ted water l e v e l i n the hook-gage w e l l . Knowing 

the r e q u i r e d head and t h e r e f o r e t he r e q u i r e d manometer d e f l e c t i o n 5 the 

d e s i r e d manometer read ing was then c a l c u l a t e d . This manometer read ing 

was used t o i n d i c a t e the c o r r e c t head i n t he r e s e r v o i r . 

To produce the d e s i r e d e f f e c t i v e head, a i r f r om a compressed-ai r 

source was admi t ted i n t o the sea led r e s e r v o i r above t h e w a t e r . By a d 

jus tment o f t he wa te r l e v e l i n t he s tandp ipe , the a i r pressure i n the 

r e s e r v o i r cou ld be c o n t r o l l e d . The ope ra t i on o f the wa te r s tandpipe 

a i r p ressure r e g u l a t o r was n o t as expec ted , bu t proved t o be v e r y 

s a t i s f a c t o r y . The expected ope ra t i on ( F i g . 7) was based on the premise 

t h a t as l ong as a i r bubbled f rom the submerged end o f the t u b i n g , the 

p ressure o f the a i r t h roughou t was e q u i v a l e n t t o the h e i g h t o f water i n 

the s t a n d p i p e . This proved t o be erroneous due t o the head losses i n 
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t h e t u b i n g . T h e r e f o r e , t h e a i r p r e s s u r e i n t h e r e s e r v o i r i r a s a f u n c t i o n 

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

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

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

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

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

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

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

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

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

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

T h e w a t e r l e v e l i n t h e r e s e r v o i r w a s k e p t a t a p p r o x i m a t e l y t w e n t y 

i n c h e s a b o v e t h e p i p e c e n t e r l i n e . T h i s d e p t h w a s c h o s e n i n c o n s i d e r a 

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

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

m e n t . N o m a k e - u p w a t e r w a s a d d e d d u r i n g f l o w e s t a b l i s h m e n t . T h e r e s e r 

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

T h e a c c u r a c y o f e a c h c o m p u t e d h e a d p a r a m e t e r gh.^ /"L-O ( T a b l e I , 

A P P E N D I X ) i s o n t h e o r d e r o f ± O . l i p e r c e n t . T h e d e s i r e d h e a d p a r a 

m e t e r v a l u e , t h a t i s , 3 0 x 1 0 ^ , 1 8 x 1 0 ^ , o r 6 x 1 0 ^ , a n d s o f o r t h , w a s 

a t t a i n e d w i t h i n a n a c c u r a c y o f - i 1 . 0 p e r c e n t . 

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

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

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

I n i t i a l l y t h e t r a n s d u c e r s w e r e c a l i b r a t e d a n d t h e i r c a l i b r a t i o n 

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



balanced on the t o t a l head and d e f l e c t i o n s were measured f rom t h a t base

l i n e . The drawback t o t h i s method was the dependence upon the accuracy 

o f the c a l i b r a t i o n c u r v e s . 

F i n a l l y , by means o f a three-way va lve arrangement ( F i g . 9 ) , t he 

use of t h e t ransduce rs was r e f i n e d t o e l i m i n a t e a l l c a l i b r a t i o n c u r v e s . 

The t ransducers were f i r s t balanced us ing the p i p e c e n t e r l i n e re fe rence 

base . The th ree-way va lve was swi tched so as t o a l l ow the t ransduce r 

t o r ece i ve t he pressure i n t h e p i p e . The o s c i l l o g r a p h was ad jus ted t o 

a l l o w t h e maximum d e f l e c t i o n o f t he r e c o r d i n g s t y l u s . Thus was recorded 

a d e f l e c t i o n f o r each measured head, and subsequent d e f l e c t i o n s cou ld be 

compared w i t h the i n i t i a l d e f l e c t i o n . 

The downstream va lve arrangement, as has been exp la ined i n the 

p rev ious s e c t i o n , r e q u i r e d r a p i d re lease of the secondary s p r i n g . This 

r a p i d re lease was ob ta ined by two methods. The f i r s t method r e q u i r e d 

t h e re lease o f t he secondary s p r i n g by q u i c k l y d isengag ing a hook arrange

ment . The hook was a t t ached t o t h e end of t h e secondary s p r i n g and was 

hooked over a sma l l p i n l oca ted i n the r o t a t i n g arm (D, F i g . 6 ) . This 

r e l e a s i n g p rocedure , a l though p roduc ing a s a t i s f a c t o r y va l ve a c t i o n , 

was deemed t o o s u s c e p t i b l e t o v a r i a t i o n s i n opera to r techn ique and was 

rep laced by a second method. This second method c o n s i s t e d o f a h o r i 

z o n t a l secondary s p r i n g ( i n p l a c e , b u t unextended a t D, F i g . 6) wh ich 

was extended and secured b y a s i n g l e w i r e s t r a n d t o the va l ve a rm. 

Sharp w i r e c u t t e r s were t h e n used t o cu t the w i r e s t rand and re lease 

t h e secondary s p r i n g . 

Du r i ng a r u n the procedure f o l l o w e d was t o balance the t r a n s 

duce rs , s t a r t t h e o s c i l l o g r a p h r e c o r d i n g mechanism, read the manometer, 
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allow t h e camera t o a t t a i n i t s o p e r a t i n g speed , and qu i ck ly open t h e 

v a l v e . The run was completed when t h e j e t became t u r b u l e n t and s t e a d y . 
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I N T H E P R E C E D I N G C H A P T E R A D E T A I L E D D E S C R I P T I O N O F T H E E X P E R I 

M E N T A L E Q U I P M E N T A N D E X P E R I M E N T A L T E C H N I Q U E "WAS P R E S E N T E D . I N T H I S 

C H A P T E R A D E T A I L E D S T A T E M E N T O F T H E R E S U L T S O F T H I S S T U D Y I S P R E S E N T E D . 

D E T E R M I N A T I O N O F V E L O C I T Y . — T H E D I R E C T E X P E R I M E N T A L D A T A C O N S I S T E D O F A 

S E R I E S O F M O T I O N P I C T U R E F I L M S T R I P S O F T H E J E T W H I C H I S S U E D F R O M T H E 

P I P E . T W O A S S U M P T I O N S W E R E U T I L I Z E D I N O R D E R T O D E T E R M I N E V E L O C I T Y F R O M 

T H E P H O T O G R A P H I C A L L Y R E C O R D E D J E T . F I R S T , A I R R E S I S T A N C E W A S N E G L I G I B L E . 

S E C O N D , T H E J E T W A S C O N S I D E R E D T O B E A S U C C E S S I O N O F F L U I D M A S S E S C O M 

P R I S E D O F I N D I V I D U A L F L U I D P A R T I C L E S E A C H H A V I N G T H E V E L O C I T Y C H A R A C T E R I S 

T I C S O F T H I S L A R G E R G R O U P . I F T H E V E L O C I T Y C H A R A C T E R I S T I C S O F T H E I N D I 

V I D U A L P A R T I C L E S O F A F L U I D M A S S A R E I D E N T I C A L , T H E M O T I O N C A N B E C O M 

P L E T E L Y D E S C R I B E D B Y T H E M O T I O N O F T H E M A S S C E N T E R O F T H A T F L U I D M A S S . 

U T I L I Z I N G T H E T W O P R E C E D I N G A S S U M P T I O N S , A J E T D I S C H A R G I N G F R E E L Y 

I N T O T H E A T M O S P H E R E I S A C T E D O N B Y T H E A C C E L E R A T I O N O F G R A V I T Y A L O N E . 

F I G U R E 1 0 I S A S C H E M A T I C S K E T C H O F T H E J E T T R A J E C T O R Y O F S U C H A J E T . 

T H E I N I T I A L H O R I Z O N T A L C O M P O N E N T O F T H E V E L O C I T Y M U S T N E C E S S A R I L Y R E M A I N 

T H E S A M E T H R O U G H O U T T H E F R E E F A L L . I F T H E P I P E I S H O R I Z O N T A L , T H E N T H E 

H O R I Z O N T A L V E L O C I T Y C O M P O N E N T O F T H E P A R T I C L E W I L L R E P R E S E N T T H E F L U I D 

V E L O C I T Y W H E N T H E P A R T I C L E W A S A T T H E O U T L E T . 



F i g . 1 0 . J e t t r a j e c t o r y 

From a f r e e f a l l i n g body w i t h no r e s i s t a n c e s , 

7 - ^ (26) 

where g i s t h e a c c e l e r a t i o n of g r a v i t y , t f i s the t ime elapsed s ince t he 

p a r t i c l e l e f t t h e p ipe o u t l e t , and y i s the v e r t i c a l d i s tance the p a r t i c l e 

has f a l l e n . From Eq . (26) 

t ' 

Again assuming no r e s i s t a n c e s , 

x = V 0 t * (28) 

where YQ i s the h o r i z o n t a l component of the v e l o c i t y o f the p a r t i c l e a t 

any p o i n t i n the j e t and x i s the h o r i z o n t a l d i s tance t r a v e l e d i n t ime 

t f . Thus by us ing Eqs . (27) and (28) w i t h t h e j e t coord ina tes of the 

f r e e l y f a l l i n g p a r t i c l e , one can o b t a i n the i n i t i a l h o r i z o n t a l v e l o c i t y 

and a l s o the t i n e wh ich has e lapsed s ince the p a r t i c l e l e f t the p ipe 

o u t l e t . I f t h e r e i s an a r b i t r a r y t ime T a t wh ich the p a r t i c l e P i s a t 
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the p o s i t i o n ( x , 7 ) , t hen the a r b i t r a r y t ime a t which the p a r t i c l e P w i t h 

v e l o c i t y VQ was a t t h e p ipe o u t l e t i s T minus t 1 . 

The 35-mm f i l m s t r i p was used t o o b t a i n the v e l o c i t y - t i m e r e l a t i o n 

s h i p . The t i m i n g c l o c k i s p i c t u r e d i n a l l frames o f the f i l m s t r i p . Hence 

the t ime i n t e r v a l T between the f i l m s t r i p frame and the va lve opening 

cou ld be determined f rom the c l o c k read ing as recorded on t h a t f rame. 

I n o rder t o a c c u r a t e l y measure the observed v e l o c i t i e s V 1 , each 

f i l m s t r i p was p r o j e c t e d onto a screen marked w i t h a g r i d sys tem. The 

p r o j e c t o r was ad jus ted t o a l i g n t h e image v e r t i c a l l y and h o r i z o n t a l l y on 

the g r i d and t o i n s u r e the absence of sca le d i s t o r t i o n s • The coord ina te 

measurements were then taken f rom t h e p r o j e c t e d image. The h o r i z o n t a l 

and v e r t i c a l d i s tances were measured f rom the end o f the p i pe and the 

p ipe c e n t e r l i n e r e s p e c t i v e l y . The t ime t 1 o f v e r t i c a l f a l l was c a l c u 

l a t e d f rom the v e r t i c a l measurement b y means o f Eq . ( 2 7 ) • W i t h t h i s t i m e 

and the measured h o r i z o n t a l d i s t a n c e x , t h e observed v e l o c i t y o f the f l u i d 

when l e a v i n g t h e p ipe was computed by means o f Eq . ( 2 8 ) . The frame t ime 

T was recorded f o r each p a r t i c l e so measured. This frame t ime minus the 

t ime o f p a r t i c l e f a l l i s the t ime i n t e r v a l t f rom the t ime o f va lve open

i n g t o t he t ime a t wh ich t h e measured p a r t i c l e was a t the p ipe o u t l e t . 

F igu re 11 i s a s e r i e s o f frames se lec ted f rom the f i l m o f Run 2 9 . 

The frames were se lec ted t o i l l u s t r a t e the sequence of events i n j e t 

development. The t imes g i ven are frame t imes T . F igu re 11 (a ) i s an 

i l l u s t r a t i o n of a good va l ve open ing . The f i r s t p a r t i c l e o f laminar f l o w 

f e l l a lmost s t r a i g h t down, approaching an observed v e l o c i t y of z e r o . The 

p e c u l i a r cu rva tu re o f the laminar j e t i n F i g . 11 (b) and ( c ) i s exp la ined 
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by no t ing t h a t t h e s e a r e s t r e a k l i n e s as d i f f e r e n t i a t e d from p a t h l i n e s . 

On F i g . 1 1 (d) i s shown laminar flow approaching t h e s t eady s t a t e . F igure 

11 (e) i s an i l l u s t r a t i o n of the abrupt t r a n s i t i o n from laminar t o t u r b u 

l e n t f low. F lu id on t h e r i g h t i s i n the laminar s t a t e -while t h a t on t h e 

l e f t i s i n t h e t u r b u l e n t s t a t e . The s t e a d y t u r b u l e n t s t a t e i s shown on 

F i g . 1 1 ( f ) . This t r a j e c t o r y r e p r e s e n t s bo th a s t r e a k l i n e and a p a t h 

l i n e s ince the flow i s s t e a d y . 

I t i s apparen t from F i g . 1 1 t h a t an i n f i n i t e number of observed 

v e l o c i t i e s may be obta ined from each f i lm s t r i p . The techn ique g e n e r a l l y 

fol lowed was t o e v a l u a t e only the one p o i n t of each frame a t a y of 2.5>0 
f e e t . At t h e t r a n s i t i o n between laminar and t u r b u l e n t flow many p o i n t s 

were eva lua ted t o i n s u r e proper d e f i n i t i o n of t he t r a n s i t i o n . 

On F i g s . 12 through 16 a r e p re sen ted t he observed v e l o c i t y - t i m e 

r e l a t i o n s h i p s as determined i n the manner ou t l i ned above . As a check on 

t he accuracy of t h i s method of de te rmin ing v e l o c i t y , a s t e a d y flow t e s t 

was made. The weight - t ime de t e rmina t ion of t h e d i scharge was made b o t h 

before and a f t e r photographing the s t eady flow j e t . The v e l o c i t i e s d e t e r 

mined by means of t h e j e t photographs were 1$ g r e a t e r than by means of 

t h e we igh t - t ime measurement. The h igher va lue determined from the pho to 

graphs was an i n d i c a t i o n t h a t t h e a i r r e s i s t a n c e on the j e t i s n e g l i g i b l e . 

An a d d i t i o n a l check of the assumption of n e g l i g i b l e a i r r e s i s t a n c e 

was made by de termining the observed v e l o c i t y of the same p a r t i c l e a t 

d i f f e r e n t va lues of t h e v e r t i c a l d i s t a n c e y . I f a i r r e s i s t a n c e were 

n e g l i g i b l e , t h e observed v e l o c i t y would be c o n s t a n t i r r e s p e c t i v e of t h e 

va lue of y . These observed v e l o c i t i e s were p r a c t i c a l l y i d e n t i c a l whether 
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F i g u r e 13 . O b s e r v e d v e l o c i t y - t i m e d a t a w i t h g h J D ^ / L i ^ = 24 x 10^. 



Figure 14. Observed v e l o c i t y - t i m e d a t a wi th ^.Jp/Jj^ = 18 x 10^. 
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Figure 15. Observed v e l o c i t y - t i m e da ta w i t h giJP/Lv2 = 12 x 1 0 6 . 



Figure 16. Observed v e l o c i t y - t i m e d a t a w i t h gh o rP /Lz^ = 6 x 10^. 



c o m p u t e d a t a v e r t i c a l d i s t a n c e y o f 2.50 f e e t o r 0.50 f o o t . O n t h e b a s i s 

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

T h e a s s u m p t i o n t h a t t h e j e t c a n b e v i s u a l i z e d a s a s e r i e s o f i n 

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

o f f l u i d i n t h e j e t . F i g u r e 1 1 s h o w s t h i s p h e n o m e n o n t o a m a r k e d d e g r e e . 

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

a l a t e r a l t r a n s f e r o f l i n e a r m o m e n t u m m u s t t a k e p l a c e . A s t h e j e t l e a v e s 

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

j e t a s a r e s u l t o f t h e r a d i a l v a r i a t i o n o f t h e v e l o c i t y . T h i s r a d i a l 

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

o r i g i n a t e a t t h e p i p e w a l l . T h e i n t e r n a l s h e a r s t r e s s i s d i r e c t l y 

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

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

t h e e l e m e n t a l s l u g o f t h e j e t . T h e r e s t i l l e x i s t s , h o w e v e r , a v e l o c i t y 

g r a d i e n t w h i c h r e s u l t s i n i n t e r n a l s h e a r s t r e s s e s . T h e s e i n t e r n a l s h e a r 

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

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

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

l i n e a r m o m e n t u m . T h u s t h e e l e m e n t a l s l u g o f t h e j e t w i l l b e c o m e a m a s s 

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

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

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

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

2.̂ 0 f e e t o r 0.50 f o o t , t h e l i n e a r m o m e n t u m t r a n s f e r a p p a r e n t l y i s q u i t e 

r a p i d , a n d i s c o m p l e t e d b e f o r e r e a c h i n g t h e v e r t i c a l d i s t a n c e y o f 0.50 
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foot. Incomplete momentum transfer with jet separation is discussed in detail in a later section, A detailed discussion of the effect of velocity distribution on the relationship between mean velocity V and observed velocity Vf is given in the following section. 
Corrections of observed velocity-time curves,—A non-uniform velocity dis
tribution in the jet at the pipe outlet will have an effect on the geo
metry of the jet downstream from the outlet. The relationship between 
the observed velocity of the jet and the mean velocity in the pipe can 
readily be evaluated from the principles of conservation of momentum. 
The assumptions which were previously made are (l) that at the point of 
measurement all fluid particles have the same velocity, (2) that the 
only external force on the jet is gravity, and (3) that the pipe is 
horizontal at the outlet. The mass of fluid under consideration is 
in which # is the volume of the fluid segment being considered. 

The linear momentum in the horizontal direction of this mass at the 
point of measurement is p-W*. The mass of fluid constituting this 
segment was ejected at the pipe outlet in an interval of time At. Thus 

A 
in which A is the total cross sectional area of the pipe outlet, V is 
the mean velocity of flow at the pipe outlet, and v is the point velocity 
of the differential area dA, Since no horizontal external forces act on 
the jet, the horizontal linear momentum is constant. Hence 

(2?) 

A (30) At 
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Multiplying and dividing the right side of Eq, (30) by V2 and employing Eq. (29), Eq. (30) reduces to 

V , V f Ml dA (31) 
J (v)2 

But I fA ill! dA . K (32) A J (V)2 ^ •where K is the momentum correction factor. Substituting Eq. (32) in m 
Eq. (31) and rearranging results in 
or 

V s (33) 
f2ghn = — 1 Thus it is imperative that the velocity distribution at the pipe outlet be known. Correction of the observed velocities T /s/2gh ]

Q to give the 
mean velocities V/\/2gh0 would otherwise be impossible. The problem of velocity distribution in a pipe has been extensively studied for steady flow conditions, both laminar and turbulent. Prandtl [lu*] has developed an expression for the turbulent velocity distribution using the Blasius resistance law [llj for turbulent flow in smooth pipes as found by experiment. The expression is known as the seventh-root law of turbulent velocity distribution 

v max r 1/7 o j 
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Fig. 17. Schematic drawing of an observed 
velocity-time curve. 

in which y is the distance from the pipe wal l , r Q is the radius of the 

pipe, v is the point velocity at y, and v^^ is the maximum point 

velocity. With the velocity distribution of Eq. (3u), has the value 

of 1.02 and KQ has the value of 1.06. This expression is valid for 

steady turbulent flow in smooth pipes with Reynolds numbers below 

100^000. The assumption is made that the values of 1^ and Kg have the 

same value for unsteady turbulent flow in smooth pipes as for steady 

flow. The maximum Reynolds number attained in this experimental study 

was 50,800. 

The assumption of the velocity distribution in laminar flow has 

been previously stated in Chapter TT. The value of K is presented in 
in 

Eq. (23) as a function of the relative boundary layer thickness n, Due 

to the complexities of determining n from a purely theoretical stand

point, the writer w i l l now present three methods of determining n using 

empirical results. 

Method I is the most accurate method for obtaining n since in this 

method the temporal and spatial variation of n does not affect the result. 

But, with this method only one value of n can be deteimined per run. The 

observed velocity-time curves of Figs. 12 through 16 inclusive are used 

for this method and are represented by Fig. 17 below. 



T H E B A S I S F O R T H I S M E T H O D I S T H E F A C T T H A T A T T H E T R A N S I T I O N B E T W E E N 

L A M I N A R A N D T U R B U L E N T F L O W , T H E M E A N V E L O C I T Y I S E S S E N T I A L L Y C O N S T A N T . 

T H E T I M E O F T H E T R A N S I T I O N I S A P P R O X I M A T E L Y A T T H E F I R S T A B R U P T B R E A K 

I N T H E L A M I N A R P O R T I O N O F T H E C U R V E . T H I S I S B A S E D O N R E S U L T S O F T H E 

P R E S S U R E - T I M E S T U D Y . T H E R E F O R E , B Y E X T R A P O L A T I N G T H E T U R B U L E N T P O R T I O N 

O F T H E C U R V E B A C K T O T H E T I M E O F T R A N S I T I O N , T H E D I F F E R E N T V A L U E S O F 

M A Y B E O B T A I N E D . S I N C E ^ F O R T U R B U L E N T F L O W I S A S S U M E D A 

C O N S T A N T 1 . 0 2 , T H E N , A T T H E T I M E O F T H E T R A N S I T I O N , 

( i g L - 1 . 0 2 . v 0 0 5 ) 

S I N C E ( K ) I S A F U N C T I O N O F N , T H E V A L U E O F N M A Y B E I N D I R E C T L Y D E T E R -
M X i 

M I N E D . T H E R E S U L T S O F M E T H O D I A R E P R E S E N T E D I N T A B L E I I I O F T H E A P P E N D I X „ 

M E T H O D I T E M P L O Y S B O T H T H E O B S E R V E D V E L O C I T Y C U R V E S S H O W N I N F I G S . 

1 2 T H R O U G H 1 6 A N D T H E P R E S S U R E D A T A O F T H I S S T U D Y . T H I S M E T H O D E M P L O Y S 

T H E S H A R P R I S E I N P R E S S U R E R E C O R D E D W H E N T H E I N T E R F A C E B E T W E E N L A M I N A R 

A N D T U R B U L E N T F L O W P A S S E S A P I E Z O M E T E R ( F I G . 1 8 ) . A S T H E F L O W P R O G R E S S E S 

I N T H E P I P E , T H E T R A N S I T I O N F R O M L A M I N A R T O T U R B U L E N T F L O W P A S S E S A 

P I E Z O M E T E R A T A T I M E T \ ^ H ^ / L . A T T H A T T I M E A S H A R P P R E S S U R E R I S E I S 

N O T E D O N T H E P R E S S U R E - T I M E C U R V E . S I N C E T H E T O T A L E N E R G Y L E V E L A T T H I S 

I N S T A N T I S E S S E N T I A L L Y C O N S T A N T T O T H E L E F T A N D T O T H E R I G H T O F T H E 

L A M I N A R - T U R B U L E N T I N T E R F A C E , T H E D I F F E R E N C E I N P R E S S U R E M U S T B E D U E T O 

T H E D I F F E R E N C E I N K I N E T I C E N E R G I E S O F T H E T W O F L O W R E G I M E S . K . F O R 

E 

T H E P R E S S U R E D A T A O F T H I S S T U D Y I S P R E S E N T E D I N P A R T S I I A N D 

I I I . 
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• Tota/ head line 

I.OS yz/2g 
Ke VZ/2S 

Ah 
Ke VZ/2S 

La mi nor 

F i g . 18. S c h e m a t i c d i a g r a m of t r a n s i t i o n a l p r e s s u r e change 
-

t u r b u l e n t f low i s assumed c o n s t a n t a t 1,06. T h e r e f o r e 

V* , J V2 V 2 ( 0 6 ) 

A h - ^ ^ - 1.06 
2g " 21 

where Ah i s t h e c h a n g e i n p i e z o m e t r i c h e a d . D i v i d i n g E q . (36) by h Q 

and u t i l i z i n g E q . (33) l e a v e s 

(36) 

(K ) ' (37) 
S i n c e and KQ a r e b o t h f u n c t i o n s of n , t h e a s s u m p t i o n i s made t h a t t h e 

b o u n d a r y l a y e r t h i c k n e s s i s t h e same a t t h e p i p e o u t l e t a s a t t h e p o i n t 

of p r e s s u r e m e a s u r e m e n t . T h i s a s s u m p t i o n i s n e c e s s a r y t o a l l o w t h e 

f o l l o w i n g s t e p t o be t a k e n . Thus 
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A H / H K -1.06 
O E 

V ,/72IHO K 
m 

(38) 

T H E R I G H T S I D E O F E Q . (38) I S A F U N C T I O N O F N A L O N E . T H E L E F T S I D E MAY

B E D E T E R M I N E D F R O M T H E E X P E R I M E N T A L D A T A . T H U S T H E V A L U E O F N -WAS D E T E R 
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The l e f t s i d e of E q , (uO) i s a f u n c t i o n of n a l o n e . The r i g h t s i d e c a n 

0 d ( T S / I R o / L ) 

s t i t u t e d i n E q , (UO). T h u s , w i t h t h e o t h e r c o n s t a n t s of t h e r u n , t h e 

f u n c t i o n of n c o u l d be computed , w h i c h i n d i r e c t l y gave a v a l u e of n . 

R e p e a t i n g t h i s p r o c e d u r e f o r v a r i o u s v a l u e s of t s / g h ^ L d e f i n e d t h e 

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

was compared w i t h t h e assumed r e l a t i o n and a d j u s t m e n t s were made where 

n e c e s s a r y . The r e s u l t s o f Method I I I a r e p r e s e n t e d i n T a b l e I 1 T of t h e 

APPENDIX. 

The f i n a l mean v e l o c i t y - t i m e c u r v e s a r e shown on F i g s . 1 9 t h r o u g h 

2 3 . The f i n a l mean v e l o c i t y - t i m e c u r v e s a r e b e l i e v e d t o be w i t h i n th 

p e r c e n t of t h e t r u e v a l u e s . These c u r v e s a r e p l o t t e d a t a c o n s t a n t l e v e l 

b e d e t e r m i n e d from e x p e r i m e n t a l d a t a . W i t h i n t h e b r a c k e t s on t h e r i g h t 

s i d e of E q , (UO) i s , f i r s t , t h e s l o p e of t h e d i m e n s i o n l e s s p i e z o m e t r i c 

g r a d e l i n e a n d , s e c o n d , a t e r m c o n t a i n i n g t h e d i m e n s i o n l e s s a c c e l e r a t i o n 
d ( V / N / 2 G F ) 
—; , . • of t h e mean v e l o c i t y - t i m e c u r v e s . Inasmuch a s t h e v a l u e of 

d ( t VGF0/L) 

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

V / \ / 2 G H Q , t h e s o l u t i o n n e c e s s a r i l y -was one of s u c c e s s i v e a p p r o x i m a t i o n . 

U s i n g t h e r e s u l t s from Method I and I I , a v e r y good f i r s t a p p r o x i m a t i o n 

c o u l d b e made f o r t h e f u n c t i o n of n w i t h t i m e . The c o r r e c t e d o r mean 

v e l o c i t y c u r v e s , o b t a i n e d from t h e assumed n - t c u r v e s , w e r e p l o t t e d and 

t h e d i m e n s i o n l e s s a c c e l e r a t i o n s w e r e d e t e r m i n e d . The p i e z o m e t r i c head 

l i n e s were p l o t t e d a t f i x e d l e v e l s of t i m e , t h a t i s , t \ / g h ^ / L - 0 , 2 , 

O.U, and s o f o r t h . The p i e z o m e t r i c head g r a d i e n t was d e t e r m i n e d from 

t h e s e w o r k i n g g r a p h s i n t h e r e g i o n where t h e g r a d i e n t was c o n s t a n t . 

The c o r r e s p o n d i n g V 1 / y / 2 G H ^ and ^ ^ \ ^ w e r e o b t a i n e d and s u b -













of the head parameter gh0D-^/L-0 . Thus the e f f e c t s of v a r i a t i o n i n the 

l e n g t h parameter L/D i s r e a d i l y seen. F igures 2h th rough 28 are a l so 

the f i n a l mean v e l o c i t y - t i m e cu rves . These curves are p l o t t e d a t 

cons tan t va lues of L /D . Thus t h e e f f e c t of v a r i a t i o n i n ghJD^ /LO^ i s 

i l l u s t r a t e d . 

J e t sepa ra t i on .—The j e t downstream f rom the p ipe o u t l e t separated i n 

c h a r a c t e r i s t i c l am ina r f a s h i o n d u r i n g the f l o w es tab l i shmen t of f o u r r u n s . 

These runs were Runs 20 , 2 5 , 26 , and 2 7 . The values of the t ime parameter 

a t wh ich s e p a r a t i o n f i r s t occur red are r e s p e c t i v e l y 1 .00, 0 . 8 0 , 1 .00, and 

1 .32 . The j e t separated i n such a manner ( F i g . 29) t h a t t he i n n e r core 

remained t oge the r and the ou ter p o r t i o n was p r o g r e s s i v e l y shed f rom the 

i n n e r . This j e t s e p a r a t i o n i s the r e s u l t o f incomplete l i n e a r momentum 

t r a n s f e r . The t r a n s f e r o f l i n e a r momentum has been p r e v i o u s l y e x p l a i n e d . 

Pronounced v a r i a t i o n i n the v e l o c i t y d i s t r i b u t i o n would n e c e s s a r i l y 

cause a g r e a t e r r e l a t i v e va lue of shear s t ress w i t h i n the j e t . However, 

t h i s pronounced v a r i a t i o n would a l s o rep resen t a s t i l l g rea te r r e l a t i v e 

v a r i a t i o n i n the l i n e a r momentum across the j e t . Thus a c o n d i t i o n i s 

reached i n which the i n t e r n a l shear f o r c e i s no longer capable of causing 

the e q u a l i z a t i o n of l i n e a r momentum across the f l o w . Then the j e t 

s e p a r a t e s . Since t he v e l o c i t y d i s t r i b u t i o n of the j e t can r e s u l t i n j e t 

s e p a r a t i o n , i t appears t h a t the re w i l l be a j e t sepa ra t i on l i m i t t o the 

n o n - u n i f o r m i t y of v e l o c i t y d i s t r i b u t i o n . Th is l i m i t was found t o be a 

va lue o f n o f 0 .65 f rom the r e s u l t s of Method I . J e t sepa ra t i on d i d no t 

occur f o r any va lue o f n equa l t o or l ess than 0.65© 









Figure 27 . Mean v e l o c i t y - t i m e curves w i t h L/D = 380. ro 
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Figure 28. Mean v e l o c i t y - t i m e curves w i t h L/D = 475. 
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The e f f e c t of j e t s e p a r a t i o n on t h e o b s e r v e d v e l o c i t y - t i m e c u r v e s 

( F i g s , 12 t h r o u g h 16 ) p r o d u c e d o b s e r v e d v e l o c i t i e s of a m a g n i t u d e g r e a t e r 

t h a n t h e a c t u a l c a s e . Measurements of t h e j e t c o o r d i n a t e s we re t a k e n 

w i t h r e s p e c t t o t h e i n n e r c o r e of t h e f l u i d . T h i s i n n e r c o r e , due t o 

i n c o m p l e t e t r a n s f e r of l i n e a r momentum t o t h e o u t e r p o r t i o n , had a l i n e a r 

momentum i n e x c e s s of t h e mean l i n e a r momentum of t h e f l o w . T h u s , t h e 

i n n e r p o r t i o n of t h e j e t had a p r o g r e s s i v e l y h i g h e r v a l u e of o b s e r v e d 

v e l o c i t y a s t h e s e p a r a t i o n became more p r o n o u n c e d . 
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CHAPTER V 

ANALYSIS OF RESULTS 

I n C h a p t e r I T , two s o l u t i o n s were o b t a i n e d f o r f low e s t a b l i s h m e n t 

i n a s t r a i g h t p i p e . These s o l u t i o n s we re o b t a i n e d from t h e o n e - d i m e n 

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

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

r e s u l t s i s made w i t h t h e s o l u t i o n s o b t a i n e d b y o n e - d i m e n s i o n a l a n a l y s i s . 

A l s o , t h e r e s u l t s of t h e e x p e r i m e n t a l program a r e a n a l y z e d w i t h r e g a r d 

t o a p p l i c a t i o n i n e n g i n e e r i n g p r a c t i c e . 

Compar i son of r e s u l t s w i t h t h e s o l u t i o n s o b t a i n e d b y o n e - d i m e n s i o n a l 

a n a l y s i s . — E q u a t i o n ( 1 0 ) i s a s o l u t i o n o b t a i n e d by a s suming t h e s h e a r 

f o r c e i s n e g l i g i b l e . I n t h e a b s e n c e of a n y s h e a r f o r c e , t h e p i e z o m e t r i c 

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

t h e p i e z o m e t r i c h e a d g r a d i e n t i s h Q / L w i t h t h e r e s u l t t h a t t h e i n i t i a l 

a c c e l e r a t i o n i s ( h . / L ) g . The p i e z o m e t r i c h e a d g r a d i e n t d e c r e a s e s w i t h 

t i m e s i n c e an i n c r e a s i n g amount of e n e r g y i s c o n v e r t e d t o k i n e t i c e n e r g y 

a s t h e f l u i d p a s s e s from t h e r e s e r v o i r t h r o u g h t h e p i p e i n l e t . At a n 

i n f i n i t e v a l u e of t i m e t h e p i e z o m e t r i c head g r a d i e n t i s z e r o 5 w i t h t h e 

r e s u l t t h a t t h e a c c e l e r a t i o n i s z e r o . E q u a t i o n ( 1 0 ) i s shown a s t h e 

u p p e r c u r v e of F i g . 3 0 . 

The i d e a s employed i n t h e d e r i v a t i o n of E q . ( 1 3 ) a r e t h o s e commonly 

u t i l i z e d i n e n g i n e e r i n g c a l c u l a t i o n s i n v o l v i n g u n s t e a d y f low i n e n c l o s e d 
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c o n d u i t s . I n e n g i n e e r i n g p r a c t i c e u n s t e a d y flow i n e n c l o s e d c o n d u i t s 

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

p e n s t o c k s d u r i n g h y d r a u l i c t u r b i n e t e s t s , t o c i t e a few e x a m p l e s . I n v a r i 

a b l y t h e a n a l y s i s of t h e s e f l o w s i s p r e d i c a t e d upon t h e u s e of t h e s t e a d y -

s t a t e D a r c y - W e i s b a c h r e s i s t a n c e e q u a t i o n f o r t h e u n s t e a d y f l o w . I n many 

c a s e s , t h e v a l u e o f t h e D a r c y - W e i s b a c h r e s i s t a n c e c o e f f i c i e n t f i s assumed 

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

v a l u e of f i s computed f o r t h e i n s t a n t a n e o u s v e l o c i t y v a l u e and t h e s o l u 

t i o n mus t b e computed s t e p w i s e . 

E q u a t i o n ( 1 3 ) i s a s o l u t i o n o b t a i n e d b y a s suming a c o n s t a n t v a l u e 

of f• I n i t i a l l y t h e s h e a r f o r c e i s z e r o and t h e p i e z o m e t r i c head g r a d i e n t 

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

m e t r i c head g r a d i e n t i s h Q / L , w i t h t h e r e s u l t t h a t t h e i n i t i a l a c c e l e r a 

t i o n i s ( h 0 / L ) g . Aga in t h e p i e z o m e t r i c head g r a d i e n t d e c r e a s e s w i t h t i m e 

s i n c e an i n c r e a s i n g amount of e n e r g y i s c o n v e r t e d t o k i n e t i c e n e r g y a s 

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

t h i s c a s e , a p o r t i o n of t h e p i e z o m e t r i c head g r a d i e n t i s u t i l i z e d t o 

overcome t h e s h e a r f o r c e . C o n s e q u e n t l y t h e a c c e l e r a t i o n w i l l a lways be 

l e s s t h a n w o u l d b e t h e c a s e w i t h n o r e s i s t a n c e o f E q . ( 1 0 ) . T h i s s h e a r 

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

g r a d i e n t i s e q u a l t o t h e s h e a r f o r c e . At t h i s t ime t h e a c c e l e r a t i o n i s 

z e r o . T h e o r e t i c a l l y an i n f i n i t e t i m e i s r e q u i r e d t o r e a c h t h i s s t e a d y 

s t a t e . E q u a t i o n ( 1 3 ) i s t h e l o w e r c u r v e of F i g . 3 0 . The c o n s t a n t v a l u e 

of f was computed f rom t h e t e r m i n a l v e l o c i t y of Run 2 9 « . 

The e x p e r i m e n t a l r e s u l t s of Run 2 9 a r e a l s o shown on F i g „ 3 0 , 

w h i c h a l l o w s c o m p a r i s o n of t e s t r e s u l t s w i t h E q s . ( 1 0 ) and ( 1 3 ) . Run 2 9 
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h a s b e e n s e l e c t e d a s b e i n g r e p r e s e n t a t i v e of t h e e n t i r e t w e n t y - f i v e r u n s . 

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

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

h e a d g r a d i e n t i s h Q / L , w i t h t h e r e s u l t t h a t t h e i n i t i a l a c c e l e r a t i o n i s 

( h Q / L ) g , The p i e z o m e t r i c head g r a d i e n t d e c r e a s e s w i t h t i m e s i n c e an 

i n c r e a s i n g amount of e n e r g y i s c o n v e r t e d t o k i n e t i c e n e r g y a s t h e f l u i d 

p a s s e s f rom t h e r e s e r v o i r t h r o u g h t h e p i p e i n l e t . A p o r t i o n of t h e 

p i e z o m e t r i c head g r a d i e n t i s u t i l i z e d t o overcome t h e s h e a r f o r c e . How

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

v i s u a l i z e d i n t h e d e v e l o p m e n t of E q . ( 1 3 ) . The f low i s i n i t i a l l y l a m i n a r . 

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

b o u n d a r y s h e a r f o r c e . C o n s e q u e n t l y , a s l o n g a s t h e flow i s l amina r , , t h e 

a c c e l e r a t i o n of Run 2 9 w i l l b e g r e a t e r t h a n would be t h e c a s e w i t h t u r 

b u l e n t r e s i s t a n c e of E q . ( 1 3 ) . A l s o t h e a c c e l e r a t i o n of Run 2 9 w i l l b e 

l e s s t h a n wou ld be t h e c a s e w i t h n o r e s i s t a n c e of E q . ( 1 0 ) . The d i f f e r 

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

t i m e on F i g . 3 0 . 

The f l o w c o n d i t i o n o f Run 29 would c o n t i n u e a s d e s c r i b e d above e x 

c e p t f o r t h e i n s t a b i l i t y of t h e l a m i n a r f l o w . At a v a l u e of t ^ / g r l ^ / L of 

a p p r o x i m a t e l y 0 . 6 a s p o t o r r e g i o n of t u r b u l e n c e i s g e n e r a t e d . T h i s 

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

a p p e a r s a t t h e e n d of t h e p i p e a t a t i m e v a l u e of 1 . 3 5 <> b o t h l a m i n a r and 

t u r b u l e n t f low r e g i o n s e x i s t w i t h i n t h e p i p e . T h u s 5 d u r i n g t h e t i m e i n t e r 

v a l 0 . 6 < t v / g h ^ / L < 1 . 3 5 t h e t u r b u l e n t r e g i o n i s c o n t i n u o u s l y i n c r e a s i n g 

and t h e l a m i n a r r e g i o n i s c o n t i n u o u s l y d e c r e a s i n g . S i n c e t h e t u r b u l e n t 
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s h e a r f o r c e i s g r e a t e r t h a n t h e l a m i n a r s h e a r f o r c e , t h e g r o w i n g t u r b u l e n t 

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

p o r t i o n of t h e p i e z o m e t r i c head g r a d i e n t i s u t i l i z e d t o overcome T H I S 

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

r a p i d l y d e c r e a s e d . The a c c e l e r a t i o n i s d e c r e a s e d t o z e r o a t a v a l u e of 

t V g h ^ / L of a b o u t 0 . 8 f o r Run 2 9 . At t h i s t i m e t h e v e l o c i t y i s a maximum. 

Th i s v e l o c i t y i s g r e a t e r t h a n t h e v e l o c i t y d e t e r m i n e d f rom E q . ( 1 3 ) b e 

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

A t t h i s t i m e , t h e t i m e of z e r o a c c e l e r a t i o n , t h e p i e z o m e t r i c head g r a d i e n t 

i s e n t i r e l y u t i l i z e d t o overcome T H E s h e a r f o r c e . However, t h e t u r b u l e n t 

r e g i o n i s s t i l l e x p a n d i n g , W I T H T H E r e s u l t T H A T t h e m a g n i t u d e of T H E 

t o t a l b o u n d a r y s h e a r f o r c e i s a l s o i n c r e a s i n g . Thus t h e m a g n i t u d e of 

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

head g r a d i e n t beyond t h i s p o i n t of z e r o a c c e l e r a t i o n . I n s u c h a c a s e 

t h e f low m u s t d e c e l e r a t e . The d e c e l e r a t i o n p e r i o d of Run 2 9 i s shown on 

F i g . 3 0 a t v a l u e s of T X / G H J J / L g r e a t e r t h a n 0 . 8 . The a p p e a r a n c e of t h e 

t u r b u l e n c e a t t h e p i p e o u t l e t o c c u r r e d a t a v a l u e of t V G H O / L of 1 . 3 5 -

When t u r b u l e n c e a p p e a r s a t t h e p i p e o u t l e t , t h e t u r b u l e n t f low r e g i o n 

e x i s t s i n t h e e n t i r e p i p e l e n g t h . F o r Run 2 9 t h e d e c l e r a t i o n i s v e r y 

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

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

can b e made a s a c o n s e q u e n c e of t h e p r e v i o u s a n a l y s i s . 

C a s e s of f low e s t a b l i s h m e n t . — F o u r p o s s i b l e v e l o c i t y - t i m e r e l a t i o n s h i p s 

may o c c u r d u r i n g flow e s t a b l i s h m e n t i n a s t r a i g h t p i p e . The p a r t i c u l a r 

r e l a t i o n s h i p w h i c h o c c u r s i s a f u n c t i o n o f t h e t i m e of t u r b u l e n c e i n c e p t i o n 
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of t h e r a t e of g r o w t h of t h e t u r b u l e n t z o n e , and of t h e p o s i t i o n of t u rbu 

l e n c e i n c e p t i o n . The f o u r r e l a t i o n s h i p s a r e d i s t i n g u i s h e d by t h e t ime a t 

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

of v e l o c i t y - t i m e r e l a t i o n s h i p s a r e s c h e m a t i c a l l y i l l u s t r a t e d on F i g , 3 1 o 

I n Case 1 t h e t i m e of t u r b u l e n c e i n c e p t i o n i s e a r l y and t h e r a t e 

of g rowth of t u r b u l e n c e i s s u c h t h a t t u r b u l e n c e e x i s t s t h r o u g h o u t t h e 

p i p e b e f o r e t h e v e l o c i t y h a s e q u a l l e d i t s t e r m i n a l v a l u e • T h e r e a f t e r 9 

t h e e s t a b l i s h m e n t of f l o w i s s i m i l a r t o E q , ( 1 3 ) w i t h a c o r r e s p o n d i n g 

s h i f t i n t i m e . Thus t h e t i m e a t wh ich s t e a d y f low i s e s s e n t i a l l y 

r e a c h e d i s l e s s t h a n t h e t i m e i n d i c a t e d b y E q , ( 1 3 ) , An e x p e r i m e n t a l 

example of Case I i s i l l u s t r a t e d on F i g „ 2 2 b y t h e v e l o c i t y - t i m e f u n c t i o n 

w i t h t h e v a l u e of L/D e q u a l t o 2 8 5 , 

Case H , i l l u s t r a t e d on F i g , 3 1 * h a s a l a t e r t i m e of t u r b u l e n c e 

i n c e p t i o n t h a n Case I w i t h t h e same i n c r e m e n t of t ime f o r t u r b u l e n c e 

g r o w t h . I n Case I I t h e f low i s c o m p l e t e l y t u r b u l e n t t h r o u g h o u t t h e 

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

t h e r e w i l l b e no a c c e l e r a t i o n o f t h e f low and t h e t i m e of s t e a d y f low 

w i l l be c o n s i d e r a b l y l e s s t h a n t h a t t i m e i n d i c a t e d b y E q , ( 1 3 ) , An e x 

p e r i m e n t a l example of Case H i s i l l u s t r a t e d on F i g , 2 0 by t h e v e l o c i t y -

t i m e f u n c t i o n w i t h t h e v a l u e of L/D e q u a l t o 9 5 * 

Case I H , i l l u s t r a t e d on F i g , 3 1 , ha s a l a t e r t i m e of t u r b u l e n c e 

i n c e p t i o n t h a n e i t h e r of t h e p r e v i o u s c a s e s b u t w i t h t h e same i n c r e m e n t 

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

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

t e r m i n a l v a l u e . T h e r e a f t e r t h e t u r b u l e n t f l ow w i l l d e c e l e r a t e u n t i l t h e 
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LEGEND: UPPER SOLID LINE - LAMINAR FLOW ESTABLISHMENT 

LOWER SOLID LINE - EQUATION (13) 
1 - TURBULENCE INCEPTION 

2 - COMPLETE TURBULENCE 
0 

F i g u r e 3 1 . S c h e m a t i c i l l u s t r a t i o n o f f l o w e s t a b l i s h m e n t c a s e s . 
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t e r m i n a l v e l o c i t y i s r e a c h e d . The t i m e a t w h i c h e s s e n t i a l l y s t e a d y f low 

i s r e a c h e d i s v e r y u n p r e d i c t a b l e and may or may n o t e x c e e d t h a t p r e d i c t e d 

b y E q , ( 1 3 ) . An e x p e r i m e n t a l example of Case I I I i s i l l u s t r a t e d on F i g , 

2 0 by t h e v e l o c i t y - t i m e f u n c t i o n w i t h t h e v a l u e of L/D e q u a l t o 1 9 0 , 

Case I V , i l l u s t r a t e d on F i g . 3 1 , w i t h t h e same i n c r e m e n t of t i m e 

f o r t u r b u l e n c e g r o w t h , h a s t h e l a t e s t t i m e of t u r b u l e n c e i n c e p t i o n of 

a l l c a s e s . I n t h i s c a s e t h e l a t t e r - s t a g e d e c e l e r a t i o n of t h e f low i s 

e s s e n t i a l l y c o m p l e t e d a t t h e t ime of c o m p l e t e t u r b u l e n c e . T h e r e a f t e r , 

m i n o r d e c e l e r a t i o n s may o c c u r , b u t t h e t i m e a t w h i c h e s s e n t i a l l y s t e a d y 

f low i s r e a c h e d w i l l g e n e r a l l y b e e q u a l t o o r l e s s t h a n t h e t i m e i n d i c a t e d 

b y E q . ( 1 3 ) . Run 2 9 i l l u s t r a t e d on F i g . 3 0 i s a n example of Case I V . 

The d i f f e r e n t c a s e s of f low e s t a b l i s h m e n t have been i l l u s t r a t e d 

b y n o t i n g o n l y t h e change i n t ime a t w h i c h t h e i n c e p t i o n of t u r b u l e n c e 

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

h e l d a t a c o n s t a n t v a l u e . S i n c e t h e p a r t i c u l a r c a s e of f low e s t a b l i s h 

ment o c c u r r i n g i s a f u n c t i o n of t h e t i m e , p l a c e , and r a t e of g r o w t h of 

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

s e c t i o n s • 

Time of t u r b u l e n c e i n c e p t i o n .—The t r a n s i t i o n from l a m i n a r t o t u r b u l e n t 

f l ow h a s b e e n s t u d i e d i n d e t a i l i n P a r t I I of t h i s s t u d y . The r e s u l t s 

of P a r t I I i n d i c a t e t h a t an i n c e p t i o n of t u r b u l e n c e w i l l o c c u r when t h e 

b o u n d a r y - l a y e r R e y n o l d s number r e a c h e s a c e r t a i n v a l u e . The c r i t i c a l 

b o u n d a r y l a y e r R ^ R e y n o l d s number was d e t e r m i n e d t o have t h e v a l u e of 

5500. The b o u n d a r y - l a y e r R e y n o l d s number i s e x p r e s s e d a s 



i n wh i ch & i s t h e nominal boundary l a y e r th i ckness and v i s the core 

v e l o c i t y or f r e e - s t r e a m v e l o c i t y i n t he p i p e . Equat ion (U l ) can a l s o be 

expressed i n terms of the expe r imen ta l parameters as 

Rr = \Z~2~' — n _ V J J . M 

where n i s the d imension less nomina l boundary - layer t h i ckness S / T Q 0 The 

r a t i o v / V has been shown t o be a f u n c t i o n of n ; t h e r e f o r e the p roduc t c 

i s a f u n c t i o n o f n . 

Assuming a cons tan t va lue of L /D , the t ime r a t e of development o f 

n may be assumed as equal f o r these purposes . (See Table I I I . Append ix . ) 

The e f f e c t o f an inc rease i n the va lue o f the head parameter ghJi^/Lx)2 

would reduce the va lue of the p r o d u c t , N / 2 1 n V C / V " ( V * / N / 2 G H ' 0 ) • Since n 

becomes e s s e n t i a l l y a cons tan t immed ia te ly a f t e r i t s i n i t i a l r a p i d i n 

crease (Table I I I ) , the end r e s u l t would be a r e d u c t i o n i n the va lue of 

the v e l o c i t y parameter a t wh ich the c r i t i c a l boundary - layer Reynolds 

number wou ld o c c u r . From F i g s . 2H t h rough 28 i t can be seen t h a t f o r a 

cons tan t L /D , t h e values o f f / \ / 2 G H ' 0 a t e a r l y t imes are e s s e n t i a l l y equal 

f o r va r i ous va lues o f ghj)^/1-Q2 . Therefore a r e d u c t i o n i n V / \ / 2 g h 0 

would n e c e s s a r i l y r e s u l t i n a r e d u c t i o n i n the t ime a t wh ich the c r i t i c a l 

va lue o f t he boundary - laye r Reynolds number i s a t t a i n e d . 

Thus, an inc rease i n the va lue of t h e head parameter w i t h a con 

s t a n t va lue o f L/D would r e s u l t i n a r e d u c t i o n i n the t ime of tu rbu lence 

i n c e p t i o n . Th is can be r e a d i l y seen f rom a t a b u l a t i o n of the e a r l i e s t 

t imes a t wh i ch t u rbu lence i s observed. These t imes are found i n P a r t I I 

file:///Z~2~'


of t h i s s t u d y . 

The t ime a t which t u rbu lence i s f i r s t observed i s n o t always the 

t ime of i n c e p t i o n , f o r t he tu rbu lence i s observed a t t he piezometers 

o n l y . The i n c e p t i o n cou ld occur between the piezometers w i t h a r e s u l t 

i n g t ime l a g be fo re observance. However, t he e f f e c t s of the head p a r a 

meters a re apparent f r om t h i s d a t a . The t r e n d can a l so be seen, a l though 

not as f o r c e f u l l y , on the mean v e l o c i t y - t i m e curves o f F i g s , 2$ th rough 

2 8 , F igure 2h i s here omi t ted s ince the f i r s t observance of t u rbu lence 

was a t the end of the p ipe o r when complete tu rbu lence e x i s t e d i n t he 

p i p e . 

Assuming a cons tan t va lue of g h Q D 3 / L O 2 , w i t h a l l the p rev ious 

assumptions rega rd ing n , an i nc rease i n t he va lue of L/D a l so reduces 

the va lue of if \ / 2 g h Q a t which the c r i t i c a l boundary - laye r Reynolds 

number wou ld occu r . However, F i g s , 19 th rough 23 show t h a t an inc rease 

i n the va lue o f L/D reduces the va lue of if\f2gtiQ a t any g iven t i m e , 

wh ich tends t o compensate f o r the v a r i a t i o n i n the t ime of i n c e p t i o n , 

A t a b u l a t i o n of the e a r l i e s t t imes at wh ich tu rbu lence i s seen f rom 

P a r t I I revea ls no sys temat ic v a r i a t i o n i n the t ime of t u rbu lence i n 

c e p t i o n w i t h a v a r i a t i o n i n the va lue o f L /D 0 Thus i t i s b e l i e v e d f rom 

the exper imenta l r e s u l t s t h a t v a r i a t i o n i n the va lue of L/D has on ly 

minor e f f e c t s on the t imes o f t u rbu lence i n c e p t i o n . 

Rate of t u rbu lence growth and p o s i t i o n o f t u rbu lence i n c e p t i o n . F igu re 

32 i s a schematic ske tch of a t y p i c a l f l o w es tab l i shment i n w h i c h 

A t x / g h J y / L i s the d imensionless t ime increment f rom the i n c e p t i o n o f 

t u rbu lence t o complete t u rbu lence i n the p i p e . The increment of t ime A t 



Turbu LENC e INC EPF/on 

COMPLETE FURBULENCT 

Fig« 3 2 . T y p i c a l f l o w es tab l i shment 

i s dependent upon the r a t e o f t u rbu lence growth and the d i s t ance th rough 

wh ich the growth must take p l a c e . From t h e r e s u l t s o f P a r t I I o f t h i s 

s t u d y , t he r a t e of tu rbu lence growth V* may be presented as 

V M 1 .35 (U3) 

The d i s tance th rough wh ich the growth takes p lace L i s the d is tance 

f rom the p o s i t i o n o f t u rbu lence i n c e p t i o n t o the p ipe o u t l e t . Replac ing 

V i n E q , (U3) by L and A t , Eq , (U3) reduces t o 

— t t M 1.35 V A t (1A) 

M u l t i p l y i n g E q , (UU) by s / ^gh^ /L and r e a r r a n g i n g , leaves 

A t S/GRR 

(U5) 
V 2 1 1.35 V / v / 2 i h ? 0 " L 

The l e f t s i de of E q . (U5) i s composed o f the v e l o c i t y parameter and a 

d imensionless l e n g t h o f the t u r b u l e n t growth zone. The r i g h t s ide i s the 



d i m e n s i o n l e s s t i m e i n c r e m e n t f o r t h e c o m p l e t e g r o w t h of t h e t u r b u l e n t 

z o n e . S i n c e f o r a c o n s t a n t v a l u e of L/D t h e v e l o c i t y p a r a m e t e r s a r e 

e s s e n t i a l l y e q u a l , t h e t i m e i n c r e m e n t f o r t u r b u l e n t g r o w t h i s a d i r e c t 

f u n c t i o n of t h e p o s i t i o n of t u r b u l e n c e i n c e p t i o n . T h e r e f o r e t h e p o s i t i o n 

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

of g r o w t h and t h e p a r t i c u l a r c a s e of f low e s t a b l i s h m e n t wh ich r e s u l t s . 

I t was d e t e r m i n e d i n P a r t I I of t h i s s t u d y t h a t t h e p o s i t i o n of i n c e p 

t i o n was n o t c o n s t a n t n o r was i t a f u n c t i o n of any of t h e e x p e r i m e n t a l 

p a r a m e t e r s . 

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

p o s s i b l y b e e x p l a i n e d b y t h e c r i t i c a l b o u n d a r y - l a y e r R e y n o l d s n u m b e r . 

D u r i n g e a r l y t i m e s t h e r e e x i s t two r e g i o n s of b o u n d a r y - l a y e r g r o w t h . 

One i s t h e i n l e t r e g i o n w h e r e t h e n o m i n a l bounda ry l a y e r t h i c k n e s s 

i s g r o w i n g b o t h w i t h d i s t a n c e f rom t h e i n l e t and w i t h t i m e . The o t h e r 

r e g i o n l i e s downs t r eam from t h e i n l e t r e g i o n . I n t h i s r e g i o n t h e l a y e r 

t h i c k n e s s $ i s g r o w i n g w i t h t i m e a l o n e a n d i s a c o n s t a n t v a l u e down

s t r e a m f rom t h e i n l e t r e g i o n a t a n y g i v e n t i m e . T h u s , due t o t h e i n l e t 

e f f e c t s on £ , t h e n o m i n a l t h i c k n e s s be low t h e i n l e t r e g i o n i s a l w a y s 

g r e a t e r t h a n t h e t h i c k n e s s w i t h i n t h e i n l e t r e g i o n . H e n c e , t h e c r i t i c a l 

b o u n d a r y - l a y e r R e y n o l d s number w i l l o c c u r i n s t a n t a n e o u s l y a t a l l p o i n t s 

downs t ream f rom t h e i n l e t r e g i o n . Thus t h e t u r b u l e n c e i n c e p t i o n c o u l d 

o c c u r a t a n y p o i n t i n t h e p i p e be low t h e i n l e t r e g i o n . However, s i n c e 

i n t h e e x p e r i m e n t a l p r o g r a m t h e f low i s i n i t i a l l y d i s t u r b e d a t t h e i n l e t 

b y t h e band of s a n d g r a i n s , i t i s p r o b a b l e t h a t t u r b u l e n c e i n c e p t i o n 

w o u l d o c c u r j u s t be low o r a t t h e l o w e r e x t r e m i t y of t h e i n l e t r e g i o n e 



An inc rease i n t he va lue o f L/D w i l l no t change t h e f a c t t h a t the 

t u rbu lence i n c e p t i o n could occur a t any p o i n t below t he i n l e t r e g i o n , b u t 

i t i s probable t h a t t h e r a t i o L* /L w i l l approach a va lue of one f o r the 

l onge r p i p e s . As the va lue of L * /L approaches the l i m i t of one, the t ime 

f o r complete t u r b u l e n t growth approaches i t s maximum v a l u e . Thus, t he re 

w i l l be an inc rease i n the t ime f o r complete t u r b u l e n t growth w i t h an 

inc rease i n the va lue of L /D . 

F igu res 19 th rough 23 are i l l u s t r a t e d a t a cons tan t va lue of the 

head parameter t o demonstrate t h e e f f e c t s of v a r i a t i o n i n L /D . From t h e 

p rev ious a n a l y s i s i t has been seen t h a t the t ime o f t u rbu lence i n c e p t i o n 
ghj)3 

i s g e n e r a l l y cons tan t f o r a cons tan t va l ue of — ™ — and f o r any va lue 
L - 0 2 

of L /D . Thus the cases of f l o w es tab l i shmen t r e s u l t i n g i n F i g s . 19 

th rough 23 are determined by the increments o f t ime r e q u i r e d f o r t u r 

bulence g r o w t h . From E q . (h$) i t i s apparent t h a t r e l a t i v e l y low va lues 

of V / s / 2 g h o would r e s u l t i n h i gh va lues o f t v / g h ^ / L . Since the va lues 

of L/D wh ich are h i g h produce r e l a t i v e l y lower va lues o f V / \ / 2 g h ' , the 

t ime f o r t u rbu lence growth w i l l be d i r e c t l y p r o p o r t i o n a l t o the va lue o f 

L /D . A l s o , f rom the prev ious d i s c u s s i o n on the p o s i t i o n of t u rbu lence 

i n c e p t i o n , t he longer t he p i p e , the h i ghe r the va lue o f L * / L . Therefore 

the r e l a t i v e e f f e c t s of long p ipes produce l a t e r t imes o f complete t u r 

bu lence . Thus f o r long p ipes the case o f f l o w es tab l i shment would be 

p redominan t l y Case XV. Table IV i n the Appendix i s a t a b u l a t i o n of a l l 

expe r imen ta l r e s u l t s and t h e i r c l a s s i f i c a t i o n s . 

A n a l y s i s o f r e s u l t s w i t h regard t o eng inee r i ng a p p l i c a t i o n s - A q u a l i t a t i v e 

ana l ys i s encompassing a wide range o f v a r i a b l e s found i n eng inee r i ng 



p r a c t i c e was made t o i n d i c a t e t h e e f f e c t of t h e s e v a r i a b l e s . I n o r d e r f o r 

t h e r e s u l t s of t h i s s t u d y t o b e a p p l i e d t o a q u a l i t a t i v e a n a l y s i s of 

e n g i n e e r i n g a p p l i c a t i o n s , s e v e r a l a s s u m p t i o n s mus t be made a s t o t h e 

e v e n t s wh ich t a k e p l a c e i n a f low e s t a b l i s h m e n t . F i r s t , t h e r e m u s t be 

a n i n c e p t i o n of t u r b u l e n c e w i t h i n t h e p i p e . S e c o n d , t h i s s p o t o r r e g i o n 

of t u r b u l e n c e mus t g e n e r a t e i n o n l y one p o s i t i o n i n t h e p i p e w i t h a 

s u b s e q u e n t downs t ream g r o w t h . T h i r d , t h e t r e n d s i n d i c a t e d by t h e e x 

p e r i m e n t a l r e s u l t s mus t c o n t i n u e f o r e x t r a p o l a t i o n s beyond t h e v a l u e s of 

t h e e x p e r i m e n t a l p a r a m e t e r s . 

The t i m e of t u r b u l e n c e i n c e p t i o n o c c u r r i n g i n e n g i n e e r i n g a p p l i c a 

t i o n s was d e t e r m i n e d t o be mos t a f f e c t e d b y a v a r i a t i o n i n t h e p i p e d i a 

m e t e r , s i n c e t h e h e a d p a r a m e t e r c o n t a i n s t h e t h i r d power o f t h e d i a m e t e r © 

An i n c r e a s e i n t h e p i p e d i a m e t e r r e d u c e s t h e t i m e of t u r b u l e n c e i n c e p 

t i o n . Thus t h e t i m e of t u r b u l e n c e i n c e p t i o n i n a 1 - f o o t d i a m e t e r p i p e 

wou ld b e l e s s t h a n t h e t i m e i n t h e l / 2 - i n c h d i a m e t e r p i p e u sed i n t h e s e 

e x p e r i m e n t s . The r e s u l t s o f t h e q u a l i t a t i v e a n a l y s i s i n d i c a t e t h a t t h e 

i n c e p t i o n of t u r b u l e n c e w i l l o c c u r a t v e r y e a r l y t i m e s , t h a t i s , a t 

v a l u e s of t x / g h J j / L of 0 , l £ , 0 , 1 0 , and s o f o r t h , A r e d u c t i o n i n t h e 

t i m e of i n c e p t i o n can a l s o be e x p e c t e d due t o t h e e f f e c t s of i n l e t s 

found i n e n g i n e e r i n g a p p l i c a t i o n s . F o r example, , t h e ex t r eme c a s e of a 

s q u a r e - e d g e d i n l e t wou ld c a u s e s e p a r a t i o n w i t h a c o n t r a c t e d f low r e g i o n 

j u s t downs t ream from t h e i n l e t . The s u b s e q u e n t downs t ream e x p a n s i o n of 

t h e f low would r e s u l t i n h i g h i n s t a b i l i t y w i t h i n t h e f l u i d . T h i s i n t u r n 

wou ld r e d u c e t h e t i m e a t w h i c h t h e t r a n s i t i o n from l a m i n a r t o t u r b u l e n t 

f low would o c c u r . 
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The e f f e c t of i n l e t s found i n eng ineer ing p r a c t i c e cou ld a l so tend 

t o c o n t r o l the p o s i t i o n of t u rbu lence i n c e p t i o n . I t i s b e l i e v e d t h a t 

t h e g rea t i n s t a b i l i t y w i t h i n t he f l u i d j u s t downstream f rom the i n l e t 

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

occu rs , the va lue of L* /L i n E q . ( U 5 ) would be a maximum. Thus, the 

Since the l onge r p ipes r e s u l t i n lowered va lues o f V / s / 2 g h 0 , a t a con

s t a n t va lue o f t h e head parameter , the t ime f o r t u rbu lence growth wou ld be l o n g e r . 

I n summing up the r e s u l t s o f t he q u a l i t a t i v e a n a l y s i s , t he r educ 

t i o n i n the t ime o f t u rbu lence i n c e p t i o n i n eng inee r i ng a p p l i c a t i o n s i s 

more than o f f s e t by the i nc rease i n the t ime of t u rbu lence g r o w t h . Thus, 

the case o f f l ow es tab l i shment which dominates i n the eng ineer ing a p p l i 

ca t i ons i s b e l i e v e d t o be Case I V , w i t h Case I H p o s s i b l y appear ing i n 

the s h o r t e r p i p e s , t h a t i s , L/D i s equa l t o 9 5 , 1 9 0 , and so f o r t h . Due 

t o the e a r l y t imes o f t u rbu lence i n c e p t i o n found i n eng inee r ing p r a c t i c e , 

i t i s b e l i e v e d t h a t a t e a r l y t imes t h e v e l o c i t y - t i m e f u n c t i o n w i l l be 

nearer t o E q . ( 1 3 ) t han t o the e m p i r i c a l r e s u l t s . 

I n t he s o l u t i o n of E q . ( 1 3 ) , the e f f e c t o f a v a r i a t i o n i n f , the 

Darcy-Weisbach c o e f f i c i e n t , over the t o t a l range o f v e l o c i t i e s was neg

l e c t e d and a cons tan t va lue of f was u t i l i z e d . This assumpt ion has been 

commonly employed i n eng inee r i ng c a l c u l a t i o n s i n v o l v i n g unsteacry f l o w . 

A v a r i a t i o n commonly employed i n t h i s procedure i s t o determine a va lue 

o f f f o r a sma l l increment of t i m e , thereby u t i l i z i n g s tep -computa t ion 

methods and the e f f e c t s of a change i n t he Reynolds number f o r each s t e p . 

t ime f o r complete t u r b u l e n t g rowth would 
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This method of s o l u t i o n would have a s l i g h t e f f e c t on E q , ( 1 3 ) a s 

p r e s e n t e d i n F i g , 3 0 , The e f f e c t would t e n d t o l o w e r t h e c u r v e s l i g h t l y 

a t e a r l y t i m e s . Th i s method r e s u l t s i n a more a c c u r a t e s o l u t i o n t h a n 

E q , ( 1 3 ) i f t u r b u l e n t f l o w e x i s t s t h r o u g h o u t t h e p i p e f o r v a l u e s of t i m e 

g r e a t e r t h a n z e r o . However , s i n c e b e g i n n i n g f low i n a p i p e i s i n t h e 

l a m i n a r s t a t e , t h e a c t u a l v e l o c i t y - t i m e r e l a t i o n s h i p w i l l l i e above t h e 

method of s o l u t i o n of c o m p l e t e l y t u r b u l e n t f low w h i c h employs t h e 

e f f e c t s of a v a r i a t i o n i n f w i t h t h e Reyno lds n u m b e r . S i n c e a t e a r l y 

t i m e s E q . ( 1 3 ) a l s o l i e s above t h e method of s o l u t i o n w i t h v a r y i n g f, 

E q , ( 1 3 ) i s b e l i e v e d t o b e a c l o s e r a p p r o x i m a t i o n a t e a r l y t i m e s t© 

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

a p p l i c a t i o n s • 

I n summing up t h e a n a l y s i s of t h e r e s u l t s , s e v e r a l q u e s t i o n s 

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

p o s i t i o n a t w h i c h t h e i n c e p t i o n of t u r b u l e n c e o c c u r r e d . The re a p p e a r e d 

t o b e no s y s t e m a t i c r e l a t i o n s h i p b e t w e e n t h e p o s i t i o n and t h e e x p e r i 

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

r e l a t i o n s h i p wh ich c o n t r o l s t h e p o s i t i o n of t u r b u l e n c e e x c e p t f o r t h e 

f a c t t h a t t h e p o s i t i o n of t u r b u l e n c e was t h e same when t h e e x p e r i m e n t a l 

r u n was d u p l i c a t e d . T h u s , t h e c o n c l u s i o n wh ich must b e r e a c h e d i s t h a t 

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

of t u r b u l e n c e i n c e p t i o n . 

A l s o o f i m p o r t a n c e i n t h e e s t a b l i s h m e n t of f l ow i n c a s e s found i n 

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

o c c u r a t two or more p o i n t s w i t h i n t h e p i p e . T h i s o c c u r r e n c e i s q u i t e 
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f e a s i b l e i n a r o u g h p i p e , f o r t h e p i p e r o u g h n e s s c o u l d p r o d u c e v i b r a t i o n s 

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

m e n t . Due t o t h e smooth p i p e used i n t h e e x p e r i m e n t , a l l v i b r a t i o n s 

o r i g i n a t e d f rom t h e sand g r a i n s i n t h e i n l e t . 

P a r t I I of t h i s s t u d y r e v e a l s t h a t once a s p o t of t u r b u l e n c e i s 

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

b l o c k e d from t h e downs t r eam f l u i d . T h u s , o n l y one zone of t u r b u l e n c e 

i s g e n e r a t e d i n a smooth p i p e , w i t h s u b s e q u e n t g r o w t h d o w n s t r e a m . W h e r e 

a s , i n a rough p i p e , two o r more o r e v e n an i n f i n i t e number of z o n e s may 

b e g e n e r a t e d a t o n c e . I f t h e f l u i d i n t h e p i p e e x p e r i e n c e d an i n f i n i t e 

number of t u r b u l e n c e i n c e p t i o n z o n e s , t h e f l o w , of c o u r s e , w o u l d b e 

c o m p l e t e l y t u r b u l e n t i n an i n s t a n t , w i t h t h e r e s u l t t h a t a h i g h l y d e 

v e l o p e d Case I f low e s t a b l i s h m e n t w o u l d o c c u r , a p p r o x i m a t i n g E q . ( 1 3 ) . 

I f o n l y two o r more zones g e n e r a t e d , t h e l e n g t h of g rowth i n E q . (1|5>) 

would b e t h e d i s t a n c e from t h e o u t l e t t o t h e p o s i t i o n of t h e zone n e a r e s t 

t h e o u t l e t . T h i s i s due t o t h e a l m o s t i n s t a n t a n e o u s u p s t r e a m growth of 

t u r b u l e n c e w h i c h i s c i t e d i n P a r t I I of t h i s s t u d y . S i n c e t h e i n c r e m e n t 

of t i m e f o r c o m p l e t e t u r b u l e n t g rowth w i l l be g r e a t l y f o r e s h o r t e n e d by 

d e c r e a s i n g L , Case I o r p o s s i b l y Case IT may o c c u r a s t h e f low e s t a b l i s h 

m e n t . 
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CONCLUSIONS 

1 . Fo r t u r b u l e n t f l ow c o n d i t i o n s , t h e method of o b t a i n i n g mean 

v e l o c i t i e s b y j e t p h o t o g r a p h y e n t a i l s o n l y an a s s u m p t i o n of a v e l o c i t y 

d i s t r i b u t i o n , 

2 . F o r l a m i n a r f low c o n d i t i o n s , t h e method of j e t p h o t o g r a p h y f o r 

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

a s s u m e d , t h a t p r e s s u r e measu remen t s b e o b t a i n e d a t v a r i o u s p o i n t s 

a l o n g t h e p i p e , and t h a t t h e r e be no s e p a r a t i o n of t h e i s s u i n g l a m i n a r 

j e t . 

3. S e p a r a t i o n of t h e l a m i n a r j e t o c c u r s -when t h e v a l u e of S/rQ b e 

comes g r e a t e r t h a n 0,65. 

U, The use of s t e p c o m p u t a t i o n s w i t h a v a r i a b l e v a l u e of t h e D a r c y -

Wei sbach f i s u n w a r r a n t e d . I n e n g i n e e r i n g c o m p u t a t i o n s t h e u s e of a 

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

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

5. The e x a c t v a r i a t i o n of v e l o c i t y w i t h r e s p e c t t o t ime d u r i n g f low 

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

r a t e of g rowth of t h e t u r b u l e n t r e g i o n , and t h e p o s i t i o n of t u r b u l e n c e 

i n c e p t i o n . 

6 . The e x p e r i m e n t a l p a r a m e t e r s u t i l i z e d i n t h e e x p e r i m e n t w e r e s u f f i c i e n t 

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

t h e r a t e o f g r o w t h of t h e t u r b u l e n t r e g i o n . S i n c e t h e p o s i t i o n of 
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t u r b u l e n c e i n c e p t i o n i s a p p a r e n t l y random, t h e e x p e r i m e n t a l p a r a m e t e r s 

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

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



85 

References 

[ l ] Laufer , John , "The S t r u c t u r e of Turbulence i n F u l l y Developed Pipe 
Flow," United S t a t e s Nat iona l Advisory Committee f o r Aeronau t i c s , 
Report ink, 19514. 

[2] Sandborn, V i r g i l A, "Experimental Eva lua t ion of Momentum Terms i n 
Turbulent Pipe Flow," United S t a t e s Nat ional Advisory Committee f o r 
A e r o n a u t i c s , Technica l Note 3266, Januarys 1955« 

[ 3 ] R ich , George B , Hydraulic T r a n s i e n t s . New York: The McGraw-Hill 
Book Company, 1 9 5 1 . 

' " " , 

[ J 4 ] V a l e n s i , J , , and C l a r i o n , C, "Mouvement o s c i l l a t o i r e d 'un l i q u i d e 
visqueux e t pesan t dans un tube en U; photographie du p r o f i l des 
deplacements ; mise en evidence de l a t u r b u l e n c e , " Comptes Rendus 
des Seances de l 'Acad6mie des Sc i ences , Vol , 2 2 6 , 19U8, p , 55U. 

[ 5 ] C l a r i o n , C. "Sur 1 ' amor t i s sement des p e t i t e s o s c i l l a t i o n s d ' un 
l i q u i d e p e s a n t e t visqueux dans un tube en U," Comptes Rendus des 
Stances de l 'Academie des S c i e n c e s , Vol , 2 3 0 , 1950, p . 1926. 

[6] Yamada, H. and Taneda, S . "Note on the l i q u i d Motion i n a U- tube ," 
Repor ts of the Research I n s t i t u t e f o r F lu id Eng inee r ing , Kyushu . 
U n i v e r s i t y , Japan , V o l . V I I , September, 1950, p . 1 . 

[7] Chr i s tophe r son , D. G,, e t a l . " O s c i l l a t o r y Motion of a F lu id Along 
a C i r c u l a r Tube," Proceedings of t he Royal S o c i e t y of London, S e r i e s 
A, Vol . 168 , November, 1 9 3 8 , p . 3 5 1 . 

[ 8 ] J o n e s , D. B , "Measurement of F lu id Res i s t ance i n O s c i l l a t o r y Un
s t e a d y Flow i n a Smooth P i p e , " Unpublished M a s t e r ' s t h e s i s , S t a t e 
U n i v e r s i t y of Iowa, August, 195U, 5up* 

(j?] Crausse , E , "Con t r ibu t ion a. 1 ' e t u d e e x p e r i m e n t a l de phenomenes 
t r a n s i t o i r e s e t de phenomenes pe r iod iques se p rodu i san t dans l e s 
l i q u i d e s en mouvement," P u b l i c a t i o n S c i e n t i f i q u e s e t Techniques du 
M i n i s t e r e de l ' A i r , No. 95] 1936, 

[ 1 0 ] D a i l y , James ¥ , , and Deemer, Kenneth C, "The Unsteady-Flow Water 
Tunnel a t t he Massachuset ts I n s t i t u t e of Technology," Transac t ions 
of t h e American S o c i e t y of Mechanical Eng inee r ing , Vo l , 7 6 , 
J anuary 195a, p . 8 7 . 

[ l i ] Szymanski, P i o t r . "Quelques s o l u t i o n s exac tes des equa t ions de 
1 'hydrodynamique du f l u i d e visqueux dans l e cas d 'un tube c y l i n d r i q u e , 
Jou rna l de Mathematiques Pures e t Appl iquees , S e r i e s 9 , Vo l . 1 1 , 
1932, p . 6 7 - 1 0 7 . 



86 

[ 1 2 ] L a n g h a a r , H e n r y L . " S t e a d y F l e w i n t h e T r a n s i t i o n L e n g t h o f a 
S t r a i g h t T u b e , " J o u r n a l o f A p p l i e d M e c h a n i c s , V o l . 9 , N o . 1 , 
M a r c h , 1 9 U 2 , p . A 5 5 - A 5 8 . 

[ l 3 ] G o l d s t e i n , S . ( e d i t o r ) . M o d e r n D e v e l o p m e n t s i n F l u i d D y n a m i c s , 
V o l . I , O x f o r d : T h e C l a r e n d o n P r e s s , 1 9 3 8 , p . 299-30U. 

f l U ] P r a n d t l , L . , a n d T i e t j e n s , 0 . G . A p p l i e d H y d r o - a n d A e r o 
m e c h a n i c s . T r a n l a t e d b y J . P . D e n H a r t o g . N e w Y o r k : T h e 
M c G r a w - H i l l B o o k C o m p a n y , 1 9 3 k , p . 4 0 - 7 * 4 . 





88 

TABULATED EXPERIMENTALLY DETERMINED VALUES 

T a b l e I . Range of E x p e r i m e n t 

Run No . L/D gV3 

L t > 2 

( x l O - 6 ) 

1 0 ( 3 ) 
*10a 

9 (2 ) 
11 

* l l a 
* l l b 

12 
*12b 

13 
*13a 
*13b 

1 5 
16 

* l 6 a 
17 
18 
19 
20 

*20a 
*20b 

21 
*21a 

22 

9 5 . 0 8 

1 9 0 . 1 6 

2 8 5 . 2 0 

3 8 0 . 2 8 

22a 

3 0 . 2 1 
2 ) 4 . 0 ) 4 
1 8 . 0 6 
12 .OU 

6 a 0 3 
5.99 
6 . 0 0 

1 2 . 0 2 
1 7 . 9 2 
18.01 
1 7 o 9 U 
23.87 
2 U . Ik 
2 9 . 8 7 
29.89 
3 0 . 0 1 

5 . 98 
1 1 . 9 9 
1 1 . 9 9 
1 8 . 0 3 
2 U . 0 2 
3 0 . 0 0 
5.99 
5.98 
5 .96 

11.97 
1 1 . 9 8 
1 7 . 9 7 
17.91 

( c o n t i n ' u e d ) 
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T a b l e I . Range of E x p e r i m e n t ( c o n t i n u e d ) 

Run No , L / D 

h D3 

L T ) 2 

( x K T 6 ) 

23 23 .88 
*23a 23.98 
*23b 23 .96 
2h 30 .30 

*2ua 29.89 
25 U75.3i i 5 . 98 

*25a 5 . 97 
26 11 .95 

* 2 6 a 12 .00 
27 18 .00 
27a 17 . 98 

*27b 17 . 97 
*27c 17 .96 
*27d 17.9U 
*27e 17 .92 
* 2 7 f 17.92 

28 2 3 . 9 2 
* 2 8 a 2 U . 0 0 

2 9 2 9 a 8 5 
* 2 9 a 2 9 . 9 7 

D e n o t e s r u n s r e p e a t e d f o r p r e s s u r e e v a l u a t i o n , 



T a b l e I I . P i p e Geometry 

M i c r o m e t e r measu remen t s of t h e p i p e d i a m e t e r 

P i p e No . L Numbered End of P i p e O p p o s i t e End of P i p e 
D } * D 2 * A v e . D D-f D 2 * Ave . D 

( f t . ) ( i n . ) ( i n . ) ( i n . ) ( i n . ) ( i n . ) ( i n . ) 

1 U.310 0.5UU 0.5U3 0.5U35 0.5U3 0.5U3 0.5U3 
2 U.310 0.5U5 0.5U3 0.5UU 0.5U5 0.5UU 0.5UU5 
3 U.308 0.5U5 0.5U3 0.5UU 0.5UU 0.5UU 0.5UU k U.310 0.5UU 0.5U2 0.5U3 0.5UU 0.5U5 0.5UU5 
5 U.309 0.5U5 0.5U3 0.5UU 0.5U5 0.5U5 0.5U5 

Mean D = 0.5U37 Mean D m 0.5UU2 

D-̂  and Dg a r e o r t h o g o n a l d i a m e t e r s 

W e i g h t - v o l u m e d e t e r m i n a t i o n of t h e p i p e d i a m e t e r s 

P i p e D r y W e i g h t We igh t of W e i g h t W a t e r V o l . of 
N o . of P i p e P i p e + W a t e r of W a t e r Temp. W a t e r ~E Avg . D 

(gm. ) (gnu) (gm.) (°C) ( c m . 3 ) (cm) (cm; ( i n ) 

1 2U27 2622 1 9 5 2U.5 195.5 131.3 1 . 3 8 0.5U3 

ro
 

2U20 2619 1 9 9 25.7 1 9 9 . 5 1 . 3 9 0.5U7 
3 2U23 2623 200 25 .7 200 .5 1 . 3 9 0.5U7 
k 2U27 2622 1 9 5 25 .6 1 9 5 . 5 1 . 3 8 0.5U3 

2U10 2605 195 25.2 195.5 1 . 3 8 0.5U3 
Avg. Temp. « 25.3°C Mean D = 0.5UU* 

The mean d i a m e t e r of a l l p i p e s was assumed t o b e 0„5UU i n c h . 
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T a b l e I I I , E m p i r i c a l R e s u l t s of n - t R e l a t i o n s h i p 

Run 
No . L / D 

L - 0 2 

( X I C R 6 ) 

t s j g h 

Method 1 
r r t 

29 

27 

1 * 7 5 

1*75 21* 

1*75 

( c o n t i n u e d ) 

0o20 
0 . 3 0 
0.1*0 
0 . 5 0 
0 . 6 0 
0 . 7 0 
0 . 80 
0 . 9 0 
1 . 00 
0 . 6 5 
0 .62 
0 . 72 
1.06 
1.38 
0 . 20 
0 .U0 
0 . 6 0 
0 . 8 0 
1 .00 
1.20 
0 . 66 
0.61* 
0 . 9 6 
1.27 
1 .60 
0 . 2 0 
0 . 3 0 
O . L L O 

0 . 5 0 
0 . 6 0 
0 . 7 0 
0 . 8 0 
0 . 7 0 
0.61* 
0 . 9 6 
1 . 26 
1 . 58 

H I 

I I 

I 

I I I 

I I 

I 

I N 

I I 

O . I O 

O . I O 

0 . 1 3 
O . I L * 

0 . 1 8 
0 . 2 0 
0.21* 
0.21* 
0 . 2 9 
0 .29 
0 . 2 9 
0 . 3 1 
0 . 3 7 
0.1*3 
0 . 1 6 
0 . 1 1 
0 . 1 9 
0 . 2 3 
0 . 2 6 
0 . 3 0 
0 . 1 8 
0 . 1 5 
0.31* 
0 . 3 7 
0 . 5 9 
0 . 1 1 
0 . 1 3 
0 . 1 7 
0 . 1 8 
0 . 2 l | 
0 . 2 9 
0 . 2 9 
0 . 2 0 
0 . 1 8 
0.31** 
0 . 1 * 1 * 
0 . 7 2 * 
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T a b l e I I I . E m p i r i c a l R e s u l t s of n - t R e l a t i o n s h i p 
( c o n t i n u e d ) 

Run gh D 3 t s / i E ; 
M - T /R\ O U L/D — 2 — = - Method f 

L 0 2 L r ^ 
( x l O " 6 ) 

26 U75 12 0 . 2 0 I I I 0 . 2 1 0.30 0 . 2 2 
0.1*0 0.15 0.50 0.15 
0 . 6 0 0 . 1 9 
0.70 0.2l* 
0 . 8 0 0.25 
0 . 9 0 0.33 
0 . 7 2 H 0.23 
0 . 6 8 0 . 3 1 
0 . 9 8 0.31* 
1.29 O.ltf* 
1.57 I 0 . 8 9 * 25 1*75 6 0 . 2 0 I I I 0 . 2 6 0.30 0 . 2 8 
0.1*0 0 . 2 7 0.50 0.1*0 0.60 0 . 3 5 

0.70 o.uo 
0 . 8 0 0.1*2 
0 . 7 6 I I 0 . 2 2 
1.01* 0.3l** 
1 .29 0 . 3 9 * 
1 .57 0.1*2* 
1 .85 I 1 .00* 

21* 380 30 0 . 2 0 I I I 0 . 1 0 
0 . 3 0 0 . 1 1 
0.1*0 0 . 1 1 

0.50 o.n 
0 . 6 0 O.ll* 0.70 0 . 1 8 
0 . 8 0 O.ll* 
0 . 6 6 IT 0.11* 
0 . 6 8 0 . 1 6 
0 . 8 0 0 . 1 9 
1 .19 I 0.31* ( c o n t i n u e d ) 
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Table I I I . E m p i r i c a l Resu l t s of n - t R e l a t i o n s h i p 
(con t inued) 

Run g h Q D 3 t v / g F | 
Noo L/D 7T ; — Method J L -

L-O2 L r o 
( x l O - 6 ) 

2 3 3 8 0 2U 0 o 2 0 I I I 0 . 0 9 
0 . 3 0 0 . 0 9 O.LiO 0 . 1 6 
0 . 5 0 0 . 2 3 
0 . 6 0 0 . 1 6 
0 . 7 0 0 . 1 5 
0 . 8 0 0 . 2 3 
0 . 9 0 0 . 3 0 
1 . 0 0 0 . 3 5 
0 . 7 U I I 0 . 2 5 
1 . 0 9 0 . 2 8 
1 .U8 I 0 . U 6 

2 2 380 18 0 . 2 0 I I I 0 . 1 2 
0 . 3 0 0 . 1 1 
0 . U 0 0 . 1 2 
0 . 5 0 0 . 1 3 
0 . 6 0 0 . 1 8 
0 . 7 0 0 . 1 6 
0 . 8 0 0 . 23 
0 . 9 0 0 . 2 5 
1 . 0 0 0 . 2 7 
1 . 1 0 0 . 3 3 
0 . 8 0 I I 0 . 2 6 
l o l l 0 . 3 1 
1 . U 8 I o.U8 

21 380 12 0 . 2 0 I I I 0 . 1 2 
0 . 3 0 0 . 1 5 
0.1*0 0 . 1 6 
0 . 5 0 0 . 1 6 
0 . 6 0 0 . 1 5 
0 . 7 0 0 . 2 0 
0 . 8 0 0 . 26 
0 . 9 0 0 . 2 2 
ioOO o.2U 
l . i o 0 . 3 0 

( con t inued) 
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T a b l e I I I . E m p i r i c a l R e s u l t s of n - t R e l a t i o n s h i p 
( c o n t i n u e d ) 

Run g h p 3 t v f f i , | 
N o , L/D —V- — — - Method — 

LV2 L r 0 

( x l O - 6 ) 

31 

19 

17 

285 30 

285 2h 

285 18 

0 . 8 0 I I 0.26 
l o l l 0 . 3 1 
1.U9 I 0.62 
0.20 I I I 0.17 
0 .30 0 . 1 8 O.uO 0.22 
0 .50 0.26 
0 .60 0 .26 
0 .70 0.2U 
0 . 8 0 0.25 
0 .90 0 . 3 1 
1 .00 o.U5 
0 . 8 0 

I I 0.25 
0 . 8 8 0„20 

0 . 3 5 * 1 .19 
0„20 
0 . 3 5 * 

1.58 I 
0 . 6 9 * 

0.20 I I I 
0 . 0 9 

0.30 0 .10 O.uO 0.09 
0 .50 0 .09 
0 .60 0 . 0 9 
0 . 7 0 0 . 0 9 
0 . 9 1 

I 0.23 
0 .20 I I I 

0 . 0 9 
0.30 0 .09 
o.Uo 0 .09 
0 .50 0 . 1 1 
0 .60 0 .09 
0 .75 I 0.12 
0 .20 I I I 0.09 
0 .30 0 .10 
o.Uo 0 .10 
0 .50 0.12 
0 .60 0 . 0 9 
0 . 9 2 I 0.28 

( c o n t i n u e d ) 



T a b l e I I I . E m p i r i c a l R e s u l t s of n - t R e l a t i o n s h i p 
( c o n t i n u e d ) 

95 

Run 
L/D 

Lt>2 

( x l O - 6 ) 

T S/GHL 
Method 1 

r_ 

285 

15 

12 

12 

6 

1$ 30 

190 

190 1 8 

2 1 * 

0.20 
0.30 
0.1*0 
0.50 
0.60 
0.70 
0.71 
1.28 
0.20 
0.30 
o.l*o 
0.50 
0.60 
0.78 
0.7li 
1.36 
0.20 
0.30 
0.1*0 
0.50 
0.60 
1.00 
0.20 
0.30 
0.1*0 
0.50 
0.60 
1.03 
0.20 
0.30 
0.1*0 
0.50 
0.60 
0.70 
1.03 

I I I 

I I 
I 

I I I 

I I 

I 
I I I 

I 
I I I 

I 
I I I 

0 . 1 1 

O . I L L 

o. l l * 
0 . 1 2 

0.15 
0 . 2 3 

0 . 2 6 

0 . 1 * 6 

0.15 
0 . 1 7 

0 . 2 0 

0 . 2 9 

0 . 1 * 1 

0 . 2 9 

0 . 3 0 
0 . 5 6 
0 . 0 9 

0 . 0 9 

0 . 1 1 

0 . 1 1 

0 . 1 1 

0 . 2 0 

0 . 1 1 

0 . 1 1 

0 . 1 2 

0 . 1 2 

0 . 13 
0 . 2 0 

0 . 0 8 

0 . 1 1 

0 . 15 
0.15 
O.ll* 
0 . 1 1 

0 . 2 0 

( c o n t i n u e d ) 
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T a b l e I I I . E m p i r i c a l R e s u l t s of n - t R e l a t i o n s h i p 
( c o n t i n u e d ) 

Run 
L/D 

g h ^ 

L t ; 2 

( x l O - 6 ) 

Method 

9(2) 190 12 

10(3) 

It 
5 
6 

190 

95 
95 
95 
95 
95 

6 

2k 
18 
12 

6 

0.20 
0.30 
o.uo 
0.50 
0.60 
0.70 
1.13 
0.20 
0.30 
O.UO 
0.50 
0.60 
0.70 
1.76 
1.75 
1.15 
1.U2 
1.26 
1.87 

I I I 0.12 
0.13 
0.15 
0 .17 
0 .17 
0.15 

I 0.33 
I I I 0 .13 

0 .18 
0 .21 
0.2U 
0 .27 
0 .28 

I 0.65 
x 0 .33 
X 0 .12 
X 0 .28 
I 0 .28 
I o.Ui 

Based upon d a t a a f t e r j e t s e p a r a t i o n h a s o c c u r r e d . R e f e r t o 
p . 58 f o r e x p l a n a t i o n . 



T a b l e I T . T a b u l a t i o n of E x p e r i m e n t a l Runs 
b y C a s e s of Flow E s t a b l i s h m e n t 

3 0 x l 0 6 IV IV I I I I IV 

2 I 4 X I O 6 IV IV I I I I I I I 

I 8 x l 0 6 IV IV I I I I I IV 

1 2 x l 0 6 IV IV IV I I I I I 

c x l O 6 IV IV I I I I I I IV 


