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ABSTRACT 

As an example of a common h y d r a u l i c d e v i c e , a d r a f t t u b e i s a 

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

v e l o c i t i e s w i t h a minimum l o s s of f low e n e r g y . I t was t h e p u r p o s e of 

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

m e t r i c v a r i a b l e s on t h e h y d r a u l i c e f f i c i e n c y of two t y p i c a l modem d r a f t 

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

t u b e s w e r e i n s t a l l e d i n an a p p a r a t u s Yfhich i n c l u d e d a v e r t i c a l w a t e r -

s u p p l y p i p e l i n e ; an a d j u s t a b l e , d e f l e c t i o n - v a n e d e v i c e ; and a t a i l w a t e r 

f l u m e . 

C o m p a r a t i v e h y d r a u l i c e f f i c i e n c y t e s t s we re made f o r t h e f o l l o w i n g 

c o n d i t i o n s : o r i g i n a l d e s i g n s , d e t e r m i n a t i o n of t h e e f f e c t of t h e R e y n o l d s 

number and t h e t a i l w a t e r l e v e l ; m o d i f i e d d e s i g n s , i n v e s t i g a t i o n of t h e 

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

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

l e n g t h of a s i n g l e p i e r , a n d l e n g t h of t h e h o r i z o n t a l l e g . The e f f i c i e n c y 

was computed a s a d i m e n s i o n l e s s p i e z o m e t r i e - h e a d r a t i o , i n v o l v i n g t h e 

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

t h e a v e r a g e a x i a l v e l o c i t y a t t h e t h r o a t . 

The t e s t r e s u l t s a r e shown i n g r a p h i c a l f o r m . I t was c l e a r l y 

d e m o n s t r a t e d t h a t , i n most r e s p e c t s , t h e g e o m e t r i c d e t a i l s of t h e o r i g i n a l 

d e s i g n s we re of n e a r l y optimum f o r m . I t was a l s o d e m o n s t r a t e d , h o w e v e r , 

t h a t some s a v i n g i n c o s t w i t h o u t a s e r i o u s l o s s of e f f i c i e n c y m i g h t be 

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

d r a f t t u b e s . The t h e s i s i n c l u d e s a b i b l i o g r a p h y of 66 i t e m s . 



CHAPTER I 

INTRODUCTION 

D e f i n i t i o n of t h e P rob l em.—A d r a f t t u b e i s a d i v e r g e n t , e n c l o s e d c o n ­

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

t o t h e t a i l r a c e . I t h a s two p r i n c i p a l f u n c t i o n s : f i r s t , i t p r o v i d e s 

t h a t t h e t u r b i n e c a n b e l o c a t e d above n o r m a l t a i l w a t e r l e v e l w i t h o u t a 

c o r r e s p o n d i n g l o s s of p o t e n t i a l e n e r g y ; s e c o n d , and mos t i m p o r t a n t , i t 

makes p o s s i b l e t h e u s e of a r e l a t i v e l y s m a l l , h i g h - s p e e d t u r b i n e w i t h ­

o u t a n e x c e s s i v e l o s s of k i n e t i c e n e r g y . As a n example of a common 

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

i s t o c o n v e r t h i g h v e l o c i t i e s t o low v e l o c i t i e s w i t h a minimum l o s s of 

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

m o s t e f f i c i e n t d i f f u s o r . A d e f i n i t i v e s k e t c h of a d r a f t t u b e i s shown 

i n f i g u r e 1 . 

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

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

two t y p i c a l modern d r a f t t u b e s . R e l a t i v e p e r f o r m a n c e e v a l u a t i o n s we re 

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

a l l i n v o l v i n g t h e downs t ream l e g of t h e t u b e , were s y s t e m a t i c a l l y v a r i e d . 

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

t h e d i s c h a r g e o p e n i n g , number of p i e r s , l a t e r a l p o s i t i o n of a s i n g l e p i e r , 

a n g u l a r p o s i t i o n of a s i n g l e p i e r , l e n g t h of a s i n g l e p i e r , and l e n g t h of 

t h e downs t ream l e g of t h e t u b e . 
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H i s t o r y of D r a f t - T u b e R e s e a r c h , — T h e i m p o r t a n t h y d r a u l i c r e s e a r c h d e a l i n g 

w i t h d r a f t - t u b e d e s i g n d a t e s from t h e d e v e l o p m e n t of t h e modern h i g h ­

s p e e d , r e a c t i o n t u r b i n e . As l a r g e F r a n c i s and p r o p e l l e r - t y p e t u r b i n e s 

we re a d a p t e d t o l o w e r and l o w e r h e a d s , t h e e f f i c i e n c y of t h e d r a f t t u b e 

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

Amer ican r e s e a r c h on t u r b i n e d r a f t t u b e s and e x p e r i e n c e w i t h them 

have b e e n c o n c e r n e d w i t h two g e n e r a l t y p e s . I n t h e e a r l y p a r t of t h e 

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

s h a p e d t u b e were d e v e l o p e d and w i d e l y u s e d . R e c e n t l y t h e more e c o n o m i c a l 

e lbow o r q u a r t e r - t u r n t y p e h a s l a r g e l y r e p l a c e d t h e c o n i c a l t u b e s . The 

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

P r a s i l ( l ) was one of t h e f i r s t t o a t t e m p t a m a t h e m a t i c a l a n a l y s i s 

of f l o w i n d r a f t t u b e s . L ike many o t h e r s , i n c l u d i n g H i l l b e r g ( 2 , 1 9 1 5 ) . 

Grimm ( 3 , 1 9 2 7 ) . and K a p l a n ( i i , 1 9 2 9 ) , P r a s i l i g n o r e d t h e e f f e c t of 

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

s i d e r a b l e i m p o r t a n c e w e r e made b y w o r k e r s i n r e l a t e d f i e l d s . Gibson ( 5 , 

1 9 1 2 ) , f o r e x a m p l e , p u b l i s h e d t h e r e s u l t s of i m p o r t a n t r e s e a r c h on t h e 

e n e r g y l o s s e s i n s t r a i g h t c o n i c a l e x p a n s i o n s i n c i r c u l a r p i p e s . Zur 

Nedden ( 6 , 1 9 1 6 ) , X a m e l l and N a g l e r ( 7 , 1 9 3 5 ) . and o t h e r s c o n t r i b u t e d 

v a l u a b l e i n f o r m a t i o n on t h e f low of f l u i d s i n b e n d s . 

One of t h e e a r l i e s t h y d r a u l i c model s t u d i e s t o d e t e r m i n e d r a f t -

t u b e c h a r a c t e r i s t i c s was r e p o r t e d b y W h i t e ( 8 , 1 9 2 1 ) . A p r o d u c t of h i s 

I n v e s t i g a t i o n was t h e Hydraucone R e g a i n e r , a v e r t i c a l t r u m p e t - s h a p e d 

t u b e w h i c h u t i l i z e s a c e n t r a l cone of w h i r l i n g w a t e r t o f a c i l i t a t e t h e 

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

t h e same t i m e Moody ( 9 , 1921) d e s c r i b e d a s i m i l a r c o n i c a l - t y p e d r a f t 



t u b e wh ich f e a t u r e s a f i x e d a x i a l cone e x t e n d i n g upward from t h e f l o o r 

of t h e d r a f t t u b e . V a r i o u s m o d i f i c a t i o n s of t h e Whi te Hydraucone R e -

g a i n e r and t h e Moody S p r e a d i n g D r a f t Tube have b e e n w i d e l y u s e d i n t h e 

U n i t e d S t a t e s . I n 192U A l l e n and W i n t e r ( 1 0 ) d e s c r i b e d t h e r e s u l t s of 

a c o m p r e h e n s i v e model i n v e s t i g a t i o n i n wh ich a l l of t h e common t y p e s of 

d r a f t t u b e s we re t e s t e d u n d e r s i m i l a r c o n d i t i o n s . An e x h a u s t i v e r e v i e w 

of d r a f t - t u b e r e s e a r c h and e x p e r i e n c e was c o n t r i b u t e d by t h e many o u t ­

s t a n d i n g e n g i n e e r s who engaged i n t h e p u b l i s h e d d i s c u s s i o n of t h e A l l e n -

W i n t e r p a p e r . S i x y e a r s l a t e r , i n 1 9 3 0 , t h e N a t i o n a l E l e c t r i c L i g h t 

A s s o c i a t i o n p u b l i s h e d a r e p o r t ( l l ) w h i c h summarized t h e r e s u l t s of a l l 

of t h e e x p e r i m e n t a l d a t a on d r a f t t u b e s a v a i l a b l e a t t h a t t i m e . 

I n 1 9 3 5 , a t t h e r e q u e s t of t h e T e n n e s s e e V a l l e y A u t h o r i t y , t h e 

U. S . B u r e a u of S t a n d a r d s p r e p a r e d an a n n o t a t e d b i b l i o g r a p h i c r e p o r t 

( 12 ) on t h e E n g l i s h and f o r e i g n l a n g u a g e l i t e r a t u r e on d r a f t t u b e s . 

The c u r r e n t ( 1 9 3 5 ) t r e n d i n d r a f t - t u b e d e s i g n , a c c o r d i n g t o t h a t r e p o r t , 

"shows a p e r s i s t e n t t e n d e n c y t o d e p a r t from t h e use of s p r e a d i n g and 

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

c h a r a c t e r i s t i c s i n elbow d r a f t t u b e s was p u b l i s h e d b y Mockmore i n 1938 

( 1 3 ) . V e r i f i c a t i o n of some of t h e r e a s o n s wh ich a c c o u n t e d f o r t h e t r e n d 

t o e lbow t u b e s was p r o v i d e d b y L e u t e l t ( l U , 19U0) , who c o n d u c t e d a s y s ­

t e m a t i c l a b o r a t o r y c o m p a r i s o n of t h e p e r f o r m a n c e of c o n i c a l and e lbow 

t u b e s . 

Most l a b o r a t o r y i n v e s t i g a t i o n s of d r a f t - t u b e p e r f o r m a n c e have 

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

t h e b e s t p r o c e d u r e , b u t i t i s n o t i d e a l . D r a f t - t u b e c h a r a c t e r i s t i c s 
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and r u n n e r c h a r a c t e r i s t i c s a r e i n e x t r i c a b l y r e l a t e d . T h u s , c o m p a r a t i v e 

t e s t s on d i f f e r e n t forms of d r a f t t u b e s h o u l d be c o r r e l a t e d w i t h t h e 

c h a r a c t e r i s t i c s of t h e t e s t r u n n e r * A c o m p r e h e n s i v e i n v e s t i g a t i o n , 

t h e r e f o r e , wou ld r e q u i r e t h e u s e of many d i f f e r e n t r u n n e r s . The c o s t 

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

W i n t e r , i n some u n p u b l i s h e d s t u d i e s c o n d u c t e d f o r t h e Alabama 

Povrer Company i n 1 9 2 8 , was one of t h e f i r s t t o b a s e t h e r e l a t i v e p e r ­

fo rmance of t h e d r a f t t u b e on i t s h y d r a u l i c e f f i c i e n c y a s a d i f f u s o r . 

I n W i n t e r ' s t e s t s , t h e w h i r l component of r u n n e r d i s c h a r g e was s i m u l a t e d 

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

r i n g . S i m i l a r t e s t s , i n w h i c h d r a f t - t u b e e f f i c i e n c y was r e l a t e d t o an 

o r i f i c e c o e f f i c i e n t , we re p e r f o r m e d by t h e U. S . B u r e a u of R e c l a m a t i o n 

f o r t h e Yfheeler Dam p r o j e c t ( 1 5 , 1 9 3 U ) . The t e c h n i q u e of h y d r a u l i c 

t e s t i n g was c o n s i d e r a b l y s i m p l i f i e d and improved b y K i n d s v a t e r and 

Rando lph ( 1 6 , 1 9 5 U ) . I n t h e i r i n v e s t i g a t i o n , c o n d u c t e d i n t h e G e o r g i a 

Tech H y d r a u l i c s L a b o r a t o r y , t h e d r a f t t u b e was c o n n e c t e d t o a u n i f o r m , 

v e r t i c a l p i p e i n w h i c h a d j u s t a b l e d e f l e c t i o n v a n e s p r o v i d e d a means of 

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

t h e Alabama Power Company's M a r t i n Dam p r o j e c t , was s u b s e q u e n t l y a d a p t e d 

t o a l i m i t e d i n v e s t i g a t i o n of e lbow d r a f t t u b e s f o r t h e S . Morgan Smi th 

Company. I n s u b s t a n t i a l l y t h e same f o r m , i t was u sed f o r t h e t e s t s c o n ­

d u c t e d f o r t h i s t h e s i s . 

P r e s e n t Trend i n D r a f t - T u b e R e s e a r c h . — A s i n t h e p a s t , mos t of t h e r e c e n t 

r e s e a r c h on d r a f t t u b e s h a s b e e n c o n d u c t e d o r s p o n s o r e d b y t h e ma jo r t u r ­

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

and t h e demands of t h e consumers have c a u s e d e q u a l e m p h a s i s t o b e p l a c e d 

on economy. N e v e r t h e l e s s , t h e c o n t i n u e d e f f o r t t o l o w e r t h e c o s t of 

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

i n renewed a t t e m p t s t o f i n d a d r a f t t u b e wh ich w i l l be c h e a p e r t o b u i l d 

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

of t h e E d i s o n E l e c t r i c I n s t i t u t e r e c e n t l y s t a t e d ( 1 7 ) • 

P r e s e n t d a y h i g h s p e c i f i c s p e e d r u n n e r s r e q u i r e low 
s e t t i n g s w i t h c o n s e q u e n t deep e x c a v a t i o n o r l o n g 
h o r i z o n t a l l e n g t h t o conform t o t u r b i n e m a n u f a c t u r e r s 
e f f o r t s t o o b t a i n h i g h e f f i c i e n c y and o u t p u t , s i n c e 
g u a r a n t e e d t u r b i n e e f f i c i e n c y i n c l u d e s r e g a i n of 
s u c t i o n h e a d and i s p e n a l i z e d b y e x i t v e l o c i t y . 
P l a n t d e s i g n e r s and o p e r a t i n g c o m p a n i e s , h o w e v e r , 
a r e c o n c e r n e d w i t h t h e o v e r a l l economics i n v o l v e d , 
i n c l u d i n g c o s t of c o n s t r u c t i o n , o p e r a t i o n and m a i n ­
t e n a n c e . Some s a c r i f i c e i n h y d r a u l i c e f f i c i e n c y may 
be j u s t i f i e d b y s a v i n g s o b t a i n e d b y more s i m p l i f i e d 
d e s i g n . 

C o n s i d e r a t i o n s of e f f i c i e n c y a l o n e i n v a r i a b l y l e a d t o t h e l o n g , 

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

economy l e a d t o t h e s h o r t , e lbow d r a f t t u b e . R e s e a r c h h a s n a t u r a l l y 

b e e n c o n c e r n e d w i t h compromis ing t h e s e two c o n s i d e r a t i o n s . The r e s u l t 

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

v e r y s i m i l a r d e s i g n . F u t u r e improvemen t s w i l l depend on a s y s t e m a t i c 

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

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

a ccompl i shmen t of s u c h a s t u d y . 

Review of R e s e a r c h on t h e Elbow D r a f t Tube .—The l i t e r a t u r e of r e s e a r c h 

on t h e e lbow d r a f t t u b e i s v o l u m i n o u s , b u t n o t e x h a u s t i v e . I t would 
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be more a p p r o p r i a t e t o o b s e r v e t h a t t h e r e s u l t s of t h e r e s e a r c h r e p o r t e d 

t o d a t e have been p o o r l y i n t e g r a t e d . 

Deve lopment of t h e t r u m p e t - s h a p e d t u b e from t h e s t r a i g h t c o n i c a l 

t u b e e v e n t u a l l y l e d t o t h e e lbow t u b e . T h u s , W i l l i a m s (10) r e a s o n e d 

t h a t an e lbow t u b e w i t h a t r u m p e t - s h a p e d v e r t i c a l l e g c o u l d b e p a t t e r n e d 

a f t e r t h e optimum d i m e n s i o n s of a t r u e t r u m p e t - s h a p e d t u b e w i t h b o t t o m 

d e f l e c t i o n p l a t e . As a r e s u l t , h i s d r a f t t u b e was one of t h e f i r s t 

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

c o n i c a l t u b e s . 

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

and o u t s i d e b e n d s of e lbow t u b e s have n o t b e e n c o n c l u s i v e . S i m i l a r l y , 

t h e i d e a l r e l a t i v e l e n g t h of t h e downs t ream l e g h a s n o t b e e n e s t a b l i s h e d , 

a l t h o u g h s e v e r a l i n v e s t i g a t o r s ( 1 0 , 1 1 , 15 ) have c o n c l u d e d t h a t t h e 

e f f i c i e n c y 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 l e n g t h of t h e t u b e . E n g l e s s o n 

( 1 8 ) c o n c l u d e d t h a t the optimum l e n g t h and d e p t h of t h e e lbow t u b e r e l a ­

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

t h e r u n n e r . V o o r d u i n (19), i n an e m p i r i c a l a n a l y s i s of t h e b e s t modern 

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

T e s t s b y t h e U. S . B u r e a u of R e c l a m a t i o n (15>) on t h e V/hee le r Dam 

d r a f t t u b e s i n d i c a t e d t h a t t h e e f f i c i e n c y of t h e t u b e would n o t be d e ­

c r e a s e d i f t h e f l o o r of t h e h o r i z o n t a l l e g w e r e changed from h o r i z o n t a l 

t o a X:U p o s i t i v e s l o p e . The l i m i t a t i o n s on t h i s v a r i a b l e have n o t b e e n 

e s t a b l i s h e d . 

C o n s i d e r a b l e c o n t r a d i c t i o n e x i s t s i n t h e l i t e r a t u r e r e g a r d i n g t h e 

i n f l u e n c e of h o r i z o n t a l s p l i t t e r s and v e r t i c a l p i e r s . On l a r g e u n i t s , 



p i e r s a r e a s t r u c t u r a l n e c e s s i t y . N e v e r t h e l e s s , l i k e s p l i t t e r s , p i e r s 

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

p u r p o s e i s n o t c l e a r l y d e t e r m i n e d . S e v e r a l i n v e s t i g a t o r s have found 

t h a t s p l i t t e r s have a b e n e f i c i a l e f f e c t on t h e e f f i c i e n c y of e lbow 

d r a f t t u b e . O t h e r s have f o u n d , howeve r , t h a t t h e b e n e f i t i s a f u n c t i o n 

of t h e l e n g t h of t h e s p l i t t e r and t h e w h i r l component i n t h e d i s c h a r g e 

from t h e t u r b i n e . C a f l i s c h ( 2 0 ) , f o r e x a m p l e , found t h a t a s p l i t t e r 

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

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

t h e d e g r e e of w h i r l . I t i s known t h a t t h e m a g n i t u d e of t h e w h i r l com­

p o n e n t v a r i e s w i t h t h e t y p e and s p e c i f i c s p e e d of t u r b i n e . A u t h o r i t i e s , 

h o w e v e r , do n o t a g r e e on t h i s r e l a t i o n s h i p . 

I t i s a p p a r e n t t h a t t h e modern e lbow d r a f t t u b e i s a p r o d u c t of 

e x p e r i m e n t and c o n j e c t u r e . N e v e r t h e l e s s , a s numerous t e s t s have shown, 

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

A d d i t i o n a l r e f i n e m e n t s w i l l depend on s y s t e m a t i c i n v e s t i g a t i o n s of 

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

of t u r b i n e c h a r a c t e r i s t i c s . 
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CHAPTER I I 

LABORATORY SET-UP 

G e n e r a l . — T h e l a b o r a t o r y t e s t s f o r t h i s t h e s i s were made i n t h e H y d r a u l i c s 

L a b o r a t o r y of t h e G e o r g i a I n s t i t u t e of T e c h n o l o g y , S c h o o l of C i v i l E n g i n e e r ­

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

b e l o w , had b e e n d e v e l o p e d f o r two p r e v i o u s d r a f t - t u b e i n v e s t i g a t i o n s 

s p o n s o r e d by p r i v a t e a g e n c i e s . The g e n e r a l a r r a n g e m e n t of t h e l a b o r a t o r y 

s e t - u p i s shown on f i g u r e 2 . 

D r a f t - T u b e M o d e l s . — T h e d e s i g n s f o r t h e d r a f t - t u b e models u s e d i n t h i s 

i n v e s t i g a t i o n were talcen f rom p l a n s f u r n i s h e d b y t h e S . Morgan Smi th 

Company. The two models t e s t e d , a s shown on f i g u r e s 3 and l i , r e p r e s e n t 

t y p i c a l modern d r a f t t u b e s of t h e q u a r t e r - t u r n o r elbow t y p e . The s c a l e 

s e l e c t e d f o r b o t h models was s u c h t h a t t h e t h r o a t s of t h e model d r a f t 

t u b e s were e x a c t l y s i x i n c h e s i n i n s i d e d i a m e t e r . The mode l s we re c o n ­

s t r u c t e d of p l a s t i c - i m p r e g n a t e d , g l a s s - f i b e r c l o t h and we re molded o v e r 

a c c u r a t e l y b u i l t p l a s t e r f o r m s . Bo th t u b e s w e r e b u i l t b y a p r o f e s s i o n a l 

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

t u b e mode l s* 

D e f l e c t i o n - V a n e S e c t i o n . — A t t h e i r i n l e t e n d s , t h e d r a f t - t u b e models 

we re c o n n e c t e d t o a v e r t i c a l , s i x - i n c h p i p e l i n e . I n o r d e r t o p r o v i d e 

a means of s i m u l a t i n g t h e e f f e c t of r u n n e r - d i s c h a r g e w h i r l , m a n u a l l y 

a d j u s t a b l e d e f l e c t i o n v a n e s viere l o c a t e d i n a s h o r t s e c t i o n of p l a s t i c 





(a) P l a n 

(b) S ide E l e v a t i o n 

F i g u r e 3 . D r a f t Tube Model No. 1, O r i g i n a l D e s i g n . 



12 

[b) E l e v a t i o n 

F i g u r e 4 . D r a f t Tube Model No. 2, O r i g i n a l D e s i g n . 
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p i p e i m m e d i a t e l y above t h e d r a f t t u b e . An e x t e r n a l s h i f t - r i n g c o n n e c t e d 

t o t h e r a d i a l v a n e s p r o v i d e d f o r t h e i r a d j u s t m e n t t o any a n g l e from 0 

d e g r e e s t o 35 d e g r e e s (measured w i t h r e s p e c t t o t h e a x i s of t h e t u b e ) . 

The d e f l e c t i o n - v a n e s e c t i o n i s shown on f i g u r e 5 , 

F lume .—The d r a f t t u b e s a t t h e i r d i s c h a r g e e n d s w e r e c o n n e c t e d t o an 

open f lume h a v i n g a w i d t h e q u i v a l e n t t o a t y p i c a l u n i t s p a c i n g . T a i l -

w a t e r c o n t r o l i n t h e f lume was p r o v i d e d by means of a h i n g e d e n d - g a t e . 

P i e z o m e t r i c - H e a d M e a s u r e m e n t . — F o u r w a l l p i e z o m e t e r s l o c a t e d abou t f o u r 

i n c h e s be low t h e d e f l e c t i o n v a n e s were c o n n e c t e d t o a z e r o - d i s p l a c e m e n t 

manometer f o r t h e measurement of t h e p i e z o m e t r i c head a t t h e t h r o a t of 

t h e d r a f t t u b e . Two p i e z o m e t e r s l o c a t e d i n t h e f l o o r of t h e f l u m e , a b o u t 

f i v e f e e t downst ream from t h e end of t h e d r a f t t u b e ^ w e r e c o n n e c t e d t o a 

s i m i l a r manometer f o r m e a s u r i n g t h e t a i l w a t e r l e v e l . The manometers were 

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

and t h e t a i l w a t e r c o u l d b e measu red d i r e c t l y . The manometers a r e shown 

on f i g u r e 2* 

"Water S u p p l y and D i s c h a r g e M e a s u r e m e n t . — W a t e r was s u p p l i e d t o t h e mode l s 

from t h e l a b o r a t o r y ' s c o n s t a n t - h e a d , r e c i r c u l a t i n g s y s t e m . A v a l v e i n 

t h e s u p p l y p i p e was used t o c o n t r o l t h e q u a n t i t y of f low t h r o u g h t h e 

d r a f t t u b e s . A maximum d i s c h a r g e of 2 . 2 c u b i c f e e t p e r s e c o n d was u s e d . 

The d i s c h a r g e was measu red b y means of a c a l i b r a t e d b e n d - m e t e r i n t h e 

s u p p l y p i p e . The p i e z o . a e t r i e - h e a d d i f f e r e n c e a t t h e b e n d - r a e t e r was 

measu red b y means of an i n v e r t e d , a i r - w a t e r , d i f f e r e n t i a l m a n o m e t e r . 



P l a n of D e f l e c t i o n Varies, Looking Down, Showing 
D i r e c t i o n of W h i r l f o r a l l T e s t s . 

F i g u r e 5 . D e f l e c t i o n - V a n e S e c t i o n . 
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CHAPTER I I I 

ANALYSIS Al© PROCEDURE 

D r a f t - T u b e E f f i c i e n c y * — F i g u r e 1 i s d e f i n i t i v e f o r an a n a l y s i s of f low 

t h r o u g h d r a f t t u b e s . Assuming , f i r s t , t h a t t h e f low p a s t s e c t i o n s ( l ) 

and ( 3 ) , a t t h e t h r o a t and i n t h e t a i l r a c e r e s p e c t i v e l y , i s a x i a l and 

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

by t h e p i e z o m e t r i c head a t t h e b o u n d a r i e s . F u t h e r m o r e , t h e a v e r a g e 

k i n e t i c e n e r g y a t s e c t i o n ( l ) i s c l o s e l y a p p r o x i m a t e d by t h e v e l o c i t y 

head computed on t h e b a s i s of t h e a v e r a g e , a x i a l v e l o c i t y i n t h e t h r o a t . 

T h u s , from t h e o n e - d i m e n s i o n a l ( B e r n o u l l i ) e n e r g y and c o n t i n u i t y e q u a t i o n s , 

h 3 " h l + H L = 

where (h^ - h ^ ) i s t h e d i f f e r e n c e i n a v e r a g e p i e z o m e t r i c h e a d s b e t w e e n 

s e c t i o n s ( l ) and ( 3 ) , ( % ) i s t h e t o t a l head l o s s be tween t h e two s e c t i o n s 

(A-^) and (A3) a r e t h e c o r r e s p o n d i n g t o t a l c r o s s - s e c t i o n a l a r e a s , and 
2 

( V ] / 2 g ) i s t h e a v e r a g e k i n e t i c e n e r g y a t s e c t i o n ( l ) . 

The t o t a l h e a d l o s s , H^, b e t w e e n s e c t i o n s ( l ) and ( 3 ) c o n s i s t s of 

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

t u b e , and t h e e x p a n s i o n l o s s b e t w e e n t h e end of t h e t u b e and t h e t a i l -

r a c e . Each of t h e s e components i s a f u n c t i o n of ( V j / 2 g ) . T h u s , t h e 

t o t a l l o s s can be e x p r e s s e d i n t e r m s of a g r o s s h e a d - l o s s c o e f f i c i e n t , 
^L* a s > 2 
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S u b s t i t u t i n g e q u a t i o n 2 i n e q u a t i o n 1 , s o l v i n g f o r (h^ - h ^ ) , and d i v i d i n g 

b y (\/2g) y i e l d s 

h 3 ~ h l 

i 
2g 

f / A S 2 
( 3 ) 

whe re t h e l e f t - h a n d member i s a d i m e n s i o n l e s s p i e a o m e t r i c - h e a d r a t i o , 

h e n c e f o r t h g i v e n t h e symbol (H ) . 

From d i m e n s i o n a l a n a l y s i s , (C^) i s a f u n c t i o n of t h e R e y n o l d s 

number , R, and t h e g e o m e t r y of t h e f i x e d b o u n d a r i e s . I t f o l l o w s t h a t 

t h e p i e z o m e t r i c - h e a d r a t i o , irj e , i s a l s o a f u n c t i o n of (R_) and g e o m e t r y , 

o r , 

h 3 " h l 
2 = ^ e = 4 ( 1 * g e o m e t r y ) . (U) 

Z i 
2g 

Fo r t h e assumed c o n d i t i o n s ( u n i f o r m , a x i a l f l o w ) , ( * | e ) i s a 

m e a s u r e of t h e e n e r g y e f f i c i e n c y of t h e d r a f t t u b e a s a d i f f u s e r . T h i s 

f a c t i s made more a p p a r e n t b y s u b s t i t u t i n g f o r (h^ - h-j_) t h e e q u i v a l e n t 

e x p r e s s i o n f rom t h e B e r n o u l l i e q u a t i o n , -whence, 

v i i 
2 ? 2 T " H ^ 

^ ^ H f ' < « 

From e q u a t i o n 5 i t i s a p p a r e n t t h a t ( ^ J e ) i s t h e r a t i o of t h e f low e n e r g y 

r e c o v e r e d by t h e d r a f t t u b e t o t h e e n e r g y a v a i l a b l e a t t h e t h r o a t . The 
2 

t e r m (V^ /2g ) i n e q u a t i o n 5 a p p r o a c h e s z e r o f o r s m a l l v a l u e s of t h e a r e a 

r a t i o , a s i s t r u e f o r m o s t d r a f t t u b e s . 
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The I n f l u e n c e of W h i r l , — I f i t i s assumed t h a t t h e f low a t s e c t i o n ( l ) 

c o n t a i n s a w h i r l component , e q u a t i o n U c o n t i n u e s t o be an a d e q u a t e measure 

of d r a f t - t u b e e f f i c i e n c y — s u b j e c t t o t h e f o l l o w i n g c o n d i t i o n s . I n t h e 

d e r i v a t i o n of e q u a t i o n U, i t was assumed t h a t t h e f l o w was a x i a l and 

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

b o t h s e c t i o n s ( l ) and ( 3 ) would b e r e p r e s e n t e d by t h e p i e z o m e t r i c head 

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

a r e t h e p i e z o m e t r i c h e a d s r e a d i l y m e a s u r e d . Wi th t h e added c o m p l i c a t i o n 

of w h i r l , t h e p i e z o m e t r i c h e a d a t s e c t i o n ( l ) v a r i e s from a minimum a t 

t h e c e n t e r t o a maximum a t t h e w a l l . The m a g n i t u d e of t h i s v a r i a t i o n 

d e p e n d s on t h e m a g n i t u d e a n d d i s t r i b u t i o n of t h e t a n g e n t i a l components 

of v e l o c i t y i n t h e c r o s s - s e c t i o n . U n f o r t u n a t e l y , n e i t h e r t h e v e l o c i t y 

p a t t e r n n o r t h e p i e z o m e t r i c - h e a d d i s t r i b u t i o n c a n b e measured by o r d i n a r y 

m e a n s . At s e c t i o n ( 3 ) , wh ich i s a v e r t i c a l s e c t i o n i n t h e t a i l r a c e , t h e 

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

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

A s econd c o m p l i c a t i o n r e s u l t i n g f rom w h i r l a t s e c t i o n ( 1 ) c o n c e r n s 

t h e d e n o m i n a t o r of t h e e f f i c i e n c y r a t i o , e q u a t i o n U. T h u s , when t h e f low 

c o n t a i n s a w h i r l component , (V^) i s t h e v e c t o r sum of t h e a x i a l v e l o c i t y 

and t h e t a n g e n t i a l v e l o c i t y . F o r a g i v e n d i s c h a r g e , t h e r e f o r e , t h e 

a v e r a g e k i n e t i c e n e r g y a t s e c t i o n ( l ) i n c r e a s e s w i t h i n c r e a s i n g d e g r e e s 

of w h i r l . 

A n a l y s i s of E f f i c i e n c y T e s t s . — T h e o n l y p r a c t i c a b l e method of m e a s u r i n g 

t h e p i e z o m e t r i c head a t s e c t i o n ( l ) i n t h e l a b o r a t o r y i s b y means of 

w a l l p i e z o m e t e r s . From t h e p r e c e d i n g d i s c u s s i o n i t i s a p p a r e n t t h a t 
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t h e p i e z o m e t r i c h e a d a t t h e w a l l , h-^, w i l l be i n e x c e s s of t h e a v e r a g e 

p i e z o m e t r i c h e a d , h ^ , e x c e p t when t h e f low i s a x i a l ( z e r o w h i r l ) . The 

e f f e c t of u s i n g ( h ^ ) i n e q u a t i o n k i s t o c a u s e t h e n u m e r a t o r of t h e 

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

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

of t h e t o t a l v e l o c i t y , V^, i s t o c a u s e a n i n c r e a s i n g u n d e r e s t i m a t i o n of 

t h e k i n e t i c e n e r g y a t t h e t h r o a t w i t h i n c r e a s i n g d e g r e e s of w h i r l . To 

an unknown d e g r e e , t h e r e f o r e , t h e use of ( h ^ ) and (v"-^) i n s t e a d of (h . . ) 

and (V-^) i n e q u a t i o n k w o u l d be p a r t i a l l y c o m p e n s a t i n g . More i m p o r t a n t , 

h o w e v e r , a c o e f f i c i e n t wh ich i s p r o p o r t i o n a l t o ( * ^ e ) « i n v o l v i n g t h e 

e a s i l y d e t e r m i n e d q u a n t i t i e s (h^ ) and ( V ^ ) , i s q u i t e a d e q u a t e a s a 

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

same d e g r e e of w h i r l . I t f o l l o w s t h a t s u c h a s i m p l i f i e d d e f i n i t i o n of 

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

i n form of a b a s i c d r a f t t u b e d e s i g n . T h u s , f o r t h e p u r p o s e s of t h i s 

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

r[ - J i = <p (R, g e o m e t r y ) . ( 6 ) 

2g 

S i m i l i t u d e R e q u i r e m e n t s . — I t i s a p p a r e n t f rom e q u a t i o n 6 t h a t two c o n d i ­

t i o n s mus t be s a t i s f i e d i n o r d e r t h a t a d r a f t t u b e model i n d i c a t e c o r r e c t ­

l y t h e e f f i c i e n c y of i t s p r o t o t y p e . These a r e , f i r s t , t h a t t h e mode l s 

be g e o m e t r i c a l l y s i m i l a r t o t h e p r o t o t y p e a n d , s e c o n d , t h a t t h e R e y n o l d s 

number , R, be i d e n t i c a l i n model and p r o t o t y p e . I n t h e p r e s e n t i n s t a n c e 
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i t i s s u f f i c i e n t t o know t h a t t h e mode l r e s u l t s can b e r e l a t e d t o p r o t o ­

t y p e p e r f o r m a n c e . A c t u a l l y , i t i s t h e p u r p o s e of t h e s e t e s t s t o compare 

t h e e f f i c i e n c y of model d r a f t t u b e s of t he same s i z e b u t of v a r i a b l e 

f o r m . The m o s t s i g n i f i c a n t g e o m e t r i c c h a r a c t e r i s t i c common t o a l l models 

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

compare t h e r e s u l t s of t e s t s made on t u b e s of d i f f e r e n t fo rm, i t i s 

r e q u i r e d t h a t t h e i r d e f l e c t i o n - v a n e a n g l e s be t h e s a m e . S i m i l a r l y , f o r 

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

v a l u e s of t h e Reyno lds number . I t i s a n t i c i p a t e d , howeve r , t h a t t h e 

e f f i c i e n c y r a t i o , l i k e t h e c o e f f i c i e n t of d i s c h a r g e f o r o r i f i c e s and 

v e n t u r i t u b e s , w i l l be i n d e p e n d e n t of t h e Reyno lds number u n d e r c o n d i ­

t i o n s of o p e r a t i o n o b t a i n a b l e i n t h e l a b o r a t o r y . K i n d s v a t e r and Randolph 

( l 6 ) , s e e k i n g t o s i m u l a t e p r o t o t y p e r e s u l t s on a 1 : 2 5 - s c a l e model d r a f t 

t u b e , d e m o n s t r a t e d t h a t t h e i n f l u e n c e of t h e Reyno lds number c o u l d be 

i g n o r e d a t v a l u e s of (R-^) g r e a t e r t h a n 3 x 1 0 ^ . Because m o d e l s used f o r 

t h i s i n v e s t i g a t i o n a r e e q u a l I n a b s o l u t e s i z e t o t h o s e t e s t e d by K i n d s ­

v a t e r a n d R a n d o l p h , i t i s r e a s o n a b l e t o a n t i c i p a t e t h a t t h e I n f l u e n c e of 

t h e Reyno lds number w i l l a l s o b e s i m i l a r . The p r o o f i n a n y c a s e d e p e n d s 

on t h e e v i d e n c e o b t a i n e d i n t h e l a b o r a t o r y f o r t h e maximum p o s s i b l e r a n g e 

of model d i s c h a r g e s . 

E x p e r i m e n t a l P r o c e d u r e .—The p u r p o s e o f t h e d e f l e c t i o n v a n e s shown i n 

f i g u r e 5 was t o s i m u l a t e t h e w h i r l i n t h e t u r b i n e d i s c h a r g e . As i n d i c a t e d 

i n t h e p h o t o g r a p h , t h i s a p p a r a t u s was e q u i p p e d w i t h a p r o t r a c t o r t o measu re 

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

f o r m i t y of t e s t c o n d i t i o n s , t h e d e f l e c t i o n v a n e s were a lw ays s e t s o a s 



20 

t o p r o d lice a c l o c k w i s e w h i r l , l o o k i n g i n t h e d i r e c t i o n of f l o w . 

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

t a i l w a t e r l e v e l (and t h e r e f o r e t h e p i e z o m e t r i c h e a d , h^) e q u a l . T h i s 

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

h e i g h t of t h e d i s c h a r g e o p e n i n g of t h e d r a f t t u b e s ( o r i g i n a l d e s i g n s ) . 

The r e l a t i v e e f f e c t of v a r y i n g t a i l w a t e r l e v e l s was d e t e r m i n e d b y a 

s p e c i a l s e r i e s of t e s t s made f o r each of t h e two b a s i c m o d e l s . The 

r e s u l t s of t h e s e t e s t s a r e d e s c r i b e d s u b s e q u e n t l y . 

C o m p a r a t i v e e f f i c i e n c y t e s t s w e r e made a t a c o n s t a n t r a t e of d i s ­

c h a r g e . T h i s r a t e , s u b s e q u e n t l y shown t o b e i n t h e r a n g e where t h e i n ­

f l u e n c e of t h e R e y n o l d s number i s n e g l i g i b l e , was 2 . 0 c u b i c f e e t p e r 

s e c o n d . The c o r r e s p o n d i n g v e l o c i t y ( V ^ ) and R e y n o l d s number (R^) a t 

t h e t h r o a t s e c t i o n i s a p p r o x i m a t e l y 10 f e e t p e r s e c o n d and 5 x 10* 

r e s p e c t i v e l y . The d i s c h a r g e was a d j u s t e d d u r i n g e a c h s e r i e s of t e s t s 

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

A t y p i c a l e f f i c i e n c y t e s t s e r i e s on a g i v e n model d r a f t t u b e i n ­

v o l v e d o n l y one i n d e p e n d e n t v a r i a b l e — t h e d e f l e c t ! o n - v a n e a n g l e . T h u s , 

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

t h e p i e z o m e t r i c - h e a d d i f f e r e n c e (h^ - h^) was d e t e r m i n e d f o r s e v e r a l 

d e f l e c t i o n - v a n e p o s i t i o n s . The number of p o s i t i o n s t e s t e d i n e a c h i n ­

s t a n c e was d e t e r m i n e d b y t h e r e q u i r e m e n t s f o r d r awing a smooth e f f i c i e n c y 

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

A l l mode l c h a n g e s i n v o l v e d t h e form of t h e downs t r eam l e g of t h e 

two b a s i c d r a f t - t u b e s h a p e s . The manner i n w h i c h t h e s e model m o d i f i c a ­

t i o n s we re made i s d e s c r i b e d i n t h e d i s c u s s i o n of t e s t r e s u l t s . I n 



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

t h e two b a s i c s h a p e s was u s e d a s a b a s i s f o r e v a l u a t i n g t h e i n f l u e n c e of 

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



CHAPTER IV 

DISCUSSION OF TEST RESULTS 

I n f l u e n c e of R e y n o l d s Number.—The i n f l u e n c e of t h e R e y n o l d s number , R, 

on t h e e f f i c i e n c y r a t i o , >̂  , i s shown on f i g u r e s 6 and 7 f o r Models 

No. 1 and 2 , r e s p e c t i v e l y . A s c a l e of v a l u e s of t h e Reyno lds number , 

b a s e d on a n a p p r o x i m a t e v a l u e of k i n e m a t i c v i s c o s i t y e q u a l t o 1 x 

s q u a r e f e e t p e r s e c o n d , i s shown below t h e s c a l e of v e l o c i t y . The 

R e y n o l d s number (R-|_). "was v a r i e d from 1 .0 x i c £ t o 5 . 5 x i c £ , v a l u e s 

w h i c h c o r r e s p o n d t o t h r o a t v e l o c i t i e s of a p p r o x i m a t e l y 2 and 1 1 f e e t 

p e r s e c o n d , r e s p e c t i v e l y * The d i f f e r e n t c u r v e s shown on e a c h f i g u r e 

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

show a t e n d e n c y f o r ) t o I n c r e a s e w i t h i n c r e a s i n g v a l u e s of (R-^) up 

t o a b o u t 3 x t h e n t o r e m a i n c o n s t a n t f o r h i g h e r v a l u e s of (^-|_). 

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

e f f e c t of (R) on v e n t u r i - t u b e and o r i f i c e c o e f f i c i e n t s . 

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

c h a n g e s i n c e r t a i n m i n o r g e o m e t r i c f e a t u r e s c a n b e d e t e r m i n e d on t h e 

b a s i s of model t e s t s w i t h o u t a t t a i n i n g I d e n t i c a l v a l u e s of t h e R e y n o l d s 

number , p r o v i d e d o n l y t h a t v a l u e s of (R^) i n t h e m o d e l a r e e q u a l t o o r 

g r e a t e r t h a n 3 x 1 0 ^ . The s t a n d a r d v a l u e of (R^) s e l e c t e d f o r a l l s u b ­

s e q u e n t t e s t s was 5 x c o r r e s p o n d i n g t o a v e l o c i - t y of 10 f e e t p e r 

s e c o n d a t t h e t h r o a t . 
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I n f l u e n c e of T a i l w a t e r Leve l*—The r e l a t i v e i n f l u e n c e of t a i l w a t e r l e v e l 

was d e t e r m i n e d b y a s e r i e s of t e s t s on t h e o r i g i n a l d e s i g n of e a c h m o d e l . 

The r e s u l t s a r e shown on f i g u r e s 8 and 9, where t h e measu red e f f i c i e n c y 

i s p l o t t e d a s a f u n c t i o n of t h e t a i l w a t e r r a t i o , h ^ / y Q . As shown on 

f i g u r e 1 , ( h ^ ) i s t h e t a i l w a t e r d e p t h and ( y Q ) i s t h e o r i g i n a l h e i g h t 

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

of t a i l w a t e r r a t i o s from 1.0 t o 2 . 5 • F o r b o t h m o d e l s , t h e t e s t r e s u l t s 

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

I n c i d e n t a l t o t e s t s made f o r a n o t h e r p u r p o s e , i t was d e m o n s t r a t e d t h a t 

a s i m i l a r e f f e c t would r e s u l t when t h e t a i l r a c e f l o o r l e v e l was l o w e r e d 

be low t h e b o t t o m of t h e d r a f t t u b e a t t h e o u t l e t . I t i s s u g g e s t e d t h a t 

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

r e n c e of h o r i z o n t a l - a x i s e d d i e s s u r r o u n d i n g t h e l i v e s t r e a m a t t h e o u t l e t 

of t h e d r a f t t u b e . 

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

s e q u e n t t e s t s was h ^ / y 0 = 2 . 0 . 

E f f i c i e n c y of t h e O r i g i n a l D e s i g n s . — A s a b a s i s f o r c o m p a r i s o n w i t h t e s t s 

made on m o d i f i c a t i o n s of t h e o r i g i n a l m o d e l s , t h e e f f i c i e n c y c h a r a c t e r i s ­

t i c s of Models No. 1 and No . 2 a r e shown on f i g u r e s 10 and 1 1 . On t h e s e 

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

vane a n g l e , w i t h (R-^) and t h e t a i l w a t e r r a t i o c o n s t a n t and e q u a l t o t h e i r 

s t a n d a r d v a l u e s . 

The g e n e r a l form of t h e e f f i c i e n c y c u r v e s f o r t h e two mode l s i s 

s i m i l a r . Bo th d e s i g n s showed a marked d e f i c i e n c y a t a d e f l e c t i o n - v a n e 

a n g l e of z e r o d e g r e e s , and b o t h showed two p o i n t s of p e a k p e r f o r m a n c e 
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s e p a r a t e d b y a t r o u g h i n t h e e f f i c i e n c y c u r v e a t a b o u t 10 d e g r e e s . The 

maximum e f f i c i e n c y of Model No. 1 was 7U.5 p e r c e n t a t 18 d e g r e e s . The 

maximum e f f i c i e n c y of Model No . 2 was 78 p e r c e n t a t 17*5 d e g r e e s . The 

i n c r e a s e i n e f f i c i e n c y w i t h i n c r e a s i n g w h i r l up t o an a n g l e of a b o u t 18 

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

c o u n t e r - a c t i n g t e n d e n c i e s t oward s e p a r a t i o n i n t h e v e r t i c a l l e g of t h e 

t u b e • 

I t s h o u l d be o b s e r v e d , and k e p t i n mind d u r i n g t h e s u b s e q u e n t 

d i s c u s s i o n , t h a t t h e v a n e s i n t h e d e f l e c t i o n - v a n e s e c t i o n were v i s u a l l y 

a l i g n e d and t h a t a d e f l e c t i o n - v a n e a n g l e of z e r o d o e s n o t n e c e s s a r i l y 

i m p l y t r u l y a x i a l f low ( z e r o w h i r l ) . I t was p r i n c i p a l l y f o r t h i s r e a s o n 

t h a t a l l t e s t s w e r e made w i t h t h e w h i r l i n one d i r e c t i o n ( c l o c k w i s e , 

l o o k i n g i n t h e d i r e c t i o n of f l o w ) . 

Roof S l o p e and A r e a of D i s c h a r g e Open ing .—The combined i n f l u e n c e s of t h e 

s l o p e of t h e r o o f i n t h e h o r i z o n t a l l e g and t h e a r e a o f t h e d i s c h a r g e 

o p e n i n g a r e shown by t h e t e s t r e s u l t s on f i g u r e s 12 and 1 3 . F o r t h e s e 

t e s t s , an a d j u s t a b l e f a l s e r o o f was i n s t a l l e d i n b o t h m o d e l s . The f a l s e 

r o o f was a s h e e t - m e t a l p l a t e , f e a t h e r e d on t h e u p s t r e a m edge t o b e t a n g e n t 

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

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

r o o f f rom t h e o r i g i n a l r o o f s u r f a c e . The e n d - o p e n i n g be tween t h e f a l s e 

r o o f and t h e o r i g i n a l r o o f was c l o s e d . 

E f f i c i e n c y t e s t s made on b o t h m o d e l s c o v e r e d a r a n g e of d i s c h a r g e -

o p e n i n g d e p t h r a t i o s ( y / y 0 ) from O.U t o 1 . 0 . S i m i l a r t e s t s w e r e made on 

b o t h m o d e l s f o r a f u l l r a n g e of d e f l e c t i o n - v a n e a n g l e s . From t h e t e s t 







r e s u l t s shown on f i g u r e s 12 and 1 3 , i t i s a p p a r e n t t h a t t h e r o o f s of b o t h 

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

h y d r a u l i c e f f i c i e n c y . I n f a c t , f o r a n o p e n i n g r a t i o of 0 . 6 , t h e e f f i c i e n c y 

of Model Ho . 1 was s l i g h t l y b e t t e r t h a n i t w a s f o r t h e o r i g i n a l d e s i g n . 

T h i s i n c r e a s e i n e f f i c i e n c y i s a s s o c i a t e d w i t h t h e c o n c l u s i o n , b a s e d on 

e a r l i e r o b s e r v a t i o n s of t h e f l ow p a t t e r n i n t r a n s p a r e n t mode l s of t h e 

same d e s i g n , t h a t t h e r o o f s u r f a c e s of t h e h o r i z o n t a l l e g s were n o t 

e f f e c t i v e f l ow b o u n d a r i e s . I t i s s u g g e s t e d t h a t a l o w e r e d r o o f , a l l 

o t h e r d e t a i l s of d e s i g n r e m a i n i n g a s i n t h e o r i g i n a l , more n e a r l y com­

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

e n e r g y - d i s s i p a t i n g e d d i e s i n t h e u p p e r a r e a s of t h e h o r i z o n t a l l e g of t h e 

t u b e s • 

Number •• ' l l e r n - o r d e r t o del .-. ' : '; 

number of p i e r s i n t h e h o r i z o n t a l l e g , c o m p a r a t i v e t e s t s were made w i t h 

n o n e , o n e , and t w o p i e r s i n b o t h m o d e l s . I n e v e r y c a s e , t h e p i e r s we re 

l o c a t e d p a r a l l e l t o t h e c e n t e r l i n e of t h e h o r i z o n t a l l e g and w e r e s p a c e d 

s o a s t o p r o v i d e p a s s a g e s of e q u a l w i d t h a t t h e o u t l e t . The p i e r s f o r 

Model No. 1 w e r e made i d e n t i c a l w i t h t h e s i n g l e p i e r p r o v i d e d i n t h e 

o r i g i n a l d e s i g n . As t h e n o s e s of t h e two p i e r s p r o v i d e d o r i g i n a l l y f o r 

Model No. 2 were s l i g h t l y o f f s e t t oward t h e c e n t e r of t h e t u b e , h o w e v e r , 

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

No o t h e r a l t e r a t i o n s i n t h e s h a p e o r s i z e of t h e o r i g i n a l p i e r s were 

made f o r t h i s s e r i e s of t e s t s . 

The r e s u l t s of t h e t e s t s shown on f i g u r e s lh and 1$ i n d i c a t e t h a t 

b o t h mode l s o p e r a t e most e f f i c i e n t l y w i t h t h e number of p i e r s c o n t a i n e d 
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i n t h e o r i g i n a l d e s i g n . Model No. 1 , i n f a c t , showed a n a p p r e c i a b l e r e ­

d u c t i o n i n h y d r a u l i c e f f i c i e n c y w i t h no p i e r s i n t h e h o r i z o n t a l l e g of 

t h e d r a f t t u b e . 

L a t e r a l P o s i t i o n of a S i n g l e P i e r . — I t h a s b e e n s u g g e s t e d t h a t a s i n g l e 

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

h o r i z o n t a l l e g m i g h t c a u s e an i n c r e a s e i n d r a f t - t u b e e f f i c i e n c y a t h i g h 

d e g r e e s of w h i r l . F i g u r e s 16 and 17 show t h e r e s u l t s of t e s t s made t o 

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

p i e r . F o r t h e s e t e s t s t h e a x i s of t h e p i e r was p a r a l l e l t o t h e a x i s 

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

o p e r a t i o n r e s u l t i n g from c l o c k w i s e and c o u n t e r - c l o c k w i s e w h i r l , t e s t s 

w e r e made w i t h t h e p i e r l o c a t e d i n v a r i o u s p o s i t i o n s on b o t h s i d e s of 

t h e c e n t e r L i n e , and t h e d i r e c t i o n of w h i r l was c l o c k w i s e f o r a l l t e s t s . 

I t i s a p p a r e n t from f i g u r e 16 t h a t no g e n e r a l b e n e f i t w o u l d r e s u l t 

f rom o f f s e t t i n g a s i n g l e p i e r i n t h e h o r i z o n t a l l e g of Model N o . 1 . Model 

No . 2 a p p e a r e d t o b e r e l a t i v e l y i n s e n s i t i v e t o c h a n g e s i n t h e l a t e r a l 

p o s i t i o n of a s i n g l e p i e r . I t s h o u l d b e e m p h a s i z e d , h o w e v e r , t h a t t h e 

o r i g i n a l d e s i g n f o r Model No. 2 i n c l u d e d two p i e r s . 

A n g u l a r P o s i t i o n of a S i n g l e P i e r . — F i g u r e s 18 and 19 show t h e r e l a t i v e 

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

downs t r eam e n d . Each p o i n t p l o t t e d on t h e s e f i g u r e s r e p r e s e n t s a 

p a r t i c u l a r p i e r - p o s i t i o n a n g l e , 0 , and d e f l e c t i o n - v a n e a n g l e . The t e s t 

r e s u l t s a r e shown a s d i f f e r e n c e s i n e f f i c i e n c y , computed v i i t h r e f e r e n c e 

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

f i g u r e 1 8 , Model No . 1 a p p e a r s t o b e n e f i t s l i g h t l y from a p i e r e c c e n t r i c i t y 
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w h i c h c o r r e s p o n d s t o a m o d e r a t e v a l u e of S ( r i g h t ) . F o r an e c c e n t r i c i t y 

i n t h e o p p o s i t e d i r e c t i o n ( l e f t ) , t h e o v e r a l l p e r f o r m a n c e of Model Ho. 1 

i s n o t b e n e f i t e d . S i m i l a r l y , f o r Model No. 2 , a s shown on f i g u r e 1 9 , 

t h e i n f l u e n c e of t h e a n g u l a r e c c e n t r i c i t y of a s i n g l e p i e r I s n e g l i g i b l e 

o v e r t h e r a n g e of c o n d i t i o n s t e s t e d . I t s h o u l d b e n o t e d , a g a i n , t h a t 

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

Leng th of a S i n g l e P i e r . — T h e r e s u l t s of t e s t s made t o d e t e r m i n e t h e 

i n f l u e n c e of t h e l e n g t h of a s i n g l e , c e n t r a l p i e r a r e shown on f i g u r e s 

20 and 2 1 . F o r t h e s e t e s t s on b o t h m o d e l s , p i e r - n o s e e x t e n s i o n s w e r e 

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

of w h i c h w e r e f l u s h w i t h t h e downs t ream end of t h e d r a f t t u b e s . I t 

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

i n f l u e n c e of t h e p i e r - n o s e e x t e n s i o n s . The r e s u l t s a r e shown a s 

d i f f e r e n c e s i n e f f i c i e n c y , computed w i t h r e f e r e n c e t o t h e e f f i c i e n c y of 

t h e mode l w i t h a s i n g l e p i e r of t h e o r i g i n a l l e n g t h . 

F i g u r e 20 shows t h a t t h e o r i g i n a l p i e r f o r Model N o . 1 i s of 

optimum l e n g t h . F i g u r e 2 1 shows some l a r g e b u t i n c o n s i s t e n t e f f e c t s 

due t o t h e l e n g t h of a s i n g l e p i e r i n Model N o . 2 . F o r n e i t h e r m o d e l , 

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

p i e r wou ld b e b e n e f i c i a l . 

l e n g t h of t h e H o r i z o n t a l L e g . — I n o r d e r t o i n v e s t i g a t e t h e e f f e c t of a 

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

f lume was m o d i f i e d t o p e r m i t t h e mode l t u b e s t o b e immersed i n t h e f l ume 

i n s t e a d of b e i n g b o l t e d t o t h e end of t h e f l u m e . T h u s , w i t h a l l o t h e r 
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d e t a i l s of d e s i g n a s i n t h e o r i g i n a l , and a s a f i n a l o p e r a t i o n i n t h i s 

i n v e s t i g a t i o n , t h e mode l s were s u c c e s s i v e l y s h o r t e n e d b y removing a 

p o r t i o n of t h e h o r i z o n t a l l e g . I t was found n e c e s s a r y , a s d e t e r m i n e d 

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

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

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

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

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

I t i s a p p a r e n t from f i g u r e s 22 and 23 t h a t t h e e f f e c t of a 

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

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

i n d i c a t e d r e d u c t i o n s i n e f f i c i e n c y a r e no t s o g r e a t a s t o p r e c l u d e a 

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

of t h e d r a f t t u b e s . 
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CHAPTER V 

CONCLUSIONS 

1 . The r e l a t i v e e f f e c t of e x p e r i m e n t a l c h a n g e s i n c r i t i c a l g e o ­

m e t r i c f e a t u r e s of h y d r a u l i c - t u r b i n e d r a f t t u b e s can b e d e t e r m i n e d from 

h y d r a u l i c model t e s t s , 

2 . Dynamic s i m i l a r i t y of f low p a t t e r n s i n d r a f t t u b e s can be 

a c h i e v e d w i t h o u t a t t a i n i n g i d e n t i c a l v a l u e s of t h e R e y n o l d s number , p r o ­

v i d e d o n l y t h a t (R) i s g r e a t e r t h a n an e x p e r i m e n t a l l y d e t e r m i n e d , minimum 

v a l u e • 

3 . T a i l w a t e r l e v e l h a s an i n a p p r e c i a b l e i n f l u e n c e on d r a f t - t u b e 

e f f i c i e n c y o v e r t h e normal r a n g e of o p e r a t i n g c o n d i t i o n s , 

lw I n g e n e r a l , t h e e f f i c i e n c y of a d r a f t t u b e a s a h y d r a u l i c 

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

c h a r g e . C e r t a i n t y p e s of t u b e s , i n c l u d i n g t h e two t e s t e d i n t h i s i n ­

v e s t i g a t i o n , show a marked d r o p i n e f f i c i e n c y b e t w e e n two p o i n t s of p e a k 

p e r f o r m a n c e . 

5 , F o r b o t h d r a f t - t u b e d e s i g n s t e s t e d , a v e r y s l i g h t change i n 

p e r f o r m a n c e was a c h i e v e d when t h e r o o f of t h e h o r i z o n t a l l e g was a p p r e c i a b l y 

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

6 . At l e a s t one p i e r i n t h e h o r i z o n t a l l e g of e i t h e r d r a f t t u b e 

had a b e n e f i c i a l e f f e c t on t h e h y d r a u l i c e f f i c i e n c y of t h e t u b e . F o r Model 

No. 2 , two p i e r s , a s c o n t a i n e d i n t h e o r i g i n a l d e s i g n , a r e b e t t e r t h a n 

o n e . 
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7 . P i e r e c c e n t r i c i t i e s , i n v o l v i n g t h e l a t e r a l p o s i t i o n of a s i n g l e , 

a x i a l p i e r and t h e a n g u l a r p o s i t i o n of a s i n g l e p i e r , do n o t show p r o m i s e 

of improved p e r f o r m a n c e a s compared w i t h t h e u s u a l s y i n m e t r i c a l a r r a n g e ­

ment* 

8 . P i e r - n o s e e x t e n s i o n s added t o s i n g l e , c e n t r a l p i e r s of t h e 

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

9 . Any r e d u c t i o n i n t h e l e n g t h of t h e h o r i z o n t a l l e g s of b o t h 

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