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ABSTRACT

.In  a compound c h a n n e l  c o n s i s t i n g  o f  a  de ep  m ain  c h a n n e l and  s h a l lo w  f lo o d  

p l a i n s ,  tu r b u le n c e  a t . t h e  i n t e r f a c e s  o f  th e  m ain c h a n n e l  a n d  f lo o d  p l a i n s  

c o m p l ic a te s  d is c h a r g e  c o m p u ta t io n s  and  th e  a n a ly s i s  o f  b o u n d a ry  s h e a r  

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

Plum e s t u d i e s  w ere  c a r r i e d  O ut u s in g  a  compound' c h a n n e l  i n  w h ich  th e  f lo w  

d e p th  and  s lo p e  i>/,: m ain  -c h a n n e l ban k  w ere  v a r i e d  and  b o u n d a ry  sh e 'a r  

s t r e s s e s  w ere  m casufftid, i t  was fo u n d  t h a t  a  s lo p i n g  b a n k  g e n e r a l l y  r e ­

d u c e s  t h e  i n t e n s i t y  o f  t u r b u le n c e ,  e x c e p t  f o r  s t e e p  b a nks a t  v e ry  low  f lo w  

d e p th s .  The m easu red  s h e a r  s t r e s s e s  w o re " u se d  to  d e v e lo p  a m odel f o r  

s h e a r  s t r e s s  p r o f i l e s  on t h e  f l o o d  p l a i n ,  u s in g  a d im e n s io n le s s  fo rm  o f  

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

r e p r e s e n t i n g  tu r b u le n c e  i n t e n s i t y .  U s in g  p u b l i s h e d  f lu m e  d a t a  w i th  a
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k  m o d if ic a t io n  f a c t o r  f o r  f l o o d  p l a i n  v e t t e d  p e r im e te r

I?  le n g th  o f  d i a g o n a l  i n t e r f a c e  b e tw ee n  m ain  c h a n n e l and  f lo o d  p l a i n 1-.''

ip  le n g th  o f  i n t e r a c t i o n  zo n e  in  f lo o d  p l a in  r e g io n

n  N a n n in g 's  r o u g h n e s s  c o e f f i c i e n t

n  M a n n in g 's  ro u g h n e s s  c o e f f i c i e n t  f o r  m ain  c h a n n e l

n  e q u iv a l e n t  M a n n in g 's  r o u g h n e s s  c o e f f i c i e n t  f o r  compound s e c t i o n

n ^  M a n n in g 's  ro u g h n e s s  c o e f f i c i e n t  f o r  t h e  i ' t h  s e c t i o n  o f  a

compound c h a n n e l 

Op M a n n in g 's  ro u g h n e s s  c o e f f i c i e n t  f o r  f lo o d  p l a in

P w e t te d  p e r im e te r  o f  t h e  e n t i r e  c r o s s  s e c t i o n  o f  a compound c h a n n e l

P p h y s i c a l  w e t te d  p e r im e te r  o f  w a in  c h an n e l

m o d if ie d  p h y s i c a l  w e t te d  p e r im e te r  o f  m ain c h a n n e l 

P^  w e t te d  p e r im e te r  o f  t h e  i ' t h  s e c t i o n  o f  a compound c h a n n e l

P p h y s ic a l  w e t te d  p e r im e te r  o f  f lo o d  p l a in

P p ' m o d if ie d  w e t te d  p e r im e te r  o f  f lo o d  p l a in

List of symbols



c h a n n e l

o f  t h e  m a in  c h a n n e l 

o f  a f l o o d , p l a i n

th e  j u n c t i o n  o f  th e

z  *  0 a t  t h e  j u n c t i o n  o f  t h e

o f  an i n c l i n e d  i n t e r f a c e

a s  t h e  r a t i o  o f  th e  

o r  h o r i z o n t a l  i n t e r f a c e ,

m a in  c h a n n e l
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and  f lo o d  p l a i n

a p p a r e n t  s h e a r  s t r e s s  on a  d ia g o n a l  o r  h o r i z o n t a l  i n t e r f a c e  be tw een  

t h e  m ain  c h a n n e l  and f lo o d  p l a i n  r e g io n s  

l o c a l  b o u n d a ry  s h e a r  s t r e s s  i n  t h e  m ain  c h a n n e l  a t  a  p o s i t i o n  

d e f in e d  by z c

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

m a in  c h a n n e l

s h e a r  s t r e s s  o n  th e  m ain  c h a n n e l b e d  a t  t h e  j u n c t i o n  o f  t h e  main.

c h a n n e l  and  f l o o d  p l a i n  

l o c a l  b o u n d a ry  s h e a r  s t r e s s  wW th e  bed. o f  t h e  f lo o d  p l a i n ,  a t  a  

p o s i t i o n  d e f in e d  b y  s p  

a v e r a g e  s h e a r  s t r e s s  n o t in g  on  t h e  p h y s i c a l  w e t te d  p e r im e te r  o f  

t h e  f lo o d  p l a i n

s h e a r  s t r e s s  on  th e  f lo o d  p l a i n  b e d  a t  t h e  J u n c t io n  o f  t h e  m a in

s t r e s s  o n  bad  o f  f l o o d  p l a i n  

s t r e s s  o n  th e  b e d  o f  a  v i d e  £ 1 «

t r a n s  f e f 'i  m echanism  

, t  s h e e r  s t r e s s  t r ^ / tA S  *  Ta / t p-1)
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NOMENCLATURE

A p p a re n t 's h e a r  s t r e s s :  A verage  s h e a r  s t r e s s  on  th e  i n t e r f a c e  b e tw ee n  t h e  

a is in  c h a n n e l  and f lo o d  p l a i n .

A sy m in e tr lca J  com pound c h a n n e l:  A compound c h a n n e l  c o n s i s t i n g  o f  a  d e e p

m a in  c h a n n e l  and  a s h a l lo w  f lo o d  p l a i n  on o n e  s i d e  o f  i t .

B a n k fu J J : An e l e v a t io n  c o r r e s p o n d in g  t o  t h e  h e ig h t  o f  t h e  f lo o d  p l a i n  

b e d  a b o v e  th e  m ain  c h a n n e l b e d .

Compound c h a n n e l:  An op en  c h a n n e l  h a v in g  a d e e p  m a in  c h a n n e l and  o n e  o r

tw o s h a l lo w  f lo o d  p l a i n s .

D epth  r a t i o :  R a t io  o f  f lo w  d e p th  on f l o o d  p l a i n  (d )  t o  f lo w  d e p th  i n  m a in

c h a n n e l  ( D ) . -

D ia g o n a l i n t e r f a c e :  A lo n g i t u d i n a l  p la n e  s e p a r a t i n g  t h e  m ain  c h a n n e l and

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

t h e  m ain  c h a n n e l .

G eo m e try , A g e n e r a l  te rm  r e f e r r i n g  t o  t h e  p r o p o r t i o n s  and s h a p e  o f  a 

compound c h a n n e l  c r o s s  s e c t i o n .

H o r iz o n ta l  i n t e r f a c e : A h o r i z o n t a l  p la n e  on  t h e  same l e v e l  a s  t h e  bed

o f  t h e  f lo o d  p l a i n ,  s e p a r a t i n g  t h e  m ain  c i ta n n e l  f lo w  from  th e  f lo o d  p l a i n

TncJin ii< f’4 i i t e r f s c e :  An i n t e r f a c e  t h a t  i s  i n c l i n e d  i n t o  t h e  m ain  c h a n n e l .

I n t e r & c t i v n  zo n e :  R eg ion  on e i t h e r  s id e  o f  t h e  m ain c h a n n e l -  f lo o d  p l a i n

j u n c t i o n ,  i n  w h ich  th e  flo w  v e l o c i t i e s  and b o u n d a ry  s h e a r s  a r e  in f lu e n c e d  

by th e  tu r b u le n c e  a t  th e  j u n c t i o n .  A lso  r e f e r r e d  t o  a s  t h e  t u r b u l e n t  

i n t e r a c t i o n  z o n e ,  momentum d i f f u s i o n  zone, o r  m ix in g  r e g i o n . (R e fe r  t o  

s e c t i o n  1 . 3 . )
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I n t e r f a c e  o r  v e r t i c a l  i n t e r f a c e :  A v e r t i c a l  l o n g i t u d i n a l  p la n e  a t  th e

j u n c t i o n  o f  t h e  m a in  c h a n n e l  and  f lo o d  p l a i n  s e p a r a t i n g  t h e  m ain c h a n n e l 

f lo w  from  th e  f l o o d  p l a i n  f lo w . Som etim es t h e  te rm  i s  l o o s e ly  u se d  to  

r e f e r  t o  a  h o r i z o n t a l ,  d ia g o n a l  o r  i n c l i n e d  i n t e r f a c e ;  when t h i s  i s  th e  

c a s e  i t  i s  e v id e n t  fro m  th e  c o n te x t .

J u n c t io n :  The v e r t i c a l  d i v i s i o n  b e tw ee n  th e  m ain  c h a n n e l  and  f lo o d  p l a i n ,  

- a t  th e  t o p  o f  t h e  m a in  c h a n n e l b ank .

t ia in  c h a n n e l  b a n k :  The s i d e  w a l l  o f  t h e  m a in  c h a n n e l . I t  may b e  v e r t i c a l

( a  r e c t a n g u l a r  s e c t i o n )  o r  i n c l in e d  ( t r a p e z o i d a l  s e c t i o n ) .

Momentum t r a n s f e r  m echan ism :  The p r o c e s s  by  w h ic h  t h e r e  i s  a n e t  l a t e r a l  

t r a n s f e r  o f  l o n g i t u d i n a l  momentum from  th e  m a in  c h a n n e l  t o  th e  f lo o d  

p l a i n .

S h e a r  s t r e s s  p r o f i l e  o r  l a t e r a l  s h e a r ;  • ' • ' o f i l e : D i s t r i b u t i o n  o f

b o u n d a ry  s h e a r  s t r e s s e s  l a t e r a l l y  a c ro a  ■ t h  o f  th e  s e c t i o n .

S y m m e tr ic a l com pound c h a n n e l:  A compound c h a n n e l  h a v in g  tw o s h a llo w  f lo o d  

p l a i n s  on  E i th e r  s i d e  o f  a d e e p  m ain  c h a n n e l . ..

T u r b u le n c e  i n t e n s i t y :  The i n t e n s i t y  o f  tu r b u le n c e  g e n e r a te d  by th e  t u r ­

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

T u r b u le n c e  phenom enon:  F o r  t h e  p u rp o s e  o f  t h i s  r e p o r t  t h i s  i s  d e f in e d

a s  t h e  o c c u r r e n c e  o f  t u r b u l e n t  e d d ie s  in  th e  v i c i n i t y  o f  t h e  main c h a n n e l 

-  f lo o d  p l a i n  j u n c t i o n ,  r e s u l t i n g  in  an e x ch a n g e  o f  momentum b e tw een  th e  

m ain c h a n n e l  and f lo o d  p l a i n  r e g io n s ,  a  n e t  lo s s  o f  e n e rg y  from  th e  com­

pound  c h a n n e l ,  a  r e d u c t io n  i n  d is c h a r g e  c a r r y i n g  c a p a c i t y  o f  th e  compound 

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

V e l o c i t y  p r o f i l e  o r  l a t e r a l  v e l o c i t y  p r o f i l e :  D i s t r i b u t i o n  o f

d e p th -m ea n ed  v e l o c i t i e s  l a t e r a l l y  a c r o s s  th e  w id th  o f  t h e  s e c t i o n .
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V e r t i c a l  v e l o c i t y  p r o f i l e - .  D i s t r i b u t i o n  o f  p o in t  v e l o c i t i e s  in  

t u d i n a l  v e r t i c a l  p la n e  a t  a n y 'p o s i t i o n  in  t h e  c ro s s  s e c t i o n .

Nomenclature



CHAPTER 1; INTRODUCTION

1,1 PROBLEM STATEMENT

A compound c h a n n e l  I s  one. h a v in g  ,a de ep  m a in  c h a n n e l  and  e i t h e r  one  o r

tw o  s h a l lo w  f lo o d  p l a i n s  ( f i g .  1 .1 ) .  I t  may b e  s y m m e tr ic a l  ( a  f lo o d  p l a in

o n  e i t h e r  s i d e  o f  t h e  m ain  c h a n n e l)  o r  a sy m m e tr ic a l  ( a  f lo o d  p l a i n  on one 

s i d e  o n l y ) ,  , - ^ e  f o l lo w in g  exam ples a r e  s i t e d  by  W o rm lea to n , A lle n  and 

H a d j ip a n o s  (1 9 8 2 ) :

e  " N a tu r a l  r i v e r s  a r e  o f t e n  f la n k e d  by  f l o o d  p l a i n s  w h ich  a r e  o n ly  

in u n d a te d  a t  t im e s  o f  f lo o d in g .  r. „

o Many ^ lo o d  im provem en t schem es c o n s i s t  o f  a  m a in  c h a n n e l  w i th  f lo o d  

p l a i n s  o r  b e rm s .

6 S om etim es c a n a l s  a r e  b u i l t  w ith  s i d e  b e rm s . o

o A t i d a l  r i v e r  may c o n s i s t  o f  a m ain e s t u a r i a l  c a n a l  i n  w h ich  th e  flow  

i s  c o n f in e d  f o r  p a r t  o f  t h e  t i d a l  c y c l e ,  f la n k e d  b y  e x te n s iv e  sagid

b a n k s  w h ich  a c t  a s  s i d e  s to r a g e  z o n e s  f o r  t h e  r e m a in in g  p a r t  o % /th e

c y c l e .  ' '

C h a n n e ls  w i th  a  s im p le  c r o s s  s e c t i o n  su c h  a s  r e c t a n g u l a r  o r  t r a p e z o i d a l  

c h a n n e l s ,  c an  e a s i l y  b e  a n a ly s e d  f o r  s h e a r  s t r e s s e s ,  v e l o c i t i e s  and d i s ­

c h a r g e s .  However t h e  a n a l y s i s  o f  compound c h a n n e ls  i s  c o m p lic a te d  t)y t h e  

p r e s e n c e  o f  tu r b u le n c e  a t  t h e  i n t e r f a c e  b e tw ee n  th e  m a in  c h a n n e l  and f l tio d  

p l a i n .  The a v e r a g e  v e l o c i t y  on th e  f lo o d  p l a i n  i s  u s u a l ly  c o n s id e r a b ly  

lo w e r  t h a n  t h a t  i n  t h e  main, c h a n n e l ,  b e c a u se  t h e  f lo w  d e p th  i s  l e s s ,o n ' 

t h e  f lo o d  p l a i n ,  and  a l s o  b e c a u se  a  f lo o d  p l a i n  b e d  i s  v isu a lly  ro u g h e r  

th a n  t h e  m ain  c h a n n e l  b e d , e s p e c i a l l y  i n  n a t u r a l  r i v e r s  w here  t h e  f lo o d  

p l a i n  i s  o f t e n  c o v e re d  w i th  v e g e t a t i o n .  T h is  d i f f e r e n c e  i n  v e l o c i t y  im -, 

p l i e s  t h a t  th e  m a in  c h a n n e l  i s  a  body o f  w a te r  m oving  f a s t e r  th a n  th e  body  

o f  w a te r  on th e  f lo o d  p l a i n .  T hese  tw o b o d ie s  o f  w a te r  i n t e r a c t  a t  th e  

i n t e r f a c e  b e tw een  th e  m ain  c h a n n e l and  f lo o d  p l a i n  ( f i g ,  1 . 2 ) ,  r e s u l t i n g  

in  t u r b u le n c e  i n  t h i s  r e g io n .  The tu r b u le n c e  t a k e s  t h e  form  o f  a ban k  

o f  v o r t i c e s  w ith  v e r t i c a l  a x e s  a lo n g  th e  i n t e r f a c e  (M yers and E lsa w y ,
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1 9 7 5 ) , T he v e l o c i t y  d i f f e r e n c e  r e s u l t s  in  lo n g i t u d in a l  s h e a r  s t r e s s e s  

o n  th e  i n t e r f a c e  p l a n e ,  w h ich  can  b e  o f  a p p re c ia b le  m a g n itu d e . I n  th e  

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

t h e  a p p a r e n t  sh e a r  s t r e s s .

T he m ain  c h a n n e l ..flow  h a s  a  h ig h e r  momentum th a n  th e  f l o o d  p l a i n  f lo w , 

b e c a u s e  o f  i t s ‘" h ig h e r  v e l o c i t y  ( Ja m e s , 1 9 8 4 ) . The v o r t i c e s  a t  th e  

i n t e r f a c e  a c t  a s  a momentum e x c h a n g e  m echanism  in  w hich  momentum i s  b e in g  

e x c h a n g e d  b e tw ee n  th e  m ain c h a n n e l  and f lo o d  p l a i n .  The n e t  e f f e .c t  i s  a  

l a t e r a l  t r a n s f e r  o f  momentum from  th e  m ain c h a n n e l t o  t h e  f lo o d  p l a in  

(W o rm le ato n , A lle n  and  H a d j ip a n o s ,  1 9 8 2 ) . T h is  w i l l  b e  r e f e r r e d  t o  as 

t h e  tu r b u J e n c e  pheno/venon ,

A v e ry  im p o r ta n t  p a ra m e te r  i n  t h e  s tu d y  o f  t h i s  s u b je c t  i s  t h e  d e p th  

r a t i o ,  d /D , w h ich  i s  t h e  r a t i o  o f  t h e  flow  d e p th  on t h e  f lo o d  p l a i n  t o  

t h a t  i n  t h e  m ain c h a n n e l  ( f i g .  1 . 2 ) .  T he tu r b u le n c e  phenom enon i s  m ost 

s i g n i f i c a n t  a t  l o v  d e p th  r a t i o s ,  i e .  lo w  f lo w  d e p th s ,  w h ich  i s  when the- 

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

T he tu r b u le n c e  phenom enon r e s u l t s  i n  a d i s t o r t i o n  o f  t h e  v e l o c i t y  p r o f i l e s  

a n d  b o u n d a ry  s h e a r  s t r e s s  p r o f i l e s ,  T he s h e a r  s t r e s s e s  on  t h e  f lo o d  p l a in  

a r e  i n c r e a s e d  w h ile  th o s e  i n  t h e  m ain  c h a n n e l  a r e  d e c r e a s e d .  The e n e rg y  

l o s t  i n  t h e  t u r b u l e n t  e d d ie s  r e s u l t s  t o  a n e t  r e d u c t io n  o f  t h e  d i s c h a r g e  ' 

c a r r y i n g  c a p a c i ty  o f  a  compound c h a n n e l .  'T h i s  r e p o r t  i s  c o n c e rn e d  w ith  

b o th  t h e s e  i s s u e s :  t h e  s tu d y  o f  b o u n d a ry  s h e a r  s t r e s s  p a t t e r n s  and  th e

d i s c h a r g e  c h a r a c t e r i s t i c s  o f  compound c h a n n e ls ,  w ith  a  v iew  t o  d e v e lo p in g  

p r e d i c t i v e  r e l a t i o n s h i p s .
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( a )  s y m m e tr ic a l s e c t i o n

( b )  a sy m m e tr ic a l s e c t i o n  

• F i g .  1 .1 :  C r o s k ',s e c t io n s  o f  compound c h a n n e ls .

t u r b u l e n t  i n t e r f a c e

c h a n n e l

F i g .  1 .2 :  Com ponents o f  a compound c h a n n e l .
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1 .2  T U h a iM N C E  PHENOMENON

j i e t  u s  t a k e  a d e t a i l e d  lo o k  a t  t h e  tu r b u le n c e  phenom enon in  compound 

c h a n n e ls .  The r e s u l t s  o f  p r e v io u s  r e s e a r c h e r s  n e e d  t o  be exam ined  in  

o r d e r  t o  g a in  a good  q u a l i t a t i v e  u n d e rs t a n d in g  o f  t h i s  phenom enon, and 

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

A t t e n t io n  s t a r t e d -  b e in g  fo c u s e d  on tu r b u le n c e  i n  .compound c h a n n e ls  i n  t h e  

1 9 6 0 's .  Z h e lez n y ak o v  (1 9 6 5 ,1 9 7 1 )  was one o f  t h e  f i r s t  t o  i n v e s t i g a t e  t h e  

momentum t r a n s f e r  m echanism . U s in g  a l a b o r a to r y  f lu m e  h e  d e m o n s tra te d  

t h a t  t h e  d is c h a r g e  o f  a compound c h a n n e l d e c r e a s e s  a s  s ta g e  r i s e s  above 

t h e  b a n k f u l l  l e v e l ,  He show ed t h a t  a s  t h e  f lo w  d e p th  i n c r e a s e s  t h e  im ­

p o r ta n c e  o f  t h e  phenom enon d e c r e a s e s .  He a l s o  c o n d u c te d  f i e l d  e x p e r im e n ts  

t h a t  c o n f irm e d  th e  s i g n i f i c a n c e  o f  t h e  phenom enon i n  th e  c a l c u l a t i o n  o f  

o v e r a l l  d i s c h a r g e .  B a r is h n ik o v  and Iv an o v  (1 9 7 1 )  re a c h e d  s i m i l a r  c o n ­

c lu s io n s  t o  Z h e le z n y a k o v , and m e asu re d  r e d u c t io n s  i n  the . s e c t i o n  d i s -  

ch ag g d  c a p a c i t y  c a u s e d  by th e  momentum t r a n s f e r  e f f e c t .

S e l l i n  (1 9 6 4 )  c o n d u c te d  f lu m e  e x p e r im e n ts  on  a s y m m e tr ic a l compound s e c ­

t i o n ,  p h o to g r a p h in g  th e  v o r t i c e s  a t  t h e  i n t e r f a c e  b e tw ee n  th e  m ain  c h a n n e l 

and f lo o d  p l a i n .  He u s e d  a cam era  m ounted  on  r a i l s  above th e  flifine and 

ru n n in g  p a r a l l e l  w i th  t h e  a x is  o f  t h e  c h a n n e l ,  d r iv e n  a t  a  sp e e d  e q u a l  

t o  t h e  a v e ra g e  v e l o c i t y  o f  t h e  v o r te x  c o r e s .  A lum inium  pow der was s c a t ­

t e r e d  on  th e  s u r f a c e  o f  t h e  w a te r  i n  o r d e r  t o  make th e  V o r t ic e s  more 

r e a d i l y  v i s i b l e .  F ig ,  1 .3 ( a )  show s one o f  t h e  p h o to g r a p h s , i n  w hich  th e  

tw in  w h i te  l i n e s  m ark th e  J u n c t io n s  o f  t h e  m a in  c h a n n e l  and f lo o d  p l a i n s . 

f i g .  1 . 3 ( b )  i s  a s t r e a m l i n e  p a t t e r n  t h a t  was c o n s t r u c t e d  from  th e  p h o to ­

g r a p h .  T h e  p h o to g ra p h  and s t r e a m l i n e  p a t t a r n  a s s i s t  i n  v i s u a l i s i n g  th e  

t u r b u l e n t  e d d ie s ,  S e l l i n ' s  m ain c o n c lu s io n  w as t h a t  a  momentum t r a n s f e r  

m echanism  o p e r a t e s  b e tw ee n  th e  m ain c h a n n e l and  f lo o d  p l a i n ,  e v id e n c e d  

by v o r t i c e s  a t  t h e  i n t e r f a c e ,

S e l l i n  found  t h a t  a t  t h e  b a n k - f u l l  s ta g e  a  d i s c o n t i n u i t y  e x i s t s  on a 

r a t i n g  c u rv e  f o r  a compound c h a n n e l .  He s tu d i e d  t h e  t r a n s i t i o n  r e g io n  

and c o n c lu d e d  t h a t  a  s h a rp  i n c r e a s e  in  f lo w  r e s i s t a n c e  o c c u r s  when t i f i i , 

f lo o d  p l a i n  i s  in u n d a te d .  He found  t h a t  f o r  low f lo w  d e p th s  on t h e  f l o o ^ ’j

Chapter 1: Introduction 4



(a) Photograph of vortices, plan view.

(b )  S u r fa c e  s t r e a m l i n e  p a t t e r n s  d e v e lo p e d  

from  th e  p h o to g ra p h .

F i g .  1 .3 :  V o r t ic e s  i n  a sy m m e tr ic a l  compound 

c h a n n e l ( S e l l i n ,  1 9 6 4 ),

p l a i n ,  t h e  d is c h a r g e  o f  th e  compound s e c t i o n  can  b e  a p p r e c ia b ly  l e s s  th a n  

t h e  sum o f  t h e  d is c h a r g e s  o b ta in e d  by in t r o d u c in g  a sm ooth V e r t i c a l  w a l l  

a t  t h e  i n t e r f a c e .

S e l l i n  u se d  t h e  r e s u l t s  o f  h i s  flum o s t u d i e s  t o  e v a lu a t e  th e  c o n v e n tio n a l  

m e thod  f o r  d iv id i n g  a  f lo o d  p l a i n  from  th e  m ain  c h a n n e l and c a l c u l a t i n g  

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

o v e r - e s t i m a t i n g  t h e  d is c h a r g e ,  He s t a t e d  t h a t  t h e  m a g n itu d e  o f  t h i s  e r r o r  

i n d i c a t e s  t h a t  th e  momentum > Sz isfe r m echanism  c a n n o t  b e  ig n o r e d ,
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W rig h t a n d  Cc~ tens (2970 ) s t u d i e d  th e  a p p a r e n t  s h e e r  s t r e s s  on  th e  

i n t e r f a c e  p l a n . ' , be tw een  a m ain  c h a n n e l  and a f lo o d  p l a i n .  They o b s e rv e d

t h a t  t h i s  s h e a r  a t r ' s s  a c t s  a s  a d r a g  f o r c e  on t h e  m ain c h a n n e l f lo w  and

a  p r o p u l s iv e  f o r c e  on th e  f lo o d  p l a i n  f le w ;

M yers (1 9 7 6 )  m e asu re d  c o n s id e r a b l e  a p p a r e n t  s h e a r  s t r e s s e s  on t h e  i n t e r ­

f a c e ,  d e m o n s tr a t i n g  th e  d a n g e r  o f  i g n o r in g  t h i s  e f f e c t  in . compound, c h a n n e l  

a n a l y s i s .  He found  t h a t  a t  low flo w  d e p th s > th e  a p p aren t"  s h e a r  s t r e s s ^  

i n c r e a s e s  s h a r p l y  a s  f lo w  d e p th  d e c r e a s e s .  T h is  e s t a b l i s h e s  two im p o r ta n t  

f a c t s  a b o u t  t h e  tu r b u le n c e  phenom enon: (1 )  i t  i s  s i g n i f i c a n t  a t  low flo w

d w p th a , and (2 )  a  r e l a t i o n s h i p  e x i s t s  su c h  t h a t  a s  t h e  d e p th  r a t i o  d/D

d e c r e a s e s ,  t h e  tu r b u le n c e  i n t e n s i t y  i n c r e a s e s .

M yers o b s e rv e d  t h a t  th e  v a lu e s  o f  a p p a r e n t  s h e a r  f o r c e  on  th e  i n t e r f a c e

w ere  s i g n i f i c a n t l y  g r e a t e r  th a n  t h e  s h e a r  f o r c e  t h a t  w ould  b e  e x e r t e d  ,cra

a s o l i d ,  b o u n d a ry  o r  f lo o d  w a l l  a t  t h e  i n t e r f a c e .  He c o n c lu d e d  t h a t  t h i s  

i s  t h e  r e a s o n  why th e  d is c h a r g e s  a r e  o v e r - e s t im a te d  u s in g  th e  c o n v e n t io n a l  

c o m p u ta t io n  te c h n iq u e s ,  w h ic h  assum e an  ./im ag in a ry  f lo o d  w a l l  a t  t h e  

i n t e r f a c e  t o  d iv id e  thfV M iain c h a n n e l  and  f lo o d  p l a i n .  T h is  a s su m p tio n  

d o e s  n o t  a d e q u a te ly  a c c o u n t f o r  t h e  h ig h  f lo w  r e s i s t a n c e  p o se d  by  th e  

i n t e r f a c e  on th e  m ain c h a n n e l  f lo w , a n d  r e s u l t s  i n  s e r i o u s  o v e r-e 's ^ i ir- a tio n  

o f  t h e  c a r r y i n g - c a p a c i t y  f o r  a  g iv e n  f lo w  d e p th .  He m a in ta in e d  t h a t  o n ly  

a t  c o n s id e r a b l e  f lo o d  p l a i n  d e p th s  c o u ld  su c h  a s u b d iv i s io n  be J u s t i f i e d .  

He s t a t e d  t h a t  r e s e a r c h  i s  n e c e s s a r y  t o  p r o v id e  a more r a t i o n a l  b a s i s  f o r  

u n if o r m  f lo w  c o m p u ta t io n s  i n  compound c h a n n e ls .

M yers and  E lsaw y (1975) c o n d u c te d  f lu m e  s t u d i e s  i n  w h ic h  th e y  exam ined  

l a t e r a l  s h e a r  s t r e s s  p r o f i l e s  ( i e .  thtx d i s t r i b u t i o n  o f  b oundary  s h e a r  

s t r e s s  a c r o s s  th e  w id th  o f  t h e  compound c h a n n e l ) ,  T hey o b se rv e d  i r r e g ­

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

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

R a d o jk o v ie  (2 9 7 6 ) show ed t h a t  t h e  t u r b i l l e n b e  m echanism  c o u ld  b e  

v i s u a l i s e d  a s  f o l lo w s :  b e c a u se  t h e  a v e ra g e  v e l o c i t y  i n  t h e  m ain c h a n n e l

i s  g r e a t e r  th a n  on th e  f lo o d  p l a i n ,  t h e  f a s t e r -m o v in g  body  o f  w a te r  e x e r t s  

a p r o p e l l i n g  f o r c e  on th e  w a te r  in  th e  f lo o d  p l a i n  r e g io n ,  The 

s lo w e r-m o v in g  body  o f  w a te r  on t h e  f lo o d  p l a i n  i s  e x e r t i n g  a r e t a r d i n g
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d r a g  o n  th e  w a te r  in  t h e  m a in  c h a n n e l .  T h is  r e s u l t s  i n  h ig h  lo n g i t u d in a l  

s h e a r  s t r e s s e s  on th e  i n t e r f a c e ,  and  a l s o  c o u se s  t h e  l a t e r a l  s h e a r  s t r e s s  

p r o f i l e s  on th e  beds o f  t h e  m ain  c h a n n e l and f lo o d  p l a i n  t o  b e  d i s t o r t e d .

Z h e lee n y ak o v  (1971 ) s u g g e s te d  t h a t  th e  tu r b u le n c e , phenom enon r e s u l t s  in  

a n  in c r e a s e  i n  th e  e n e rg y  l o s s  o f  t h e  c h a n n e l;  f o r  a ,.com pound c h a n n e l , 

e n e rg y  i s  n o t  o n ly  b e in g  l o s t  th r o u g h  b o undary  r e s i s t a n c e ,  b u t  th ro u g h  

th e  t u r b u le n c e  a t  t h e  i n t e r f a c e .  T h is  a d d i t i o n a l  e n e rg y  l o s s  r e s u l t s  in  

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

R a d o jk o v ic  (1 9 7 0 )  d e s c r ib e d , t h e  tu r b u le n c e  phenomenon m ore  . s p e c i f i c a l l y  

i n  te rm s  o f  e n e rg y . The m echanism  i s  a  t r a n s f e r  o f  e n e rg y  from  th e  m ain 

c h a n n e l ,  w h ich  i s  a  r e g io n  o f  h ig h  v e lo c i t y  and h e n c e  h ig h  e n e r g y , t o  th e  

f lo o d  p l a i n ,  a  r e g io n  o f  low  v e l o c i t y  and e n e r g y . I n  t h i s  p r o c e s s  some 

o f  t h e  e n e fg y  ta k e n  from  t h e  m ain  c h a n n e l i s  d i s s i p a t e d  th r o u g h  th ,e  t u r ­

b u le n t  e d d ie s  i n  t h e  v i c i n i t y  o f  t h e  i n t e r f a c e .  The r e m a in in g  e n e rg y  i s  

t r a n s f e r r e d  to  th e  f lo o d  p l a i n .  The e n e rg y  l o s t  fro m  th e  m a in )c h a n n e l 

r e s u l t s  i n  a r e d u c t io n  i n  t h e  c a r r y i n g - c a p a c i t y  o f  th e  m ain  c h a n n e l;  t h e  

e n e rg y  t r a n s f e r r e d  to  t h e  f lo o d  p l a i n  s l i g h t l y  i n c r e a s e s  i t s  c a r r y i n g  

c a p a c i t y ;  t h e  n e t  e f f e c t  i s  a  r e d u c t io n  in  t h e  c a r r y i n g  c a p a c i ty  o f  t h e ,  

compound c h a n n e l ,  due  t o  t h e  e n e rg y  lo s s  in  t h e  t u r b u l e n t  e d d ie s .. The 

e n e rg y  l o s t  from  th e  m a in  c h a n n e l  i s  e v id e n c e d  by d e c r e a s e s  i n  |h e  v e ­

l o c i t i e s  and  bo u n d a ry  s h e a r  s t r e s s e s ,  w h ile  t h e  e n e rg y  im p a r te d  t o  th e  

f lo o d  p l a i n  i s  e v id e n c e d  by  i n c r e a s e s  i n  t h e  v e l o c i t i e s  and  bo u n d a ry  

s h e a r s  i n  t h e  v i c i n i t y  o f  t h e  J u n c t io n ,

P r i n o s ,  Townsend and T a v o u l a r i s  (1985) m e asu re d  tu r b u le n c e  i n t e n s i t i e s  

t h r o u g h o u t  t h e  c r o s s  s e c t i o n ,  a s  r o o t  mean s q u a re  t u r b u l e n t  v e l o c i t i e s  

i n  t h e  l o n g i t u d i n a l ,  v e r t i c a l  and  l a t e r a l  d i r e c t i o n s ,  T hey  found  t h a t ^  

t u r b u le n c e  i s  h ig h e s t  a t  t h e  J u n c t io n  o f  th e  m ain c h an n e l and  f lo o d  p l a i n , ' 

and d e c r e a s e s  a s  one  m oves l a t e r a l l y  away from  t h e  J u n c t io n  p la n e  i n to  

t h e  m a in  c h a n n e l o r  f l o o d  p l a i n .  They found  t h a t  t h e  t u r b u le n c e  i n t e n s i t y  

i n c r e a s e s  a s  f lo w  d e p th  d e c r e a s e s ,  and i s  g r e a t e r  when th e  f lo o d  p l a i n  

i s  ro u g h en e d .

R e s e a r c h e rs  in  t h i s  f i e l d  g e n e r a l l y  r e c o g n is e  t h e  f o l lo w in g  f a c t o r s  a s  

t h o s e  t h a t  i n f lu e n c e  th e  t u r b u le n c e  i n t e n s i t y ;
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F Jiw  d e p th ,  r e p r e s e n te d  by  th e  d e p th  r a t i o .  R e s e a r c h e r s  h a v e  u se d  

v a r io u s  fo rm s o f  th e  d e p th  r a t i o ,  su c h  a s  d /D , D /d  and  d / ( D - d ) . In  

t h i s  r e p o r t  d /D  i s  u s e d  a s  f a r  a s  p o s s i b l e ,  b e c a u s e  i t  i s  e a sy  to  

v i s u a l i s e ;  d /D  in c r e a s e s  a s  flow  d e p th  i n c r e a s e s ,  i t  i s  e q u a l  t o  z e r o  

t f u l l ,  and  a p p ro a c h e s  1 .0  a s y m p to t i c a l ly  f o r  v e r y  l a r g e  flo w  

d/D  w i l l  b e  r e f e r r e d  to  as, t h e  d e p th  r a t i o ,  and  D /d  a s  th e  

a d e p th  r a t i o .

- ,  h

e Bed r o u g h n e s s .  T he r o u g h e r  th e  f lo o d  p l a i n  b e d  i s  r e l a t i v e  t o  th e

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

t o  t h a t  i n  t h e  m a in  c h a n n e l ,  end t h e  h ig h e r  i s  t h e  tu r b u le n c e  i n t e n ­

s i t y  a t  a  g iv e n  f lo w  d e p th .  •

ll f
e  ■ G e o n e te y .  T h is  i n c lu d e s  w id th , o f  f lo o d  p l a i n ,  .sy m m e tr ic a l  o r  asym ­

m e t r i c a l  s e c t i o n ,  and  th e  s lo p e  o f  th e  m ain c h a n n e l  b a n k . A ll  t h e s e  

ii-_.fsct.ors i n f l u e n c e  th e  tu r b u le n c e  i n t e n s i t y  b e c a u s e  t h e y  d e f in e ,  th e  

b o u n d a r ie s  w i t h i n  w h ic h  t h e  momentum exch a n g e  o c c u r s .

P a r a m e te rs  r e p r e s e n t i n g  t h e s e  t h r e e  f a c t o r s  w i l l  b e  d e a l t  w i th  i n  d e t a i l  

i n  . c h a p te r  6 .

1.3  VELOCITY AND SHEAR STRESS PROFILES

The tu r b u le n c e  a t  t h e  j u n c t i o n  o f  th e  m ain c h a n n e l  and f l o o d  p l a i n  i s  

e v id e n c e d  in  d i s t o r t e d  v e l o c i t y  and s h e a r  s t r e s s  p r o f i l e s .  R a ja ra tn a m  

and 'Ahmadi (1981 ) c o n d u c te d  f lu m e  s tu d i e s  u s in g  a r e c t a n g u l a r , asymmet­

r i c a l  s e c t i o n .  T hey  m e asu re d  p r o f i l e s  o f  v e l o c i t i e s  a n d  b o u n d a ry  s h e a r s ,  

w hich  h a v e  p r o v id e d  a  c l e a r e r  u n d e rs t a n d in g  o f  t h i s  s u b j e c t .  ,

The g e n e r a l  sh a p e  o f  t h e i r  l a t e r a l  v e l o c i t y  p r o f i l e s  i s  show n i n  f i g .  1 .4 .  

The v e l o c i t y  h a s  an u n d i s t u r b e d  p l a t e a u  v a lu e  on  t h e  f lo o d  p l a i n ,  -and an 

u n d is t u r b e d  pe ak  v a lu e  i n  t h e  m ain c h a n n e l .  A t t h e  e x tre m e  e n d s  Che v e ­

l o c i t y  d ip s  due t o  t h e  in f lu e n c e  o f  t h e  s i d e  w a l l s .  -In t h e  v i c i n i t y  o f  

t h e  j u n c t i o n  th e  v e l o c i t y  p r o f i l e  i s  d i s t o r t e d ;  t h i s  i s  a  r e g io n  <?f
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transition from "the high main channel velocity to the low flood plain

The l a t e r a l  s h e a r  s t r e s s  p r o f i l e  ( s h e a r  

c h a n n e l  and f lo o d  p l a i n )  i s  a ls o - .id is to r i  

i n  f i g .  1 .4 .  T he s h e a r  s t r e s s  o n ,. th e  f l o t  

and  t a p e r s  o f f  to w a rd s  a  p l a t e a u .  In  

c h a n n e l th e . s h e a r  s t r e s s  i s  a t  i t s  u n d is t  

to w a rd s  t h e  ju n c t io n  w i th  t h e  f lo o d  p l a i i  

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

d ra w in g  down o f  t h e  s h e a r '- s t r e s s .  p r o f i l e  i n  th e  m ain  c h a n n e l ,  and an. i n ­

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

c r e a s e  a t  th e  e x tre m e  e d g e s  o f  t h e  

e f f e c t s  o f  th e  s i d e  w a l l s .

The .sh a d e d  r e g io n  i n  f i g .  1 .4  i n d i c a t e s  t h e  r e g io n  i n  w h ic h  t h e r e  i s  

tu r b u le n c e .  I t  i s  r e f e r r e d  t o  i n  t h e  l i t e r a t u r e  a s  the ,, m ix in g  r e g io n ,  

i n t e r a c t i o n :z o n e ,  t u r b u l e n t  i n t e r a c t i o n  zo n e  o r  momentum d i f f u s i o n  zo n e . 

T h is  i s  t h e  r e g io n  & hat i s  a f f e c t e d  by th e  l a t e r a l  t r a n s f e r  o f  momentum, 

and i t  i s  c h a r a c t e r i s e d  "by d i s t o r t e d  v e l o c i t y  and  s h e a r  s t r e s s  p r o f i l e s ,  

t u r b u le n c e ,  e d d ie s  and m ix in g . I t  e x te n d s  from  th e  p o i n t  i n  t h e  main 

c h a n n e l  w here  t h e  v e l o c i t y  and s h e a r  s t r e s s ' r p r o f i l e s  s t a r t  d ip p in g ,  t o  

w here  th e y  r e a c h  t h e i r  • p l a t e a u  v a lu e s  i n  t h e  f l o o d  p l a i n  -’r e g io n *  

R a ja ra t-ham  and Ahmadi m a in ta in e d  t h a t  o u t s i d e  o f  t h i s  r e g io n  th e  flo w  i s  

nbt- d i s t u r b e d  by th e  tu r b u le n c e  phenom enon. T h is  i s  c o n f irm e d  by P a sc h e  

and Rouve (1985 ) who s t a t e d  t h a t  i n  a r e a l  c h a n n e l ,  p r o v id e d  i t  i s  s u f ­

f i c i e n t l y  w id e , th e  f lo w  on  e i t h e r  s id e  o f  t h e  i n t e r a c t i o n  zo n e  i s  n o t  

in f lu e n c e d  by th e  tu r b u le n c e .

F i g .  1 .5  show s t y p i c a l  v e r t i c a l  v e l o c i t y  p r o f i l e s  m e asu re d  by  R a ja ra tn am  

and A hm adi. I n  th e  c e n t r a l  r e g io n  o f  th e  m ain  c h a n n e l  ( f i g .  1 .5 ( a ) )  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  l o g a r i t h m ic ;  n e a r  t h e  j u n c t i o n  i t  i s  d e c r e a s e d  

in  m a g n itu d e  and  h a s  a  d i p  n e a r  t h e  w a te r  s u r f a c e .  T h is  i s  c a u se d  by th e  

b r a k in g  e f f e c t  t h a t  th e  f lo o d  p l a i n  f low  has on th e  m a in  c h a n n e l f lo w , 

s lo w in g  i t  down. The v e r t i c a l  v e l o c i t y  p r o f i l e s  on th e  f lo o d  p l a i n  a re  

i n c r e a s e d  in  m a g n itu d e  ( f i g .  1 .5 ( b ) )  b e c a u se  t h e  m ain  c h a n n e l f lo w  i s  -
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,

t u r b u l e n t  
i n t e r a c t i o n  z o n e

j u n c t i o n  p l a n e

V e l o c i t y

p r o f i l e

F i g .  1 .4 :  L a t e r a l  p r o f i l e s  o f  s h e a r  s t r e s s ,  and v e l o c i t y  i n  an 

a sy m m e tric a l compound c h a n n e l .

d e p t h  a b o v e  
c h a n n e l  b e d
( y )

n e a r  t h e  
I n t e r f a c e

n e a r  c e n t r e  
o f  c h a n n e l

v e l o c i t y  
p r o f i l e

v e l o c i t y  ( v )

( a )  m ain c h a n n e l 

F i g .  1 .5 :  V e r t i c a l  v e l o c i t y  p r o f i l e s

(b ) f lo o d  p l a in
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e x e r t i n g  a  p r o p u ls io n  on th e  f lo o d  p l a i n  f lo w  in  t h e  i n t e r a c t i o n  z o n e . 

H ow ever, t h e  lo g a r i th m ic  s h a p e  i s  m a in ta in e d .

K n ig h t ,  D em etr io u  and Hamed (1 9 8 3 ) p u b l i s h e d  a  d ia g ra m  t h a t  a id s  

v i s u a l i s a t i o n  o f  th e  tu r b u le n c e  phenom enon and  i t s  e f f e c t s  ( f i g .  1 . 6 ) ,  

The b a n k  o f  v o r t i c e s  a t  t h e  i n t e r f a c e  i s  r e p r e s e n te d  by  s p i r a l s ,  and  th e  

momentum exch a n g e  by a r r o w s , C o n t r a - r o t a t i n g  s e c o n d a ry  f lo w  c e l l s  n e a r  

t h e  b e d  o f  t h e  m ain  c h a n n e l  in d u c e  p e r t u r b a t i o n s  i n  t h e  bed  sh e a r , s t r e s s  

a b o u t  a mean c u r v e ,  w h ic h  i s  sbown d o t t e d  in  t h e  f i g u r e .  The s h a p e s  o f  

t h e  v e r t i c a l  v e l o c i t y  p r o 'f i l e s  i n d i c a t e  t h e  com plex  n a tu r e  o f  t h e  v e l o c i t y  

f i e l d .  T h ese  p r o f i l e s  (u )  may b e  i n t e g r a t e d  to  g iv e  t h e  d e p th -m ea n  v e ­

l o c i t i e s  ( u ) ,  shown a s  l a t e r a l  v e l o c i t y  p r o f i l e s ,  T h ese  i n  t u r n  may b e  

i n t e g r a t e d  o v e r  th e  w id th s  o f  t h e  m ain  c h a n n e l  and f lo o d  p l a i n  t o  g iv e  

s e c t i o n  mean v e l o c i t i e s ,  u ,  D is c h a r g e  f o r  eac h  s u b s e c t io n  c an  b e  c a l c u ­

l a t e d  from  t h e  s e c t i o n  mean v e l o c i t i e s .  T h is  f a c t  i s  u t i l i s e d  l a t e r  i n  

t h i s  r e p o r t  when d is c h a r g e  c o m p u ta t io n  te c h n iq u e s  a r e  e v a lu a te d .

K n ig h t  and  L a i  (1985 ) o b s e rv e d  l a t e r a l  s h e a r  s t r e s s  p r o f i l e s  t h a t  a r e  v e ry  

s i m i l a r  t o  t h o s e  d e s c r ib e d  in  t h i s  s e c t i o n ,  i n d i c a t i n g  t h a t  t h e s e  .sh a p es  

a r e  g e n e r a l .

1.4  AIMS

K n ig h t and  D em etrio u  (1983 ) s t a t e d  t h a t  w i th  i n c r e a s in g  u se  b e in g  made 

o f  m a th e m a tic a l  m o d e ls  t o  d e s c r ib e  t h e  h y d r a u l i c  and s e d im e n t p r o c e s s e s  

i n  compound c h a n n e ls ,  i t  h a s  becom e p a r t i c u l a r l y  im p o r ta n t  t o  b e  a b l e  t o  

m odel t h e  tu r b u le n c e  phenom enon p r o p e r ly .  I n d e e d , t h e  i n c r e a s i n g l y  i n ­

t e n s i v e  r e s e a r c h  o v e r  t h e  p a s t  tw o d e c a d e s  i s  e v id e n c e  o f  t h e  im p o r ta n c e  

t h a t  e n g in e e r s  a r e  a t t r i b u t i n g  t o  t h i s  s u b j e c t .

I t  i s  v e ry  d i f f i c u l t  t o  o b t a in  f i e l d  d a t a  w ith  w hich  to  s tu d y  o v e rb a n k  

f lo w ,  b e c a u s e  t h e  s t a g e  o f  a r i v e r  f lo o d in g  i t s  b a nks c h an g e s  t o o  q u ic k ly  

f o r  a l l  t h e  n e c e s s a r y  s h e a r  s t r e s s  m e asu re m en ts  t o  b e  ta k e n  (M yers and 

E lsa w y , 1 9 7 5 ) . F o r  t h i s  r e a s o n  l a b o r a to r y  s t u d i e s  h a v e  t o  b e  r e s o r t e d
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F i g .  1 .6 :  T h r e e -d im e n s io n a l  c u t-a w a y  o f  a  compound c h a n n e l ,  

show ing  v e l o c i t y  and s h e a r  s t r e s s  p r o f i l e s ,  and a 

d ia g ra m m a tic  r e p r e s e n t a t i o n  o f  t h e  momentum exchange 

m echanism . (K n ig h t,  D em etr io u  and  Hamed, 1 9 8 3 .)

t o ,  and  a l l  t h e  r e s e a r c h  in  t h i s  f i e l d  t o  d a te "  i s  b a s e d  o n . t h e  r e s u l t s  

o f  f lu m e  m e asu re m en ts , I n  t h e  p r e s e n t  s tu d y  e m p ir ic a l  r e l a t i o n s h i p s  a re  

d e v e lo p e d  u s in g  flum e  m e asu rem en ts  c o l l e c t e d  b y  t h e  a u th o r  a s  w e l l  as 

p u b l i s h e d  flum e  d a t a .

T h is  s tu d y  h a s  a d u a l  p u r p o s e :  t o  i n v e s t i g a t e  b o u n d a ry  s h e a r  s t r e s s e s

in  a compound c h a n n e l  w i th  a  v iew  t o  d e v e lo p in g  a  m odel d e s c r ib in g  th e  

s h e a r  s t r e s s  p r o f i l e s  on th e  f lo o d  p l a i n ,  and t o  f o rm u la te  an im proved  

d is c h a r g e  c o m p u ta t io n  te c h n iq u e  f o r  compound c h a n n e l s •

I t  i s  im p o r ta n t  t o  b e  a b le  t o  p r e d i c t  t h e  s h e a r  s t r e s s  p r o f i l e s  on a  f lo o d  

p l a i n  f o r  d i f f e r e n t  f lo w  c o n d i t io n s  i n  o r d e r  t o  m odel s e d im e n t t r a n s p o r t
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p r o c e s s e s  ( B a i r o l  and  E r v in e ,  1984 ). An e x a n p te  of, t h i s  i s  J a m e s 's  model 

fo r-s a .f lim e n t t r a n s p o r t  and d e p o s i t io n  in  compound c h a n n e ls  (J a m e s , 1984 ). 

T h is  u t i l i s e s  t h e  f i n d i n g s  o f  R g ja ra tn a m  and--Ahmadi ( 1 9 8 4 ) ,  who s t a t e d  

t h a t  t h e  v e r t i c a l  v e l o c i t y  p r o f i l e s  o r .’ a  f lo o d  p l a i n  c an  b e  d e s c r ib e d  

u s in g  t h e  u s u a l  l o g a r i th m ic  v e l o c i t y  d i s t r i b u t i o n  la w , p r o v id e d  th e  c o r ­

r e c t  l o c a l  v a lu e  o f  t h e  s h e a r  v e l o c i t y  ( / ( t / p ) . )  i s  u s e d .  A means o f

p r e d i c t i n g  th e  s h e a r  s t r e s s  p r o f i l e s  on th e  f lo o d  p l a i n  i s  r e q u i r e d  in  

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

The im p o r ta n c e  o f  d e v e lo p in g  im proved1 d is c h a r g e ,C o m p u ta t io n  m ethods h as 

b e en  e s t a b l i s h e d  in  1 .2 ,  E n g in e s ^  o f t e n  n e e d  t o  co m p u te  th e  d is c h a r g e  

o f  a compound c h a n n e l ,  f o r  exam p le  when p l o t t i n g  f lo o d  l i n e s  o r  p ro d u c in g  

r a t i n g  c u r v e s ,  The a v e rn » 4  flo w  v e l o c i t i e s  i n  t h e  m ain  c h a n n e l and f lo o d  

p l a i n  r e g io n s  a r e  so m etim es r e q u i r e d  when m o d e ll in g  s e d im e n t  and  h y d rau ­

l i c  p r o c e s s e s  i n  compound c h a n n e ls ,  and a  d is c h a r g e  c o m p u ta t io n  te c h n iq u e  

i s  r e q u i r e d  to  p r o v id e  t h e s e  v e l o c i t i e s .  An e xam ple  i s  J a m e s 's  m odel, 

w h ic h  u s e s  th e  a v e r a g e  v e l o c i t i e s  t o  c a l c u l a t e  s h e a r  v e l o c i t i e s  and th e  

d i s t r i b u t i o n  o f  t r a n s v e r s e  d i f f u s i v i t y .  T h e re  i s  no e x i s t i n g  m ethod o r  

e q u a t io n  t h a t  i s  s u f f i c i e n t l y  a c c u ra te  o r  r e l i a b l e  f o r  t h e s e  p u r p o s e s , 

and t h i s  p r o j e c t  a d d r e s s e s  t h i s  i s s u e .  ,

T h is  r e p o r t  i s  d iv id e d  i n t o  tw o m ain s e c t i o n s :  p a r t  1 d e a l s  y t t h  s h e a r

s t r e s s  p r o f i l e s ,  and  p a r t  2 w i th  d is c h a r g e  c o m p u ta t io n  and  a p p a r e n t  s h e a r  

s t r e s s  on th e  i n t e r f a c e .  I n  p a r t  1 , r e s u l t s  o f  th e  a u th o r 'd  f lum e e x ­

p e r im e n ts  a r e  p r e s e n te d .  U s in g  th e  bo u n d a ry  s h e a r  s t r e s s e s  m easu red  in  

t h e s e  e x p e r im e n ts  a m ode l i s  d e v e lo p e d  f o r  p r e d i c t i n g  th e  s h e a r  s t r e s s  

p r o f i l e  on a f lo o d  p l a i n .  A d im e n s io n le s s  fo rm  o f  t h e  a p p a r e n t  s h e a r ' 

s t r e s s  on  th e  i n t e r f a c e  h a s  been  a d o p te d  a s  t h e  in d e p e n d e n t  p a ra m e te r  

r e p r e s e n t i n g  th e  tu r b u le n c e  i n t e n s i t y ,  A g e n e r a l  r e l a t i o n s h i p  i s  t h e r e ­

f o r e  r e q u i r e d  t o  p r e d i c t  t h e  v a lu e  o f  th e  a p p a r e n t  s h e a r  s t r e s s  i n  any 

g iv e n  f i e l d  s i t u a t i o n ,  I n  p a r t  2 t h i s  m a t te r  i s  a d d r e s s e d ,  a lo n g  w ith  

d is c h a r g e  c o m p u ta t io n  m e th o d s . Two e x i s t i n g  e q u a t io n s  f o r  t h e  a p p a re n t  

s h e a r  s t r e s s  r e q u i r e  a d is c h a r g e  c o m p u ta t io n  m ethod t o  c a l c u l a t e  a Av 

te rm ,  w h ic h  i s  th e  d i f f e r e n c e  in  a v e ra g e  v e l o c i t y  b e tw ee n  th e  m ain c h a n n e l 

and f lo o d  p l a i n ,  H ence  t h e s e  tw o i te m s ,  d is c h a r g e  c o m p u ta t io n  and s h e a r  

s t r e s s  p r e d i c t i o n ,  a r e  c o n s id e r e d  t o g e t h e r .  A new e q u a t io n  f o r  th e  a p ­

p a r e n t  s h e a r  s t r e s s  i s  a l s o  d e v e lo p e d . The a u t h o r ' s  f lu m e  d a t a  c o u ld  n o t
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b e  u se d  f o r  d e v e lo p in g  d is c h a r g e  c o m p u ta t io n  m e th o d s , b e c a u se  a c c u r a t e  

m e asu re m en t o f  d i s c h a r g e  was n o t  p o s s i b l e .  A c c o rd in g ly  p u b l i s h e d  flum e 

d a t a  w ere  u s e d ,  in c o r p o r a t in g  a f a i r l y  w id e  ra n g e  o f  bed  ro u g h n e s se s  and 

f lo o d  p l a i n  w i d t h s .

T h is  s tu d y  a p p l i e s  m a in ly  t o  low flo w  d e p th s  (d /D  l e s s  th a n  a b o u t 0 , 5 ) .  

F o r  g r e a t e r  f lo w  d e p th s  t h e  tu r b u le n c e  i n t e n s i t y  i s  v e ry  low  and th e  

tu r b u le n c e  phenom enon c o n s id e r a b ly  l e s s  im p o r t a n t .  T h e 'a u t h o r 1s  f lu m e  

e x p e r im e n ts  w e re  c a r r i e d  o u t  i n  a s e c t i o n  w i th  sm ooth  b o u n d a r ie s ,  so  i t  

h a s  t o  b e  assum ed t h a t  th e  r e s u l t s  a p p ly  t o  ro ilgh  c h a n n e ls , T h is  a l s o  

p l a c e s  an  u p p e r  l i m i t  t o  t h e  tu r b u le n c e  i n t e n s i t y  ( r e p r e s e n te d  by th e  

a p p a r e n t  s h e a r  s t r e s s ) ;  h ig h e r  l e v e l s  o f  i n t e n s i t y  a r e  p o s s i b l e  i f  th e  

f lo o d  p l a i n  i s  ro u g h e n e d .
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PART 1: SHEAR STRESS PROFILES



CHAPTER 2: FLUME EXPERIMENTS

2>1 BACKGROUND

P a r t  1 o f  t h i s  r e p o r t  d e s c r ib e s  th e  a u t h o r ' s  f lu m e  experime'fitiu.-gihj V 

s e n t s  t h e  r e s u l t s ,  l e a d in g  up  t o  th e  d e v e lo p m e n t o f  an  e m p ir i t 'a j ’-i! »e l 

f o r  p r e d i c t i n g  t h e  s h e a r  s t r e s s  p r o f i l e s  on  a  f lo o d  p l a i n .  C om parison  

i s  made w ith  an  e x i s t i n g  m odel.

T he o n ly  e x i s t i n g  means o f  p r e d i c t i n g  th e  s h e a r  s t r e s s e s  i n  th e  i n t e r ­

a c t io n  zo n e  on th e  f lo o d  p l a in  i s  a  s e t  o f  e q u a t io n s  p r e s e n te d  by 

R a ja ra tn a m  and Ahmadi ( 1 9 6 1 ) . T h ese  e q u a t io n s  w ere  d e v e lo p e d  e m p i r i c a l l y  

from  f lu m e  e x p e r im e n ts  s i m i l a r  t o  t h o s e  c o n d u c te d  by th e  a u th o r .  

R a ja ra tn a m  and Ahmadi o b ta in e d  u n ifo rm  flo w  in  an  a s y m m e tr ic a l ,  r e c t a n ­

g u la r  compound c h a n n e l  w i th  a  sm ooth  c o n c r e t e  f i n i s h .  T hey u s e d  a 

p i t o t - s t a t i c  t u b e  t o  m e asu re  l a t e r a l  p r o f i l e s  o f  b o u n d a ry  s h e a r  s t r e s s  

f o r  v a r io u s  f lo w  d e p th s , from  w h ich  e m p i r i c a l  e q u a t io n s  w ere  d e r iv e d  t o  

d e s c r ib e  th e  s h e a r  s t r e s s  p r o f i l e s  on a f l o o d  p l a i n .  T h is  m odel h a s  a 

num ber o f  sh o r tc o m in g s ;

1 . A l l  t h e  p a ra m e te r s  a r e  e x p re s s e d  a s  a f u n c t i o n  o f  d e p th  r a t i o ,  w hich  

i s  t r e a t e d  a s  t h e  o n ly  in d e p e n d e n t v a r i a b l e ;  r o u g h n e s s  and g e o m e tr ic  

f a c t o r s  a r e  n o t  a c c o u n te d  f o r .

2 .  T he e q u a t io n s  a p p ly  t o  sm ooth c h a n n e ls  o n ly .

3 . The m odel o n ly  c o n s id e r s  s  r e c t a n g u l a r  s e c t i o n .

T he t h i r d  ite m  i s  im p o r ta n t  f o r  p r a c t i c a l  a p p l i c a t i o n s ,  s in c e  a s e c t i o n  

w i th  a  s lo p i n g  m ain c h a n n e l bank  o f t e n  o c c u r s  i n  t h e  f i e l d  ( f i g .  2 .1 ) .  

F o r  n a t u r a l  r i v e r s  t h e  m ain  c h a n n e l c an  g e n e r a l l y  b e  m ore a c c u r a t e l y  r e ­

p r e s e n te d  by a t r a p e z o i d a l  s e c t i o n  th a n  a r e c t a n g u l a r  o n e .

P a sc h e  and Rouve (1 9 8 5 ) i d e n t i f i e d  t h e  im p o r ta n c e  o f  t h e  s lo p e  o f  t h e  maiti 

c h a n n e l  bank  in  t h e  momentum e xchange  p r o c e s s ,  The o n ly  s p e c i f i c  o b s e r ­

v a t io n s  t h a t  th e y  c o u ld  make w ere  t h a t  a s lo p i n g  ban k  c an  re d u c e  th e

Chapter 2; Flume experiments



F i g .  2 ,1 :  Compound c h a n n e l  w ith  s lo p i n g  m a in  c h a n n e l  b a n k .

l e f t -
h a n d

" a l l

5 4 5  mm 3 7 5  mm

o t e e l  m o r u a r  g a l v a n i s e d  '

j  10 6  mm

s c r e e d  s t e e l  
l i n i n g

b r i c k s  f o r m i n g  
f l o o d  p l a i n

) s l  b u i l t  i n  a

l a b o r a to r y  f lu m e , lo o k in g  d o w nstream ,

a n g l e d  b r i c k

F i g .  2 ,3 :  D e t a i l  o f  s e c t i o n  w ith  s lo p i n g  m ain  c h a n n e l  b a n k .
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t u r b u le n c e  i n t e n s i t y ,  and t h a t  i t  i s  m o st s i g n i f i c a n t  when th e  m ain 

c h a n n e l  and  f lo o d  p l a i n  have  th e  same r o u g h n e s s , b u t  does n o t  seem  t o  be 

im p o r ta n t  when th e  f lo o d  p l a in  I s  v e ry  ro u g h  r e l a t i v e  t o  t h e  m ain  c h a n n e l .  

T hey c o n c lu d e d  t h a t  " f o r  a c o m p le te  u n d e r s t a n d in g  o f  t h i s  phenom enon, 

a d d i t i o n a l  i n v e s t i g a t i o n s  w ith  v a ry in g  ban k  s lo p e s  s h b u ld  b e  c o n d u c te d  

in  compound c h a n n e ls  w ith  sm ooth b o u n d a r i e s , "

B e ca u se  o f  t h e  im p o r ta n c e  o f  th e  ban k  s lo p e  and  t h e  s c a r c i t y  o f  e x i s t i n g  

f lu m e  d a t a  f o r  a n y th in g  o th e r  th a n  r e c t a n g u l a r  s e c t i o n s ,  t h e  a u th o r  c o n ­

d u c te d  f lu m e  e x p e r im e n ts  i n  w h ich  th e  s lo p e  o f  t h e  m ain c h a n n e l ban k  was 

v a r i e d .  An a sy m m e tric  c h an n e l w i th  sm oo th  b o u n d a r ie s  was c o n s t r u c te d  in  

a  l a b o r a to r y  f lu m e , i n  w hich l a t e r a l  bed  s h e a r  s t r e s s  p r o f i l e s  w ere  

m e asu re d  f o r  v a r io u s  f lo w  d e p th s  and b a n k  s l o p e s ,  s o  t h a t  t h e  e f f e c t  o f  

t h e  s lo p e  o f  t h e  m ain  c h a n n e l b ank  c o u ld  b e  s tu d i e d  and in c o r p o r a te d  in to  

a m odel f o r  th e  s h e a r  s t r e s s e s  on th e  f lo o d  p l a i n .

When d e v e lo p in g  su c h  a m odel i t  i s  a d v a n ta g e o u s  t o  h av e  o th e r  d a t a  w ith  

w h ich  t o  com pare  r e s u l t s .  T h is  p r o v id e s  a s ta n d a r d  o f  r e f e r e n c e  f o r  o b ­

s e rv e d  d a t a ,  a s  w e l l  a s  a s t a r t i n g  p o in t  f o r  d e v e lo p in g  a  new mtfdol. To 

e n a b le  m e a n in g fu l  c o m p ariso n s  t o  b e  made w i th  R a ja se tn a m  and A hm ad i's  

r e s u l t s ,  t h e  a u th o r  u se d  a  compound s e c t i o n  w i th  s i m i l a r  d im e n s io n s  t o  

t h o s e  u se d  by R a ja ra tn a m  and A hmadi.

To th e  a u t h o r ' s  know ledge t h i s  i s  t h e  f i r i t  t im e  t h a t  t h e  e f f e c t  o f  th e  

s lo p e  o f  t h e  m ain  c h a iin e l bank h a s  b e e n  s t u d i e d .

2 .2  COMPOUND SECTION

A 920mm w id e  f lu m e  w i th  a h o r i z o n t a l  f l o o r  w as a v a i l a b l e  f o r  t h e s e  e * !  

p e r im e n t s , I n  o r d e r  t o  o b ta in  u n ifo rm  f lo w  t h e  b e d  s h o u ld  h av e  a l o n g i ­

t u d i n a l  s l o p e ,  By s tu d y in g  s i m i l a r  e x p e r im e n ts  c o n d u c te d  by o th e r  

r e s e a r c h e r s  a s lo p e  o f  1 i n  1000 ( 0 ,0 0 1 )  was s e l e c t e d ,  and a  bed w ith  t h i s  

s l o p e  w as fo rm ed by c a n t in g  a m o r ta r  s c re o d  on th e  f l o o r  o f " t h e  flu m e . 

P r e c i s i o n  s u r v e y in g  eq u ip m en t was u se d  t o  o b t a i n  th e  d e s i r e d ',  s lo p e .
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C o n t r a c t i o n  J o i n t s  w ere  p r o v id e d  a t  one  m e tre  i n t e r v a l s  down th e  f lum e  

s o  a s  t o  c o n t r o l  c ra c k in g  o f  t h e  s c r e e d .

The f lo o d  p l a i n  was fo rm ed  u s in g  b r i c k s ,  and th e  s e c t i o n  l i n e d  w i th  

g a lv a n i s e d  s t e e l  t o  p r o v id e  a u n i f o r m ,  sm ooth  b o u n d a ry . A le n g th  o f  16m 

i n  t h e  f la m e  was b u i l t  up  a s  a compound s e c t i o n ,  o f  w h ic h  a b o u t  l i r e  w as, 

l i n e d  w i th  g a lv a n is e d  s t e e l .  F i g ,  2 .2  show s.a  c ro s s  s e c t i o n  o f  t h e  f lu m e , 

g i v in g  th e  d im e n s io n s  and  sh o w in g  th e  m a te r i a l s  o f  c o n s t r u c t i o n .  The 

a n g le  o f  i n c l i n a t i o n  t o  t h e  h o r i z o n t a l  o f  t h e  m ain c h a n n e l  b a n k  i s  d e s ­

ig n a t e d  e  ( f i g .  2 . 3 ) .  T h re e  v a lu e s  o f  a  w e r e 'u s e d :  3 0 * , 6 0 e and .S O 6 F o r  

t h e  3 0 e and  6 0 ' a n g le s ,  t h e  batik  w as fo rm ed u s in g  s p e c i a l l y  sh a p e d  s t r i p s  

o f  g a lv a n is e d  s t e e l  and  c u t  b r i c k s .  o '

F i g .  2 .4  shows th e  la y o u t  o f  t h e  f lum e  and  m e a su r in g  a p p a r a tu s ,  v iew ed  

from  t h e  dow nstream  e n d . F i g .  2 .5  i s  a v iew  o f  t h e  u p s tre a m  end  o f  t h e  

b r i c k  f lo o d  p l a i n .  On t h e  l e f t ,  h and  s id e  o f  t h e  f lo o d  p l a i n  a t  t h e  

j u n c t i o n  ^ i t h  t h e  m ain  c h a n n e l , a n g le d  b r i c k s  form  a  m ain  c h a n n e l  b ank  

w i th  a  60® s lo p e .  A ng led  b r i c k s  r e s t  a g a in s t  th e  u p s tre a m  f a c e  o f  t h e  

f lo o d  p l a i n  t o  c r e a t e  a  r e a s o n a b ly  sm ooth  t r a n s i t i o n .  On th e  l e f t  o f  

t h e s e  b r i c k s  t h e  c o r n e r  i s  f i l l e d  i n  w ith  p l a s t i c i n e  t o  a id  i n  sm o o th in g  

th e  t r a n s i t i o n  s o  a s  t o  r e d u c e  th e  tu r b u le n c e  a t  t h e  e n t r a n c e  t o  t h e  

compound s e c t i o n .

I t  was p a r t i c u l a r l y  im p o r ta n t  t o  do  a s e t  o f  e x p e r im e n ts  w i th  a  r e c t a n ­

g u l a r  ge o m etry  (o ' = 9 0 e) s o  a s  t o  h av e  a r e f e r e n c e  t o  com pare  w i th  

R a ja ra tn o m  and A hm a d i's  r o s u ' s .  An a sy m m e tric a l s e c t i o n  (one  f lo o d  

p l a i n )  w as c h o sen  so  a s  t o  u t i l i s e  t h e  f u l l  w id th  o f  t h e  f lu m e  and  p r o v id e  

a s  w id e  o m ain c h a n n e l and  f l o o d  p l a i n  a s  im possible. A w id e  m ain  c h a n n e l  

w as im p o r ta n t  s o  t h a t  t h e  l e f t  h a n d  w a l l  '{would n o t  in f lu e n c e  th e  t u r b u ­

le n c e  a t  th e  i n t c f i f i c e .  T h is  p la c e d  a l j ,m it  on th e  maximum flo w  d e p th  

on  t h e  f lo o d  p l a i n  f o r  i t  t o  b e  h y d r a u l i< :a l ly  w id e . A w id e  f lo o d  p l a i n  

i s  im p o r ta n t  b e c a u se  t h e r e  m ust b e  s u f f i c i e n t  w id th  f o r  th e  s h e a r  s t r e s s  

p r o f i l e  t o  d e ca y  t o  i t s  u n d is t u r b e d  p l a t e a u  v a lu e ,
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2 .3  PRESTON TUBE

A P r e s to n  tu b e  w as u se d  to  m e asu re  t h e  bo u n d a ry  s h e a r  s t r e s s e s  ( f i g .  2 . 6 ) .  

A lso  known ia s  a p i t o t - s t a t i c  t u b e ,  i t  c o n s i s t s  o f  tw o c o n c e n t r i c  t u b e s ,  

t h e  i n n e r  h a v in g  an o p e n in g  a t  t h e  t i p ,  and th e  o u t e r  one  o p e n in g  th ro u g h  

some s i d e  h o l e s . A t th e  t o p  o f  t h e  P r e s to n  tu b e  t h e s e  tw o  c o n c e n t r i c  

tu b e s  h a v e  s e p a r a t e  t a p p i n g s , The in s t ru m e n t  i s  su sp e n d ed  in  th e  w a te r  

w i th  t h e  h o r i z o n t a l  b o tto m  arm f l a t  a g a i n s t  th e  bed  o r  s i d e  w a l l ,  and th e  

end  h o le  f a c in g  in to  th e  f lo w . T he end  h o le  ( i n n e r  tu b e )  r e g i s t e r s  t h e  

t o t a l  e n e rg y  h e ad  b e c a u se  t h e  f l u i d  v e l o c i t y  i s  z e r o  j u s t  i n s i d e  t h i s  

o p e n in g ,  and  t h e  s i d e  k o l e s  ( o u t e r  tu b e )  m e asu re  th e  p ie z o m e tr ic  h e a d . 

The d i f f e r e n c e  i n  p r e s s u r e  b e tw ee n  th e  tw o tu b e s  i s  th e  v e l o c i t y  h e a d .  

C a l i b r a t i o n  c u rv e s  a r e  a v a i l a b l e  t o  c o n v e r t  t h i s  i n t o  a  b o u n d a ry  s h e a r  

s t r e s s  r e a d in g .  ,

The r e a s o n  f o r  s e l e c t i n g  th e  P r e s to n  tu b e  was b e c a u se  i t  i s  s m a l l ,  f a ­

c i l i t a t i n g  th e  m easu rem en t o f  l o c a l  s h e a r  s t r e s s e s ,  M ost r e s e a r c h e r s  

d o in g  s i m i l a r  e x p e r im e n ts  on compound c h a n n e ls  h a v e  u se d  t h i s  in s t ru m e n t  

f o r  t h e i r  b o u n d a ry  s h e a r  s t r e s s  m e a su re m e n ts , w h ic h  i n d i c a t e s  t h a t  i t  i s  

s a t i s f a c t o r y  f o r  t h i s  p u r p o s e . M yers and E lsaw y (1975) t r i e d  a num ber 

o f  s i z e s  b f  tu b e  and found  t h a t  t h e  s m a l l e s t  s i z e ,  w h ich  was 1,8mm in  

d i a m e t e r ,  was t h e  m ost s a t i s f a c t o r y ,  b e c a u se  i t  m in im ise d  d i s t u r b a n c e  t o  

t h e  f lo w  and  g av e  more l o c a l  v a lu e s  o f  s h e a r  s t r e s s , .  The a u th o r  u se d  a 

2mm d ia m e te r  t u b e  f o r  h i s  e x p e r im e n ts .  F o r  s h e a r  s t r e s s  m e asu re m en ts  t o  

b e  a c c u r a t e  t h e  tu b e  d ia m e te r  m ust n o t  b e  g r e a t e r  th a n  one f i f t h  o f  t h e  

b o u n d a ry  l a y e r  t h i c k n e s s .  H ence u s in g  a 2mm d ia m e te r  tu b e  l i m i t e d  t h e  

f lo w  d e p th  t o  a minimum o f  10mm on th e  f lo o d  p l a i n .

P r e s to n  (1954 ) p u b l i s h e d  th e  f i r s t  c a l i b r a t i o n  c u rv e s  f o r  u s in g  th e  

p i t o t - s t a t i c  tu b e  t o  m e asu re  th e  s h e a r  s t r e s s  on a  sm ooth b o u n d a ry  (h en c e  

th e  cam e " P r e s to n  t u b e " ) . S u b s e q u e n t e x p e r im e n ts  s u g g e s te d  t h a t  

P r e s t o n 's  c a l i b r a t i o n  was i n  e r r o r ,  And P a f e l  (1965 ) d e v e lo p e d  a r e v i s e d  

c a l i b r a t i o n  c u rv e  by e x p e r im e n tin g  w i th  tu b e s  o f  v a r io u s  d ia m e t e r s .  H is  

c u rv e  show s v i r t u a l l y  no s c a t t e r ,  w h ic h  in d i c a t e s  t h a t  i t  c an  b e  u se d  w i th  -' 

c o n f id e n c e ,  The th re e , e q u a t io n s  i n  t a b l e  2 ,1  w ere  f i t t e d  t o  t h e  c u rv e .

Chapter 2: Flume experiments



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

s t a t i c  h e a d  t a p p i n i

( s t a t i c  h e a d )

( t o t a l  h e a d )



x and  y  a r e  d e f in e d  a s  fo l lo w s  

x  = log (A pd , /4 p v 1) 

y  = lo g (T d #/4 p v 2)

w h ere  lo g  i s  t o  b a s e  10

dp -  p r e s s u r e  d i f f e r e n c e  b e tw ee n ' t h e  t o t a l  and s t a t i c

d = o u t s i d e  d ia m e te r  o f  P r e s to n  tu b e  

p -  d e n s i t y  o f  w a te r  

v = k in e m a t ic  v i s c o s i t y  o f  w a te r  

t  *  bo u n d a ry  $ h e a r  s t r e s s

T h is  c a l i b r a t i o n  a p p l i e s  t o  f lo w  o v e r  sm ooth  b o u n d a r ie s .  I f  t h e  r e a d e r  

i s  i n t e r e s t e d  in  ro u g h  b o u n d a r ie s  h e  s h o u ld  c o n s u l t  Hwang and L au rse n  

(1 9 6 3 ) and  Ghosh and J e n a  (1 9 7 1 ) .

2 .4  INSTRUMENTATION

'

Two e le m e n ts  f o r  m e a su r in g  th e  b o u n d a ry  s h e a r  s t r e s s e s  h av e  b e e n  d i s ­

c u s s e d :  th e  P r e s to n  tu b e  (w h ich  r e g i s t e r s  a  p r e s s u r e  d i f f e r e n c e )  and 

P a t e l ' s  c a l i b r a t i o n  t o  t r a n s l a t e  t h i s  p r e s s u r e  d i f f e r e n c e  in £ o  s h e a r  

s t r e s s e s .  An in s t ru m e n t  f o r  m e a su r in g  th e  p r e s s u r e  d i f f e r e n c e 1.rem a in s  

t o  b e  c o n s id e r e d .

I n i t i a l l y  sit e l e c t r o n i c  d i g i t a l  m ic rom anom ete r was u.'jed f o r  t h i s  p u r p o s e . 

Two tu b e s  l in k e d  th e  P r e s to n  tu b e  t o  t h e  rcicrom anom ehcr. T h es e  tu b e s  d id  

n o t  h a v e  any w a te r  i n  them , b u t  t h e  p r e s s u r e  d i f f e r e n c e  a t  t h e  P r e s to n  

tu b e  t a p p in g s  was conveyed  t o  t h e  m icrom anom eter v i a  th e  medium o f  a i r  

in  t h e  t u b e s .  T h is  a r ra n g e m e n t was found  . t o  b e  u n s a t i s f a c t o r y ;  th e  

m ic rom anom ete r r e a d in g s  w ere  e r r a t i c  and som etim es e r r o n e o u s ,  b e c a u s e  o f  

ia i r  l e a k s  a t  t h e  j o i n t s ,  th e  v e ry  low p r e s s u r e  d i f f e r e n c e s  t h a t  w ere  b e in g  

m e a su re d , and th e  r e a d in g s  b e in g  d e p en d e n t on th e  te m p e r a tu re  and  i n i t i a l  

a b s o lu t e  p r e s s u r e  o f  t h e  a i r  i n  t h e  tu b e s ,

( 2 . 1)

( 2 . 2 )
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A F u j i  p r e s s u r e  t r a n s d u c e r  was f i n a l l y  a d o p te d , show n in  f i g . .  2 . 7 V T h is  

in s t r u m e n t  o p e r a t e s  w i th  t h e  c o n n e c t in g  tu b e s  f i l l e d  w i th  w a t e r ,  and  th e  

t r a n s d u c e r  a t  a  lo w e r  e l e v a t i o n  th a n  th e  P r e s to n  tu b e ,  a s  i n d i c a t e d  in

f i g .  2 . 8 .  The tu b e s  h a v e  t o  b e  c a r e f u l l y  b l e d  t o  rem ove a l l  a i r ,  as

th e  s m a l l e s t  a i r  b u b b le s  r e s u l t  i n  m e a n d e rin g  o r  e r r o n e o u s

r e a d in g s . I t  was fo u n d  t h a t  b le e d in g  c o u ld  b e  s u c c e s s f u l l y  a c h ie v e d  by

th e  ta l lo w in g :m e a n s i -

• ! ' ' .. . ■ '  ■ " 
o T r a n s p a r e n t  tu b e s  Wtere u se d  s o  t h a t  a i r  b u b b le s  w ere  v i s i b l e .

e  A s ip h o n  e f f e c t  w as c r e a t e d  i n  t h y  tu b e s  t o  rem ove a l l  t h e  a i r .  

e  A i r  w as rem oved  f r o g  th e ,  P r e s to n  tu b e  by  f o r c in g  w a te r  th ro u g h  i t .  

o C o n n e c t io n s  b e tw ee n  th e  tu b e s  and  t h e  P r e s to n  tu b e  w ere  made u n d e r ­

w a t e r .  "

The c o m p o n e n ts  o f  t h e  s y s te m  ( r e p r e s e n te d  g r a p h i c a l l y  i n  f i g ,  2 .6 )  a re  

t h e  p r e s s u r e  t r a n s d u c e r ,  r e c e i v e r  and a  24 v o l t  p o w er s u p p ly ,  The r e ­

c e i v e r ,  show n in  f i g .  2 . 9 ,  c o n s i s t s  o f  a p o i n t e r  ga u g e  and  a p l o t t e r .  

I t  h a s  a  q u ic k  r e s p o n s e  t o  p r e s s u r e  c h a n g e s , w h ic h  m ean t t h a t  when th e  

e x p e r im e n ts  w ere  i n  p r o g r e s s  t h e  n e e d le  o s c i l l a t e d  so m e w h at,, and a  mean 

r e a d in g  h a d  t o  b e  ta k e n  a t  e a c h  p o i n t .  G e n e ra l ly  t h e  r e a d in g  o s c i l l a t e d  

w i th  an  a m p li tu d e  o f  t h e  o r d e r  o f  1% o f  th e  m ean r e a d in g ,  i^ i th  o c c a s io n a l  

s u r g e s  o f  g r e a t e r  m a g n itu d e . A few s im p le  r e s i s t o r - c a j y i c i t o r  c i r c u i t s  

w ere  t . - i e d  u n s u c c e s s f u l ly  t o  dampen o u t  t h e  o s c i l l a t i o n s .  T hese  o s c i l ­

l a t i o n s  w ere  c a u se d  by  c u r r e n t s  r e s u l t i n g  from  i r r e g u l a r i t i e s  i n  th e  

c h a n n e l  w a l l s  and  b e d , and  s l i g h t  u n s te a d i n e s s  i n  t h e  f lo w . D e s p i te  a 

c o n s t a n t  h e a d  ta n k  b e in g  u se d  t o  s u p p ly  t h e  w a t e r , / s m a l l  u n s te a d i n e s s  in  

a f lum e  o f  t h i s  n a tu r e  i s  u n a v o id a b le  b e c a u se  o f  "pumping s u r g e s .

The P r e s to n  tu b e  was m ounted  on a  t r a v e r s i n g  m echanism  sp a n n in g  th e  w id th  

o f ' t h e  f lu m e  ( f i g .  2 ,1 0 ) .  The v e r t i c a l  arm  o f  t h i s  m echanism  c o u ld  be 

moved l a t e r a l l y  a c r o s s ,  t h e  w id th  o f  th e  f lu m e , and v e r t i c a l l y  up  and  down. 

A h o r i z o n t a l  s c a l e  f o r  l a t e r a l  movement ( f i g .  2 .1 1 )  and a v e r t i c a l  s c a l e  

w ith  a f i n e  a d ju s tm e n t  s c re w  e n a b le d  th e  P r e s to n  tu b e  t o  b e  p o s i t i o n e d  

anyw here  i n  t h e  compound s e c t i o n .  A "M eccano"  m o u n tin g  f o r  th e  P r e s to n  

tu b e  w as d e s ig n e d  and  c o n s t r u c t e d  by j;he a u th o r  ( f i g ,  2 . 1 2 ) ,  W ith  t h i s  

a p p a r a tu s  t h e  o r i e n t a t i o n  o f  t h e  P r e s to n  tu b e  c o u ld  b e  a d ju s t e d  irp  t h r e e  

p la n e s :  l o n g i t u d i n a l ,  l a t e r a l  and r o t a t i o n a l .  C o n se q u e n tly  r e a d in g s
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P i g .  2 .7 :  F u j i  p r e s s u r e  t r a n s d u c e r  

f o r  m e a su r in g  d i f f e r e n t i a l  p r e s s u r e s .

V

i n t e r - c o n n e c t i n g

F i g .  2 .8 :  D iag ra m m a tic  r e p r e s e n t a t i o n  o f  t h e  in s t r u m e n ta t i o n .
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F i g .  2 ,10 '!  T r a v e r s i n g  m echanism  

on w h ich  P r e s to n  tu b e  i s  m ounted . 

T r a n s p a re n t  in t e r c o n n e c t i n g  tu b e s  

a r e  d ra p e d  o v e r  t h e  s i d e  o f  th e



F i g ,  2 ,1 1 :  H o r i z o n ta l  s c a l e  on t r a v e r s i n g  m echanism .

A g .  2 .1 2 :  M ounting  a p p a r a tu s  

f t i r  P r e s to n  tu b e .
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c o u ld  b e  ta k e n  on th e  s i d e  w a l l s  and th e  P r e s to n  tu b e  c o u ld  b e  f i n e l y  

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

2 .5  EXPERIMENTAL PROCEDURE

S h e a r  s t r e s s  m e asu rem en ts  w ere  ta k e n  a p p ro x im a te ly  h a l f  way down th e  f lu m e  

t o , e n s u r e  f u l l y  d e v e lo p e d  flo w  and  to  m in im ise  th e  e f f e c t  o f  d raw d o w n  

c u r v e s .  G la s s  s id e s  t o  t h e  f lum e  f a c i l i t a t e d  v ie w in g  th e  flo w  and  th e  

m e a s u r in g  a p p a r a tu s .

T a b le  2 .2  sum m arises  t h e  e x p e r im e n ts .  A t o t a l  o f  22 s u c c e s s f u l  r u n s  w ere  

m ade, i n  t h r e e  s e t s :  s e r i e s  A w ith  a r e c ta n g u la r ,  m ain  c h a n n e l ,  s e r i e s  B 

w ith  a 60° m ain c h a n n e l b a n k , and s e r i e s  C "with a 3 0 ' b a n k , I n  e ac h  s e r i e s  

t h e  d e p th  r a t i o  d/D was v a r i e d  b e tw ee n  a b o u t 0 ,1 0  and 0 ,4 3 .  The minimum 

flo w  d e p th  on th e  f lo o d  p l a i n  was 12mm, w h ic h  i s  2mm more th a n  th e  a b s o ­

l u t e  minimum d i c t a t e d  by th e  d ia m e te r  o f  t h e  P r e s to n  tu b e .  T he n e e d  f o r  

a h y d r a u l i c a l l y  w ide  f lo o d  p l a i n  l i m i t e d  th e  maximum flow  d e p th  t o  80mm. 

As many d e p th  r a t i o s  a s  p o s s ib l e  w ere  u se d  s o  a s  t o  c o l l e c t  a c om prehen ­

s i v e  s e t  o f  r e s u l t s ,

A s te a d y , f lo w  was p r o v id e d  by a c o n s t a n t  h e a d  t a n k ,  t h e  w a te r  beinfc ' c i r ­

c u l a t e d  by  pum ps. D is c h a r g e s  w ere  m easu red  w i th  a v e n t u r i  meter.;:£ri the- 

su p p ly  p i p e .  >■' u p s tre a m  v a lv e  i n  t h e  s u p p ly  p ip e  was u se d  t o  c o n t r o l  

th e  d is c h f t j / '.z i  and a  dow nstream  w e i r  t o  c o u n te r a c t  t h e  drawdown c u rv e  iiid  

o b t a in  f V d e s i r e d  f l o v  d e p th .  I t  was £otind t h a t  i f  th e  d is c h a r g e  was 

t o o  1<>, t h e  t u r b u le n c e  a t  t h e  i n t e r f a c e  w ould  b e  to o  s m a ll  f o r  th e  r e ­

s u l t s  t o  b e  m e a n in g fu l.  I f  th e  d is c h a r g e  was t o o  h ig h ,  t h e  w a te r  s u r f a c e  

w->uld b e  v e ry  r i p p l y  and u n e v e n , and th e  p r e s s u r e  t r a n s d u c e r  r e a d in g s  

w ou ld  o s c i l l a t e  a l o t ,  m aking  i t  d i f f i c u l t  t o  ta k e  a v e ra g e  r e a d in g s .  Thus 

t h e  c h o ic e  o f  d i s c h a r g e  and flo w  d e p th  f o r  eac h  e x p e r im e n t was a com pro­

m ise  b e tw ee n  th e s e  tw o s t a t e s .

Many t r i a l  ru n s  w ere  made b e f o r e  s t a r t i n g  on th e  program m e o f  e x p e r im e n ts .  

The p u r p o s e s  o f  t h e s e  r u n s  w ere  t o  l e a r n  how to  u s e  t h e  in s t r u m e n ta t i o n ,
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TABLE 2 .2 ;  EXPERIMENTAL RESULTS

s e r i e s  d e s ig n a t io n d (mm) D (mm) d/D d is c h a r g e

( V s )

A A12 I IS 0 ,1 0 2 " 2 8 , 0

= = 9 0 ' (  A13 '119 • 0 ,109 2 7 ,0

A20 "  20 126 0 ,1 5 9 ' 3 2 ,0

A30 .137 0 ,2 2 6 38,5-

145 0 ,269 4 5 ,0

166 0 ,361 4 5 ,5

A=o ^ 81 187 0 ,4 3 3 4 7 , 5 -

B „ B12 0 ,109 3 2 ,0

e  = 6 0 ' B14 120 0 ,117 ,» & ,o

BIS 124 0 ,145 . 3 5 ,5

B19 125 0 ,1 5 2 35 ,0 .

B30 30 136 0,221 4 0 ,0

B60 42 148 0 ,2 8 4 4 5 ,5

B60 61 167 0 ,3 6 5 ' 4 6 ,0

.8 0 76 182 0 ,4 1 8 4 9 ,0

C C12 12 118 0 ,1 0 2 . 3 2 ,0

a  = 3 0 ' CIS 15 ° 121 0 ,1 2 4 3 4 ,0

C20 126 0 ,1 5 9 3 4 ,5

C30 136 0 ,221 36 ,5

C40 148 0 ,2 8 4 4 0 ,0

G60 166 0 ,3 6 1 4 5 ,0

C80 186 0 ,430 4 9 ,5

t o  d e v e lo p  s u c c e s s f u l  m e thods o f  b le e d in g  th e  tu b in g ,  end  to  le a r n  by 

t r i a l  how end w here  t o  ta k e  r e a d in g s ,  and  w h at d i s c h a r g e s  and f lo w  d e p th s  

t o  u s e .  The in s t r u m e n ta t i o n  was r i g o r o u s ly  t e s t e d  f o r  r e l i a b i l i t y ,  r e ­

s o l u t i o n  and r e p e a t a b i l i t y  ( i e .  tw o r e a d in g s  ta k e n  a t  t h e  same p la c e  

s h o u ld  b e  th e  sa m e).
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I n  e a c h  e x p e r im e n t  a  l a t e r a l  s l i e s t  S t r e s s  p r o f i l e  was m e a su re d , P r e s to n  - 

t u b e  r e a d in g s  b e in g  ta k e n  a lo n g  t h a  e n t i r e  w e t te d  p e r im e te r  a t  i n t e r v a l s  

o f  10 t o  20mm. The te m p e r a tu re  o f  t h e  w a te r  was ta k e n  b e f o r e  and  a f t e r  

e a v h  e x p e r im e n t  s o  a s  t o  b e  a b l e  t o  u s e  t h e  c o r r e c t  v a lu e  o f  k in e m a t ic  

v i s c o s i t y  (v )  when a p p ly in g  P a t e l ' s  c a l i b r a t i o n  c u rv e , I t  was fo u n d  t h a t  

by  l e a v in g  th e  end o f  tfi'n P r e s to n  tu b e  in  a  cup  f u l l  o f  v s  t e r  when th e  

flu m e  was d r a in e d ,  th e  tu b e s  d id  n o t  n e e d  t o  b e  b le d  f o r  e a c h  e x p e r im e n t 

( f i g .  2 . 1 3 ) .  As t h e  e x p e r im e n ts  p ro c e e d e d  th e  m easu red  d a t a  was p l o t t e d  

o u t  t o  e n s u re  t h a t  th e  s c a t t e r  was & 

s h a p e s  o f  t h e  c u rv e s  w ere  n o t  e rro n c

B e ca u se  o f  t h e  o s c i l l a t . i o n  o f  t h e  n  

ta k e n  v i s u a l l y  a t  eac h  p o i n t .  I t  was 

re a d in g s  w as t o  sp a c e  thura c l o s e l y  (i 

sp e n d  a lo n g  tim e  i n  ta k in g  each  

t o  m e a su r in g  few er  p o in t s  and  ta k in g  

b e t t e r  m oan, b e c a u se  an 'e l e c t r o n i c  

e s s a r y  t o  t a k e  s u f f i c i e n t l y  a c c u ra t
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F i g .  2 .1 3 :  P r e s to n  t u b e  i n  a  

cup  o f  w a te r  b e tw ee n  e x p e r im e n ts ,

F i g .  2 .1 4 :  E v id e n c e  o f  many h o u rs  o f  h a rd  w ork .

. '  . <
r i ' .-i.-

f-„
j %



CHAPTER 3: RESULTS

3 .1  SHEAR STRESS PROFILES

A tm nrijix  1 c o n ta in s  t h e  s h e a r  s ' tx e s s  p r o f i l e s  t h a t  Were m e asu re d  i n  t h e  

f lu iiie  e x p e r im e n ts  d e s c r ib e d  in  t h e  p r e v io u s  c h a p te r .  Sm ooth c u rv e s  w ere  

d^swC. th irough1 t h e  m easu red  p o i n t s ;  "and t h e s e  c u rv e s  a r e  p r e s e n te d  in  f i g s .  

S .J^V p  3 .3  i n  a  d  tow ns io n  le s R v f o m . The sym bo ls  i n  t h e  d e f i n i t i o n  s k e tc h  

o n '“3m s £  f ig u r e s  a r e  d e f in e d  a s  f o l lo w s :

/  z j |  =  X a t t i r a l  d i s t A e B 1 a c r o s s  w id th  o f  f lo o d  p l a i n ,  

ji jj\, Zp 0  a t  th e  ju n c t io n .

z ji ji=' l a t e s e l  d is t im c 'i"  a c r o s s  w id th  o f  m ain  c h a n n e l .  '>

^  s .  .^  0  a t  t h e  j u n c t i o n .  ' »

x l 1 =  sH eur " t r e s s  o n : th e  b e d  o f  t h e  f lo o d  p l a i n  a t  a  p o s i t i o n  

\  by 7.̂  _ “  x _

'iv .'4  .'’̂ is h e a r^  s t r e 's s  6n  t h e  b o u n d a ry  o f  t h e  m ain  c h a n n e l a t  a

by V  ■!
j t p , .  i y - : ' vt cess on th e  f lo o d - p l a i n  a t  t h e  ju n c t io n  ^

i I t  =, i s h e a r . 'i 'iW s s ' on th e  f lo o d  p l a i n  a t  i n f i n i t y ,  i e .  th e  .a

'j p l a t e a u  ^'H.iue ^ fo r  a w id e  f lo o d  p l a i n

"  s h e a r  s tr f lv s  o n  th e  b e d  o f  t h e  m ain  c h a n n e l a t  th e

; i  j u n c t io n  1 ■

P r e s e n t in g  th e  p r< > ''lle s  i n  t h i s  d ia ie n s io n le s s  form  m akes c o m p ariso n s  

e a s y ,  and  a q u a l i t y  .ive  ,;idea c an  b e  g a in e d  o f  t h e  b e h a v io u r  o f  t h e  s h e a r  

s t r e s s  p r o f i l e s  ; a s :,che flo w  d e p th  in  v a r i e d .  I t  i s  i n t e r e s t i n g  t o  n o te  

t h a t  t h e  g e n e r a l  sc.ojieb o f  th e  c u rv e s  f o r  t h e  r e c t a n g u l a r  ge o m etry  ( f i g .  

3 .1 )  i s  t h e  same as. <.})*■ c u rv e s  o b s e rv e d  by R a ja ra tn a m  and Ahmads (1981) 

and  K n ig h t  and L a i (1 9 8 5 ).

I n  f i g .  3 . 1 / i t  i s  n o tip o sa .V b le  t o  com pare  t h e  m ain c h a n n e l  and f lo o d  p l a i n  

p r o f i l e s  b e c a u se  t h e  fo rm er  a r e  shown r e l a t i v e  t o  and  th e  l a t t e r  a re  

r e l a t i v e  t o  t  , and i s  n o t  e q u a l  t o  . T h is  p ro b lem  i s  n e t  e n -
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Pig. 3.1: Measured shear stress profiles for series A
experiments, presented in a dimensionless form.
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Fig, 3,3: Measured shear stress profiles for series C
experiments, presented in a dinensionless form,
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i t e r e d  w ith  f i g s .  3 .2  and .3 .3 i n  b o th  t h e s e  f i g u r e s

d

f i g ,  3 ,'1 , t h e  r e l a t i v e  m a g n itu d e s  o f  t

3 .1 .1  MAIN CHANNEL

F o r  a l l  t h r e e  s e t s  o f  e x p e r im e n ts ,  t h e  s h e a r  s t r e s s  on  th e  bed  o f  t h e  m ain 

c h a n n e l h a s  a  p e a k  v a lu e  n e a r  mid c h a n n e l .  The p r o f i l e s  a r e  d i s t o r t e d ,  

b e in g  draw n down n e a r  th e  j u n c t i o n ,  b e c a u s e  t h e  f lo w  in  t h i s  r e g io n  i s  

s low ed  down by t h e  i n t e r a c t i o n  w ith  t h e  s lo w e r - f lo w in g  f lo o d  p l a in  f lo w , 

F o r th e  r e c t a n g u l a r  g e o m etry , t h e  d i s t o r t i o n  o f  t h e  p r o f i l e s  on th ^ -  m ain 

c h a n n e l b e d  g e n e r a l l y  d e c r e a s e s  w i th  i n c r e a s in g  flo w  d e p th ,  b e c a u s e  th e  

tu r b u le n c e  i n t e n s i t y  i s  d e c r e a s in g .  The 6 0 e g e o m e try  b e h av e s  d i f f e r ­

e n t l y .  • F o r  low d e p th  r a t i o s , d i s t o r t i o n  in c r e a s e s  a s  t h e  f lo w  d e p th  i n ­

c r e a s e s ;  th e n  a r e v e r s a l  o c c u r s , and th e  d i s t o r t i o n  s t a r t s  d e c r e a s in g  w ith  

i n c r e a s in g  flo w  d e p t h , a s  f o r  th e  r e c t a n g u l a r  g e o m e try . The p r o f i l e s  fox 

th e  30* g e o m e try  b e h av e  in  th e  same m anner a s  f o r  t h e  r e c t a n g u l a r  geom­

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

d e p th . The b e h a v io u r  o f  t h e  s h e a r  s t r e s s  p r o f i l e s  in  t h e  m ain c h a n n e l
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i s  c o m p lex , and  n e ed s  f u r t h e r  r e s e a r c h  f o r  u n d e rs t a n d in g  and q u a n t i f y in g  

t h e  p a t t e r n s .

T h e re  i s  a  " sk ew n e ss"  i n  t h e  s h a p e s  o f  t h e  m ain  c h a n n e l p r o f i l e s :  a s  z

I n c r e a s e s  away from  th e  j u n c t i o n ,  t h e  s h e a r  s t r e s s  i n i t i a l l y  in c r e a s e s  

s h a r p l y ;  th e n  i t  f l a t t e n s  o d t  isom ew hat b e f o r e  a g a in  i n c r e a s in g  u n t i l  i t  

r e a c h e s  th e  p e a k . K n ig h t and L a i  (1965 ) i d e n t i f i e d  a s i m i l a r  p a t t e r n  in  

t h e i r  o b se rv e d  sh e ep ; s t r e s s  p r o f i l e s  and  te rm ed  i t  t h e  " sk ew in g  e f f e c t " .  

K n ig h t ,  D e o e tr id u  and  Hamad (1 9 8 3 )  a t t r i b u t e d  i t  t o  s e c o n d a ry  f lo w  c e l l s  

t h a t  s p i r a l  a lo n g  th e  b e d  o f  t h e  c h a n n e l  ( f i g .  1 .6 ) ,

T he s h a p e s  o f  t h e  p r o f i l e s  on th e  m ain  c h a n n e l b ank  f o r  t h e  90° g e o m etry  

a r e  t h e  same a s  th o s e  o b s e rv e d  by  R a ja ra tn a in J  and A hmadi. The t r e n d  i s  

g r e a t e r  d i s t o r t i o n  f o r  s m a l l e r  f lo w  d e p th .  F o r  e x p e r im e n ts  A60 and A60 

th e  s h e a r  s t r e s s  d o e s n o t  r i s e  t o  a  pe ak  and th e n  t r a i l  o f f ,  b u t  i t  fo l lo w s  

.. a  c o n t in u a l ly  r i s i n g  c u rv e .  R a je ra tn a m  and A h m a d i's  c u rv e s  e x h ib i t e d  t h e  

same b e h a v io u r  a t  h ig h  f lo w  d e p th s .  The s h e a r  s t r e s s e s  o n ' t - h e '6 0 e/; bank  

a l l  d i s p l a y  a  d e f i n i t e ,  w e l l - d e f in e d  p e a k . T hose  on th e  30° ban k  h a v e  a 

c o m p le te ly  d i f f e r e n t  sh a p e ;  th e y  a r e  n o t  h um p-shaped , b u t  r i s e  s t e a i i i l y  

a s  z  i n c r e a s e s .  F o r  low  flo w  d e p th s  t h e r e  i s  a  d ip  i n  t h e  p r o f i l e  n e a r  

t h e  ju n c t io n .

The m hin  c h a n n e l s h e a r  s t r e s s  p r o f i l e s  w ere  n o t  s tu d i e d  any f u r t h e r  i n  

t h i s  p r o j e c t  b e c a u se  o f  t im e  c o n s t r a i n t s ,  The m ain ch an n e l., p r o f  l i e s  a r e  

more com plex th a n  th e  f l o o d  p l a i n  p r o f i l e s ,  end w ould r e q u i r e  a d e t a i l e d  

s tu d y  u s in g  v a r io u s  g e o m e tr ie s ,  w id th s-  and h e ig h t s  o f  t h e  main, c h a n n e l ', 

b o th  w ith  one f lo o d  p l a i n  ( a s y m m e tr ic a l )  and tw o f lo o d  p l a i n s  (sym m et­

r i e s ! )  . The s h e a r  s t r e s s  p r o f i l e  on th e  f lo o d  p l a i n  h a s  p a r t i c u l a r  im ­

p o r ta n c e  i n  t h a t  i t  c an  b e  u se d  a s  a b a s i s  f o r  d e s c r ib in g  th e  d i s t t i b f f ^ o n  

o f  . f lo w  v e l o c i t y ;  th e  v e r t i c a l  v e l o c i t y  p r o f i l e  a t  any lo c a t i o n  o if . 'th e  

f lo o d  p l a i n  can  b e  r e l a t e d  t o  t h e  l o c a l  s h e a r  s t r e s s ,  u s in g  a lo g a r i th m ic  

e q u a t io n .  T h is  i s  n o t  v a l i d  i n  t h e  m ain c h a n n e l .  (R a ja ra tn a m  and A hm adi, 

'1 9 8 1 : p 5 4 . ) The r e m a in d e r  o f  t h i s  r tu d y  t h e r e f o r e  c o n c e n t r a t e s  o n . t h e  

f lo o d  p l a i n  s h e a r  s t r e s s e s .
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3 .1 .2  FLOOD PLAIN

By s tu d y i n g  th e  s h e a r  s t r e s s  p r o f i l e s  on th e  f lo o d  p l a i n  f o r  t h e  t h r e e  

s e t s  o f  e x p e r im e n ts ,  i t  c an  b e  s e e n  t h a t  th e y  form  a fa m i ly  o f  c u rv e s  a s  

shown i n  f i g .  3 . 4 .  H ere  i t  c an  b e  c l e a r l y  s e e n  t h a t  t h e  p l a t e a u  s h e a r  

s t r e s s  ( t p . )  c o n s i s t e n t l y  i n c r e a s e ? , , r e l a t i v e  t o  a s  f lo w  d e p th  -in ­

c r e a s e s ,  i e .  t h e  h ig h e r  th e  f lo w  d e p th ,  t h e  s m a l le r  i s  t h e  d i s t o r t i o n " o f  

t h e  p r o f i l e s . ^

V Tp j

0

,0

. 3 .4 ;  G e n e ra l form  o f  d im e n s io n le s s  s 

p r o f i l e s .
" 4 " -

A r e v e r s a l  o c c u r s  i n  t h e  sh a p e s  o f  t h e  p r o f i l e s  a t  a  low  -flow  d e p th  (a b o u t 

2 0 m  f o r  t h e  r e c t a n g u l a r  g e o m e try ) .  F o r  f lo w  d e p th s  s m a l le r  t h a n  t h i s  ■ 

v a lu e ,  t h e  i n i t i a l  p a r t  o f  t h e  c u rv e -  f a l l s  away more s t e e p l y  a s  t h e  f lo w  

d e p th  i n c r e a s e s  ( c u r v e s  ( a ) ,  (b ) and ( c )  i n  f i g ,  3 , 4 ) .  F o r  f lo w  d e p th s  

g r e a t e r  t h a n  t h i s  v a lu e ,  th e  c u rv e  f l a t t e n s  ou t. a s  / l o w  d e p th  in c r e a s e s

: ; cp o i n t , b u t  a p e a k  p l a t e a u  w h ich  e x te n d s  i n t o  t h e  f lo o d  p l a i n  ( c u r v e  ( g ) ) . 

Then a s  f lo w  d e p th  in c r e a s e s  f u r t h e r  t h i s  p e a k  moves away from  th e  

i n t e r f a c e  and  i n t o  t h e  f lo o d  p l a i n  r e g io n  ( c u r v e  ( h ) ) ,  i s  no  l o n g e r ' 

t h e  p e ak  s h e a r  s t r e s s  on th e  f lo o d  p l a i n ,  b u t  a  maximum t  o c c u r s  p lo s e  

t o  t h e  i n t e r f a c e .  T hus a s  f lo w  d e p th  i n c r e a s e s ,  t h e  p o s i t i o n  o f  maximum 

s h e a r  s t r e s s  moves away from  th e  J u n c t io n  and  o v e r  th e  p l a i n ,  F o r  c l a r i t y
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th e  maximum s h e a r  s t r e s s  on th e  f lo o d  p l a i n  w i l l  b e  r e f e r r e d  t o  a s  t pm, 

w h ich  c o in c id e s  w ith  t  ^ f o r  low flo w  d e p th s  ( v e r y  in t e n s e  tu r b u le n c e ) .

3 .2  EFFECT OF BANK SLOPE

The e f f e c t  t h a t  th e  s lo p e  o f  th e  m ain  c h a n n e l ban k  has oh th e  sitj.ear s t r e s s  

p r o f i l e s  can  b e  s e e n  in  f i g .  3 .5 .  T he f lo o d  p l a i n  s h e a r  s t r e s s  p r o f i l e s  

a r e  p r e s e n te d  h e re  in  a new d im e n s io n le s s  form  in  w hich  th e  sh a p e s  call 

b e  e a s i l y  v i s u a l i s e d .  Tp/ t pw i s  t h e  l o c a l  s h e a r  s t r e s s  r e l a t i v e  t o  th e  

p l a t e a u  s h e a r  s t r e s s .  2p / i p  i s  a  d im e n s io n le s s  l a t e r a l  d i s t a n c e  acros.% 

th e  - f lo o d  p l a i n ;  1^ i s  t h e  le n g th  o f  t h e  i n t e r a c t i o n  zo n e  in  t h e  f lood"  

p l a i n  r e g i o n ,  Mid v a lu e s  w ere  o b t a in e d  v i s u a l l y  from  th e  m e asu re d  p r o ­

f i l e s .  z p/ l p  i s  z e r o  a t  th e  ju n c t io n  and i s  e q u a l  t o  1 ,0  a t .  t h e  end o f  

t h e  i n t e r a c t i o n  z o n e , w here  i p  becom es t  . The g e n e r a l  t r e n d  n o t i c e a b le  

from  t h e s e  c u rv e s  i s  t h a t  a s  t h e  f lo w  d e p th  i n c r e a s e s , i e .  t u r b u le n c e  

becom es l e s s  i n t e n s e ,  th e  c u rv e s  p r o g r e s s  from  an  e x p o n e n t ia l  d e c a y  t o  a 

f i s c - t o p p e d  c u rv e .

T he s lo p i n g  m a in  .c h an n e l ban k  s h i f t s  t h e  s h e a r  s t r e s s  p r o f i l e  f a i r l y  

s i g n i f i c a n t l y  f o r  d  d  12mm. F o r  d  ■ 20mm and  30mA th e r e  - is  v e r y  l i t t l e  

d i f f e r e n c e ,  F o r  d  *  40nan and 60mm th e  a b s o lu t e  d i f f e r e n c e s  a r e  s m a l l ,  

b u t  l a r g e r  i n  te rm s  o f  p e r c e n ta g e s , I n  g e n e r a l  t p /T pM i s  n o t  a l t e r e d  by 

m ore th e n  a b o u t  13%, G e n e ra l ly  t h e  s h e e r  s t r e s s e s  f o r  t h e  60“ g e o m etry  

a re  lo w e r  th a n  f o r  .a v e r t i c a l  b a n k , and  th o s e  f o r  th e  30* ge o m etry  a r e  

ev en  lo w e r .  Tne e x c e p t io n  i s  t i e  p r o f i l e  f o r  t h e  12mm f lo w  d e p th ,  w here  

t h e  s h e a r  s t r e s s e s  f o r  t h e  60* b a n k  a r e  h ig h e r  th a n  f o r  t h e  v e r t i c a l  b a n k , 

As w i l l  b e  shown i n  3 ,3 ,  a  s lo p i n g  ban k  r e s u l t s  in  a  low er t u r b u le n c e  

i n t e n s i t y  and  t h e r e f o r e  r e d u c e d  s h e a r  s t r e s s e s ,  e x c e p t  f o r  a  s t e e p  bank  

a t  a  v e r y  low flo w  d e p th .
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F i g .  3 .5 :  C om paring f lo o d  p l a i n  s h e a r  s t r e s s  p r o f i l e s  f o r  

d i f f e r e n t  s lo p e s  o f  m ain  c h a n n e l b a n k .
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3 .3  PEAK SHEAR STRESS ON FLOOD PLAIN

i  f u n c t i o n  o f  th e

d e p th  r a t i o .  The pe ak  s h e a r  s t r e s s  r a t i o  g iv e s  t h e  d i s t o r t i o n  o f  th e  

s h e a r  s t r e s s  on th e  f J o n d  p l a i n ,  and  h ence  can  be c o n s id e r e d  a s  a m easu re"  

o f  tu r b u le n c e  I n t e n s i t y .  As d /D  i n c r e a s e s ,  t ^ / t ^  d e c r e a s e s ,  b e c a u se  

t h e  tu r b u le n c e  I n t e n s i t y  i n c r e a s e s  w ith  in c r e a s in g  flo w  d e p th .  T h is  g ra p h  

was p l o t t e d  w h ile  e x p e r im e n ts  w ere  i n  p r o g r e s s  t o  m o n ito r  t h e  e f f e c t  o f  

t h e  m ain  c h a n n e l bank  S lo p e  on t h e  t u r b u le n c e  i n t e n s i t y ,  a n d  t o  e n su re  

t h a t  t h e  p o in t s  w ere  f a l l i n g  on sm ooth  c u rv e s ,  w h ic h .w a s a  c h e c k  a g a in s t  

e r r o n e o u s  m easu rem en t o f  t  and  T h is |g r a p h  i s  s i g n i f i c a n t  i n  t h a t

a  r e l a t i o n s h i p  f o r  TpB|/ t p „  i s  im p o r ta n t  w h a n 'd e v e lo p in g  a m odel f o r ' p r e ­

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

I n  f i g .  3 ,6  i t  c an  b e  s e e n  t h a t  f o r  m ost c o n d i t io n s  a s lo p i n g  b a n k  r e d u c e s  

1p m ^ p ~ *  PJld t h e  w ore g e n t l e  t h e  b a n k , t h e  lo w e r  i s  1^ / 1^  f o r  a  g iv e n  

d e p th  r a t i o .  The c o n c lu s io n  t h a t  c an  be draw n from  t h i s  i s  t h a t  a s lo p in g  

b an k  r e d u c e s  th e  tu r b u le n c e  i n t e n s i t y ,  b e c a u se  i t  r e s u l t s  i n  s '  m ore  g e n t l e  

t r a n s i t i o n  from  th e  f a s t - f l o w i n g  m ain c h a n n e l t o  t h e  s h a l lo w , 

s lo w e r - f lo w in g  f lo o d  p l a i n .

At d /D  a p p ro x im a te ly  e q u a l  t o  0 ,1 3  t h e r e  i s  / ^ - c r o s s i n g  o v e r  o f  c u r v e s ; 

f o r  d/D  l e s s  th a n  t h i s  v a lu e  f o r  t h e ' 6 0 “ ge o m etry  i s  l a r g e r  th a n

f o r  t h e  r e c t a n g u l a r  g e o m e try . T h is  i n d i c a t e s  t h a t  f o r .  v e ry  low, f lo w

d e p th s ,  tu r b u le n c e  a t  t h e  i n t e r f a c e  i s  more i n t e n s e  f o r  a 60° ge o m etry

th a n  f o r  a  r e c t a n g u l a r  g e o m e try , and  th e  60 * ban k  in d u c e s  a  m ore e f f i c i e n t

momentum t r a n s f e r  th a n  th e  90° ban k  aS low f lo w  d e p th s .

3 :4  SUMMARY

T h is  c h a p te r  h a s  be en  m a in ly  c o n c e rn e d  w i th  a q u a l i t a t i v e  a p p r e c i a t i o n  

o f  t h e  r e s u l t s :  th e  g e n e r a l  sh a p e s  o f  th e  s h e a r  s t r e s s  p r o f i l e s ,  t h e  e f ­

f e c t  t h a t  th e  s te e p n e s s  o f  t h e  m ain  c h a n n e l b a n k  h a s  on  th e  f lo o d  p l a i n
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F i g .  3 .6 :  P e a k  s h e a r  s t r e s s  r a t i o .

s h e a r  s t r e s s  p r o f i l e s ,  t h e  p e a k  s h e a r  s t r e s s  r a t i r t p]n/ i pie b e in g  a  m easu re  

o f  th e  tu r b u le n c e  i n t e n s i t y ,  and  th e  o b s e r v a t io n  t h a t  a s lo p i n g  m ain 

c h a n n e l b a n k  r e s u l t s  i n  a lo w e r  tu r b u le n c e  i n t e n s i t y  th a n  a  v e r t i c a l  ban k  

(e x c e p t  f o r  a  s t e e p  ban k  a t  v e ry  low flo w  d e p th s ,  i n  w hich  c a s e  t h e  t u r ­

b u le n c e  i n t e n s i t y  i s  h ig h e r  th a n  f o r  a v e r t i c a l  ban k  a t  t h e  sanu,’,, low 

d e p t h ) .  The p r o f i l e s  o f  Tp / t p , ,  air* a l t e r e d  by  up  t o  a b o u t 13% by  i n t r o ­

d u c in g  a  s lo p i n g  b a n k .

I n  t h e  n s .x t c h a p te r  th e  f lo o d  p l a i n  s h e a r  s t r e s s  p r o f i l e s  w i l l  b"A a n a ly s e d  

t o  d e v e lo p  p r e d i c t i v e  r e l a t i o n s h i p s .
* * !i'
,

1
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CHAPTER 4 : DATA ANALYSIS

The o b j e c t i v e  o f  t h i s  c h a p te r  i s  t o  d e v e lo p  a  m odel f o r  p r e d i c t i n g  th e  

s h e a r  s t r e s s  p r o f i l e  on a f l o o d  p l a i n  o f  a compound c h a n n e l .

4.1 RAJARATNAM AND AHMADI'S MODEL

R a ja ra tn o m  and A hm a d i's  m odel i s  d e s c r ib e d  h e r e  s in c e  i t  w i l l  b e  r e f e r r e d ' 

t o  a  num ber o f  t im e s .

R a ja ra tn a m  and  Ahmadi (1981 ) e n su re d  t h a t  t h e i r  f lo o d  p l a i n  was w ide  

enough f o r  t h e  s h e a r  s t r e s s  t o  r e a c h  i t s  p l a t e a u  v a lu e  o f  = VdS 

w here  T i s  t h e  u n i t  w e ig h t o f  w a te r  and  S i s  t h e  bed  s lo p e  ( f o r  u n ifo rm  

f lo w ) . T hey  p l o t t e d  a l l  t h e i r  f lo o d  p l a i n  d a t a  a s  show n i n  f i g .  4 .1  i n  

w h ich  • ,iiQ d im e n s io n le s s  p a ra m e te r  on th e  v e r t i c a l  a x i s  r e p r e s e n t s  t h e  

l o c a l  s h e a r  s t r e s s ,  and zp /b p  on th e  h o r i z o n t a l  a x is  i s  a  d im e n s io n le s s  

l a t e r a l  d i s t a n c e  a c r o s s  th e  f lo o d  p l a i n ,  i s  d e f in e d  su c h  t h a t  => 

’ b  X v iin  ( tp " T p ^ ) / ( t p j - T p _ )  = 0 ,5 0 .  The e q u a t io n  o f  t h e  c u rv e  i n  f i g ,  4 .1  

" i s r : '

w here  x  «= z p / bp-

I t  i s  im p o r ta n t  t o  n o te  t h a t  t h i s  e q u a t io n  was n o t  o b ta in e d  by f i t t i n g  a  

c u rv e  t o  t h e  d a t a  p o in t s  t h a t  a r e  shown on th e  g r a p h .  I t  was an  a tte m p t 

t o  d e s c r ib e  th e  sh o o r  s t r e s s  p r o f i l e  u s in g  a c u rv e  o f  t h e  same form  a s  

one  d e s c r ib in g  l a t e r a l  v e l o c i t y  p r o f i l e s  i n  t h e  f lo o d  p l a i n  r e g io n  

(R a ja ra tn a m  and  A hm adi, 1981; p5D ),

From t h e i r  m e asu re d  s h e a r  s t r e s s  p r o f i l e s  an a v e r a g e  v a lu e  o f  b p was found
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4 .2  RELATIVE APPARENT SHEAR STRESS PROPOSITION

When d e v e lo p in g  a  m odel f o r  any  p a ra m e te r  t h a t  i s  : 

b u le n c e  phenom enon, one o f  t h e  main c o n s id e r a t i o n s  

v. in d e p e n d e n t  v a r i a b l e s  to  r e p r e s e n t  t h e  t u r b u l e n t  J 

V ^that a l l  r e s e a r c h e r s  have  u s e d  u n t i l  now h a s  b e e n  t o  u se  t h e  d e p th  r s i  

r o u g h n e s s  f a c t o r s  and  g e o m e tr ic  p a r a m e te r s .  z . I t  w o u ld  b e  v e ry  niuch t 

c o n v e n ie n t  i f  o n e  in d e p e n d e n t p a ra m e te r  c o u ld  b e  ct 

t u r b u l e n t  i n t e n s i t y ,  em b ra cin g  th e  e f f e c t s  o f  a l l  t

When s u r v e y in g  t h e  l i t e r a t u r e  i t  i s  e v id e n t  t h a t  t h e  

" oil t h e  i n t e r f a c e  b e tw een  th e  m ain c h a n n e l  and t h e  f lo o d  p l a i n ,  i s

g e n e r a l l y  c o n s id e r e d  t o  b e  an  i n d i c a t o r  o f  t h e  l e v e l  o f  tu r b u le n c e  i n ­

t e n s i t y .  K n ig h t ,  D em etrio u  and Hamed r e f e r  t o  i t  i n  t h e i r  v a r io u s  a r t i ­

c l e s . 1 M yers (1978 ) m easu red  a p p a r e n t  s h e a r  s t r e s s e s  on th e  i n t e r f a c e  

a n d  in t e r p r e t e d ,  them  a s  a  m easu re  o f, t h e  t u r b u l e n c e  i n t e n s i t y .  He m a in ­

t a i n e d  t h a t  t h e  a p p a r e n t  s h e a r  s t r e s s  c an  b e  th o u g h t  o f. a s  r e p r e s e n t in g  

th e  i n t e n s i t y  o f  v o r t i c i t y  i n  t h e  m ix in g  r e g io n .

The a u th o r  h a s  c h o sen  a  d lm e n s io n le s s  fo rm  o f  t h e  a p p a r e n t  s h e a r  s t r e s s  

t o  a c c o u n t  f o r  t h e  t u r b u l e n t  i n t e n s i t y ,  nam ely  r ^ / T ^  o r  Tfl/ r d S ,  w h ich  

w i l l  b e  r e f e r r e d  t o  i n  t h i s  r e p o r t  a s  t h e  r e l a t i v e  a p p a re n t sh e a r  s t r e s s  

and a b b r e v ia t e d  t o  t  ( t - r a t i o ) .  T h is  i s  a  u n i v e r s a l l y  a p p l i c a b l e  i n d e ­

p e n d e n t  p a ra m e te r  r e p r e s e n ta t i v e  o f  t h e  tu r b u le n c e  i n t e n s i t y .  The u s e  

o f  a p a ra m e te r  su c h  a s  t  m eans t h a t  t h e  m odel t o  be d e v e lo p e d  in  t h i s  

s e c t i o n  c an  b e - a p p l ie d  t o  any g iv e n  ro u g h n e s s ,  ge o m etry  and  flow  d e p th ,  

p r o v id e d  th a t?  t h e  r e l a t i v e  a p p a r e n t  s h e a r  s t r e s s  i s  kn o w n ,.

V a lu es  o f  t  w ere  found  f o r  eac h  e x p e r im e n t by  i n t e g r a t i n g  th e  d i s t o r t e d  

p o r t i o n  o f  e a c h  o b se rv e d  s h e a r  s t r e s s  p r o f i l e  ( s u g g e s t e d  by R a ja ra tn a m  

and  A hmadi ( 1 9 8 1 ) , p 5 5 ) :

1 K n ig h t  and  D em etrio u  (1 9 8 3 ) ,  K n ig h t ,  .D e m e tr io u  and  Hamed (1 9 8 3 ) ,  

K n ig h t ,  D em etr io u  and Hamed (1 9 8 4 ) ,  K n ig h t a n d  Hamed (1 9 8 4 ).
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th r o eT here

t o  f i g .  4 .1 .

p l a in

•13318 ). The

( t p -  TpJ / ( T prn -  = fCx); (4 .5 )



s h e a r  s t r e s s  i n t o  t h r e e  r a n g e s ,  r e l a t i o n s h i p s  c o u ld  b e  d e f in e d  f o r  th e  

c o n s t a n t s  su c h  t h a t  a  f a m i ly  o f  c u rv e s  c o u ld  b e  d e f in e d .  The r e lA r io n -  

s h ip s  a r e  g iv e n  be lo w .

t  = 0 ,0 2  -  0 ,1 0 :

a  = 1 ,006  + 4 , 4 3 5 e " ^ '3  

a  = 1 ,1 0 3  [ lo g ( 0 ,1 0 1 /T r  

b  = 0 ,5 6  lo g  Tr  + 4 ,3 2  

c  = -0 ,9 1 2  ( lo g  Tr  + 1) 

d  = 3 6 ,7  lo g  Tr  4- 6 7 ,9  

k = - 4 ,1 0  lo g  i r  - 1 ,4 6

I r  *  0 ,1 0  - 0 ,2 5 !

b  = 0 ,5 6  lo g  Tr  + 4 ,3 2

k  = - 4 ,1 0  lo g  t r  -  1 ,4 6

Tr  = 0 ,2 5  -  6 : 

a = 1 ,0

b  = 4 ,0 5  -  0 ,2 5 3  t r

k  = 1 ,0  . e q u a t io n s  ( 4 .1 1 )

I t  i s  im p o r ta n t  t h a t  th e  f i r s t  e q u a t io n  f o r  " a "  in  s e t  ( 4 .9 )  m ust n o t  be 

u se d  f o r  t  l e s s  t h a n  0 ,0 2 2 ,  b e c a u se  t h i s  w ou ld  r e s u l t  i n  a la r g e  e r r o r .  

The r e l a t i o n s h i p  f o r  " a "  f o r  Tr  from  0 ,0 2  t o  0 ,1 0  i s  show n in  f i g .  4 .5 .

The f a m i ly  o f  c u rv e s  i s  shown in  t h e  form  o f  e q u a t io n  4 ,5  i n  f i g .  4 .4 ,  

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

E ach c u rv e  r e p r e s e n t s  a  v a lu e  o f  t  , i e ,  e ac h  c u rv e  c o rr e s p o n d s  t o  a 

p a r t i c u l a r  l e v e l  o f  t u r b u le n c e  i n t e n s i t y .  N ote  t h a t  t h e  c u rv e s  s h o u ld  

i d e a l l y  h av e  an o r d i n a t e  o f  z e r o  when 2 ^ /1 ^  = 1 ,0 ,  b u t  i n  f i g .  4 .4  th e y  

h av e  a s m a ll p o s i t i v e  v a lu e .  T h is  a r i s e s  b e c a u s e  o f  t h e  c h o ic e  o f  

b e s t - f i t t i n g  s h a p e  p a r a m e te r s .  H ow ever, i s  g e n e r a l l y  w i th in  5% o f

■4(ir  -  0 ,0 2 )  ’ / ( f o r  = 0,022.. -  0 ,0 7 )

j j O , 00194  , 0 ,0 7  -  0 ,1 0 )

. . . . e q u a t io n s  ( 4 .9 )

. . , e q u a t io n s  ( 4 ,1 0 )



0 , 0 2 2

F ig .

1 , 0 6

" a " ,



t  a t  2^  = l p , w h ic h  i s  a c c e p ta b le  when one  c o n s id e r s

s t r e s s  d r o p s  a s y m p to t i c a l l y  t o  i t s  p l a t e a u  v a lu e  o f

T h is  s e t  o f  c u rv e s  d e m o n s tr a te s  th e  

e t e r  t o  r e p r e s e n t  t h e  tu r b u le n c e  i n t e n s i t y ,  

r a m e te r s  d /D  and a  w are  u s e d  i n s t e a d  o f  r r ,

c u rv e s  w o u ld  be r e q u i r e d  f o r  e a c h  v a lu e  o f  a ,

h a v in g  d /D  a s  i t s  in d e p e n d e n t  v a r i a b l e .  I f  o 

en ee  t h e  tu r b u le n c e  phenom enon w ere 

w ould  becom e J.mposl " b ly  c o m p lic a te d .

To u s e  t h e s e  e q u a t io n s  v a lu e s  f  

a r e  d im e n s io n le s s  and  d e s c r ib e  

m a g n itu d e s  a r e  o b ta in e d  by  in p u t t i n g  

" sh a p e  e q u a t io n s ’1. T he a l t e r n a t i v e  

o f  Tpn  i n t o  th e  e q u a t io n s  in  

fu n c t i o n  o f  t r  and  zp / l p  o n ly  

i n  t h a t  t h e  u s e r  c an  in p u t  w h a te v e r  v a lu e s  o f  t

4 .4  PEAK SHEAR STRESS ON FLOOD PLAIN

F ig .  ,4 ,6  show s th e  p e a k  s h e a r  s t r e s s  r a t i o  Tpm/ t p e  p l o t t e d  v e r s u s  on 

a  s e m i- lo g  s c a l e ,  w h ic h  p r e v e n ts  c ro w d in g  o f  p o in t s  a t  low v a lu e s  o f  t  . 

The f o l lo w in g  c u rv e  w as f i t t e d  t o  t h e  d a ta  ( t h e  s o l i d  l i n e  i n  f i g .  4 . 6 ) :

V ’
T h is  g ra p h  d o e s n o t  d i s p l a y  e x c e s s iv e  s c a t t e r ,  w h ich  p ro m o te s 

in  t h e  p r o p o s i t i o n  t h a t  t  can  'be u s e d  a s  t h e  in d e p e n d e n t  p'tii 

p r e s e n t in g  tu r b u le n c e  i n t e n s i t y .

C om parison  w i th  R a ja ra tn a m  and A hm a d i's  d a t a  i s  made p o s s i b l e  by  com bin ing  

two o f  t h e i r  e q u a t i o n s :

Tpm/T p "  " 1 "  0 ,2 4  (D /d  ‘  ( 4 .1 3 )
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V

1 ,5

e q u a t i o n  4 . 1 2 N

F ig .  4 ,6 :  R e la t i o n s h ip s  f o r  pe ak  s h e a r  s t r e s s  on f lo o d

W  “  0,15 (D/d * 1 )* (+ .W ]
t o  y i e l d :

- '‘pm/ f pm ** 1 + 0 ,6 2 0  A r . ( 4 .1 5 )

E q u a t io n  4 .1 5  i s  p l o t t e d  a s  a  d a sh ed  l i n e 'e f t  f i g  4 . 6 .  Two o b s e rv a t io n s  

a r e  r e a d i l y  a p p a r e n t :  v

1 . The sh a p e s  o f  t h e  tw o c u rv e s  a r e  t h e  s im i l 'a r ,  nam ely  c o ncave  u p w ard s , 

w h ic h  s u p p o r ts  t h e  g e n e r a l  fo rm  o f  e q u a t io n  4 .1 2 ,

2 . T he m a g n itu d e s  o f  ^ A p , ,  p r e d i c t e d  by K a ja ra tn a m  and  A hraadi’s  r e ­

l a t i o n s h i p  a r e  s i g n i f i c a n t l y  l a r g e r  th a n  th o s e  p r e d i c t e d  by e q u a tio n  

4 .1 2  (by  1 ,0 0  t o  1 ,3 6  t im e s ) .

The se co n d  f a c t o r  i s  c r i t i c a l  s i n c e  i t  i s  ihv ' v# know t h a t  a r e ­

l a t i o n s h i p  i s  r e l i a b l e  i f  i t  i s  t o  b e  u se d  f o r  p . ..u ive  p u r p o s e s .  ' The
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d is c r e p a n c y  b e tw ee n  th e  tw o  c u rv e s  i s  p r o b a b ly  b e c a u s e  o f  t h e  p o s i t i o n  

w here  t h e  ju n c t io n  s h e a r  s t r e s s e s  w ere  m e a su re d . Zn th e  a u t h o r ' s  e x p e r ­

im e n ts  Tpj. was m e asu re d  a t  t h e  t o p  o f  a ro u n d e d  c o r n e r ;  i f  t h e  ed g e  o f  

R a ja ra tn a m  and A h m a d i's  f lo o d  p l a i n  was a s h a rp  c o r n e r ,  t h e n  d i f f e r e n t  

v a lu e s  w ou ld  h a v e  be en  m e asu re d . I t  m ust b e  b o rn e  i n  mind t h a t  th e  v a ­

l i d i t y  o f  e q u a t io n  4 .1 4  i s  q u e s t i o n a b le ,  t h e  r e a s o n s  f o r  w h ich  a r e  d i s ­

c u s se d  i n  A ppendix  2 ,  w h ere  t h e  d e r i v a t i o n  o f  t h i s  e q u a t io n  i s  g iv e n . 

I n  v iew  o f  t h e  u n c e r t a i n t i e s  in  R a ja ra tn a m  and  A h m a d i's  r e l a t i o n s h i p ,  t h e  

u s e  o f  e q u a t io n  4 ,1 2  i s  recom m ended. H ow ever, f u r t h e r  r e s e a r c h  i s  n e c ­

e s s a r y  t o  c l a r i f y  t h i s  i s s u e .
0

W hat i s  p r o b a b ly  o f  m o st s ig n i f i c a n c e  i s  t h a t  Tpn/ " r p „  c an  d e f i n i t e l y  b e  

e x p re s s e d  a s  a  u n iq u e  f u n c t i o n  o f  i r r e s p e c t i v e  o f  t h e  s lo p e  o f  th e  

m ain c h a n n e l  b a n k .

4 .5  LEN GTH  O F IN T E R A C T IO N  ZONE

The le n g th  o f  t h e  i n t e r a c t i o n  zo n e  on th e  f lo o d  p l a i n ,  1 ^ , i s  t h e  l a t e r a l  

d i s t a n c e  a c r o s s  t h e  f lo o d  p l a i n  from  th e  j u n c t i o n  t o  a p o in t  w here  t h e  

s h e a r  s t r e s s  i s  no lo n g e r  in f lu e n c e d  by th e  t u r b u l e n t  i n t e r a c t i o n  mech­

a n ism . I n  o r d e r  t o  d e f in e  a  r e l a t i o n s h i p  t h i s  q u a n t i t y  a v a lu e  o f  

l p  was s e l e c t e d  f o r  e a c h  e x p e r im e n t by v i s u a l l y  a s s e s s in g  t h e  m easu red  

s h e a r  s t r e s s  p r o f i l e s ,  and id e n t i f y i n g  th e  jr-: 4: a t  w h ic h  t p  i s  a p p ro x i­

m a te ly  e q u a l  t o  t  . V a lu es  o f  l p /d  w ere  p lb t i te d  v e r s u s  r r  a s  i n  f i g .  

4 . 7 .  t  was u se d  a s  t h e  in d e p e n d e n t v a r i a b l e  in. k e e p in g  w i th  t h e  r e l a t i v e  

a p p a r e n t  s h e a r  s t r e s s  p r o p o s i t i o n .  l p/d  w as a d c y .o d  b e c a u se  t h i s  i s  t h e  

m o st a p p r o p r i a t e  way o f  r e p r e s e n t in g  l p , s i n c e  t h e  m ix in g  in  th e  i n t e r ­

a c t io n  zo n e  i s  c a u se d  by  la r g o  e d d ie s  w h ich  p re su m a b iy ^ h a v e  a s i z e  p r o ­

p o r t i o n a l  t o  d  (R a ja ra tn a m  and  Ahmadi, 1 9811 p 5 2 ) ,  The fo llo W lrlg  e q u a t io n  

was f i t t e d  t o  t h e  d a t a  i n  f i g ,  4 .7 !

( 4 ,1 6 )1 / d  = 3 ,1 7  + 0 ,5 6 9  ( l o 8 , t  .  a ) 3 ' 113
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0 , 0 1 0 , 1 0 1 , 0

F i g .  4 . 7 :  R e la t i p n s h ip  f o r  t h e  le n g th  o f  t h e  i n t e r a c t i o n  

z o n e  xii t h e  f lo o d  p l a i n ,  1 .

T h e re  i s  a  f a i r  am ount o f  s c a t t e r  i n  f i g /  a s s o c i a t e d  w ith

th e  s u b je c t iv e  a s s e s s m e n t  o f  I .  , ' J -1 1 " f

4 ,6  SHEAR STRESS PROFILE MODEL

T he m odel f o r  p r e d i c t i n g  • n -,ar s t r e s s  p r o f i l e s  on a  f lo o d  p l a i n  c o n s i s t s  

o f  t h e  s h a p e  e q u a t io n s ,  „te 4 .1 1 ,  r e p r e s e n te d  g r a p h i c a l l y  a s  a f a m ily  

o f  c u rv e s  in  f i g .  4 , 4 ;  a  r e l a t i o n s h i p  f o r  t h e  p e a k  s h e a f  s t r e s s ,  e q u a t io n  

4 .1 2 ,  shown i n  f i g .  4 . 6 ;  and a  p r e d i c t o r  f o r  t h e  l e n g t h  o f  th e  i n t e r a c t i o n  

z o n e , e q u a t io n  4 .1 6 ,  shown in  f i g .  \ ; T r '  “" V  1  s

Thu m odel was u s e d  t o  g e n e r a te  t h e  s e t  o f  d im a n s i& U 'w ; c u rv e s  s h o w n 'in  

f i g .  4 . 6 ,  t h e  o n ly  i n p u t  p a ra m e te r  b e in g  t r  f o r  # 4 rd  tiueve  ; N ote  th e  

i n t e r e s t i n g  p r o g r e s s io n  i n  c u rv e  sh a p e  a s  t  v a r 6 , 0  t o  0 ,0 2 2 : 

from  an  e x p o n e n t ia l  d e c a y  t o  a f l a t - t o p p e d  c u rv e  t o  #  {risked  c u rv e , T h is  

g ra p h  c an  b e  u s e d  t o  p l o t  o u t  a  p r o f i l e  i n s t e a d  o i  t h e  e q u a t io n s .

F ig .  4 .9  i s  a  r e p r e s e n t a t i o n  o f  th e  sh ape  e q u a t io n s ,  show ing  t h e  g e n e r a l  

fo rm s o f  t h e  p r o f i l e s  f o r  t h e  t h r e e  r a n g e s  o f  t  ,
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I n  f i g ,  4 .1 0  th e  a u t h o r ' s  o b s e rv e d ’ d a t a  h a v e  b e e n  su p e rim p o sed  on  c u rv e s  

g e n e r a te d  by  th e  p r e d i c t i o n  m ode l. V i r t u a l l y  a l l  t h e  c u rv e s  d i s p l a y  a 

g ood  f i t ,  w h ich  in d i c a t e s  t h a t  t h e  m odel c an  b e  u s e d  w i th  c o n f id e n c e .

I n  t h e  l i g h t  o f  c u r r e n t  th o u g h t c o n c e rn in g  th e  t u r b u le n c e  phenom enon, th e  

r e l a t i v e  a p p a r e n t  s h e a r  s t r e s s  can  b e  c o n s id e r e d  t o  b e  a  good i n d i c a t o r  

o f  tu r b u le n c e  i n t e n s i t y 1. The u s e  o f  i  a s  t h e  in d e p e n d e n t p a ra m e te r  r e ­

p r e s e n t i n g  th e  t u r b u le n c e  i n t e n s i t y  i n  a com pound c h a n n e l has  be en  s u c ­

c e s s f u l l y  d e m o n s tra te d  in  d e v e lo p in g  a s h e a r  s t r e s s  p r o f i l e  m odel from  

t h e  a u t h o r ' s  d a t a ,  a s  shown by  th e  good c o r r e l a t i o n s  i n  t h e  r e l a t i o n s h i p s  

f o r  t  and  1 ( f i g s .  4 .6  and 4 . 7 ) ,  and by th e  good  f i t  be tw een  th e  c u rv e s  

g e n e r a te d  by th e  m odel and  th e  o b se rv e d  d a t a  from  w hich  th e  shape  

e q u a t io n s  w ere  d e r iv e d  ( f i g .  4 .1 0 );i

T h is  m odel h a s  tw o m a in  l i m i t a t i o n s :

1 . The ra n g e  o f  t r  c o n s id e r e d  (0 ,0 2 2  to  6 ) .  As w i l l  be s e e n  An p a r t  2 , 

t  c an  r e a c h  v a lu e s  a s  h ig h  a s  30 f o r  v e r y  h ig h  l e v e l s  o f  t u r b u le n c e .

2 .  The d a t a  on w h ic h  th e  m odel i s  b a se d  comes from  a compound c h a n n e l 

w i th  sm ooth  b o u n d a r ie s .

T he f i r s t  c o n s id e r a t i o n  Im poses a l i m i t  on th e  r a n g e  o f  a p p l i c a b i l i t y  o f  

t h e  m o d e l. C o n c e rn in g  th e  se co n d  l i m i t a t i o n ,  i t  i s  'known t h a t  i f  th e  

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

s t r e s s  i s  g r e a t l y  in c r e a s e d .  The q u e s t io n  t h a t  t h i s  p o s e s  i s  w h e th e r  th e  

m odel i s  a p p l i c a b l e  t o  su c h  s i t u a t i o n s ,  w h ich  o f t e n  o c c u r  i n  p r a c t i c e ,  

F a sc h e  and Rouvo (1 9 0 5 ) o b se rv e d  t h a t  t h e  momentum exchange  when th e  f lo o d  

p l a i n  i s  v e ry  much r o u g h e r  th a n  t h e  m ain  c h a n n e l ,  a p p e a rs  t o  b e  o f  th e  

sam e n a tu r e  a s  t h a t  o b se rv e d  in  compound c h a n n e ls  o f  u n ifo rm  ro u g h n e s s .  

T a k in g  t h i s  s ta te m e n t  t o  i t s  l o g i c a l  c o n c lu s i o n ,  t h i s  im p l ie s  t h a t  th e  

same te c h n iq u e s  c an  b e  a p p l ie d  when th e  f lo o d  p l a i n  i s  ro ugh  a s  when i t  

i s  sm o o th , and  th e  s h e a r  s t r e s s  p r o f i l e  m odel c an  s a f e l y  bo a p p l ie d  t o  

ro u g h  f lo o d  p l a i n s ,  how ever, f u r t h e r  r e s e a r c h  i s  r e q u i r e d  t o  c o n firm

A p ro g ra m  f o r  t h e  s h e a r  s t r e s s  m odel on t h e  JfP65 m ic ro  com pu ter i s  l i s t e d  

and  d e t a i l e d  in  A ppendix  C.
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CHAPTER 5: DISCHARGE COMPUTATION

The ne ed  f o r  a c c u r a t e  and  p r a c t i c a l  m e thods f o r  com p u tin g  th e  d is c h a r g e  

i n  a  .compound c h a n n e l h a s  a l r e a d y  b e e n  e m p h a s is e d . A su rv e y  o f  e x i s t i n g  

m e thods i s  p r e s e n t e d  h e r e ,  o u t l i n i n g  a  h i s t o r y  o f  t h e  a t te m p ts  t h a t  h av e  

b e e n  made t o  s o lv e  t h i s  p ro b lem . U s in g  .p u b lis h e d  flum e  d a t a ,  f i v e  m e thods 

w i l l  b e  com pared  and  a s s e s s e d :  tw o e x i s t i n g  m e thods an ) t h r e e  d e v e lo p e d

by  th e  a u th o r .  ' >-

5 .1  SURVEY OF DISCHARGE COMPUTATION METHODS

I n  o r d e r  t o  f o rm u la te  an im proved  d is c h a r g e  c o m p u ta t io n  m ethod  f o r  com­

pound  c h a n n e ls ,  a  c o m p re h en s iv e  s u r v e y  o f  a l l  t h e  e x i s t i n g  m e thods was 

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

b a ck g ro u n d  t o  t h i s  p ro b lem . P a r t i c u l a r  a t t e n t i o n  w i l l  b e  p a id  t o  a  num ber 

o f  t h e  i n t e r f a c e  m e th o d s , a s  some o f  t h e  i d e a s  t h a t  th e y  em brace  w i l l  be 

f u r t h e r  d e v e lo p e d  l a t e r  i n  t h i s  c h a p te r .

P r in o s  a n d  Tow nsend (1984) o b se rv e d  t h a t  t h e  m e thods o f  d i s c h a r g e  compu­

t a t i o n  f a l l  ro u g h ly  i n t o  t h r e e  c a t e g o r i e s :

1 . T r e a t i n g  th e  l e c t i o n  a s  a s i n g l e ,  c o m p o s ite  c h a n n e l w i th  an  a v e ra g e d  

M a n n in g 's  ro u g h n e s s  c o e f f i c i e n t  n  o r  an a v e ra g e d  h y d r a u l i c  r a d iu s .

2 .  M ethods b a s e d  on c o r r e c t io n  f a c t o r s .  //

3 .  D iv id in g  th e  compound c h a n n e l i n t o  s u b - c h a n n e l s ,  c a l c u l a t i n g  th e  

d is c h a r g e  s e p a r a t e l y  f o r  eac h  s u b - s e c t io n ,  and  summing th e  d is c h a r g e s  

t o ' o b t a i n  t h e  t o t a l  d is c h a r g e  f o r  t h e  compound s e c t i o n .  T h e  i n t e r ­

f a c e s  t h a t  s e p a r a t e  th e  s u b - s e c t io n s  may b e  v e r t i c a l ,  h o r i z o n t a l  o r  

i n c l i f f e d .  The h y d r a u l i c  r a d iu s  o f  eac h  s u b - s e c t io n  giust a c c o u n t  f o r  

t h e  a p p a r e n t  s h e a r  s t r e s s  on th e  i n t e r f a c e .  T h is  i s  do n e  by e i t h e r  

e v a lu a t in g  th e  s h e a r  s t r e s s  on th e  i n t e r f a c e  o r  by  lo c a t i n g  an 

i n t e r f a c e  w here  t h e r e  i s  z e r o  s h e a r  s t r e s s .
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5 .1 .1  CO M PO SIT E  C H A N N EL A PPRO A CH

A veraged  h y d rau lic  rad iu s

P o sey  (19 67) - r e p o r t e d  a  m ethod  t h a t  u s e s  d ia g o n a l  i n t e r f a c e s  t o  s u b d iv id e  

t h e  compound s e c t i o n .  The i n t e r f a c e s , shown i n  f i g .  5 . 1 ,  a t e  su c h  t h a t  

th e y  b i s e c t  t h e  a n g le s  b e d  and  e f g .  An e f f e c t i v e  h y d r a u l i c  r a d iu s ' i s  

c a l c u l a t e d  f o r  t h e  e n t i r e  s e c t i o n  by w e ig h tin g  th e  s u b s e c t io n s  a s  f o l lo w s ;

'' Rave  ■ (A * /«bc  + B * /e d e f+ .$ * Z f g h ) / (A  + B + C) ( 5 .1 )

w here  A r e p r e s e n t s  t h e  a r e a  o f  s e c t i o n  A, B t h e  a r e a  o f  s e c t i o n 'B ,  e t c .  

N o te  t h a t  t h e  " d ia g o n a l i n t e r f a c e s  h av e  b e en  e x c lu d e d  from  th e  w e t te d  

p e r im e te r s  i n  t h i s  e q u a t io n .  T h is  m ethod i s  c o m p lic a te d  to  u se  b e c a u se  

o f  t h e  awkward g e o m e try .1' P osey  p r e s e n te d  e x p e r im e n ta l  d a t a  show ing  t h a t  

t h i s  m ethod p ro d u c e s  p o o r  r e s u l t s .

A  
/  \

/  \

F ig .  5 . 1 ;  D ia g o n a l i n t e r f a c e s  f o r  c a l c u l a t i n g  an  e f f e c t i v e  

h y d r a u l i c  r a d iu s  (P o se y , 1 9 6 7 ).

A veraged  M anning 's n

Yen and O v e r to n  (1 9 7 3 )  e v a lu a te d  th r e e  f a i r l y  w e l l - e s t a b l i s h e d  e q u a tio n s  

f o r  c a l c u l a t i n g  an  e q u iv a l e n t  M an n in g 's  n  w hich  c an  b e  u se d  in  a p p ly in g  

M anning’ s e q u a t io n  t o  t h e  c o m p o s ite  s e c t i o n .  T he e q u a t io n s  a re :
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w here  n e  = e q u iv a le n t  M a n n in g 's  n  f o r  th e  c o m p o s ite  s e c t i o n  

*  M a n n in g 's  n  f o r  t h e  i ' t h  s u b s e c t io n  

= w e t te d  p e r im e te r  o f  th e  i ' t h  s u b s e c t io n

= h y d r a u l i c  r a d iu s  o f  th e  i ' . t h  s u b s e c t io n

P =  w e t te d  p e r im e te r  o f  th e  e n t i r e  c r o s s - s e c t i o n

R = h y d r a u l i c  r a d iu s  o f  th e  e n t i r e  c r o s s - s e c t i o n

The a s su m p tio n  rocde in  d e v e lo p in g  e q u a tio n  5 .2  was t h a t  e a c h  s u b - s e c t io n  

h a s  t h e  same mean v e l o c i t y ,  w h ich  i s  a l s o  e q u a l t o  t h e  mean v e l o c i t y  o f  

t h e  e n t i r e  c r o s s - s e c t i o n .  T h is  a ssu m p tio n  i s  g r o s s ly  i n  e r r o r ,  and th e  

u s e  o f  t h i s  e q u a t io n  p ro d u c e s  p o o r r e s u l t s  w hen a p p l ie d  t o  compound 

c h a n n e l s . V/

The a s su m p tio n  f o r  e q u a t io n  5 ,3  i s  t h a t  t h e  t o t a l  r e s i s t a n c e  i s  e q u a l to  

t h e  r e s i s t a n c e  summed o v e r  a l l  th e  s u b - s e c t io n s .  Yen and O v er to n  r e p o r te d  

t h a t  when a p p ly in g  t h i s  e q u a t io n  t o  compound c h a n n e ls ,  d i s c h a r g e s  w ete  

s i g n i f i c a n t l y  o v e r - e s t im a te d ,

The a s su m p tio n  b e h in d  e q u a t io n  5 .4  was t h a t  t h e  t o t a l  d i s c h a r g e  f o r  th e  

e n t i r e  c r o s s - s e c t i o n  was e q u a l  t o  t h e  sum o f  th e  d is c h a r g e s  o f  th e  su b ­

s e c t i o n s .  Yen and O v e r to n  d id  n o t  e v a lu a te  t h i s  e q u a t io n ,

H aving  c a l c u l a t e d  an a v e r a g e  n - v a lu e ,  th e  compound s e c t i o n  i s  t r e a t e d  a s  

a  s in g l e  c o m p o s ite  s e c t i o n  f o r  d is c h a r g e 'c o m p u ta t io n .  P r in o s  and  Townsend 

(1984 ) show ed t h a t  t h i s  a p p ro a c h  p ro d u c e s  p o o r d is c h a r g e  e s t im a te s .
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5 . 1 . 2  C O R R E C T IO N  FA C T O R S

M ethods b a se d  on c o r r e c t i o n  f a c t o r s  d iv id e  a  c h a n n e l i n t o  hom ogeneous 

s e c t i o n s ,  c a l c u l a t e  t h e  d is c h a r g e  s e p a r a t e l y  f o r  eac h  s e c t i o n ,  and  a p p ly  

an  e m p ir ic a l  f a c t o r  (k )  t o  e a c h  s e c t i o n ,  I f  i  r e f e r s  t o  t h e  i ' t h  s e c t io n ,  

th e n  t h e  t o t a l  d i s c h a r g e  i s  g iv e n  by

q =  ik 1( v n 1 ) 1 i lii 2 / 5s i 1 /z  ( 5 '5 >

Le v a n  X iyefi (2968 ) and  K a ra s e v  (1 9 6 9 )  p r e s e n te d  c o r r e c t io n  f a c t o r s  f o r  

v a r io u s  h y d r a u l i c  and g e o m e tr ic  c o n d i t i o n s .  P r ln o s  and Tow nsend (1984) 

found  t h a t  t h e s e  f a c t o r s  e i t h e r  o v e r -  o r  u n d e r - e s t im a te d  th e  .d is c h a r g e .

5 .1 .3  INTERFACE APPROACH 

Popu lar method

The m o st commonly u se d  p r o c e d u re  i s  t o  d iv id e  t h e  c h a n n e l w i th  v e r t i c a l  

i n t e r f a c e s  a s  shown in  f i g .  5 , 2 .  The v e r t i c a l  i n t e r f a c e s  a r e  . .in c lu d ed  

in  t h e  w e t te d  p e r im e te r  o f  th e  m ain  c h a n n e l , b e c a u se  Che s h e a r  f o r c e  dm 

t h e s e  p l a i n s  r e t a r d s  t h e  f lo w  in  t h e  m ain c h an n e l', Th6y a r e  e x c lu d e d  from  

th e  w e t te d  p e r im e te r s  o f  t h e  f lo o d  p l a i n s  b e c a u se  t h e  s h e a r  s t r e s s  on 

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

c a u s e  dx£  i t s  p o p u la r i t y  t h i s  w i l l  b e  r e f e r r e d  t o  a s  th e  " p o p u la r .m e th o d " .

F ig ,  5 .2 :  S u b - d iv i s io n  o f  c h a n n e l u s in g  v e r t i c a l  i n t e r f a c e s .  
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P o sey  (1 9 6 7 )  s u g g e s te d  t h a t  - X  .d /h  < 0 ,3  t h e  i n t e r f a c e s  s h o u ld  b e  i n ­

c lu d e d  i n  t h e  w e t te d  p e r im e te r  p f  t-h s  m ain c h a n n e l;  f o r  d /h  > 0 ,3  th e y  

s h o u ld  b e  e x c lu d e d ;  and  th e j i  t.-i'ould b e  e k c lu d e d  from  th e  f l o o d  p l a i n  

w e t te d  p e r im e te r  f o r  a l l  f lo w  d e p th s ,  T h is  recom m endation  was b a se d  On 

f lu m e  s t u d i e s .

S e v e ra l  r e s e a r c h e r s  h av e  t e s t e d  t h e  p o p u la r  m e thod  on flum e  d a t a  and  found  

t h a t  i t  s i g n i f i c a n t l y  o v e r - e s t im a te s  t h e  d is c h a r g e  a t  low f lo w  d e p th s  

( S e l l i n ,  1964 ; P o s ey , 1967 ; M yers , 1978; W orm leaton , A lle n  and 

H a d j ip a n o s ,  1982 ; P r in o s  and T ow nsend, 1 9 8 4 ). The r e a s o n  f o r  t h i s  i s  t h a t  

in c lu d in g  th e  v e r t i c a l  i n t e r f a c e s  i n  t h e  w e t te d  p e r im e te r  o f  t h e  m ain 

ch a n n e l i m p l i c i t l y  assum es t h a t  t h e  a v e ra g e  a p p a r e n t  s h e a r  s t r e s s  on th o s e  

i n t e r f a c e s  i s  t h e  same a s  t h e  a v e ra g e  s h e a r  s t r e s s  on th e  m ain c h a n n e l 

b o u n d a ry . H ow ever, e x p e r im e n ts  h av e  show n t h a t  t h e  a p p a r e n t  s h e a r  s t r e s s  

c an  b e  c o n s id e r a b ly  h ig h e r  th a n  th e  a v e ra g e  s h e a r  s t r e s s  on th e  b o u n d a ry ,

W orm lea ton , A l le n  and H a d jip a n o s  (1982 ) t e s t e d  th e  p o p u la r  m ethod  on 

la b o r a to r y  d a t a .  T h e i r  r e s u l t s  i n d i c a t e d  t h a t  • d i s c h a r g e  w i l l  b e

o v e r - e s t im a te d  by  up t o  20% f o r  d/D  l e s s  t h a n  0^26 i f  t h e  m ain  c h a n n e l 

and  f lo o d  p l a i n  a r e  b o th  sm oo th , and o v e r - e s t im a te d  by up t o  a b o u t 80% 

f o r  d/D  l e s s  th a n  0 ,4 3  i f  t h e  f lo o d  p l a i n  i s  ro u g h  r e l a t i v e  t o  t h e  m ain 

c h a n n e l .  S i m i l a r  t r e n d s  w e r a .a b s o rv e d  by P r in o s  and Townsend (1 9 8 4 ),,. 

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

be tw ee n  t h e  m ain  c h a n n e l and f lo o d  p l a i n ;  h e n c e  th e  tu r b u le n c e  a t  t h e  

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

i n t e r f a c e ,  w h ich  t h e  p o p u la r  m ethod d o e s n o t  c a t e r  f o r .

D e s p i te  t h e  f a c t  t h a t  t h e  p o p u la r  m ethod  h a s  b e en  shown c o n c lu s iv e ly  t o  

y i e l d  v e r y  p o o r  e s t im a te s  o f  d i s c h a r g e ,  i t  i s  s t i l l  u se d  e x t e n s i v e ly ,  

p r o b a b ly  b e c a u s e  i t  i s  s im p le  and e a s y  t o  im p le m e n t, end no s a t i s f a c t o r y  

a l t e r n a t i v e  h a s  b e e n  p ro p o se d .

S h ea r fo rc e  on In te rface  t

W rig h t a n d  C a r s te n s  (1970) c o n d u c te d  la b o r a to r y  e x p e r im e n ts  i n  w hich  th e y  

m e asu re d  a p p a r e n t  s h e a r  s t r e s s  on th e  ju n c t io n  i n t e r f a c e  t o  b e  o f  t h e  same 

o r d e r  o f  m a g n itu d e  a s  t h e  b o undary  s h e a r  s t r e s s  i n  t h e  m ain c h a n n e l.
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H ence th e y  p ro p o s e d  C a lc u la t in g  th e  m ain  c h a n n e l  a v e ra g e  s h e a r  s t r e s s  from  

tR S , i n  w h ic h  t h e  w e t te d  p e r im e te r  i n c lu d e s  t h e  v e r t i c a l  ju n c t io n  p la n e s .  

T he s h e a r  f o r c e  on th e  ju n c t io n  p la n e s  c an  th e n  b e  c a l c u l a t e d  and a p p l ie d  

a s  a  p r o p u l s iv e  f o rc e  t o  t h e  f lo o d  p l a i n  s e c t i o n .  E s s e n t i a l l y  t h i s  i s  

t h e  sam e a s  t h e  p o p u la r  m e thod , and  th e  same c r i t i c i s m s  a p p ly . T h is  a p ­

p r o a c h  f a l l s  down when th e  s h e a r  s t r e s s  on  t h e  i n t e r f a c e  f a r  e x ce ed s  t h a t  

on  th e  m a in  c h a n n e l  b o u n d a ry . When t h e . a u t h o r  i n v e s t i g a t e d  m ain  c h a n n e l 

s h e a r  s t r e s s e s  u s in g  fclume d a t a  p u b l i s h e d  by  W orm leaton , A lle n  and 

H a d j ip a n o s  ( 1 9 8 2 ) ,  i t  was found  t h a t  t h e  a p p a r e n t  s h e a r  s t r e s s  r g r e a c h e s  

v a lu e s  u p  t o  f i v e  t im e s  ?RS. '

Inclined  In te rface

A common a p p ro a c h  t o  d is c h a r g e  a n a ly s i s  i n  compound c h a n n e ls  i s  t o  u s e  

e i t h e r  v e r t i c a l ,  d ia g o n a l  o r  h o r i z o n t a l  i n t e r f a c e s  t o  s e p a r a t e  th e  m ain 

c h a n n e l and  f lo o d  p l a i n  r e g io n s ,  and e i t h e r  i n c lu d e  o r  e x c lu d e  th e  

i n t e r f a c e  p la n e s  i n  t h e  w e t te d  pe f-im titte rs , a c c o rd in g  t o  th e  m a g n itu d e -o f  

t h e  a p p a r e n t  s h e a r  s t r e s s  on t h e s e  i n t e r f a c e s .  Yen and O v e r to n  (1973 ) 

p ro p o s e d  a new a p p ro a c h : t h u  i n t e r f a c e  s h o u ld  h a v e  an  a n g le  o f  i n c l i n a t i o n  

t o  th e  h o r i z o n t a l  o f  9 ( f i g .  5 .3 )  su c h  t h a t  th t i r e  i s  z e r o  lo n g i t u d in a l  

s h e a r  s t r e s s  on th e  i n t e r f a c e  j i l a n e .  T he d i v i s i o n  l i n e  can  th e r e f o r e  b e  

e x c lu d e d  from  th e  w e t te d  p e r im e te r .

T he i e o v e l s  a r e  d i s t o r t e d  i n  t h e  r e g io n  o f  t h e  i n t e r f a c e ,  and d iv i s i o n  

l i n o s  c a n  b e  draw n su c h  t h a t  th e y  i n t e r s e c t  t h e  i s o v e l s  a t  r i g h t  a n g le s .  

H ence t h e r e  a r e  no  v e l o c i t y  g r a d i e n t s  n o rm a l t o  t h e  d iv i s i o n  l i n e s ,  and  

n o  momentum exch a n g e  o c c u rs  a c r o s s  th e m , T hey t h e r e f o r e  fo rm  a more 

l o g i c a l  d i v i s i o n  be tw een  t h e  m ain  c h a n n e l  and  f lo o d  p l a i n  f lo w s  th a n  s  

v e r t i c a l  d i v i s i o n  l i n e .

Yen and  Q vertion found  t h a t  t h e  d i v i s i o n  l i n e s  a r e  g e n e r a l l y  s l i g h t l y  

c u rv e d  b u t  c an  u s u a l ly  b e  a p p ro x im a te d  by  s t r a i g h t  l i n e s .  They p l o t t e d  

8 a s  a  f u n c t i o n  o f  t h e  d e p th  r a t i o  f o r  t h e i r  f lum e dafia , and  found  t h a t  

a sm oo th  c u rv e  c o u ld  b e  d e f in e d  f o r  e a c h  d i f f e r e n t  geom etry  and bo u n d a ry  

ro u g h n e s s .
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F i g .  5 . 3 :  I n c l i n e d  d i v i s i o n  l i n e  u se d  i n  Yen and  O v e r to n 's  

a p p ro a c h  (Yen and O v e r to n , 1 9 7 3 ).

F i g .  5 .4 :  V e r t i c a l ,  h o r i z o n t a l  and in c l i n e d  d iv i s i o n  l i n e s  

\ V  e v a lu a te d  by  W orm leaton , A lle n  and  H a d j ip a n o s  (1 9 6 2 ).

Once 6 has been  e s t a b l i s h e d ,  i t  i s  a  s im p le  m a t t e r  t o  a p p ly  M a n n in g 's  ' 

e q u a t io n  t o  eac h  s u b - s e c t io n ,  ig n o r in g  th e 1 d iv i s i o n  l i n e  from  th e  w e t te d  

p e r im e te r s .

Yen and O v er to n  m a in ta in e d  t h a t  M an n in g 's  n  i n  eac h  s u b - s e c t io n  sh o u ld  

b e  m o d if ie d  b e c a u se  i t  i s  in f lu e n c e d  by c h a n n e l g e o m etry  a s  w e l l  a s  

b o u n d a ry  r o u g h n e s s ,  and  th e y  d e v e lo p e d  a m o d if ie d  v e r s i o n  o f  M a n n in g 's  

e q u a t io n  t o  c a t e r  f o r  t h i s  e f f e c t .  H ow ever, t h e  c o m p le x i ty  o f  th e  

e q u a t io n  r e n d e rs  i t  som ew hat f o rm id a b le .

K n ig h t and L a i  (1 9 8 5 )  o b s e rv e d  t h a t  t h e  i s o v e l a  a t  t h e  i n t e r f a c e  c l e a r l y  

show t h a t  a s  t h e  f lo w  d e p th  i n c r e a s e s ,  t h e  a n g le  o f  i n c l i n a t i o n  o f  th e  

z e r o  s h e a r  s t r e s s  p la n e  a l s o  i n c r e a s e s ,  They o b se rv e d  a  v a lu e  f o r  8 o f  

a b o u t 5 0 6 f o r  d /D  = 0 ,4 1 ,  and  5° f o r  d/D  = 0 ,1 3 .  A lth o u g h 1 t h e s e  v a lu e s  

w ould b e  d i f f e r e n t  f o r  d i f f e r e n t  g e o m e tr ic  and ro u g h n e ss  c o n d i t i o n s ,  th e y  

g iv e  an id e a  o f  t h e  o r d e r  o f  m a g n itu d e  t h a t  c an  bo e x p e c te d ,  K n ig h t and 

L a i  c o n c lu d e d  t h a t  t h e  p la n e  v a r i e s  from  an in c l i n e d  one  t o  a  n e a r ly  

h o r i z o n t a l  one  a s  f lo w  d e p th  d e c r e a s e s ,  w h ich  i s  t h e  same a s  Yen and 

O v e r to n 's  o b s e r v a t io n s .
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A lth o u g h  Yet, and O v e r to n 's  id e a  o f  an i n c l in e d  i n t e r f a c e  i s  p ro m is in g  

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

u s a b le  form  by p r o v id in g  a  g e n e r a l l y  a p p l ic a b le  means o f  e s t im a t in g  8.

X-roethod

W ora lea ton ., A lle n  and H ad jip a i.o a  (1982 ) e v a lu a te d  th e  u s e  o f  v e r t i c a l ,  

h o r i z o n t a l  and d ia g o n a l  d iv i s i o n  l i n e s  ( f i g ,  5 .4 )  by a p p ly in g  them  to  

flum e d a t a .  T hey fo und  t h a t  d i s c h a r g e  i s  o v e r - e s t im a te d  by up  t o  abo u t 

80% when u s in g  v e r t i c a l  i n t e r f a c e s , up t o  when u s in g  d ia g o n a l  i n t e r ­

f a c e s ,  and  20% f o r  a  h o r i z o n t a l  i n t e r f a c e . ,

W o ra le a to n  a t  a l  recommended u s in g  e i t h e r  d ia g o n a l  o r  h o r i z o n t a l  i n t e r ­

f a c e s ,  b e c a u s e  t h e  a p p a r e n t  s h e a r  s t r e s s e s  a r e  low er th a n , on v e r t i c a l  

i n t e r f a c e s . U s in g  t h e i r  own flum e  d a t a  th e y  e s t a b l i s h e d  a  c r i t e r i o n  to  

d e te rm in e  w h e th e r  t h e  i n t e r f a c e  s h o u ld  b e  in c lu d e d  in  t h e  m a in  c h a n n e l 

w e t te d  p e r im e te r  o r  ig n o r e d .

X i s  d e f in e d  a s  t h e  r a t i o  o f  t h e  a p p a r e n t  s h e a r  s t r e s s  on  th e  d ia g o n a l  

o r  h o r i z o n t a l  i n t e r f a c e ,  t o  th e  a v e ra g e  s h e a r  s t r e s s  i n  t h e  m ain  c h a n n e l ,  

X =  ( 5 .6 )

w here t h e  w e t te d  p e r im e te r  i n  R in c lu d e s  th e  i n t e r f a c e .  X l i e s  be tw een  

0 and 1 ,0 .  T h e i r  d a t a  i n d i c a t e  t h a t  i f  X i s  l e s s  th a n  0 ,5  th e n  th e  

i n t e r f a c e  p la n e  s h o u ld  b e  e x c lu d e d  from  th e  w e t te d  p e r im e te r  o f  t h e  main 

c h a n n e l /  i e .  i t  i s  assum ed t o  o f f e r  no r e s i s t a n c e  t o  t h e  f lo w ; and  f o r  X 

g r e a t e r  th a n  0 ,5  i t  s h o u ld  b e  in c lu d e d  i n  th e  w e t te d  p e r im e te r ,  i e .  a s ­

sumed t o  o f f e r  th e  same r e s i s t a n c e  a s  t h e  a v e ra g e  f o r  t h e  r e s t  o f  t h e  main 

^ c h a n n e l.  The i n t e r f a c e  i s  a lw ay s  e x c lu d e d  from  th e  f lo o d  p l a i n  w e t te d  

p e r im e te r ,  b e c a u s e  i t  i s  assum ed t h a t  w id e  f lo o d  p l a i n s  w i l l  b e  c o n s id e r e d ,  

and th e r e f o r e  t h e  p r o p e l l i n g  e f f e c t  o f  t h e  i n t e r f a c e  on th e  f lo o d  p l a in  

w i l l  b e  s m a l l ,  F o r  c o n v e n ie n c e  t h i s  w i l l  b e  r e f e r r e d  t o  l a t e r  a s  th e  

X -m ethod.
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F r ic t io n  f a c to r  m o d if ic a tio n

M yers (1984 ) su g g e s te d  t h a t  t h e  t r a d i t i o n a l  u n ifo rm  f lo w  fo rm u la e  c an  be 

a p p l ie d  t o  compound c h a n n e ls  w i th o u t  m o d if ic a t io n ,  and o n ly  th e  f r i c t i o n  

f a c t o r  n e e d s  t o  be a l t e r e d .  He show ed t h a t  f r i c t i o n  f a c t o r s  a r e  f u n c t i o n s  

o f  c h a n n e l g e o m s tr " ,  th e  d e p th  r a t i o  and th e  R eyno ld s num ber, b u t  h e  d id  

n o t  p r e s e n t  a p r a c t i c a l  m eans o f  p r e d i c t i n g  th e  f r i c t i o n  f a c t o r .

Model fo r  na tu ra l channe ls

P a sc h e  and  Rouve (1985) i n v e s t i g a t e d  d is c h a r g e  c o m p u ta t io n  f o r  a  s e c t i o n  

h a v in g , a  s lo p in g  m ain  c h a n n e l  b a n k  and 6 f lo o d  p l a i n  c h a t  i s  ro u g h en e d  

w i th  non -subm erged  v e g e t a t i o n  ( s u c h  a s  t r e e s  and b u s h e s ) .  T hey d e v e lo p e d  

a  com plex  s e t  e q u a t io n s ,  f o r  w h ic h  P a sc h e  (1984 ) p r e s e n te d  an  a lg o r i th m  

f o r  u s e  on  a  p e r s o n a l  c o m p u te r . T h e i r  a n a ly s i s  ..was b a s e d  on t h e  assum p­

t i o n  t h a t  t h e  m ain c h a n n e l  -  f lo o d  p l a i n  i n t e r f a c e  h a s  t h e  sam e e f f e c t  

a s  a n  im a g in a ry  s o l i d  v e r t i c a l  w a l l  s l i g h t l y  o f f s e t  i n t o  t h e  f lo o d  p l a i n .

None o f  t h e  m ethods d e s c r ib e d  i n  t h i s  s e c t i o n  h a s  b e e n  shown t 

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

5 .2  DEVELOPMENT OF IMPROVED METHODS

The a u t h o r ' s  flum e d a ta  w ere  in a d e q u a te  f o r  u s e  i n  d e v e lo p in g  a  d is c h a r g e  

c o m p u ta t io n  model b e c a u se  t h e  d is c h a r g e s  c o u ld  n o t  b e  m e asu re d  w i th  s u f ­

f i c i e n t  a c c u ra c y  u s in g  t h e  a v a i l a b l e  l a b o r a to r y  e q u ip m e n t , and  a l s o  d a ta  

W ith  a r a n g e  o f  bed  ro u g h n e s s e s  and g e o m e tr ie s  w ere  r e q u i r e d  t o  f o rm u la te  

a  g e n e r a l l y  a p p l i c a b l e  m o d e l. A c c o rd in g ly  t h e  a v a i l a b l e  p u b l i s h e d  flum e 

d a t a  w ere  u s e d : th e  d a t a  o f  W orm lea ton , A lle n  and H a d jip a n o s  (1982 ) com­

p r i s i n g  40 d a t a  i te m s ,  w i th  f o u r  d i f f e r e n t  f lo o d  p l a i n  r o u g h n e s s e s ,  one 

w id th  o f  f lo o d  p l a i n ,  and  a  v a r i e t y  o f  bed  s lo p e s ;  and  th e  d a t a  o f  K n igh t 

and D em etr io u  (1983) c o m p ris in g  18 i te m s ,  u s in g  a sm ooth m ain  c h a n n e l and
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0 ,5 ;  1 ,0 ;  1 ,5

1 ; 1 ,2 7 ;  1 ,5 5 ;  1 ,91  

0 ,1 1  -  0 ,4 3  

.0,0.00.43; 0 ,

0 ,0 0 1 6 ; 0 ,00132  

0 , 5 6 '  1 7 ,4

r r rd/D

. F i g ,  5 .5 :  D e f in i t i o n  s k e tc h  f o r  sym bols u se d  in  c h a p te r s

C h a p te r  5 : D is c h a r g e  c o m p u ta t io n



f lo o d  p l a i n ,  o n e  bed s lo p e ,  and  f o u r  d i f f e r e n t  w id th s  o f  f lo o d  p l a i n .  

T h is  m akes a t o t a l  o f  56 d a ta  i te m s .  A l l  t h e  d a t a  a r e  frOm sy m m e tr ic a l 

s e c t i o n s  w i th  a  f lo o d  p l a i n  on e i t h e r  s i d e .  The ra n g e s  o f  s a l i e n t  p a ­

r a m e te r s  a r e  g iv e n  in  t a b l e  .5 .1 , and th e  d a t a  a r e  l i s t e d  i n  d e t a i l  in ,.

A ppend ix  D. F i g .  5 .5  d e f in e s  t h e  p a ra m e te r s .

The f o l lo w in g  n o m e n c la tu re  f o r  g e o m e tr ic  p a ra m e te r s  h a s  be en  a d o p te d  f o r  

P a r t  2 o f  t h i s '- r e p o r t :

P = p h y s i c a l  w e t te d  p e r im e te r  o f  m ain  c h a n n e l

' •  ‘ =  Ve + 2h

Pp =  p h y s i c a l  w e t te d  p e r im e te r  o f  f lo o d  p l a i n

P * =  m o d if ie d  w e t te d  p e r im e te r  o f  m ain c h a n n e l

Pp* = m o d if ie d  w e t te d .p e r i m e t e r  o f  f lo o d  p l a i n  >

A =  a r e a  o f  m ain  c h an n e l

Ac '  = m o d if ie d  a r e a  o f  m ain c h a n n e l 

Ap  =  a r e a  o f  f l o o d - p l a in  . . 1 n

=  Wpd - - '  xX ' •
Ap1 =  m o d if ie d  a r e a  o f  f lo o d tf c la jn

Two o f  t h e  d is c h a r g e  c o m p u ta t io n  m ethods d is c u s s e d  i n  5 . 1  w ere  s e l e c t e d  

f o r  e v a lu a t io n :  t h e  p o p u la r  m e th o d , b e c a u se  i t  i s  commonly u s e d ,  and th e

X -m ethod , b e c a u s e  i t  i s  th e  m o st s a t i s f a c t o r y  m ethod  f o r  p r a c t i c a l  a p * ’

p l i c a t i o n  t h a t  h a s  b e e n  p ro p o sed  t o  d a t e .  T h e s e  tw o m ethods w ere  t e s t e d  

u s in g  17 d a t a  i te m s  from  th e  d a t a  o f  W orm leaton  e t  a l ,  end com pared w i th  

m e thods d e v e lo p e d , by th e  a u th o r .  A prog ram  Was w r i t t e n  f o r  t h e  HP65 m ic ro  

com pu ter t o  e v a lu a t e  th e  f iv e  m ethods u s in g  r e c t a n g u l a r  f lum e d a t a .  The 

p ro g ra m , "QCOMP", i s  l i s t e d  and d e s c r ib e d  in  A ppend ix  C. One o f  t h e  i n p u t  

p a ra m e te r s  i s  w h ic h  i s  r e q u i r e d  in  some o f  th<$ d is c h a r g e  c o m p u ta t io n  

m e th o d s , and  w as c a l c u l a t e d  from  th e  v a lu e s  o f  a p p a r e n t  s h e a r  s t r e s s  

p u b l i s h e d  w i th  t h e  f lu m e  d a t e ,  --..v »

F o r  e a c h  m e thod  th e  p e r c e n t  e r r o r  was com puted  be tw ee n  th e  m easu red  d i s ­

c h a r g e s  and  th e  p r e d i c t e d  d i s c h a r g e s ,  a n d  th e  r e s u l t s  p r e s e n te d  in  : 

g r a p h ic a l  fo rm  in  f i g .  S . 6 , T he  p e r c e n t  e r r o r  i s  g iv e n  a s  a f u n c t io n  o f \
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t h e  d e p th  r a t i o  f o r  a p a r t i c u l a r  ru n  o f  e x p e r im e n ts ,  i e .  f o r  a  p a r t i c u l a r  

b e d  s lo p e  end f lo o d  p l a in  r o u g h n e s s .  The g e n e r a l  t r e n d  i s  t h a t  t h e  e r r o r  

i n  com puted  d is c h a r g e s  i s  g r e a t e s t  a t  low f lo w  d e p th s ,  w hich  i s  when th e  

t u r b u le n c e  i n t e n s i t y  i s  a t  i t s ; h i g h e s t .  By com paring  fi& 's. 5 . 6 ( a )  and  

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

. ,m ain c h a n n e l ,  t h e  more t h e  d is c h a r g e  i s  o v e r - e s t im a te d ;  and f i g s .  5 . 6 ( a )  

and  (b )  i n d i c a t e  t h a t  e r r o r  i n c r e a s e s  w i th  in c r e a s in g  bed  s lo p e .

$ o u t l i n e d  be low .

5 .2 .1  POPULAR METHOD

5 .6  t h a t  a t  low f lo w  d e p th s  t h e  p o p u la r  m e thod  

ie d i s c h a r g e ,  o v e r - e s t im a t in g  by up t o  a lm o s t  90%. 

i s  i n  t h e  a s su m p tio n  made c o n c e rn in g  th e  w e t t e d - p e r -  

t h e  a p p a r e n t  s h e a r  s t r e s s  on th e  i n t e r f a c e  i s  e i t h e r  

ne a s  t h e  a v e ra g e  s h e a r  s t r e s s  on th e  m a in  c h a n n e l  

d e p th s  t h e  a p p a r e n t  s h e a r  s t r e s s  h a s  b e e n  shown 

v a lu e .  , *

o f  th e  m ain c h a n n e l and  f lo o d  p l a in  may b e  d e f in e d

( 5 .7 )  

( 5 .6 )

stimes t h a t  k  = 1 f e t  d /h  < 0 ,3  (d/D  < 0 ,2 3 )  and  k  = 

0 f o r  d /h  > 0 ,3  (d/D  > 0 ,2 3 )»  w h ich  i s  a s t e p  f u n c t i o n ,  I n  o r d e r  t o  

d e m o n s tr a te  t h e  sh o r tc o m in g s  o f  t h i s  a s su m p tio n , th e  d a ta  o f  V o rm lea to n  

e t  a l  w ere  u s e d  t o  g e n e r a te  t r u e  v a lu e s  o f  k .  T hese  a r e  p l o t t e d  I n  f i g .  

5 . 7 ,  w h ere  i t  i s  e v id e n t  t h a t  k  s h o u ld  r a n g e  from  0 t o  a b o u t 2 8 , n o t  from  

0 t o  1 . A g e n e r a l  t r e n d  i s  n o t i c e a b le :  t h e  r o u g h e r  th e  f lo o d  p l a i n  i s  

i c h a n n e l ,  t h e  h ig h e r  i s  t h e  v a lu e  o f  k ,  b e c a u s e  t h e  

< i s  in c re a s e d  when, t h e  f lo o d  p l a i n  i s  ro u g h en e d .



X -m ethod .

. m o d if ie d  k -m athod

F i g ,  5 . 6 :  E r r o r  in  d is c h a r g e  c o m p u ta t io n , a s  t e s t e d  on

th e  d a ta  o f  W orm lea ton , A lle n  and  H a d jip a n o s  (1 9 8 2 ).
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Vo = ' ,10

Vc ‘ ,40

V*o = 1,70

Vc = 2:,fo

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

F i g .  5 ,7 :  V a lu es  o f  k  d e r iv e d  from  t h e  d a t a  o f  W orro leat^n , 

A lle n  and H a d jip a n o s  (1 9 8 2 ),

5 .2 .2  LAMBDA-METHOD

I n  h i a  m odel d e s c r ib in g  th e  t r a n s v e r s e  d e p o s i t i o n  o f  s e d im e n t i n  compound 

c h a n n e ls ,  Jam es (1965) u s e d  th e  X-m ethod f o r  d i s c h a r g e  . . c a lc u la t io n  p r o ­

p o se d  by W orm lea ton , A lle n  and  H a d jip a n o s  (1 9 6 2 ) .  V o rm lea to n  e t  a l  s t a t e d  

t h a t  t h e r e  i s  no  a p p a r e n t  a d v a n ta g e  in  u s in g  e i t h e f  t h e  h o r i z o n t a l  d r  

d ia g o n a l  i n t e r f a c e s .  S in c e  a h o r i z o n t a l  i n t e r f a c e  c r e a t e s  an  u n r e a l i s -  

t i c s l l y  s m a l l  m ain c h a n n e l s e c t i o n ,  Jam es c o n s id e r e d  d ia g o n a l  in te r f a c e s , ,  

t o  be m ore  a p p ro p r ia te . . .  A c c o rd in g ly  d ia g o n a l  i n t e r f a c e s  a r e  u s e d  h e r e  

t o  e v a lu a t e  th e  p e rfo rm a n c e  o f  t h e  X -m ethod.

X c an  b e  e x p re s s e d  a s :

1
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(5.9)
T he a v e ra g e  s h e a r  s t r e s s  in  t h e  m ain  c h a n n e l  i s  e q u a l  t o  th e

s tre a ra w ise  w e ig h t com ponent o f  t h e  w a te r  c o n ta in e d  i n  t h e  m a in  c h a n n e l 

s e c t i o n  w i th in  t h e  d ia g o n a l  i n t e r f a c e s ,  d iv id e d  by th e  t o t a l  w e t te d  p e r ­

im e te r  o f  t h e  m ain  c h a n n e l s e c t i o n ;

w here  k  =  a re a  e n c lo s e d  by  th e  d ia g o n a l  i n t e r f a c e s  

1 -  le n g th  o f  one  d ia g o n a l  i n t e r f a c e

The a p p a r e n t  s h e a r  s t r e s s  on  th e  d ia g o n a l  i n t e r f a c e  ( t ^ )  c an  b e  c a l c u ­

l a t e d  from  th e  f o l lo w in g  e q u a t io n ,  w h ich  comes from  e q u i l ib r iu m  c o n s id ­

e r a t i o n s :

u r e d  v a lu e s  o f  t p u b lis h e d  w i th  t h e  f lu m e  d a t a .

F ig .  5 .6  shows t h a t ,  i n  c o m p a r is o n - v i ih  t h e  o th e r  m e th o d s, t h e  X-m ethod 

y i e l d s  . f a i r l y  good e s t im a te s  o f  d i s c h a r g e ,  e x c e p t  f o r  th e  d a t a  s e t  w ith  

a  s t e e p  b e d  s lo p e .  I n  f i g .  5 .6 ( c )  t h e  d is c h a r g e  e r r o r  t a k e s  a su d d e n  jump 

f ro m .a  n e g a t iv e  t o  a p o s i t i v e  v a lu e  a t_ d /D  a p p ro x im a te ly  e q u a l  t o  0 ,2 5 .  

T h is  c o rr e s p o n d s  t o  t h e  p o in t  w here  X e x c e e d s  0 ,5  and  th e  I n t e r f a c e  i s  

n o  lo n g e r  in c lu d e d  in  th e  w e t te d  p e r im e te r  o f  t h e  m ain c h a n n e l .  S in c e  

t h e  w e t te d  p e r im e te r  r e p r e s e n t s  t h e  r e s i s t a n c e  t o  f lo w , t h i s  r e s u l t s  i n  

an in c r e a s e  i n  th e  p r e d i c t e d  d i s c h a r g e .  T he p o p u la r  m ethod t a k e s  t h i s  

jump a t  a  d e p th  r a t i o  o f  0 ,2 3 ,  above w h ic h  th e  v e r t i c a l  i n t e r f a c e  i s  e x ­

c lu d e d  from  t h e  w e t te d  p e r im e te r .  The X -m ethod i s  s im p ly  a r e f in e m e n t  

o f  The p o p u la r  m ethod: d ia g o n a l  i n t e r f a c e s  a r e  u se d  in s t e a d  o f  v e r t i c a l ,  

b e c a u se  t h e  a p p a r e n t  s h e a r  s t r e s s  i s  lo w e r  on a  d ia g o n a l  i n t e r f a c e  th a n  

a  v e r t i c a l  o n e ; and  th e  i n c lu s io n  o f  t h e  i n t e r f a c e  i n  th e  Main c h a n n e l 

w e t te d  p e r im e te r  i s  b a se d  on a  b e t t e r  c r i t e r i o n  th a n  th e  d e p th  r a t i o .  

S in c e  t h e  d e p th  r a t i o  i s  n o t  th e  s o l e  i n d i c a t o r  o f  t u r b u le n t  i n t e n s i t y ,  

i t  i s  s i m p l i s t i c  t o  a t te m p t t o  u s e  i t  t o  d e te rm in e  th e  v a lu e  o f  k ,  a s  i s  

d e m o n s tra te d  i n  f i g .  5 ,7 .

The X -m ethod , a l th o u g h  s e e n  in  f i g .  5 ,6  t o  g iv e  r e a s o n a b le  e s t im a te s  o f  

d i s c h a r g e ,  i s  by no  means i d e a l  f o r  p r a c t i c a l  a p p l i c a t i o n s .  Jam es found

Te  = TAS/(Pc  + 21 ) ( 5 .1 0 )

Ta i  =  ( V  " » 6>W 8/1 ( 5 .1 1 )

A r o u t i n e  was. in c lu d e d  in  QCOMP t o  c a l c u l a t e  v a lu e s  o f  X u s in g  th e  m eas-
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t h a t  t h e  d is c h a r g e s  p r e d i c t e d  by t h i s  m ethod  a r e  n o t  a lw ays a c c u r a t e  b e ­

c a u s e  " th e  a p p a r e n t  s h e a r  s t r e s s  c r i t e r i o n  i s  r a t h e r  v a g u e  and  r e q u i r e s  

f u r t h e r  e x p e r im e n ta l  i n v e s t i g a t i o n "  (Jam es , 1954; p 7 6 ) . He a l s o  found  

t h a t  t h e  u s e  o f  t h i s  m ethod can  le a d  t o  t h e  m ain c h a n n e l v e l o c i t i e s  b e in g  

c a l c u l a t e d  s m a lle r  th e n  th e  f lo o d  p l a i n  v e l o c i t i e s . A lth o u g h  t h i s  m ethod 

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

i s  t h e  m ost s a t i s f a c t o r y  m ethod  t h a t  h a s  be en  p ro p o se d  t o  d a t e .  I t  i s  

t h e r e f o r e  n e c e s s a r y  e i t h e r  t o  im prove  on t h i s  m ethod o r  t o  d e v e lo p  a 

b e t t e r  m ethod .

5 .2 .3  AREA METHOD $

The a u th o r  in v e s t i g a t e d  t h r e e  a p p ro a c h e s  t o  t h e  p ro b lem  o f  d is c h a r g e  

c o m p u ta t io n , The f i r s t  one  m o d if ie s  t h e  a re a s  o f  t h e  m ain c h a n n e l  and 

f l o o d  p l a i n ,  h e n ce  th e  name " a r e a  m e th o d ."

T ftis  m ethod  i s  b a se d  on Yen a n d , O v e r to n 's  p r o p o s i t i o n  o f  an  i n t e r f a c e  

i n c l i n e d  i n t o  th e  m ain  c h a n n e l a t  an a n g le  t h a t  i s  d e te rm in e d  by  th e  l e v e l  

o f  tu r b u le n c e  such  t h a t  t h e r e  i s  z e r o  s h e a r  s t r e s s  on th e  i n t e r f a c e  (Yen 

and  O v e r to n , 1973 ). R e f e r r i n g  t o  f i g .  5 , 8 ,  t h e  a re a  c o r r e c t i o n  6A may 

b e  d e r iv e d  t h e o r e t i c a l l y  a s  f o l lo w s .

C o n s id e r  th e  e q u i l ib r iu m  o f  f o r c e s  i n  th e  f lo o d  p l a i n  r e g io n ,  when a 

v e r t i c a l  i n t e r f a c e  d iv id e s  t h e  m ain  c h a n n e l  from , t h e  f lo o d  p l a i n :

= ' y
w h ere  SP^ i s  th e  s h e a r  f o r c e  on  th e  p h y s i c a l  w e t te d  p e r im e te r  o f  t h e  f lo o d  

p l a i n .  P p . C o n s id e r  e q u i l ib r iu m  when an  i n c l in e d  i n t e r f a c e  i s  u s e d , su c h  

t h a t  t h e r e  i s  z e r o  s h e a r  f o r c e  on  th e  i n t e r f a c e :

S F p  =  T (A p  +  6 A ) S  
C om bin ing  th e s e  two e q u a t io n s  y i e l d s  

V (A p  +  A A )S  -  Ta d  «  TAp S  

S im p l i f y in g :

6A = ( 5 .1 2 )

T h is  c o u ld  b e  f u r t h e r  r e d u c e d  t o  s o lv e  f o r  8:
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F i g .  5 .8 :  A rea  a d ju s tm e n t .

F i g .  5 .9 :  I n t e r s e c t i n g  d ia g o n a ls  a t  low flo w  d e p th s .

F i g ,  5 .1 0 :  P ro b a b le  sh a p e s  o f  z e r e  s h e a r  s t r e s s  i n t e r f a c e s .

c o t  8 ■ 2 t ( 5 .1 3 )

H av ing  d e f in e d  6 ,  Yen and O v er to n  d iv id e  th e  compound c h a n n e l  i n t o  main 

c h a n n e l and f lo o d  p l a i n  r e g io n s  by means o f  th e  i n c l in e d  i n t e r f a c e s ,  and 

e x c lu d e  th e  i n t e r f a c e s  from  th e  w e t te d  p e r im e te r s .  H ow ever, whan th e  

a u th o r  a p p l ie d  t h i s  t o  th e  f lum e d a t a ,  i t  was found  t h a t  f o r  low flo w  

d e p th s  t h e  two d i a g o n a ls  i n t e r s e c t ,  a s  shown in  f i g .  5 .9 ,

To a v o id  t h i s  p ro b le m  AA c an  be u se d  d i r e c t l y .  T h is  a l s o  h a s  th e  a dvan ­

ta g e  t h a t  no  k now ledge  i s  r e q u i r e d  o f  th e  sh a p e  o f  t h e  i n t e r f a c e ,  and i t  

i s  n o t  n e c e s s a r y  t o  assum e t h a t  th e  i n t e r f a c e  i s  a  s t r a i g h t  l i n e .  ■ The 

m ain c h a n n e l  and  f lo o d  p l a i n  a ro  s im p ly  s e p a r a t e d  u s in g  A z e r o  s h e a r
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s t r e s s  i n t e r f a c e  o f  unknown sh a p e  (so m e th in g  l i k e  th o s e  s k e tc h e d  i n  f i g .  

5 .1 0 )  w h ic h  i s  e x c lu d e d  from  th e  w e t te d  p e r im e te r .

An a r e a  a d ju s tm e n t i s  tonde a s  f o l lo w s :

v>- 214 -

- I . ' ™

v  ■ V + “
= 4 p + 14

( 5 .1 4 )

( 5 .1 5 )

F o r  an  a sy m m e tric a l c h a n n e l h a v in g  o n ly  one  f lo o d , p l a i n ,  t h e  m o d if ie d  a re a  

o f  t h e  m ain  c h a n n e l w ould  be

When t h e  a r e a  a d ju s tm e n t  h a s  b e e n  made th e  d is c h a r g e  c an  be c a l c u l a t e d  

b y  a p p ly in g  M a n n in g 's  e q u a t io n  t o  e a c h  s u b - s e c t io n ,  u s in g  th e  m o d if ie d  

a r e a s  and  th e  p h y s i c a l  w e t te d  p e r im e te r s .

The a u th o r  u se d  th e  f lu m e  d a ta  t o  g e n e r a t e  v a lu e s  o f  AA, u s in g  th e  m eas­

u r e d  v a lu e s  o f  x , I t  was fo u n d  t h a t  f o r  v e ry  low flow  d e p th s  AA w ould  

p r o t r u d e  s l i g h t l y  be low  bank f u l l  l e v e l ,  i e .  AA was g r e a t e r  th a n  iW d , 

H ow ever, AA alw ays rem a in e d  a  v e ry  s m a ll  f r a c t i o n  o f  Ao , and  s o  t h i s  i s  

n o t  s i g n i f i c a n t .

F i g .  5 .6  show s t h a t  t h e  a re a  m ethod p e rfo rm s  v e ry - fa v o u r a b ly  com pared  w i th  

th e  o t h e r  m e th o d s . Som etim es i t  o v e r - e s t im a te s  t h e  d is c h a r g e ,  w h ich  c o u ld  

b e  a t t r i b u t e d  t o  Yon and O v e r to n 's  b e l i e f  t h a t  t h e  f r i c t i o n  f a c t o r  n e ed s  

t o  b e  m o d if ie d  a s  a  r e s u l t  o f  t h e  tu r b u le n c e  phenom enon. Good r e s u l t s  

c o u ld  b e  o b ta in e d  from  th e  a r e a  m ethod i f  c o r r e c t i o n  f a c t o r s  w ere  d e v e l ­

oped  f o r  M a n n in g 's  n .  A l t e r n a t iv e ly  t h e  s o l u t i o n  c o u ld  b e  s i m p l i f i e d  by 

lum p ing  to g e th e r  t h e  tw o e f f e c t s  o f  a d ju s t e d  a r e a  and m o d if ie d  f r i c t i o n  

f a c t o r ,  and  u s in g  AA t o  a c c o u n t f o r  b o th  e f f e c t s , An e m p ir ic a l  c o r r e c t io n  

t o  t h e  t h e o r e t i c a l  e q u a t io n  ( 5 .1 2 )  f o r  AA w o u ld  b e  r e q u i r e d ,  so  t h a t  AA . 

f u l l y  a c c o u n ts  f o r  t h e  tu r b u le n c e  phenom enon.

The w r i t e r  I n v e s t i g a t e d  th e  p o s s i b i l i t y  o f  d e v e lo p in g  su c h  a c o r r e c t io n  

u s in g  th e  flum e  d a t a .  V alues o f  AA w ere  g e n e r a te d  t h a t  e x a c t ly  p r e d i c t e d  

th e  m e asu re d  d i s c h a r g e s ,  and w ere  p l o t t e d  a s  f u n c t i o n s  o f  p a ra m e te r s  su c h  

a s  V g/V p, xr  and  x ^ d ' . (v c  and vp a r e  t h e  a v e ra g e  v e l o c i t i e s  i n  t h e  m ain

=  Ac  ■ " • ( 5 .1 6 )
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c h a n n e l and  f lo o d  p l a i n  r e g io n s  r e s p e c t i v e l y . )  T h e re  was t o o  much s c a t t e r  

f o r  any  good  r e l a t i o n s h i p s  t o  b e  d e f in e d ,  and a d d i t i o n a l  p a ra m e te r s  may 

be  r e q u i r e d  in  o r d e r  t o  c o m p re ss  t h i s  s c a t t e r .

5 .2 .4  K-METHOD

As h a s  a l r e a d y  b e e n  p o in te d  o u t ,  t h e  w e t te d  p e r im e te r  i n  a  r e s i s t a n c e  

e q u a t io n  i s  th e  means o f  a c c o u n tin g  f o r  t h e  s h e a r  s t r e s s  on th e  b o u n d a ry , 

T he l a r g e r  "-he w e t te d  p e r im e te r ,  t h e  g r e a t e r  i s  th e  r e s i s t a n c e  t o  f lo w , 

and th e  low er i s  t h e  d is c h a r g e .  I n  th e  m ain c h a n n e l o f  a  compound s e c t i o n  

th e  w e t te d  p e r im e te r  has t o  a c c o u n t f o r  tw o e f f e c t s  i f  a  t r a d i t i o n a l  r e ­

s i s t a n c e  e q u a t io n  i s  b e in g  u s e d :  a  h ig h  a p p a r e n t  s h e a r  s t r e s s  on th e

i n t e r f a c e ,  and a r e d u c t io n  in  t h e  s h e a r  s t r e s s  on  th e  p h y s i c a l  b oundary  

o f  th e  m ain c h a n n e l ,  t h e  w e t te d  p e r im e te r  c o u ld  be m o d if ie d  a s  fo l lo w s  

t o  a c c o u n t f o r  t h i s ,  a ssu m in g  v e r t i c a l  i n t e r f a c e s  d iv id i n g  th e  m ain 

c h a n n e l and  f lo o d  p l a i n  r e g io n s :

V  = Pc + 2kc d .  ^  ( 5 .1 7 )

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

s h e a r  s t r e s s  on th e  i n t e r f a c e ,  and f o r  t h e  r e d u c t io n  in  a v e ra g e  c h an n e l 

bo u n d a ry  s h e a r . ' k  w i l l  a lw ays b e  p o s i t i v e  b e c a u se  t h e  i n c r e a s e  in  

i n t e r f a c i a l  s h e a r  s t r e s s  i s  a lw ays g r e a t e r  th a n  th e  d e c r e a s e  i n  b oundary  

s h e a r  s t r e s s .  The r e a s o n  f o r  t h i s  i s  t h a t  th e .-s h e a r  f o r c e  on  t h e  i n t e r ­

f a c e  i s  e q u a l t o  t h e  r e d u c t io n  i n  s h e a r  f o r c e  on  th e  m ain c h a n n e l b'Urnd- 

a r y ,  b u t  t h e  s h e a r  f o rc e  on th e  i n t e r f a c e  a c t s  on  a  f a r  s m a l l e r  a re a  th a n  

th e  s h e a r  f o r c e  on th e  b o u n d a ry , and s o  t h e  s h e a r  s t r e s s  on th e  i n t e r f a c e  

i s  f a r  h ig h e r  th a n  th e  d e c r e a s e  i n  s h e a r  s t r e s s  on th e  b o u n d a ry .

The a p p a r e n t  s h e a r  s t r e s s  on th e  i n t e r f a c e  h a s  a p r o p e l l i n g  e f f e c t  on th e  

f lo o d  p l a i n  f lo w . The s h e a r  s t r e s s e s  on th e  bed  o f  t h e  f lo o d  p l a i n  a re  

in c r e a s e d  n e a r  t h e  ju n c t io n  b e c a u se  o f  t h e  in c r e a s e d  v e l o c i t i e s .  The n e t  

e f f e c t  i s  a  r e d u c t io n  in  t h e  r e s i s t a n c e  t o  t h e  f lo o d  p l a i n  f lo w . The 

p r o p e l l i n g  e f f e c t  o f  t h e  i n t e r f a c e  and th e  d i s t o r t i o n  o f  t h e  sh e a r ,, '
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s t r e s s e s  on th e  bed  o f  t h e  f lo o d  p l a i n  c an  be lum ped i n t o  a s i n g l e  f lo o d  

p l a i n  f a c t o r  k  t h a t  w i l l  d e c r e a s e  t h e  w e t te d  p e r im e te r  a s  f o l lo w s :

Pp '  =  Pp  -  kpd ( 5 .1 6 )

A t h e o r e t i c a l  d e r i v a t io n  o f  e q u a t io n s  f o r  c a l c u l a t i n g  and  kp  f o l lo w s .

C o n s id e r  e q u i l ib r iu m  o f  f o r c e s  i n  t h e  m ain ch an n e ls  

2 , ad *  , c Pc  = t t c S

w h ere  t  i s  th e  a v e ra g e  s h e a r  s t r e s s  on th e  p h y s i c a l  w e t te d  p e r im e te r ,

QCOMP u s e s  e q u a t io n s  5 ,1 9  and  5 .2 0  t o  c o lc v  n to  v a lu e s  o f  k e  and kp , and 

th e n  u s e s  M a n n in g 's  e q u a t io n  t o  com pute  th e  d is c h a r g e .  The r e s u l t s  o f  

a p p ly in g  th e  flum e d a ta  t o  t h e  k -m eth o d  a r e  shown I n  f i g ,  5 . 6 ,  w h ere  i t  

c an  b e  s e e n  t h a t  t h i s  m ethod  p e rfo rm s  s i g n i f i c a n t l y  b e t t e r  th a n  th e  pop ­

u l a r  m ethod , b u t  i t  s t i l l  b a d ly  o v e r - e s t im a te s  d is c h a r g e s  a t  low flow  

d e p th s .  As w i th  t h e  a r e a  m e th o d , e q u a t io n s  5 .1 9  and  5 .2 0  n e ed  an e m p ir­

i c a l  c o r r e c t io n  in  o r d e r  t o  p r e d i c t  d is c h a r g e s  a c c u r a t e l y .  The r e a so n  

f o r  t h e  d is a p p o in t i n g  p e rfo rm a n c e  o f  t h i s  m ethod i s  p ro b a b ly  b e c a u se  b e ­

c a u s e  M an n in g 's  n  n e ed s  t o  b e  m o d if ie d  t o  a c c o u n t f o r  t h e  f a c t  t h a t  th e  

r e s i s t a n c e  o f f e r e d  by  th e  s h e a r  s t r e s s  on th e  v e r t i c a l  i n t e r f a c e s  i s  n o t  

t h e  same a s  t h a t  p osed  by  th e  bed  ro u g h n e ss  on t h e  p h y s i c a l  b o r n d s ry .

D e f in e  k c  su c h  t h a t

' . C .  + a . " )  "  « V

C om bining th e s e  two e q u a t io n s  g iv e s ;  .

2  A ( 5 ,1 9 )

S i m i l a r ly  c o n s id e r in g  e q u i l ib r iu m  o f  th e  f lo o d  p la in s

C om bin ing  g iv e s :

k ( 5 .2 0 )
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The f lu m e  d a ta  u se d  in  t h i s  a n a ly s i s  do n o t  i n c lu d e  s e p a r a t e  d is c h a r g e s  

f o r  t h e  m ain c h a n n e l and  f lo o d  p l a i n  r e g io n s ,  and t h e r e f o r e  i t  was n o t 

p o s s i b l e  t o  g e n e r a te  a c t u a l  v a lu e s  o f  k^, and f o r  c o m p a r iso n  w i th  th o s e  

p r e d i c t e d '1 by e q u a tio n s  5 . 1'3; and 5 .2 0  wf tS  a  v iew  t o  f i n d in g  e m p ir ic a l  /  

m o d i f i c a t i o n s .

Two o t h e r  avenues f o r  m o d ify in g  e q u a t io n s  5 ,1 9  and  5 .2 0  w e re ..p u r su e d . 

The f i r s t  in v o lv e d  f i n d in g  a  f a c t o r  k  f o r  e a c h  d a t a ;ite m  su c h  t h a t  i f  k^ 

a n d  kp  w ere  r e p la c e d  w ith  k .k ^  and ( l / k ) . k p , t h e  d is c h a r g e  w ould  b e  c a l ­

c u l a t e d  c o r r e c t l y .  A tte m p ts  t o  c o r r e l a t e  k  w i th  p a ra m e te r s  su c h  as 

and  u-ere u n s u c c e s s f u l .  The se co n d  a p p ro a ch  u se d  k ^  a s  c a l c u l a t e d  by 

e q u a t ip n  5 .2 0 ,  b u t  m o d if ie d  k  t o  k . k  . A tte m p ts  w ere  made t o  c o r r e l a t e  

t h i s  w ith  r ,  &v and  &v/V&,  w here  v i s  th e  a v e ra g e  m ain  c h a n n e l  v e lo c i t y  

c a l c u l a t e d  u s in g  th e : k -m e th o d , and fiv i s  t h e  d i f f e r e n c e  b e tw ee n  th e  av ­

e ra g e  m ain  c h a n n e l and  f lo o d  p l a i n  v e l o c i t i e s  c a l c u l a t e d  u s i n g t h e  

k -n fe v /.id . ' -’l 'h is  was u n s u c c e s s f u l ,  e i t h e r  b e c a u se  no c o r r e l a t i o n  was fo u n d , 

o r  b e c a u s e  o f  to o  mutih s c a t t e r  t o  d e f in e  a m e a n in g fu l r e l a t i o n s h i p .

In  o r d e r  t o  i n v e s t i g a t e  t h i s - f u r t h e r ,  f lum e d a t a  w ould  b e  r e q u i r e d  from 

w h ich  th e  a c tv .a l v a lu e s  o f  k  and k  c o u ld  b e  c a l c u l a t e d .

5 .2 .5  MODIFIED K-METHOD

The k-m ethod  c an  b e  s i m p l i f i e d  by d e f in i n g  t h e  w e t te d  p e r im e te r  a s  f o l -  

■ lo w s , a ssum ing  v e r t i c a l  i n t e r f a c e s :

Pc ' = P + 2kd ( 5 .2 1 )

' / - p j  O H )
E q u a t io n  5 .2 2  im p l ie s  t h a t  t h e  i n t e r f a c e  i s  a lw ays o m i t te d  from  th e  

w h e t te d  p e r im e te r  o f  t h e  f lo o d  p l a i n ,  w hich i s  a  good a s su m p tio n  p r o v id e d  

th e  f lo o d  p l a in  i s  w id e , b e c a u s e  t h e  p r o p e l l i n g  e f f e c t  o f  t h e  m ain  c h a n n e l 

flo w  w i l l  th e n  b e  s m a ll  ( Ja m e s , 1964: p 7 4 ) . A r e l a t i o n s h i p  f o r  k  m ust 

be  s o u g h t ,  u s in g  a s u i t a b l e  p a ra m e te r  as t h e  in d e p e n d e n t v a r i a b l e  Re­

p r e s e n t in g  th e  t u r b u le n c e  i n t e n s i t y  a t  th e  i n t e r f a c e .
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3 . 0

F i g .  5 .1 1 :  R e la t io n s h ip  f o r  t h e  k - f a c t o r  i n  th e

d a t a  o f  W orm leaton , A lle n  and H ad jip an o s  ( l9 8 2 )  

d a t a  o f  K n ig h t and D em etr io u  (1983)



The X -m ethod i s  s im i l a r  t o  t h i s  a p p ro a c h , s in c e  i t  assum es a  w id e  f lo o d  

p l a i n  a n d  h e n ce  o a i t s  th e  i n t e r f a c e  from  th e  w e t te d  p e r im e te r ,  a d o p tin g  

s t e p  f u n c t i o n  f o r ^ k .  k  i s  a s s ig n e d  a v a lu e  o f  1 ,0  o r  0 ,  d e p e n d in g  on 

th e  v a lu e  o f  X, w hich  i s  t h e  r a t i o  o f  a p p a r e n t  s h e a r  s t r e s s  on  th e  d i a g ­

o n a l  i n t e r f a c e  t o  th e  a v e ra g e  s h e a r  s t r e s s  on th e  e n t i r e  m ain  c h a n n e l 

w e t te d  p e r im e te r .

The a u th o r  u se d  th e  flum e d a t a  t o  g e n e r a t e  v a lu e s  o f  k  (som e o f  w h ic h  a re  

p r e s e n te d  i n  f i g ,  5 .7  a s  a' f u n c t i o n  o f  d /D , d e m o n s tr a t in g  th e  in a d e q u a c y  

o f  t h e  d e p th  r a t i o  t o  a c c o u n tj  f o r  t h e  tu r b u lu n c e  i n t e n s i t y ) .  The 

k - f a c t o r s  w ere  p l o t t e d  v e r s u s  a  p a ra m e te r  s im i l a r  t o  X. H ere  t

i s  t h e  a p p a r e n t  s h e a r  s t r e s s  on th e  v e r t i c a l  i n t e r f a c e ;  YRS i s  t h e  a v e ra g e  

s h e a r  s t r ^ i i s  o r  th e  m ain c h a n n e l w e t te d  p e r im e te r ;  and R i s  t h e  h y d r a u l i c  

r a d iu s  ,,d f  t h e  m ain c h a n n e l ,  in c lu d in g  th e  v e r t i v a V  i n t e r f a c e s  i n  th e  

w e t te d  p e r im e te r .  I t  was found  t h a t  a l t h o u g h ’j t t e r e  la s  a  t r e n d ,  t h e r e  

was f a r  t o o  much s c a t t e r  t o  d e f in e  a m e a n in g fu l re 'raV ions* iip ,

A n o th e r  p a ra m e te r  t h a t  c an  b e  u s e d  t o  r e p r e s e n t  t h e  t u r b u l e n t  i n t e n s i t y  

i s  t h e  v e l o c i t y  d i f f e r e n c e  b e tw ee n  th e  m a in  c h a n n e l and  f lo o d  p l a i n  

s e c t i o n s .  I t  h a s  be en  u se d  a s  o n e  o f  t h e  in d e p e n d e n t v a r i a b l e s  i n  em­

p i r i c a l  e q u a t io n s  t h a t  p r e d i c t  th e  a p p a r e n t  s h e a r  s t r e s s ,  on  t h e  v e r t i c a l  

i n t e r f a c e s ,  w h ich  w i l l  b e  d e a l t  w i th  i n  t h e  f o l lo w in g  c h a p te r .  F i g .  5 .1 1  

show s k  a s  a f u n c t io n  o f  v ^ /v ^ ,  w h ic h  i s  th e  a v e ra g e  v e l o c i t y  in  t h e  m ain 

c h a n n e l  d iv id e d  by  th e  a v e ra g e  v e l o c i t y  i n  t h e  f lo o d  p l a i n  r e g io n .  T hese  

v e l o c i t i e s  w ere  c a l c u l a t e d  u s in g  t h e  v a lu e s  o f  k  g e n e r a te d  from  th e  flum e  

d a t a .  A lth o u g h  th e r e  i s  some s c a t t e r  i n  f i g .  5 .1 1 ,  i t  i s  n o t  e x c e s s iv e ,  - 

and a l i n e a r  f u n c t io n  can  b e  d e f in e d  on a  s e m i- lo g  b a s i s :

lo g  k = 1.274 (vc/v  ) -  2.235 (5 .23)

The l i n e  was f i t t e d  by l e a s t  s q u a re s  r e g r e s s io n ,  w ith  a c o r r e l a t i o n  co ­

e f f i c i e n t  o f  0 ,7 6 6 . I t  i s  v a l i d  f o r  v c / v p from  Z t o  3 .

T he d is c h a r g e  in  a s y m m e tr ic a l compound s e c t i o n  can  b e  c a l c u l a t e d  u s in g  

M a n n in g 's  e q u a t io n :
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2 /3 - 1 /22/3. 1 /2  +

w here  Re  =  Ac / ( P c  +

= yp
S in c e  k  i s  a  f u n c t i o n  o f  v c /v p , 

v a lu e  f o r  v e / v p  i s  a ssu m e d , k  c a l  

c u l a t e d  from

v c / v p  *  (flp /i

i t e r a t i v e  s o l u t i o n  i s  r e q u i r e d .  A 

t e d  u s in g  e q u a t io n  5 .2 3 ,  v c / v p  c a l -

(5 .2 5 )

k  i s  th e n  r e - c a l c u l a t e c l  u s in g  th e  v a lu e  o f  v ^ /v p ,  and  s o  on u n t i l  k  con ­

v e rg e s  , V.tfhen -th is -  m e thod  was u s e d  t o  p r e d i c t  t h e  d i a c h a r g e s 'f o r  t h e  flum e 

d a t a  u s ig g  QCOMP, i t  w as found  t h a t  c o n v erg en c e  was v e ry  s lo w , and  o f te n  

t h e  c o m p u ta t io n s  w ou ld  becom e u n s ta b le  and d iv e r g e .  T h is  p ro b le m  was 

s o lv e d  by  in c o r p o r a t in g  a  s im p le  a c c e l e r a to r  i n  t h e ” c o n v e rg e n c e  p ro c e d u re  

t o  p r e v e n t  i n s t a b i l i t y .  I f  i  r e p r e s e n t s  th e  i ' t h  i t e r a t i o n ,  t h e  p ro c e d u re  

t h a t  QCOMP u s e s  c an  b e  r e p r e s e n te d  a s  i n  f ig . 'S  .1 2 . T h is  w as fo und  to  

c o n v e rg e  Ijj e v e ry  c a s e .

F i g .  5 .6  shows th e  p e rfo rm a n c e  o f  th e  m o d if ie d  k-m eehod  when u s e d  'to  

p r e d i c t  d is c h a r g e s  f o r  t h e  d a t a  o f  W orm leaton e t  a l T h e  maximum e r r o r  

i n  d is c h a r g e  c o m p u ta t io n  i s  12% w hich  i s  a c c e p ta b le  c o n s id e r in g  in a c c u ­

r a c i e s  i n  e s t im a t in g  p a ra m e te r s  su c h  a s  t h e  b e d  ro u g h n e s s  o f  a  r e a l  - 

c h a n n e l .  The m o d if ie d  k-m ethod  p e rfo rm s  s i g n i f i c a n t l y  and c o n s i s t e n t l y  

b e t t e r  th a n  th e  o th e r  m e thods show n in  f i g .  5 . 6 ,  e x c e p t  f o r . , f i g .  5 .6 ( c )  

w here  th e  a re a  met? 

e v e r ,  b o th  a r e  witlr 

t o  be t h e  r a n g e  o f  j 

c h a r g e s .

I n  v iew  o f  t h e  good 

s i m p l i c i t y ,  i t  can  

m ethod foi's a p p l ic i  

m ain  c h a n n e l and 

and  d e f in e d  s e p a r a t e ly
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u n t i l  k .  e

C a lc u la t e  6^  u s in g  e q u a tio n  5 .2 3 ,

i  ... .. ...
C a lc u la t e  (v c / v p ) i  u s in g  e q u a t io n  5 .2 5 .

- j  M o d i fy .-  t v ^ V p ) ^  »  !  ^ c / v p)1 +  ^ V V i - i ^

P ig . 5 .12 : I t e r a t i v e  p ro c e d u re  u se d  i n  QCOMP f o r  

c a l c u l a t i n g  k .

c o u ld  p r o b a b ly  b e  c o n s id e r a b ly  reduced .. A ssum ing t h a t  = 0 means t h a t  

k  h a s  t o  a c c o u n t  f o r  f lo o d  p l a in  e f f e c t s  a s  w e l l  a s  m ain  c h a n n e l e f f e c t s .

I t  m ust b e  b o rn e  i n  m ind t h a t  t h i s  m ethod c a n n o t  b e  a p p l ie d  t o  na rrow  

f lo o d  p l a i n s .  A cc o rd in g  t o  t h e  d a t a  u se d  to  d e v e lo p  t h i s  m e thod , a  f lo o d  

p l a i n  i s  s u f f i c i e n t l y  W ide f o r  t h e  m ethod t o  b e  a p p l i e d  i f  5  1 ,0 ,

i e .  t h e  w id th  o f  t h e  f lo o d  p l a in  i s  a t  l e a s t  e q u a l  t o  th e  w id th  o f  t h e  

m ain c h a n n e l .

U n t i l  t h i s  m ethod  i s  r e f i n e d  o r  a  b e t t e r  a l t e r n a t i v e  p ro p o s e d , i . t - c a n  be  

u se d  f o r  p r a c t i c a l  s i t u a t i o n s  w ith  c o n f id e n c e  i n ' i t s  r e l i a b i l i t y .  I t  i ^  

d e f i n i t e l y  a g r e a t  im provem ent o f  th e  A -m ethod w h ich  i s  th e  o n ly  r e a s o n ­

a b ly  good  m ethod  p r e s e n te d  in  th e  l i t e r a t u r e .

5 .2 .6  ASSESSMENT OF METHODS

Prom t h e  p r e c e d in g  d i s c u s s io n  and s tu d y in g  f i g .  5 . 6 ,  t h e  f o l lo w in g  con-li 

e lu s io n s  can  b e  draw n:

1 . The p o p u la r  m ethod g r o s s ly  o v e r - e s t im a te s  d is c h a r g e s  a t  low flow  

d e p th s ,  and  c a n n o t b e  s e r i o u s l y  c o n s id e r e d  f o r  d i s c h a r g e  c o m p u ta tio n  

i n  compound c h a n n e ls .
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The k -m ethod  and  a r e a  m ethod  a re  p o t e n t i a l l y  good and  c o n c e p tu a l ly  

so u n d , and f u r t h e r  r e s e a r c h  s h o u ld  b e  d i r e c t e d  to w a rd s  d e v e lo p in g  

e m p ir ic a l  m o d if ic a t io n s .

I f  t h e  r e l a t i v e  a p p a r e n t  s h e a r  s t r e s s  t  can  b e  p r e d i c t e d  o r  c a lc u ­

l a t e d ,  th e  a r e a  m ethod  can  b e  u s e d  i n  i t s  p r e s e n t  fo rm  a s  an im ­

p rovem en t on  t h e  p o p u la r  m ethod  and  th e  X -m ethod,.

T he X-M ethod e s t im a te s  d is c h a r g e s  w i th  f a i r l y  r e a s o n a b le  r e l i a b i l i t y ,  

b u t  i s  r a t h e r  c ru d e  and  n e ? d s  r e f in e m e n t .

T be m o d if ie d  k-m ethod  h a s  be en  show n to  p ro d u c e  th e  b e s t  r e s u l t s  o f  

a l l .  I t  s h o u ld  b e  f u r t h e r  r e f i n e d ,  and s h o u ld  b e  t e s t e d  on  a  w id e r  

r a n g e  o f  compound c h a n n e l  d a t a .  I n ^ ih e  in t e r im  i t  c an  b e  u se d  w ith  

a  good m easu re  o f  c o n f id e n c e  i n  i t s  r e l i a b i l i t y ,  a s  i n d i c a t e d  by th e  

good  d is c h a r g e  p r e d i c t i o n s  shown t n . f i g .  5 .6 .
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CHAPTER 6 ; RELATIVE APPARENT SHEAR STRESS PREDICTION

The r e l a t i v e  a p p a r e n t  s h e a r  s t r e s s ,  was d e f in e d  in  4 .2  a s  t g / t p *  0 -f 

t fl/? d S . t r  m ust b e  known in  o r d e r  t o  u s e  t h e  s h e a r  s t r e s s  p r o f i l e  m odel 

p r e s e n t e d  in  P a r t  1 . I t  i s  a l s o  r e q u i r e d  f o r  some o f  th e  d is c h a r g e  

p r e d i c t i o n  m e thods p r e s e n te d  i n  t h e  p r e v io u s  c h a p te r :  th e  a re a  m e thod , 

k -m ethod  and  X -m ethod; ' I t  i s  t h e r e f o r e  n e c e s s a r y  t o  f in d  a  m eans o f  

p r e d i c t i n g  t  f o r  any  g iv e n  compound c h a n n e l.

A few r e s e a r c h e r s  h a v e  p ro p o se d  e q u a tio n s  t o  p r e d i c t  t h i s  p a ra m e te r .

6 .1  PREVIOUS RESEARCH

Rajaratnam  and  Ahmadl

R a ja ra tn a m  and Ahtnadi ( ’ 981) p ro p o se d  th e  f o l lo w j 

r e a d y  d e a l t  w i th  i n  t h i s  r e p o r t ;

i r  = 0 ,1 5  (D /d  - I ) 4

T h is  e q u a t io n  i s  t o o  s i m p l i s t i c  t o  b e  o£ much ; 

a ssum es t h a t  t h e  tu r b u le n c e  i n t e n s i t y  i s  a  f u n c t  

th e rm o re  i t  was d e r iv e d  from  sm ooth flum e d a t a  

rou g h en e d  f lo o d  p l a i n s .

Bairol en d  Erv ine

B a ir o l  and E r v in e  (1984 ) c o n d u c te d  a  f lum e s tu d y  on 

u s in g  a sm ooth  s e c t i o n ,  and th e y  p ro p o se d  an e q u a t i  

a p p a r e n t  s h e a r  s t r e s s  i n  te rm s  o f  D /d , V ^ /h  and  k ^ /h ,  

o f  t h e  f lo o d  p l a i n  h a s  a s t r o n g  in f lu e n c e  on th e  app 

t h i s  e q u a t io n  i s  o n ly  a p p l i c a b l e  t o  sm ooth  s e c t i o n s .



a  r e l a t i o n s h i p  i n  t h e  fo rm  o f  a f a m i ly  o f  c u r v e s , e x p r e s s in g  th e  a p p a r e n t  

s h e a r  s t r e s s  a s  a  f u n c t i o n  o f  g e o m e tr ic  f a c t o r s  and  th e  v e l o c i t y  d i f f e r ­

e n c e  b e tw een  th e  m ain  c h a n n e l and th e  f lo o d  p . 'a in ,

W ormleaton, Allen a n d  Hadjlpanos

W o rn le a to n  e t  a l  (1982 ) p r e s e n te d  an e q u a t io n  f o r  t h e  a p p a r e n t  s h e a r  

s t r e s s  t h a t  i s  a  s t a t i s t i c a l  : f i t  t o  d a t a .  V a r io u s  g e o m e tr ie s  and 

r o u g h n e s s e s  w are  Timed w h ich  m akes t h e  e q u a t io n  f a i r l y  com p re h en s iv e :

• „  -  1 3 ,8 4  ( 6 .2 )

w here  Av = d i f f e r e n c e  i n  a v e ra g e  v e l o c i t y  b e tw ee n  m ain  c h an n e l and f lo o d  

p l a i n  ( m / s ) , c a l c u l a t e d  u s in g  M anning’ s  e q u a t io n , 

t fl i s  i n  N/m*

F o r  th f}  p u rp o s e  o f  t h i s  s tu d y  e q u a t io n  6 .2  c an  b e  e x p re s s e d  a s  f o l lo w s ,  

by d iv id i n g  by  VdS a n d  r e w r i t i n g  th e  d e p th  r a t i o  te rm :

~ t s  = (O .O O K ia /d S JC iv )0 ’ 08^ !  -  d /D )3 ' 123(Vp /Wc ) ' 0 *727 ( 6 .3 )

B oth  s y m m e tr ic a l end  a s y m & tz ic a l  c h a n n e l d a t a  w ere  u s e d  t o  f o rm u la te  t h i s  

e q u a t io n .  W orm leaton  e t  a l  s t a t e d  t h a t  in d e p e n d e n t  c h ec k s  seem t o  i n d i ­

c a t e  t h a t  t h i s  e q u a t io n  i s  r e l i a b l e  o v e r  a  r a n g e  o f  ro u g h n e s se s  and g e ­

o m e tr ie s ,  a l th o u g h  th e y  a d m it te d  t h a t  m ore d a t a  i s  ne ed e d  f o r  a f u l l  

a n a l y s i s  o f  t h e  p ro b le m ,

Prlnos an d  T ow nsend

P r in o s  and T ow nsend (1984 ) c a r r i e d  o u t  a s t a t i s t i c a l  r e g r e s s io n  a n a ly s i s  

on o b se rv e d  d a t a ,  and  o b ta in e d  th e  f o l lo w in g  e q u a t io n :

Ta  = 0 ,8 7 4  ( d / l ) ) " 1 ’ 129 (Vp /V(, ) " 0 , 5 U ( l v ) 0 ’ M  ( 6 .4 )

w h ere  t  i s  i n  N/m*, D iv id in g  by f d S , t h i s  e q u a t io n  c an  be  r e - w r i t t e n
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tr = Cl/11213dS)(d/D)'1*129CVp/Wc)"0-5 W (6v)0’92 (6.5)

P r ln e s  and  Townsend found  t h i s  e q u a t io n  to  g iv e  good r e s u l t s  o v e r  a w ide  

ra n g e  o f  flow  c o n d i t i o n s .  They u s e d  d a ta  w ith  v a r io u s  g e o m e tr ie s  and 

r o u g h n e s s e s ,  some s y m m e tr ic a l and  some a s y m m e tr ic a l ,  w ith  b o th  r e c t a n g u ­

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

They d id  n o t  i n d i c a t e  how Av i s  t o  b e  o b ta in e d ;  n o r  d id  th e y  d e f in e  

a l th o u g h  i t  a p p e a rs  t o  b e  t h e  b o tto m  w id th  o f  t h e  m ain  c h a n n e l ( f i g .  6 . 1) .  

I f  th f ts . iP  s o  th e n  th e  te rm  (Wp/Wc ) in  e q u a t io n  6 .5  i s  m ean t t o  a c c o u n t 

b o th  f o r  th e  e f f e c t  o f  t h e  r e l a t i v e  w id th s  o f  t h e  m ain  c h a n n e l  and  f lo o d  

p l a i n ,  a s  w e l l  a s  f o r  t h e  s t e e p n e s s  o f  th e  m ain  c h a n n e l b a n k .

K night and  Named

K n ig h t and  Hamed (1984) c o n d u c te d  e x te n s iv e  flum e s tu d i e s  and p r e s e n te d  

r e l a t i o n s h i p s  f o r  th e  s h e a r  f o r c e  on th e  f lo o d  p l a i n  b o u n d a ry , main 

c h a n n e l  bo u n d a ry  and v e r t i c a l  i n t e r f a c e ,  a s  f u n c t io n s  o f  d /D , t tp /n c 

g e o m etry . T hese  e q u a t io n s  c an  b e  r e - a r r a n g e d  t o  g iv e  a  com plex  e q u a tio n  

f o r  t^ .  A c o m p re h en s iv e  ra n g e  o f  f lo o d  p l a i n  ro u g h n e s se s  and  w id th s  h av e  

be en  c o n s id e r e d .  H ow ever, t h e  m a jo r  sh o r tc o m in g  o f  t h i s  r e l a t i o n s h i p  i s  

t h a t  i t  i s  in d e p e n d e n t o f  t h e  b e d  s lo p e ,  w h ich  th e  f lu m e  d a t a  o f  

W orm leaton e t  a l  show t o  b e  o f  im p o r ta n c e .

,6.2 ASSESSMENT ' ^  EQUATIONS

/ z

B e fo re  d e v e lo p in g  a  new e q u a t io n  i t  i s  im p o r ta n t  t o  c o n s id e r  e x i s t i n g  

e q u a tio n ? , s o  o s  t o  a s c e r t a i n  w h at fo rm  o f  e q u a t io n  h a s  b e en  shown t o  g iv e  

goo d  r e s u l t s  t and w h e th e r  i t  i s  n e c e s s a r y  t o  d e v e lo p  a new o q iia tio n  o r  

n o t ,  The e q u a t io n s  f o r  t h e  r e l a t i v e  a p p a re n t  s h e a r  s t r e s s  d e s c r ib e d  above 

h av e  b e e n  d e v e lo p e d  on l a r g e r  d a t a  s e t s  th a n  t h a t  a v a i l a b l e  t o  th e  a u th o t ;  

t h e r e f o r e  i t  w ould  b e  a d v a n ta g e o u s  i f  one  o r  m ore o f  them  c o u ld  b e  shown 

t o  b e  r e l i a b l e  and  p r a c t i c a l l y  a p p l i c a b l e .
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. F i g .  6 .1 :  D e f in i t i o n  s k e tc h  f o r  th e  e q u a t io n  p f ^ P r in o s  -tod 

Tow nsend (1 9 6 4 ) , e q u a t io n  6 .3 .

R a ja ra tn a m  and A tu n a d i 's  e q u a t io n  6 .1  i s  f a r  t o o  s i m p l i s t i c  t o  b e  c o n s id ­

e r e d .  The e q u a t io n s  o f  B a iro ll and  E rv in e  (1984 ) a r e  o f  l i t t l e  p r a c t i c a l  

us.e b e c a u se  ro u g h en e d  f lo o d  p l a i n s  c a n n o t b e  c a t e r e d  f o r ,  and - i n  th e  

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

i n c r e a s in g  the , v e l o c i t y  ( d i f f e r e n c e  and h e n ce  th e  t u r b u le n c e  i n t e n s i t y  a t  

t h e  i n t e r f a c e .  K n ig h t and M amed's r e l a t i o n s h i p  d o e s n o t  i n c o r p o r a te  th e  

bed  s lo p e ,  w h ich  i s  an im p o r ta n t  p a ra m e te r .

T he e q u a t io n s  o f  W orm leaton  e t  a l  ( 6 .3 )  and  P r in o s  and  Tow nsend ( 6 .5 )  bo th ' 

s a t i s f y  t h e  f o l lo w in g  c r i t e r i a :

/
6  T hey  seem t o  i n c lu d e  a l l  t h e  im p o r ta n t  p a ra m e te r s ,  

e  T hey  a r e  s im p le  and t h e r e f o r e  s h o u ld  be e a sy  t o  a p p ly , 

o They h av e  be en  d e v e lo p e d  from  f a i r l y  c o m p re h en s iv e  d a t a  s e t s ,  i n c o r ­

p o r a t i n g  ro u g h en e d  f lo o d  p l a i n s  and b o th  s y m m e tr ic a l and a sy m m e trica l 

s e c t i o n s .

I n  a d d i t i o n ,  t h e  e q u a t io n  o f  P r in o s  and Tow nsend ( 6 ,5 )  c an  a c c o u n t fo e  a 

m ain  c h a n n e l t h a t  h a s  a  s lo p i n g  b ank .

I n  t h e s e  e q u a t io n s ,  Wp /Wc  a c c o u n ts  f o r  g e o m etry ; d /D  c a t e r s  f o r  th e  s tr o n g  

c o r r e l a t i o n  b e tw ee n  and th e  flow  d e p th ;  Av i s  a  g e n e r a l  in d i c a t o r  o f  

tu r b u le n c e  i n t e n s i t y ,  and  in c lu d e s  th e  e f f e c t s  o f  r e l a t i v e  f lo o d  p l a i n  

and m a in -c h a n n e l r o u g h n e s s e s ,  and  th e  h y d r a u l i c  r a d i i  o f  th e  m ain  ch an n e l 

and  f lo o d  p l a i n  s e c t i o n s ;  b o th  e q u a t io n s  g iv e  *r  a s  p r o p o r t i o n a l  t o  1 /d ,  

w h ic h  w i l l  b e  shown t o  b e  t r u e  l a t e r  i n  t h i s  c h a p te r ;  and th e  bed  s lo p e  

i s  fo u n d  i n  t h e  d e n o m in a to r  o f  t h e s e  e q u a t io n s ,  a s  w e l l  a s  b e in g  im p l i c i t  

i n  t h e  Av te rm .
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From t h e s e  c o n s id e r a t i o n s  th e  W o m lea to n  e q u a t io n  ( 6 ,3 )  and th e  P r in o s  

e q u a t io n  ( 6 ,5 )  a p p ea r  t o  b e  p r o m is in g  a s  p o t e n t i a l  e q u a t io n s  f o r  p r a c t i c a l  

a p p l i c a t i o n ' .  I n  o r d e r  t o  a s s e s s  t h e i r  p e rfo rm a n c e  th e y  w ere  t e s t e d  on 

th e  flum e  d a t a  o f  W orm leaton  @t a l  (1982 ) and K n ig h t and  D em etrio p  (1 9 8 3 ), 

d e s c r ib e d  i n  th e  p r e v io u s  c h a p te r  i n  s e c t i o n  5>2 . I t  m ust b e  n o te d  t h a t  

t h e  tfo rm lea ton . d a t a  s e t  form ed p a r t  o f  t h e  d a t a  from  w h ic h  th e  W orm leaton 

e q u a t io n  w as d e r iv e d .

X

The m ain  p ro b le m  i s  i n  d e f in i n g  6 v . P r in o s  and  Tow nsend d id  n o t  s p e c i f y  

how Av i s  t o  b e  c a l c u l a t e d ,  W orm leaton  e t  a l  s p e c i f i e d 'u s i n g  M an n in g 's  

e q u a t io n ,  b u t  made no  i n d i c a t io n  a s  t o  w hat a s su m p tio n s  s h o u ld  b e  made 

c o n c e rn in g  t h e  w e t te d  p e r im e te r s  o l  t h e  m ain  c h a n n e l and f lo o d  p l a i n s  f o r  

o b t a in in g  t h e  h y d r a u l i c  r a d i i ,  B e fo re  e i t h e r  o f  t h e s e  e q u a t io n s  c an  be 

u se d  in  p r a c t i c e ,  t h i s  i s s u e  m ust b e  c l a r i f i e d ,  A c c o rd in g ly  t h e  a u th o r  

t r i e d  v a r io u s  m e thods f o r  c a l c u l a t i n g  6v , t h e  r e s u l t s  o f  w h ich  a r e  shown 

i n  f i g u r e s  6 .2  t o  6 . 6 ,  w here  t h e  e x p e r im e n ta l ly  m e asu re d  v a lu e s  o f  t r  a re  

p l o t t e d  on  th e  h o r i z o n t a l  a x i s ,  and th e  v e r t i c a l  a x i s  r e p r e s e n t s  t h e  

v a lu e s  o f  t  p r e d i c t e d  u s in g  e i t h e r  t h e  W orm leaton  o r  t h e  P r in o s  e q u a t io n .  

The co m p u te r  p rog ram  "TPRED" was d e v e lo p e d  f o r  c a r r y i n g  o u t  th e s e  compu­

t a t i o n s  and  i s  l i s t e d  and d e t a i l e d  i n  A ppendix  3.

F i g .  6 .2  show s th e  p e rfo rm a n c e  o f  t h e  W orm leaton  e q u a tio n  when th e  p o p u la r  

m ethod f o r  d is c h a r g e  c o m p u ta t io n  i s  u se d  t o  c a l c u l a t e  t h e  v a lu e s  o f  Av. 

I t  i s  e v id e n t  t h a t  t h i s  does n o t  p ro d u c e  a c c e p ta b l e  r e s u l t s ,  t  a lw ays 

b e in g  o v e r - e s t im a te d ,  S in c e  t  i s  p r o p o r t i o n a l  t o  (Av) r a i s e d  t o  th e  

pow er o f  some c o n s t a n t ,  o v e r - e s t im a t io n  o f  t  c o rr e s p o n d s  t o  v a lu e s  o f  

Av t h a t  a r e  t o o  h ig h ,  l e .  u n r e a l i s t i c a T l y  h ig h  c h a n n e l v e l o c i t i e s  o r  low 

f lb o d  p l a i n  v e l o c i t i e s .  The p o p u la r  m ethod u s e s  ' .m a i n  c h a n n e l w e t te d  

p e r im e te r  t h a t  i s  t o o  s m a l l ,  and th e r e f o r e  t h e  f lo w  r e s i s t a n c e  i n  t h e  main 

c h a n n e l i s  t o o  low . T h is  r e s u l t s  i n  main c h a n n e l  v e l o c i t i e s . t h a t  a r e  t o o  

h ig h  (an d  h e n c e  d is c h a r g e  o v e r - e s t im a t io n ) .  The P r in o s  e q u a t io n  was found  

t o  be h av e  v e r y  s i m i l a r l y  when u se d  in  c o n ju n c t io n  w i th  t h e  p o p u la r  m ethod ,

F ig ,  6 ,3  show s th e  W orm leaton  e q u a tio n  u s in g  th e  k -m ethod  t o  e v a lu a te  

Av. S in c e  Av i s  a  f u n c t i o n  o f  Tr> an i t e r a t i v e  s o l u t i o n  p ro c e d u re  h a s  

t o  b e  a d o p te d . In  TPRED a  v a lu e  o f  t r  i s  a ssu m ed , kc and  kp  c a l c u l a t e d ,
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Av c a l c u l a t e d ,  and th e n  th e  W orm leaton  e q u a tio n  i s  u se d  to .  c a l c u l a t e  

T h is  i s  r e p e a te d  u n t i l  Tr  c o n v e r g e s .  I t  was found  t h a t  co n v erg ed  

s lo w ly ,  o s c i l l a t i n g  b e tw ee n  tw o v a lu e s ,  and  g r a d u a l ly  c e n t r i n g  in  on  a 

s te a d y  v a lu e ,  i Som etim es i t  w ould  d iv e rg e  u n t i l  c o m p u ta t io n  w as te rm in a t e d  

by t r  becoBii. ... la r g e  enough  t o  g e n e r a te  a n e g a t iv e  Av. T h is  p ro b le m  was 

s o lv e d  by  u s in g  a  s im p le  a c c e l e r a t o r  i n  w hich  th e  t c a l c u l a t e d  i n  th e  

i ’ t h  i t e r a t i o n  i s  a v e ra g e d  w ith  t h a t  c a l c u l a t e d ,  i n  t h e  p re v io u s

i t e r a t i o n  , and t h e  a v e ra g e  w e ig h ted  in  f a v o u r  o r  t o

p r e v e n t  d iv e rg e  ^ s t a b i l i t y .  T h is  i s  shown i n  th e  f lo w  c h a r t  i n  f i g .  

f ' . l  t t o d  was fou ..u  t o  c o n v e rg e  v e ry  r a p id l y  in  a b o u t . f o u r  i t e r a t i o n s .  

The f lu m e  d a ta  o f  W orm leaton  e t  a l  show s v e ry  l i t t l e  s c a t t e r  i n  f i g .  6 ,3 ;  

t h a t  o f  K n ig h t and D em etr io u  show s s i g n i f i c a n t  o v e r - e s t i r o a t io u  o f  i ^ . f o r  

n a rro w  f lo o d  p l a i n s ,  and good  r e s u l t s  f o r  w id e r  p l a i n : . . ' T h is  i s  p r o b a b ly  

b e c a u s e  t h e  te rm  in  d o e s  n o t  a d e q u a te ly  a c c o u n t f o r  a  na rro w  f lo o d

p l a i n ,  and  th e r e f o r e  t h e  W orm lea ton  e q u a tio n  s h o u ld  o n ly  b e  u s e d  i n  con ­

ju n c t io n  w ith  t h e  k -m ethod  i f  W^/Wg 2  1 ,0 .

The P r in o s  e q u a t io n  was • I s o  e v a lu a te d  in  c o n ju n c t io n  w ith  t h e  k -m e th o d , 

and f i g .  6 .4  show s r e s u l t s  t h a t  a r e  a lm o s t a s  good a s  t h e  W orm leaton 

a q u a t io n ,  w ith  th e  same o b s e r v a t io n s  a b o u t th e  f lo o d  p l a i n  b e in g  a p p l i -

F i n a l l y  th e  W orm leaton and P r in o s  e q u a t io n s  w ere  u se d  in  c o n ju n c t io n  w ith  

t h e  m o d if ie d  k-m ethbd  ( f i g s .  6 .5  and  6 .6 ) .  S in c e  t h i s  m ethod  io  i m p l i c i t  

i n  Av, i t e r a t i v e  s o l u t i o n  was u s e d  t o  f in d  Av, a s  show n in  f i g ,  5 .1 2 . 

T h is  v a lu e  was th e n  u s e d  in  t h e  W orm leaton o r  P r in o s  e q u a t io n  t o  c a l c u l a t e  

Av. I n  f i g s .  6 ,5  and 6 .6  i t  i s  e v id e n t  t h a t  t h i s  a p p ro a ch  i s  p a r t i c u l a r l y  

s e n s i t i v e  t o  na rrow  f lo o d  p l a i n s ;  Wp /Wc m ust be a t  l e a s t  e q u a l  t o  1 ,5  f o r  

good  e s t im a te s  o f  T h is  i s  t o  b e  e x p e c te d  b e c a u se  o f  t h e  a ssu m p tio n

i m p l i c i t  i n  th e  m o d if ie d  k -m o th o d , nam ely t h a t  k ^  = 0 ,  w h ic h  i s  o n ly  t r u e  

f o r  w id e  f lo o d  p l r . i n s ,  a s  d i s c u s s e d  in  th e  p re v io u s  c h a p te r ,

A p a r t from  th e  d a t a  f o r  n a rro w  f lo o d  p l a i n s ,  f i g s .  6 .5  and  6 .6  i n d i c a t e  

g o o d , r e l i a b l e  p e rfo rm a n c e  o f  t h e s e  e q u a t io n s ,  The P r in o s  e q u a t io n  te n d s  

t o  u n d e r - e s t im a te  f o r  t r  b e tw ee n  a b o u t  1 and 10 , b u t n o t  by a s i g n i f i c a n t  

am oun t, B oth  e q u a t io n s  o v e r - e s t im a te  f o r  v e ry  s m a ll v a lu e s  o f  t r  (betw een
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a b o u t  0 ,6  and 1 ,0 ) ,  b u t  t h e  same t r e n d  i s  n o t i c e a b le  in  a l l  th e  g ra p h s  

6 .2  t o  6 . 6 .

I t  c an  b e  c o n c lu d e d  t h a t  e i t h e r  t h e  k -  o r  th e  m o d if ie d  k -m e th o d  c an  be 

u s e d  t o  c a l c u l a t e  Av f o r  u s e  i n  t h e  V o ra le a to n  and th e  P r in o s  e q u a t io n s ,  

w i th  good  r e s u l t s ,  a s  lo n g  a s  t h e  f lo o d  p l a in s  a r e  n o t  n a rro w . F o r  t h e  

^ - m e th o d ,  Vp/Vc m ust n o t  b e  l e s s  th a n  1 ,0 ;  and f o r  th e .  m o d if ie d  k '-m e thod , 

n o t  l e s s  th a n : 1 ,5 .

F u t u r e  r e s e a r c h  c o u ld  b e  d i r e c t e d  to w a rd s  d e v e lo p in g  an e q u a tio n .,  o f  th e  

f o l lo w in g  fo rm : V

tr - w sN i: v y k,(i ■ «.«)
T h es e  p a ra m e te r s " a r e  s u g g e s te d  f o r  t h e  f o l lo w in g  r e a s o n s :  - i

o W p /d  . I n  th e  n e x t  s e c t i o n  i t  w i l l  b e  shown t h a t  i s  p r o p o r t i o n a l

; ;- t °  V d -
e  SV‘ The,„.:.bed s lo p e  i s  an  im p o r ta n t  p a ra m e te r  a s  i  s shown by  th e  d a ta  

o f  W orm leaton  e t  a l .  

oz (1  -  Vg-ZVp))' w ould  b e  an  im provem ent on Av b e c a u s e  i t  i s  

y  d im e n s io n le s s . ' When vc = th e  e q u a t io n  w ould y i e ld  = 0 .

(1  -  d /D )  e n s u re s  t h a t  t a p p ro a c h e s  z e r o  a s  d'/D, a p p ro a c h e s  1 ,0 .

'y tf . R p /R p  a c c o v tits  f o r  g e o m e try  b e t t e r  th a n  Wc /Wp ,  b e c a u se  t h e  d e p th s  

t h e  c h an n e l and p l a i n  s e c t i o n s  a r e  in c o rp o r a te d  in  t h e  h y d r a u l i c  

^ .7  V e d i i ,  and t h e r e f o r e  t h e  r a t i o  o f  h y d r a u l i c  r a d i i  in c lu d e s  t h e  e f f e c t s  

!:;i, o f  Vc /Wp and  Wc / h ,  Any s h a p e  o f  m ain  c h a n n e l c o u ld  b e  c a t e r e d  f o r ,  

t,1.. n o t ' im ly  r e c t a n g u l a r  s e c t i o n s .
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(1 9 8 3 ): Wp /Wc = 1 ,5  

(1 9 6 3 ): y W c  = 1 ,0  

(1 9 6 3 ) : Wp /Wc = 0 ,5



(1982)

1



K o rm lea to p , A lie n  and H k d jip a n o s  (1962)

V " p  - 1 ' 6
K n ig h t and D em etrio u  (1 9 6 3 ): = 1 ,5

K n ig h t and D em etrio u  (1 9 8 3 ) : Wp /Wc = 1 ,0

K n ig h t and D em etriou  (1 9 8 3 ) : W /W = 0 ,5

H j z r
m easu red  t

P i g .  6 .5 ;  A ssessm en t o f  t h e  W orm leaton  e q u a tio n  in  c o n ju n c t io n  

, w ith  th e  m o d if ie d  k -m eth o d .

W orm leaton , A lle n  and  H a d jip ^ .;o s  (i‘982) 

' ' ' '
K n ig h t and D em etr io u  (1 9 8 3 ): W^/W^ = 1 ,5  

K n ig h t and  D em etrio u  (1 9 8 3 ): V? /W = f .O  

K n ig h t and D em etrio u  (1 9 8 3 ) ; W /tf . >  0 ,5

F i g .  6 .6 :  A ssessm ent o f  t h e  P r in o s  e q u a t io n  i n  c o n ju n c t io n  

W ith t h e  m o d if ie d  k -m ethod .
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U )

r U - D

—  A c c e le r a to r :

e q u a t io n .

u s in g  th e  W orm leaton o r  P r in o s

C a lc u la t e  k e  and u s in g  e q u a tio n s  5 .1 9  

C a lc u la t e  Av u s in g  th e  k -m eth o d .

F i g .  6 .7 :  I t e r a t i v e  p ro c e d u re  u se d  i n  TPRED f o r

c a l c u l a t i n g

it ’ •>
6 .3  DEVELOPMENT OF A NEW EQUATION

The a u th o r  u s e d  th e  a v a i l a b l e  f lum e  d a t a  t o  d e v e lo p  a new e q u a tio n  f o r  

p r e d i c t i n g  t h e  r e l a t i v e  a p p a r e n t  s h e a r  s t r e s s ,  w i th  t h e  f o l lo w in g  th r e e  

o b j e c t i v e s :

1. To p ro d u c e  an e q u a t io n  t h a t  i s  s e m i- e m p i r i c a l ,  i e ,  h a s  a p a r t l y  th e - ' 

, o r e t i c a l  d e r i v a t i o n ,  and n o t  m e re ly  a s t a t i s t i c a l  r e g r e s s io n  in  w hich

no  u n d e rs t a n d in g  i s  r e q u i r e d  o f  th e  form  o f  th e  e q u a t io n .

2 . To p r o v id e  an e q u a t io n  w hose p a ra m e te r s  w i l l  a p p ly  t o  c h a n n e ls  o f  any  

s h a p e , and  n o t  J u s t  r e c t a n g u l a r  c h a n n e ls .  T h is  means 'u s in g  w e t te d  

p e r im e te r s  and  h y d r a u l i c  r a d i i  i n s t e a d  o f  w id th s  and  h e ig h t s .  .

3 . %n o r d e r  t o  b e  u n i v e r s a l l y  a p p l i c a b l e  t h i s  e q u a t io n  sh o u ld  e a t e r  f o r  

b o th  s y m m e tr ic a l and a sy m m e tric a l s e c t i o n s .
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In  o r d e r  t o  s a t i s f y  t h e  f i r s t  o b j e c t i v e ,  t h e  f o l lo w in g  t h e o r e t i c a l  d e r i ­

v a t io n  was d e v e lo p e d ,

C o n s id e r  a sy m m e tr ic a l compound c h a n n e l ,  i e .  one h a v in g  two f lo o d  p l a i n s  

( f i g .  6 . 8 ) .  The e q u a t io n s  o f  e q u i l ib r iu m  f o r  th e  m ain  c h a n n e l and f lo o d  

p l a i n  sect,-Ions a r e :  " -

»  ^  

w here  SFp  = s h e a r  f o r c e  on Pp , t h e  p h y s ic a l  w e t te d  p e r im e te r  o f  

t h e  f lo o d  p l a i n .

SF = s h e a r  f o r c e  on P » t h e  p h y s ic a l /w e t t e d  perim el. f;';

che m ain  tsh a n n e l.

"C om bining th e s e  tw o e q u a t io n s  y i e l d s :  ''

/J

d*(SF  . + 2SF ) sv . / •  . . ", V .

Now SF = t  P w here  t  i s  th e  a v e ra g e  s h e a r  s t r e s s  a c t i n g  on  th e  p h y s i c a l

S u b s t i t u t i n g  i n t o  e q u a t io n  6 .7  f in d 'r e a r ra n g in g  g iv e s :  

v t o r i  Rc = — i

'E q u a tio n  6 .8  can  "be c o n s id e r e d  t o  b e  a g e n e ra l  e q u a t io n  d e s c r ib in g  th e  

R e l a t i v e  a p p a r e n t  i h e a r  s t r e s s  i n  a  sy m m e tr ic a l compound c h a n n e l . F o r 

ah a sy m m e tric a l c h a n n e l , i e .  o n ly  one f lo o d  p l a i n ,  t h e  2 d ro p s  o u t  o f  th e  

d e n o m in a to r .  N o te  t h a t  t r  i s  p r o p o r t i o n a l  t o  Wp / d ,  w h ich  h a s  be en  a llu d e d , 

t o  e a r l i e r  i n  t h i s  c h e a t e r .  T he p ro b lem  now i s  t o  f in d  an  e x p re s s io n  f o r
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T p/Y g, a s  f p  ahd  ? c a r e  n o t  1 th e  same a s  when t h e r e  i s  no  tu r b u le n t  

i n t e r a c t i o n .

V  G e o m e tr ic a l p a ra m e te r s  f o r  e q u a t io n s  6.8" and  6 .1 2 .

T he .p ro p o se d  by p r e v io u s  r e s e a r c h e r s ,  o u t l i n e d  e a r l i e r ’̂  ... .h i s

c h a p te r ,  f a i l  ro u g h ly  i n t o  tw o c a t e g o r i e s i  ' x ...

1 . E q u a t io n s  i n  w hich  i r  i s  a  f u n c t i o n  o f  6v  atid a few o th e r  p a r a m e t e r s . 

The W orsilea ton  e q u a tio n  and  P r in o s  e q u a t io n  b o th  f a l l  i n t o  t h i g  c a t '  

e g o ry ,  V.' w e l l  a s  t h e  g r a p h ic a l  r e l a t i o n s h i p  p r e s e n te d  b y  B a i r o l  and 

E r v in s  (1 9 8 4 ). , .. 1(

2,. E q u a tio n sv U i w hich  t  i s  a f u n c t i o n  o f  g e o m e tr ic  and s e c t i o i ) / p r o p e r t i e s  

su c h  a s  d /D , " p / ^ i  Wp /We a n d  Wc / h .  T hese  in c lu d e  th a  e q u a t io n s  o f  

S a i r o )  and S r v in e  (1984 ) and  k n ig h t  and Named.( 1 9 8 4 ) .

Jli'e  f i r s t  c a te g o ry  cou lt)  b a  c n l lo d  th e  v e l o c i t y  a p p ro a c h , and  r e l i e s  on

n|fe  f a c t  t h a t  t h e  tu r b u le n t  i n t e r a c t i o n  depends t o  a la r g e  e x t e n t  on th e  

v e l o c i t y  d i f f e r e n c e  b e tw een  th e  m ain  c h a n n e l and f lo o d  p l a i n .  The second  

c a te g o r y  c o u ld  b e  te rm ed  th e  g c v s te tr ic  a p p ro sc h ; i t  s im p ly  i d e n t i f i e s "

a l l  t h e  im p o r ta n t  p a ra m e te r s  and  f i t s  an e q u a t io n  t o  t h e  d a t a .

T he v e l o c i t y  a p p ro a ch  c o u ld  b e  u se d  f o r  d e f in i n g  f p / 7 c ' I n  t h e  d e r i v a t i o n  

o f- u n ifo rm  flo w  fo m u lA o  f o r  open  c h a n n e ls , i t  i s  assum ed t h a t  t h e  a v e rk g e  

s h e a r  s t r e s s  on th e  c h a n n e l b o u n d a ry  i s  p r o p o r t i o n a l  t o  th e  s q u a re  o f  the- 

a v e ra g e  v e l o c i t y .  F o r  a  compound c h a n n e l w here  t h e  t u r b u l e n t  i n t e r a c t i o n

in f lu e n c e s  t h e  v e l o c i t i e s  and b o u n d a ry  s h e a r s ,  i t  c an  b e  assum ed t h a t  t h e  c
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sh tvas s t r e s s e s  a r e  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  r a i s e d  to  some c o n s t a n t ,  

H ence e q u a t io n  6 .6  can  b e  e x p r e s s e d 'a s :

• « > ,  ■  " ( 6 • U )

I n  s im p le  c h a n n e ls ,  k  i a  a f u n c t io n  o f  b oundary  ro u g h n e ss  and  h y d r a u l i c  

r a d i u s .  F o r  a  compound c h a n n e l i t  i s  p r o b a b ly  a  - fu n c tio n  o f  t h e s e  tw o 

p a r a m e te r s ,  and p o s s ib l y  a l s o  o f  some p a ra m e te r s  su c h  a s  d/D  w h ic h  a c c o u n t 

f o r  t h e  t u r b u le n c e  phenom enon. I n  t h e  p r e s e n t  s tu d y  th is - ,  h as  n o t  been  

f o l lo w e d  up  b e c a u se  o f  la tik  o f  d a t a  g iv in g  vc  and vp . F u tu re  r e s e a r c h  

c o u ld  b e  d i r e c t e d  to w a rd s  t h i s ,  ’ " '

The. a p p ro a c h  t h a t  was a d o p te d  h e r e  i s  s i m i l i i  t o  th 6  g e o m o tr ic  a p p ro a c h  

m e n tio n e d  a b o v e . The im p o r ta n t  p a r  a l t e r s  dit w hich  dep en d s Mere

i d e n t i f i e d ,  and a  r e g r e s s io n  a n a ly s i s  c a ,c rie d  o u t  t o  f i n d  e m p ir ic a l  c o n ­

s t a n t s  . I n  c h o o s in g  th e  im p o r ta n t  p a ra m e te r s ,  a  s tu d y  o f  t h e  l i t e r a t u r e  

0 a s  made t o  a s& f trta in  w h at o th e r  r e s e a r c h e r s  h av e  u se d  o r  recom m ended. 

The p a ra m e te r s  on w h ich  d e p en d s  m ust b e  t h e  some a s  th o s 'e 'B n  w h ich

t h e  tu r b u le n c e  i n t e n s i t y  d e p e n d s , b e c a u se  t h e  s j ie a r  s t r e s s e s  a r e  d i s ­

t o r t e d  a s  a d i r e c t  r e s u l t  o f  t h e  t u r b u le n c e .

I n i t i a l l y  whtisi r e s e a r c h  s t a r t e d  b e in g  fo c u se d  on  compound c h a n n e ls ' i n  th e  

1 9 6 0 s , th e  d e p th  r a t i o  was th e  w ily  p a ra m e te r  in c o r p o r a te d  in  e x p e r im e n ta l  

a n a ly s e s .  Even t o  t h e  p r e s e n t  day  i t  h a s  be en  c o n s id e r e d  t o  b e 'o t ic  o f  

t h e  m a in  v a r i a b l e s ,  w ince  f o r  any o n e  ge o m etry  and ro u g h n e s s  o f 'com pound  

d h a n n e l ,  t h e  tu r b u lo r c o  i n t e n s i t y  i n c r e a s e s  a s  t h e  f lo w  d e p th  di.<!f8asi>cv,

G ra d u a l ly  o th e r  p a ra m e te r s  have  be en  r e c o g n is e d  a s  b e in g  im p o r ta n t .  

P r in b s  and  Townsend (1964 ) and P r in o s ,  Tow nsend and T a v o u la r i s  (1985) 

fo u n d  t h a t  n o t  o n ly  th e  d e p th  r a t i o  i s  im p o r ta n t , b u t  A lso  t h e  ro u g h n e s s  

o f  t h e  f lo o d  p l a i n ;  by m e a s u r i- % tu r b u l e n t  i n t e n s i t i e s ,  i t  was fo und  t h a t  

t u r b u le n c e  i s  g r e a t e r  when th e  f lo o d  p l a i n  i s  ro u g h en e d . y o i tn l e a to n ,

( 6 .9 )

( 6 . 10)
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A lle n  a n d  H a d jip a n o s  (1982 ) and K ttigh t and D e n e tr io u  (1983) in c o rp o r a te d  

th e  r a t i o  o f  t h e  f lo o d  p l a i n  w id th  t o  th e  m ain  c h a n n e l  w id th  (Wp /V?c ) in  

t h e i r  r e l a t i o n s h i p s  f o r  t f l. M yers (1984 ) c a r r i e d  o u t  a d im e n s io n a l 

a n a ly s i s  on  compound c h a n n e ls ,  and i d e n t i f i e d  R ^ /R ^ , th e  r a t i o  o f  hy ­

d r a u l i c  r a d i i ,  a s  one  o f  t h e  im p o r ta n t p a r a m e te r s . T h is  i n c o r p o r a te s  b o th  

l a t e r a l  d in te n s io n s  a s  w e l l  a s  s h a p e  e f f e c t s  o f  th e  m ain  c h a n n e l and f lo o d  

p la in " . P a sc h e  and R ouvs (1985) o b se rv e d  t h a t  t h e  s lo p e  o f  t h e  m ain 

c h a n n e l ban k  in f lu e n c e s  t h e  tu r b u le n c e  phenom enon.

I n  a num ber o f  a n a ly s e s , K n ig h t and h i s  c o -w o rk e rs  <,u s e d  f o u r  in d e p e n d e n t 

v a r i a b l e s  ( r e f e r r i n g  t o  f i g .  6 .9 ) :  

a  = B /b  

P *  d/D

'  = V n «
6 = b /h

(K n ig h t and D e m e tr io u , 1983; K n ig h t,  D em etriou  a n d  Hamed, 1963; K n igh t 

and  Hamed, 1984; K n ig h t ,  D em etrio u  and Hamed, 1 9 8 4 .)  X a c c o u n ts  f o r  th e  

r e l a t i v e  ro u g h n e s s  o f  t h e  m ain c h a n n e l and f lo o d  p l a i n .  & i s  th e  s im p le  

d e p th  r a t i o ,  a  and fi i n d i c a t e  t h a t  th e  w id th s  and p r o p o r t io n s  o f  th e  m ain  

c h a n n e l and f lo o d  p l a i n s  a r e  im p o r ta n t .

A lth o u g h  K n ig h t 's  r e l a t i o n s h i p s  do  n o t  ta k e  t h e  b e d  s lo p ?  i n t o ,  a c c o u n t,  

an  e x a m in a tio n  o f  th e  f lum e  d a ta  o f  W orm leaton  e t  a l  shows t h a t  i t  h a s  a 

s tr o r lg  in f lu e n c e  on  th e  tu r b u le n c e  phenom enon, and s h o u ld  n o t  b e  ig n o re d .

%; 1 

V - J i

The a u th o r  i d e n t i f i e d  f o u r  e f f e c t s  t h a t  ne ed  t o  b e  c o n s i d e r e d f i i i d  s 

l e c t e d  t h e  f o l lo w in g  p a ra m e te r s  a s  in d e p e n d e n t v a r i a b l e s ;

1 . The d e p th  e f f e c t .  The v a r i a b l e  d /D  a c c o u n ts  f o r  tfye flow  d e p th .

The ro u g h n e s s  e f f e c t .  The ro u g h e r  t h e  f lo o d  p l a i n  i s  r e l a t i v e  t o  th e  

m ain  c h a n n e l ,  t h e  g r e a t e r  i s  th e  v e l o c i t y  d i f f e r e n c e ,  and h e n c »  th e  

s h e a r  s t r e s s e s  on th e  i n t e r f a c e  a r e  h ig h e r .  The p a ra m e te r  n ^ /n ^  

r e p r e s e n t s  t h i s .
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3 . 'T h e  s lo p e  e f f e c t .  The i n f lu e n r .  o f  th e  beii s lo p e  S on th e  tu r b u le n c e

i n t e n s i t y  h a s  b e e n  n e g le c te d  by Biost r e s e a r c h e r s ,  e x c e p t  f o r  w here 

i t  i s  i m p l i c i t  in  a Av te rm .

4 . G eo m e tr ic  e f f e c t s .  The s h a p e s ,  w id th s  and p r o p o r t io n s  o f  t h e  m ain 

c h a n n e l and  f io b d  p l a i n  a r e  im p o r ta n t b e c a u s e  th e y ,d e f in e  t h e  p h y s i c a l

- v b o u n d a r ie s  t o  th e  t u r b u l e n t  i n t e r a c t i o n  z o n e . F o r  ex am p le , th e  n a r ­

row er a f lo o d  p l a i n  i s ,  th e  more in f lu e n c e  th e  f a r  bank h a s  on th e  

tu r b u le n c e  a t  t h e  j u n c t i o n  o f  th e  main c h a n n e l  and f lo o d  p l a i n .  Two 

p a ra m e te r s  h av e  (lean  ch o sen  to  r e p r e s e n t  t h e  g e o m e tr ic  e f f e c t s :  

R ^ /D  and W ^ /d  . 'R _/n i s  th e  h y d r a u l i c  r a d iu s  o f  t h e  m ain c h an n e l 

r e l a t i v e  t o  t h e  f l o j i  d ^ p th  i n  th e  m ain c h a n n e l ,  and  a p p ro a ch e s  u n i ty  

f o r  a v e r y  w id e  cha& uel. The a d v a n ta g e  o f  u s in g  th e  h y d r a u l i c  r a d iu s  

U  t h a t  a c h a n n e l w i th  a  s lo p in g  bank  can  b e  c a t e r e d  f o r .  Wp/d  r e ­

p r e s e n t s  t h e  w id th  t h a t  i s  a v a i l a b l e  f o r  t h e  t u r b u le n t  i n t e r a c t i o n  

zo n e  on  th e  f lo o d  p l a i n .

A r e g r e s s io n  a n a ly s i s  was c a r r i e d  o u t  u s in g  a l l  th f . -flum e d a t a  o f  

W orm leaton  e t  a l  and K n ig h t and D em etriou , A s o f tw a r e  p a ck a g e  (m en tioned  

in  4 .3 )  f o r  t h e  HP9S16 m ic ro  com pu ter was u s e d ,  f a c i l i t a t i n g  n o n - l in e a r  

m u l t i p l e  r e g r e s s io n  and u s e r - s p e c i f i c a t i o n  o f  t h e  form  o f  r e g r e s s io n  

e q u a t io n .  The a n a ly s i s  y i e ld e d  th e  f o l lo w in g  e q u a t io n :

y r c  = (0 ,0 0 5 8 6  -  1 ,4 6 0  S ) ( d / D ) ^ ^ ( n p / n ^ ° '^ ( R ^ / D ) ^ '^ ( W p / d ) ° '^ ^

( 6 . 12)

F ig .  6 .1 0  show s th e  d a ta  u se d  in  t h e  r e g r e s s io n  a n a l y s i s .  A p art from  a 

b i t  o f  s c a t t e r  a t  low  $ , t h e  c o r r e l a t i o n  i s  goo d ; t h e  re m a in in g  s c a t t e r  

can  b e  c o n s id e r e d  t o  b e  w i th in  th e  ran g e  o f  e x p e r im e n ta l  a c c u ra c y  o f  th e  

f lum e  d a t a .  Tha o v e r - e s t im a t io n  o f  t r  f o r  Tr  be tw een  a b o u t 0 ,6  and 1 ,0  

f o l lo w s  th e  sam e p a t t e r n  a s  i n  f i g s .  6 .3  t o  6 . 6 ,  and  t h e r e f o r e  i t  m ay.be  

c a u se d  by s y s te m a t ic  e x p e r im e n ta l  e r r o r  i n  t h e  f lum e  d a t a ,  and n o t  a 

sh o r tc o m in g  in  t h e  e q u a t io n .

E q u a t io n  6 .2 2  can  b e  u s e d  w ith  e q u a t io n  6 .8  t o  p r e d i c t  t h e  r e l a t i v e  a p ­

p a r e n t  s h e a r  s t r e s s  i n  a sy m m etr ic a l compound c h a n n e l .  W here t h e r e  i s  

o n ly  one  f lo o d  p l a i n ,  e q u a t io n  6 .1 2  m ust b e  assum ed t o  a p p ly  f o r  th e  

a sy m m e tric a l c a s e ,  and th e  2 o m it te d  from  th e  d e n o m in a to r  o f  e q u a t io n  6.8*
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E q u a t io n s  6 .8  and  6 .1 2  may a j^  . a r  t o  b e  som ew hat c o m p l ic a te d ,  b u t  t h i s  

i s  n e c e s s a r y  i n  o r d e r  t o  a c c o u n t a d e q u a te ly  f o r  t h e  t u r b u le n c e  phenom enon, 

w hich  i s  a com plex  p r o c e s s .

U n fo r tu n a te ly  o n ly  d a t a  f o r  sy m m e tr ic a l c h a n n e ls  w i th  r e c t a n g u l a r  c ro s s  

s e c t i o n s  w ere  a v a i l a b l e  f o r  t h i s  a n a l y s i s .  I t  re m a in s  t o  b e  s e e n ,  i n  th e  

l i g h t  o f  f u tu r e  r e s e a r c h ,  i f  e q u a t io n  6 .1 2  a p p l i e s  t o  a sy m m e tr ic a l c h a n ­

n e l s  w ith  o n ly  o n e  f lo o d  p l a i n ,  and  i f  th e  p a ra m e te r  R^/D a d e q u a te ly  a c - y  

c o u n ts  f o r  t h e  e f f e c t  o f  s lo p e  o f  th e  m ain c h a n n e l ban k  i n  t r a p e z o i d a l  

s e c t i o n s .
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F i g .  6 .9 :  Sym bols u se d  by K n ig h t and  co-W orkerS .

, 0

F i g .  6 .1 0 :  A s s e s s in g  e q u a tio n s  6 .8  and  6 .1 2 ,  u s in g  th e  flum e , 

d a ta  o f  V orm lcacon , A lle n  and  H a d jip a n o s  (1982.) 

and K n ig h t and D em etriou  (1 9 8 3 ).
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From th e  a n a ly s e s  and d i s c u s s io n s  i n  t h i s  r e p o r t  one c an  g a in  a  q u a l i t a ­

t i v e  a p p r e c i a t i o n  o f  t h e  e f f e c t s  o f  v a r io u s  p a ra m e te r s  on th e  tu r b u le n c e  

phenom enon. T hese  c an  b e  sum m arised  a s  f o l lo w s :

o T h e re  i s  an  in v e r s e  r e l a t i o n s h i p  b e tw een  tu r b u le n c e  i n t e n s i t y  and

flo w  d e p th ;  t h e  t u r b u le n c e  i n t e n s i t y  i n c r e a s e s  w ith , d e c r e a s in g ' d e p th

© The ro u g h e r  th e  f lo o d  p l a i n  i s  r e l a t i v e 1/ t o  t h e  m ain  c h a n n e l , t h e

Y & reaW r i s  t h e  tu r b u le n c e " , i n t e n s i t y .

© A s ie rp fB ^ 'ra a in  c h a n n e l b ank  g e n e r a l l y  re d u c e s  t h e  tu r b u le n c e  i n t e n -

S i t y ,  t h e  p r o b a b is  .A x p .la p g tio h  t h a t  a  s lo p in g  ban k  i s  n o t  as

a b ru p t  a t r a n s i t i o n ' ,  fra io  t h e  ^ d in  c h an n e l t o  t h e  s h a l lo w  f lo o d

p l a i n  a s  a v e r t i c a l  b a n k  i s .  D i f f e r e n t  b e h a v io u r  i s  e v id e n t  f o r  a 

s t e e p  bank a t  S e ry  low  f lo w  d e p th s : t h e  tu r b u le n c e  i n t e n s i t y  i s  i n -  

' . c r e a s e d ,  w h ich  i n d i c a t e s  a m ore  e f f i c i e n t  t r a n s f e r  o f  momentum t o  t h e

if  f lo o d  p l a i n  u n d e r  th o s e  c o n d i t i o n s .  .

© Bed s lo p e  h a s  an  e f f e c t  on t h e  t u r b u le n c e  i n t e n s i t y ,  w h ich  m ost r e -

© G eo m etr ic  e f f e c t s  a r e  r a t h e r  d i f f i c u l t  t o  e v a lu a te .  I f  t h e  f lo o d  

p l a i n  i s  na rrow  r e l a t i v e  t o  t h e  m ain c h a n n e l ,  th e n  th e  tu r b u le n c e  w i l l  

b e  in f lu e n c e d  by  th e  f lo o d  p la iii;; w id th .  F o r  t h e  c o n d i t io n s  i n v e s t i ­

g a te d  in  t h e  p r e s e n t  s tu d y ,  nam ely  d/D  n o t  g r e a t e r  th a n  a b o u t 0 , 5 ,  

i t  a p p e a rs  t h a t  i f  i s  g r e a t e r  th a n  1 ,0  t o  1 ,5  th e n  t h e  f lo o d

p l a i n  can  b e  t r e a t e d  a s  h y d r a u l i c a l l y  "w ide"  and  i t  c an  b e  s a f e l y  

assum ed t h a t  th e  w id th  o f  t h e  f lo o d  p l a in  d o e s  n o t  i n f lu e n c e  th e  

t u r b u le n c e .  I t  i s  n o t  c e r t a i n  from  t h i s  s tu d y  how th e  s h a p e  and  

p r o p o r t io n s  o f  th e  m ain  c h a n n e l in f lu e n c e  th e  tu r b u le n c e  i n t e n u i t y ,  

o r  t h e  im p l ic a t io n s  o f  a s y m m e tr ic a l v e r s u s  a sy m m e tric a l s e c t i o n .  .

A m odel f o r  p r e d i c t i n g  s h e a r  s t r e s s e s  on  a  f lo o d  p l a i n  h a s  b e e n  d e v e lo p e d  

u s in g  th e  r e l a t i v e  a p p a r e n t  s h e a r  s t r e s s  T a s  t h e  in d e p e n d e n t p a ra m e te r .  

T h is  m odel d e m o n s tra te s  t h e  c o n v e n ie n c e  o f  u s in g  a s i n g l e  in d e p e n d e n t 

v a r i a b l e  t o  r e p r e s e n t  th e  tu r b u le n c e  i n t e n s i t y  i n s t e a d  o f  t h e  t r a d i t i o n a l
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: u s in g  v a r io u s  g e o m e tr ic  and  flow  p a ra m e te r s  i n  any m odel d e -  

t h e  t u r b u l e n c e ' i n t e n s i t y .  U sing  h a s  b e e n  shown i n  t h i s  

c c o u n t s u c c e s s f u l ly  , fo r  th e  m ain  c h a n n e l bank  s lo p e  and  th e  

a i n  t h e  s h e a r  s t r e s s  p r o f i l e  m ode l. S in c e  t t  h a s  be en  u se d  

a p en d e n t v a r i a b l e ,  t h e  modelvtnay b e  a p p l ie d  t o  a n y  ro u g h n ess  

:y . H ow ever, t h e  f a c t  t h a t  th e  m odel was d e v e lo p e d  u s in g  a

>ound s e c t i o n  o f  one  p a r t i c u l a r  geom etry  m eans . th a t  t h e  e x te n t

 ... . c a t e r s  f o r  ro u g h n e s s  and g e o m e tr ic  e f f e c t s  rem a in s  t o  b e  se en

th e  l i g h t  o f  f u tu r e  r e s e a r c h .  The m odel d i s p l a y s  a  good f i t  t o  th e  

d a t a  f ro m r w h ich  i t  was:'-- d e r iv e d ,  w hich  means t h a t  i t  c an  b e  u se d  

c o n f id e n t ly  o v e r  a  range - o f  f lo w  d e p th s  and bank  s lo p e s .  The b ro a d e r  

a p p l i c a t i o n  o f  th e  m odel t o  d i f f e r e n t  g e o m e tr ie s  and  b o u n d a ry  ro u g h n e s se s  

h a s  t o  b e  assum ed u n t i l  m ore d a t a  become a v a i l a b l e  w ith  w h ich  t o  v e r i f y

1 flum e d a t a  i t  h a s  be en  shown ^ th a t  t h e  s h e a r  s t r e s s  

d p l a i n  i s  n o t  a l t e r e d  by more th a n  a b o u t 13% by  i n t r o -  

m ain  c h a n n e l b a n k , w h ich  i s  n o t  o f  m a jo r  s ig n i f i c a n c e ,  

d e p th s  i t  i s  n o t  a l t e r e d  a t  a l l .  T h is  a p p l i e s  to . m ain 

p l a i n  b e d s  o f  th e  same r o u g h n e s s ,  w h ic h  a r e  t h e  c o n d i-  

h t h e  bank  s lo p e  i s  m ost s i g n i f i c a n t .  I t  c o u ld  b e  c o n c lu d e d  

; s e  c o n d i t io n s  t h e  s te e p n e s s  o f  t h e  m ain c h a n n e l bank  i n -  

ilood  p l a i n  s h e a r  s t r e s s e s  n o t ic e a b ly  b u t  n o t  a p p re c ia b ly ,  

in s  t h a t  a r e  ro u g h  r e l a t i v e  t o  th e  m ain c h a n n e l t h e  e f f e c t  

w i l l  be- m asked  by th e  ro u g h n e ss  e f f e c t s ,  and  w i l l  have  a 

s m a l le r  e f f e c t  on  th e  s h e a r  s t r e s s e s .  I n v e s t i g a t i o n s  i n  

w i th  rough  f lo o d  p l a i n s  w ould  b e  b e n e f i c i a l  b u t  beyond: th e .s c o p e

d is c h a r g e  c o m p u ta t io n  m ethods u s in g  p u b l i s h e d  flum e 

t  t h e  p o p u la r  m ethod g r o s s ly  o v e r - e s t im a te s  d is c h a r g e s  

■ b e c a u se  o f  t h e  a ssu m p tio n  made c o n c e rn in g  th e  w ££ted 

[h t h i s  m ethod  i s  s im p le  and e a s y  to  a p p ly ,  i t  sh o u ld  

b e c a u s e  i t  i s .  u n r e l i a b l e .  , The X-m ethod p ro p o sed  by 

and H a d jip a n o s  (1982) i s  t h e  m o st s a t i s f a c t o r y  method 

l i t e r a t u r e .  I t  y i e l d s  r e a s o n a b ly  good d is c h a r g e  e s t i -  

c o n d i t i o n s ,  b u t  w ould ne ed  t o  b e  r e r i n e d  t o  b e  f u l l y



r e l i a b l e .  The a re a  m ethod p e rfo rm s  s l i g h t l y  b e t t e r  th a n  th e  X -m ethod. 

E m p ir ic a l  a d ju s tm e n ts  need  t o  b e  made to  a c c o u n t f o r  boundary  ro u g h n e ss  

e f f e c t s .  The k -m eth o d , u s in g  v e r t i c a l  i n t e r f a c e s ,  i n c o r p o r a te s  t h e o r e ­

t i c a l  e q u a t io n s  f o r  m o d ify in g  th e  m ain  c h a n n e l and f lo o d  p l a in  w e t te d  

d i s a p p o i n t i n g . r e s u l t s ,  b a d ly  o v e r - e s t im a t in g  d i s ­

k s ,  and n e ed s  e m p ir ic a l  c o r r e c t io n s .  The k-m ethod  

e sound  t h e o r e t i c a l  b a s e s  and a r e  p o t e n t i a l l y  good 

ir c h  c o u ld  b e  d i r e c t e d  to w a rd s  m o d ify in g  them  f o r  

i m ethod can  b e  /used  i n  i t s  p r e s t in t  form  a s  an 

i X -m ethod. The m o d if ie d  k -m e th o d , a p p l i c a b l e  t o  

f lo o d  p l a i n s ,  e x p re s s e s  an e m p ir ic a l  c o r r e c t io n  to  t h e  

m ain c h a n n e l w e t te d  p e r im e te r  in  te rm s  o f  th e  v e l o c i t y  r a t i o  I t

y i e l d s  c o n s i s t e n t l y  good d is c h a r g e  e s t i m a t e s b e t t e r  th a n  th e  o th e r  fo u r

m e th o d s . I t  c o u ld  b e  im proved  by  m o d ify in g  th e  f lo o d  p l a in  w e t te d  p e r ­

im e te r ,  and  s h o u ld  b e  t e s t e d  on a w id e r  r a n g e  o f  g e o m e tr ic  and f lo w  c o n ­

d i t i o n s ,  e s p e c i a l l y  on s e c t i o n s  w i th  a. s lo p i n g  m ain  c h a n n e l b a n k . 

N e v e r th e le s s  i t  c an  b e  c o n s id e r e d  t o  b e  f a i r l y  c om prehens ive  s in c e  th e  

d a t a  u s e d  i n  i t s  developm en t in c lu d e  a y a r i e t y  o f  ■ b ttd 1'r o u g h n e s s e s  and 

f lo o d  p l a i n  w id th s .  I t  a p p e a rs  t o  b e  t h e  m ost s a t i c f a c t o t y .  m ethod t h a t  

h a s  b e e n  p ro p o se d  t o  d a t e ,  and i t s  u s e  i s  t h e r e f o r e  recommended. I t e r a ­

t i v e  s o l u t i o n  i s  r e q u i r e d  a s  d e s c r ib e d  in  c h a p te r  5 .

F o r  d is c h a r g e  c o m p u ta t io n  th e  f o l lo w in g  th r e e  a p p ro a c h e s  a re  su g g e s te d ;

1. The a re a  m ethod  i n  c o n ju n c t io n  w ith  e q u a t io n s  6 .6  and 6 .1 2  f o r  com­

p u t in g

-•2* The X -m ethod w i th  t  c a l c u l a t e d  e i t h e r  by e q u a t io n s  6 .8  and 6 .1 2 ,  th e  

W orm leaton  e q u a tio n  ( 6 .3 )  o r  t h e  P r in o s  e q u a t io n  ( 6 .5 ) .  I f  t h e  

W orm leaton  o r  P r in o s  e q u a t io n s  a r e  u se d  th e n  i t e r a t i v e  s o lu t io n  i s  

n e c e s s a ry ^

3 . The m o d if ie d  k -m eth o d . T h is  r e q u i r e s  no  know ledge o f  t  , b u t  t h e  

e q u a t io n s  m ust b e  s o lv e d  i t e r a t i v e l y  f o r  t h e  v e lo c i t y  r a t i o .

Of t h e s e  t h r e e ,  t h e  m o d if ie d  k -m ethod  h a s  be en  shown t o  p ro d u ce  th e  

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

t h e  s h e a r  s t r e s s  p r o f i l e m o d e l - a n d  f o r  t h r e e  o f  t h e  d is c h a r g e  c o m p u ta t io n  

m ethods d is c u s s e d  in  c h a p te r  5 .  One o f  th e  f o l lo w in g  a p p ro a ch e s  may be 

a d o p te d :

1, The a u t tfo jr 's  e q u a t io n s  6 .8  and 6 .1 2 ,

2 . The W ormi.eaton o r  P r in o s  e q u a t io n ,  w ith  Av c a l c u l a t e d  i t e r a t i v e l y

u s in g  e i t h e / ' t h e  k -m eth o d  o r  th e  m o d if ie d  k -m e th o d . „ .

The a u t h o r ' s  e q u a t io n s  h a v e  a number o f  a d v a n ta g e s  o v e r  th e  W orm leaton

e q u a tio n  and" t h e  P r in o s  e q u a t io n !  t h e  fo rm er do  n o t  r e q u i r e  i t e r a t i v e  

s o lu t io n ;  th e y  h a v e  th e  sound  b a s i s  o f  a s e m i - t h e o r e t i c a l  d e r i v a t i o n ,  i e .  

th e y  a r e  s e m i- e m p i r i c a l  a s  opposed  t o  e n t i r e l y  e m p i r i c a l ;  t h e  a u th o r 's  

e q u a t io n s  can  c a t e r  f o r  any sh a p e  o f  m ain c h a n n e l  b e c a u s e  t h e  h y d r a u l i c  

r a d iu s  i s  u s e d ;  and  th e y  c an  b e  a p p l ie d  when th e  f lo o d  p l a i n  i s  n a rro w . 

The W orm leaton  e q u a t io n  and  th e  P r in o s  e q u a t io n  h a v e  th e  a d v an ta g es  o f  

b e in g  s im p le r ,  and  o f  b e in g  d e v e lo p e d  from  w id e r  d a t a  s e t s  th a n  th e  

a u t h o r 's  e q u a t io n  6 - 1 2 . H ow ever, a l l  t h e s e  e q u a t io n s  f o r  r e l a t i v e  a p ­

p a r e n t  s h e a r  s t r e s s  n e e d  t o  be t e s t e d  on l a r g e r  d a t a  s e t s  in  o r d e r  t o  

e s t a b l i s h  u n iv e r s a l  v a l i d i t y ,

L im i ts  o f  a p p l i c a b i l i t y  m ust b e  ta k e n  in to  a c c o u n t when a p p ly in g  th e  r e ­

s u l t s  o f  t h i s  s tu d y ;

o R e la t i v e  a p p a r e n t  s h e a r  s t r e s s  i n  th e  s h e a r  s t r e s s  p r o f i l e  m odel:

t  = 0 ,0 2  -  6 , 0 ,  The m odel c an n o t be u s e d  when t > 6 , and f u r t h e r  

e x p e r im e n ts  w i th  a rou g h en ed  f lo o d  p l a in  w ould b e  ne ed e d  i f  th e  m odel 

was t o  b e  e x te n d e d  t o  h ig h e r  v a lu e s  o f  T ^. F o r  < 0 ,0 2  th e  d i s ­

t o r t i o n  o f  t h e  s h e a r  s t r e s s  p r o f i l e  i s  s m a l l ;  i s  l e s s  th a n  ]0% 

g r e a t e r  th a n  t .• T h e r e fo r e  a s  a f i r s t  a p p ro x im a tio n  th e  d i s t o r t i o n  

o f  t h e  s h e a r  s t r e s s  p r o f i l e  c o u ld  be n e g le c te d  and assum ed t o  be 

e q u a l  t o  r i g h t  up  t o  t h e  ju n c t io n  w i th  t h e  m ain  c h a n n e l,

o V e l o c i ty  r a t i o  i n  th e  k -m ethod  f o r  d i s c h a r g e  c o m p u ta t io n : v e /v p  =

1 ,0  -  3 ,0 ,  F o r  vc /v p < 1 ,0  i t  can  b e  assum ed t h a t  k  = 0 , b e ca u se  th e  

tu r b u le n c e  i n t e n s i t y  i s  v e ry  low . I n  th e  u n l i k e l y  e v e n t o f  v ^ /v ^

Conclusions



b e in g  g r e a t e r  th a n  3 ,0  t h e  k - v a lu e  c o rre s p o n d in g  t o  v ^ /v ^  = 3 ,0  s h o u ld  

b e  u s e d  a s  an  a p p ro x im a tio n .

o D ep th  r a t i o  i n  P a r t  1 : d/D  = 0 ,1  -  0 ,4 3 .  The s h e a r  s t r e s s  p r o f i l e

m odel c an  b e  a p p l ie d  t o  v a lu e s  o f  d /D  g r e a t e r  th a n  0 ,4 3  a s  t h i s  w i l l

b e  accom m odated in  t h e  v a r i a b l e  1 . ^

t> D ep th  r a t i o  i n  P a r t  2 : d/D  *  0 ,1  t o  (3 ,51. Fo tyd /D  g r e a t e r  th a n  a b o u t

0 ,5  i t  c an  b6 assum ed th & t t h e  appdfeKth. s h e ^ r  s t r e s s  i s  'z e r o ,  s i n c e  

t h e  tu r b u le n c e  i n t e n s i t y  . i s  v e r y  206/  fci'r h ig h e r  f lo w  d e p th s  ap'ti r e ­

a c h e s  z e ro  f o r  d/D som w he .rs 'it/etw een l}0 ,4  and 1 ,0  ( B a i ro l  and  'f c ry in e , 

1 9 8 4 ) .

e  S lo p e  o f  m ain  c h an n e l ba n k : a  = 3 0 ° , 60* end 9 0 ° . The s h e a r  s t r e s s

p r o f i l e  m odel s h o u ld  n o t  b e  a p p l ie d  when a i s  l e s s  th a n  3 0 ' ,  w hich  

w as t h e  lo w e s t ban k  s lo p e  u se d  in  t h e  a u t h o r 's  e x p e r im e n ts .

T he s u b j e c t  o f  compound c h a n n e l a n a ly s i s  is"  f a r  from  b e in g  th o r o u g h ly  

u n d e rs to o d  by e x p e r t s • in  th e  f i e l d .  The p r e s e n t  s tu d y  i s  a n o th e r  s t e p  

to w a rd s  c l a r i f y i n g  th e  u n c e r t a i n  i s s u e s  and  p r o v id in g  p r a c t i c a l  m ethods 

f o r  s h e a r  s t r e s s  a n d td is c h a rg e  c o m p u ta t io n s  in  compound c h a n n e l a n a l y s i s .

Conclusions
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APPENDIX A : OBSERVED SHEAR STRESS PROFILES

A ppendix  A: O b serv e d  s h e a r  s t r e s s  p r o f i l e s
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A ppendix  A: O b serv e d  s h e a r  s t r e s s  p r o f i l e s
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3 :

* c (mm) * p (mm)

5 0 0  4 0 0  3 0 0  2 0 0  100  0 1 0 0  2 0 0  3 0 0

1 ,6  "  (N /e 1)

/
(N/®1) ! >®

1 , 0  1 , 6  t  1 1 , 0
  1  — 1— * (S/m 1) (N/m* ) 1— >

Zg (mm) e p (mm)

5 0 0  4 0 0  3 0 0  2 0 0  1 0 0  0 1 0 0  2 0 0  3 0 0

Appendix A: Observed shear stress profiles
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APPENDIX B: RAJARATNAM AND AHMADI'S RELATIONSHIP FOR 

APPARENT SHEAR STRESS

R a ja ra tn a m  and Ahmadi (1961 ) p ro p o se d  a  r e l a t i o n s h i p  f o r  a s  a

f u n c t i o n  o f  t h e  in v e r s e  d e p th  r a t i o  D /d . T h e i r  d e r i v a t i o n  i s  g iv e n  be low , 

f o llo w e d  by a c r i t i c a l  a p p r a i s a l  o f  t h e  r e l a t i o n s h i p ,

B1 Simplified derivation

I f  t  i s  t h e  tu r b u le n t  mean s h e a r  s t r e s s  i n  any  v e r t i c a l  p la n e  i n  th e  

m ix in g  r e g io n  on th e  f lo o d  p l a i n ,  lo c a te d  a t  a  d i s t a n c e  » from  th e  

i n t e r f a c e ,  th e n  th e  s h e a r  f o rc e  on t h i s  p la n e  i s :

l »

Now in t r o d u c e  a p a ra m e te r  q su c h  t h a t  n *  z p /bp> 8,1(1 b i‘s  d e f in e d  su c h  

t h a t  bp  = Zp when ( ip  -  t p * ^ ^ t p j  " ^ p .^  =  °» 5Di From t h e i r  e x p e r im e n ts  
R a ja ra tn a m  and Ahmadi found  t h a t  I  * 2 ,5  bp . T h is  i s  v e ry  a p p ro x im a te  

and i s  s im p ly  th e  a v e ra g e  o f  a l l  th e  v a lu e s  o f  Ip  t h a t  w ere  m e asu red . 

The above  e x p re s s io n  (B l)  becom es:

r a . s

"3 = < 'p j " ’ p .>bp

‘ ’'pi " V bpFC,)
F o r  i fl, t h e  a p p a r e n t  s h e a r  s t r e s s  a t  th e  i n t e r f a c e ,  ^  =  0 and F(T|) *  1 . 

T h e r e fo r e

v  °  -  '= .> b,  (B2>

A ppendix  B: R a ja ra tn a m  and Ahmadi"s r e l a t i o n s h i p  f o r  a p p a r e n t  s h e a r  

s t r e s s  124



Two e m p ir ic a l  r e l a t i o n s h i p s  d e v e lo p e d  by  R a ja ra tn a ro  and  Ahmadi a r e  now 

u se d :

bp / d  = 0 ,6 4  (D /d -  1)

' p j / ’ p -  " 1 =  0 , “  CD/d " 1>

E q u a t io n s  B3 and  54 a r e  s u b s t i t u t e d  i n t o  e q u a t io n  B2 t o  g iv e :

V ’ p -  "  ( e ,« 4 ) ( 0 ,2 4 ) ( D / d  " l >’
=  0 ,l5 4 ( D /d  -  I ) 1

« 0 ,1 5 (D /d -  1)* (B5)

T h is  r e l a t i o n s h i p  i s  p l o t t e d  i n  f i g .  B l .

B 2 S h o r tc o m in g s  o f  t h i s  d e r iv a t io n  

S e v e ra l  sh o r tc o m in g s  c an  b e  i d e n t i f i e d :

E q u a t io n  B5 g iv e s  t h e  a p p a r e n t  s h e a r  s t r e s s  t Q e q u a l  t o  z e r o  when D /d 

e q u a ls  1 ,0 .  H ow ever, B a i r o l  and E rv in e  (1964) m a in ta in e d  t h a t  t h i s  i s  

n o t  a lw ays t r u e ,  b u t  t  i s  z e r o  f o r  D /d somewhere be tw een  1 ,0  and 2 ,5 .

T hese  c o n s id e r a t io n s  make th e  v a l i d i t y  o f  e q u a t io n  B5 q u e s t io n a b le ,

The r e l a t i o n s h i p  f o r  r p ^ ( e q u a t io n  8 4 )  i s  assum ed t o  b e  l i n e a r ,  

w h ereas p l o t t i n g  th e  a u t h o r ' s  d a t a  i n  th e  same form  in d i c a t e s  t h a t  

t h e  r e l a t i o n s h i p  s h o u ld  b e  n o n - l i n e a r .

E q u a tio n  B3 f o r  bp i s  a  v e ry  p o o r  f i t  t o  th a  o b se rv e d  d a t a ,  a s  can 

b e  s e e n  in  f i g .  B2. The f i t  i s  s o  bad  t h a t  th e  u s e  o f  t h i s  e q u a t io n  

c an  h a rd ly  b e  j u s t i f i e d .

I t  i s  assum ed t h a t  1 i s  e q u a l  t o  a c o n s ta n t  m u l t i p l i e d  by  b  , and 

t h e r e  i s  no e v id e n c e  t o  s u b s t a n t i a t e  t h i s  a ssu m p tio n  o f  l i n e a r i t y .

(B3;

(B4)

A ppendix  B: R a ja ra tn a ro  and A hm adi' s  r e l a t i o n s h i p  f o r  a p p a r e n t  s h e a r  
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>  ' V <

F i g .  B l; C urve f o r  e q u a t io n  B5,

3 4 5 6 9 10

F ig ,  B2; R e la t io n s h ip  f o r  bp , e q u a t io n  B3.

The o b se rv e d  d a ta  from  w hich  t h i s  was d e r iv e d  i s  

shown on th e  g ra p h .

t B: Kajaratnam and Ahmadi’s relationship for apparent shear



APPENDIX C: COMPUTER PROGRAMS

C om puter program m ing  was n o t  one  o f  th e  o b j e c t i v e s  o f  t h i s  r e s e a r c h  

p r o j e c t ,  b u t  m e re ly  a t o o l  t o  f a c i l i t a t e  e f f i c i e n t  d a t a  m a n ip u la t io n . 

F o r  t h i s  r e a so n  p rog ram s w ere  w r i t t e n  f o r  th e  11P85 m ic ro  c o m p u te r , w hich 

i s  s im p le  t o  l e a r n  how t o  u s e ,  and u t i l i s e s  f a i r l y  v e r s a t i l e  BASIC p r o ­

gramm ing la n g u ag e .

Appendix C: Computer programs
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C l PROGRAMS FOR DATA MANIPULATION

C l .1 R ecord ing  data

P u rp o se

m a tr ix  on  ta p e .  One 

th e  ’'-o th e r  d im e n s io n rre sp o n d in g  she

( R e fe r  t o  il% . C l . )

A (1Q 0,2)

A ( I ,1 )  l a t e r a l  d i s t a n c e  a c r o s s ,  f lo o d  p l a i n  ( z p )

A ( I ,2 )  s h e a r  s t r e s s  a t  a  p o s i t i o n  d e f in e d  by z  ;

number o f  s h e a r  s t r e s s  r e a d in g s

A ppendix  C: C om puter p rog ram s
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S O n i n  - . .. '*
DZSP " AND ST O R IN G  I T  ON TAPE

OPTION BASE 1 
DIM A < I0 e ,2 )> A * E 6 3  
O ISP "F IL E  NAME" ,

O IS P  “ENTER Z , SHEAR STRESS'
FOR 1=1; TO N
INPUT A < I , I ) , A < I , 2 > -

PRINT# 1

A ppendix  C: Com puter
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C l . 2 In teg ra tio n  of a sh e a r  s t r e s s  profile

Name; "IN T" ( Ih T e g rd te )

P urpose

To i n t e g r a t e  a s h e a r  s t r e s s  p r o f i l e  on th e  f lo o d  p l a i n  in  o r d e r  tq .  

e u l a t e  t h e  a p p a r e n t  s h e a r  f o r c e  on  th e  bed  o f  t h e  f lo o d  p l a in .

A (1 0 0 ,2 )

f lo o d  p l a i n  (Z p1) .

Lon d e f in e d  by  z  ( t  1 )

‘* ( 1 ,1 )

4 ( 1 ,2 )

V l - M )

A ( I - 1 ,2 )

A ppendix  C: C om puter p rog ram s



W a

-• "v‘\: . ■

19 ! "IN T "
29  CLEAR
30  01S P  "INTEGRATING SHEAR STRE

fS .S "
40  OTSP "P R O F IL E . “
5 0  OPTION BASE 1

INTEGRATION

ILE NAME

SHEAR FORCE I S " ,

:.:V -

•  i



C l  .3  C a lc u la t io n  o f  a p p a r e n t  s h e e r  s t r e s s

Nssiei "APP" (A P P aren t s h e a r  s t r e s s )

P urpose

To c a l c u l a t e  t h e  a p p a r e n t  s h e a r  s t r e s s  on th e  i n t e r f a c e  b e tw een  th e  main 

c h a n n e l and  f lo o d  p l a i n ,  by  in t e g r a t i n g  th e  d i s t o r t e d  p o r t i o n  o f  t h e  s h e a r  

s t r e s s  p r o f i l e :

rzp - 1 p

V  ■ I

A (1 0 0 ,2 )

AS

A (I ,1 )

A ’1 ,2 )

A (I - 1 ,1 )

A ( I - 1 ,2 )

name o f  m a tr ix  

name o f  d a t a  f i l e

. i - 1

ic ro s s  f lo o d  p l a i n  (Zp*) 

p o s i t i o n  d e f in e d  by z  ( t  i )

c o u n te r

num ber o f  s h e a r  s t r t  

p l a t e a u  s h e a r  s t r e s s  ( t  ) 

a p p a r e n t  s h e a r  f o rc e  ( t^ d )

« ( , /  -

a .  -  .  i  .  ,  t - 1

Appendix C: Computer programs



L is t in g

18 ! "APP"
20 CLEAR
3 0  D IS P  "FINDING APPARENT SHEAR 

FO R C E ,"
5 8  OPTION BASE 1 
6 0  DIM A <1 0e>2)>ASC63 
7 0  D ISP ,"D A T A  FILE NAME"
80  INPUT AS -
32  D IS P  "PLATEAU SHEAR STRESS" 
8 3  INPUT P 
98  ASSIGN# I TO A#

100 READ# Ijfc N
116  FOR 1 = 1 WTO N
1 2 0  REftD# 1 u A ( I , l ) , m ( I , 2 >
130  NEXT I  \
1 4 0  f  PERFORM INTEGRATION 
1 5 0 '-8 = 8
160  FOft 1= 2 TO N 
170  Z = A ( I , 1 ) - A ( I - 1 , 1 )
180  T = ( A < I ,2 > + A < I - l ,2 > > /2 - P  
190  S*S+Z»T 
2 0 0  NEXT I 
2 0 5  S - S /1 0 0 0
2 1 0  D IS P  "THE APPARENT SHEAR FOR 

C E " ,S , " N /m ."
2 3 0  O IS P  "END"
2 4 0  END

Appendix O: Computer pvogram



C l .4  Dimension lees sh ea r s t re s s  param eter

Nsmei "DIM" (D IM e n sio n le ss  s h e a r  s t r e s s  p a ra m e te r )

P urpose

:e s  a  v a lu e  o f  t h e  d iro e n s io n le s s  s h e a r  s t r e s s  p a ra m e te r  

i and Ahmadi (1 9 6 1 ), f o r  eac h  v a lu e  o f  in  a  f lo o d

p r o f i l e .

T h is  p rog ram  

u se d  by  Raja  

p la in  s h e a r  s

V a r ia b le s

f lo o d  p l a i n  ( z ^ )

Lon d e f in e d  by z  ( t . 1 )

A ppendix  C: C om puter p rog ram s



L is t in g

16 i "DIM"
2 8  CLEAR
3 0  0 I S P  "CALCULATION OF SHEAR"
31 O IS P  "STRESS PARAMETER.u
3 2  ! READ IN AND DISPLAY DATA F 

H E . "
40  OPTION BASE 1 
5 0  DIM A < 1 0 0 ,2 > ,A S C 6 3  
6 0  D IS P  "F IL E  REQUIRED"
7 0  INPUT A*
8 0  ASSIGN* 1 TO ft*
9 0  READ# 1 ; N 

1 0 0  FOR 1=1 TO N 
1 1 0  READ# 1 i A < I , 1 ) , A ( I , 2 )
120  NEXT I
1 3 0  D IS P  "NUMBER OF ELEMENTS IS "

140  D IS P  "2  (m m ), SHEAR STRESS <

1 5 6  FOR- 1=1 TO N 
16 0  O IS P  m ( I , l > , A ( I , 2 )
170  NEXT I
180  ASSIGN# 1 TO t  
1 9 6  D ISP  " P r e s s  CONTINUE w hen  r e  

a d z . “
2 0 0  PAUSE
2 1 0  ! INPUT PARAMETERS 
2 2 0  CLEAR
2 3 0  D IS P  "MAX. SHEAR STRESS"
2 4 0  INPUT PI
2 5 0  D IS P  "PLATEAU SHEAR STESS" 
2 6 0  INPUT P2
2 7 0  ! CALCULATE DIMENSIONLESS SH 

EAR STRESS,
2 8 0  D IS P  "DIMENSIONLESS SHEAR ST 

, RESS"
2 9 0  D ISP "PARAMETERS''- 
3 0 0  D IS P  " "
3 1 0  FOR 1=1 TO N
3 2 0  P = (A < I ,2 ) - P 2 > /< P 1 - P 2 >
3 3 0  D ISP A < I ,1 > ,P  
3 4 0  NEXT I 
3 5 0  D IS P  "END"
3 6 0  END

Appendix Cs Computer programs



C l  .5  N o rm alis in g  a  s h e a r  s t r e s s  p ro f i le

P urpose

ie im p o r ta n t  p a -

A (1 0 0 ,2 )

U S

A ( I , i f  

A ( I ,2 )

name o f  m a tr ix  

name o f  d a t a  f i l e

l a t e r a l  d i s t a n c e  a c r o s s  f lo o d  p l a in  ( z ^ )  

o r  a c r o s s  th e  m ain c h a n n e l (z c *) 

s h e a r  s t r e s s  a t  a  p o s i t i o n  d e f in e d  by ( Tpi )

== b ,  z c ( , / )  

c o u n te r

= n o rm a l is e d  f lo o d  p l a i n  s h e a r  s t r e s s  o r

m ain c h a n n e l s h e a r  s t r e s s  ( t * /P l)  

v a lu e  w ith  r e s p e c t  t o  w h ich  th e  p r o f i l e  i s  n o r m a l is e d

To n o rm a l is e  a  s h e a r  s t r e s s ,  p r o f i l e  w ith  resp ec  

ra m e te r ;  e g . e x p re s s  a l l  t h e  s h e a r  s t r e s s e s , ,  o 

n o rm a lis e  w ith  r e s p e

V a r ia b le i

A ppendix  C: Com puter p rog ram s



L is t in g

10 I "NORM"
2 0  C L E A R
30 D IS P  "NORMALISATION OF SHEAR

31 l I S P  "STRESS P R O F IL E ,"
32  ! READ IN AND DISPLAY DATA F 

IL E . "
40  OPTION BASE I 
50  DIM A < 1 6 0 ,2 ) ,A # t6 3  
60  D IS P  "F IL E  REQUIRED"
7 0  I N P U T  A *
6 0  ASSIGN# 1 TO A*
9 0  READ#-1 i N

100 FOR I = t  TO N
110  READ# 1 > A < I ,1 ) , A < I , 2 )
120  NEXT I
130  D IS P  “NUMBER QF ELEM ENTS,IS" 

,N
14 0  D IS P  hZ (m m ), SHEAR STRESS < 

P a ) ."
150  FOR 1=1 TO N 
160  0 I 5 P  f l a , l > v A < I y 2 )
170 NEXT I
180  ASSIGN# 1 TO *
19 0  D I S P ^ " P r e s s  CONTINUE w h en  r e

2 0 0  PAUSE
2 1 0  I INPUT PARAMETERS 
2 2 6  CLEAR
2 3 9  D IS P  "INPUT t h e  v a l u e  b y  whi

24 0  D IS P  " s h e a r  s t r e s s e s  a r e  t o
' be"

2 5 0  D ISP " n o r m a l i s e d , “
26 0  INPUT P I 
2 7 0  CLEAR
2 8 0  PRINT "NORMALISED SHEAR STRE 

S S E S i"

3 0 0  P R I N ?  -  "
3 1 0  FOR 1=1 TO N 
3 2 0  P = A ( I ,2 > /P 1
3 3 0  PRINT USING 331 i A < I ,1 ) , P
331 IMAGE DDD,3X,DD.DD 
3 4 6  NEXT I
3 5 0  D ISP  "END"

Appendix C: Computer programs



C2 SHEAR STRESS PROFILE MODEL

N see: "SSP" (S h e a r  S t r e s s  P r o f i l e )

P urpose

T h is  p rog ram  was w r i t t e n  t o  g e n e r a te  t h e  f a m i ly  o f  c u rv e s  f o r  shown

in  f i g .  4 . 7 ,  and  to ,  g e n e r a te  c u rv e s  f o r  f i g .  4 .9  w here  o b se rv e d  p r o f i l e s

a r e  com pared  w i th  p r e d ic te d  p r o f i l e s . s

im t a k e s  a v a lu e  o f  th e  r e l a t i v e  a p p a r e n t  s h e a r  s t r e s s .  t c and

a p r o f i l e  o f  Tp , th e  f lo o d  p l a i n  s h e a r  s t r e s s e s ,

V&ri&bles

4 ,B ,C ,D ,K  

L

Z

c o n s ta n t s  in  th e  e x p o n e n t ia l  e q u a t io n s ,  e q n s . 4 .9  -  4 ,1 1 .

le n g th  o f  i n t e r a c t i o n  zo n e  i n  f lo o d  p la in  r e g io n  (1 ^ )

r e l a t i v e  a p p a re n t s h e a r  s t r e s s

p l a t e a u  s h e a r  s t r e s s  on f lo o d  p l a i n  ( t ^ )

peak  s h e a r  s t r e s s ,  r a t i o  ( t pm/T p>i) V,

■ d im e n s io n le s s  l o c a l  s h e a r  s t r e s s  

l o c a l  s h e a r  s t r e s s  on f lo o d  p l a i n  ( t^ )

d im e n s io n le s s  l a t e r a l  d i s t a n c e  a c r o s s  f lo o d  p l a in  ( 2^ / 1^ ) 

l a t e r a l  d is t a n c e  a c r o s s  f lo o d  p l a i n  ( a  )
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U s c j l t f

10 I "SSP"
11 CLEAR
2 6  D IS P  "HOLDEN'S MODEL FOR THE 

SHEAR"
3 6  D ISP "STRESS PROFILE ON A Ft. 

OOO"
4Q D IS P  " P L A IN ."
5 6  I DATA INPUT
6 0  O IS P  "RELATIVE APPARENT SHEA 

R STRESS"
76  INPUT T
80 D ISP "PLATEAU SHEAR, STR ESS' ” 
9 0  INPUT T1
9 5  D ISP "LENGTH OF INTERACTION 

ZONE"
96 INPUT L

100  PRINT "RELATIVE APPARENT SHE 
AR S T R E S S 'N T  

110 PRINT "PLATEAU SHEAR STRESS"

120  ! CALCULATIONS 
130 T 2 e . 8 1 16*<LG T<T>+2>A4 . 0 9 + 1 .0  

-  9 
3 3 9  CLEAR
140  D ISP  "RATIO OF PEAK TO PLATE 

AU I S '" , T 2  
;5 0  D IS P  "DO YOU WANT TO CHANGE 

•TH IS?"
1 65  D ISP "Y /N "
170 INPUT A*
1 8 0  I F  THEN D IS P  "NEW VAL

UE"
190 IF  A$="Y" THEN INPUT T2 
2 0 0  PRINT "RATIO OF l»£AK TO PLAT 

EAU I S > " ,T 2  /
2 1 0  I SHAPE PARAMETERS

I s b i K = - 4 6 l tL G T ? T > - i3 46  
2 6 0  A=1
2 7 0  c~e

2 8 0  GOTfi 400

3 0 0  B = 4 .0 5 - .2 5 3 * T
3 1 0  C=0
311 0= 0 
3 2 0  K“ 1
3 3 0  GOTO 4 8 0  

'3 4 0  B = .5 6 * L G T < T > + 4 .3 2  
3 5 0  C = -.912*< L G T < T >+ 1>
3 6 0  0 * 3 6 .7 * L G T < T > + 6 7 .9  
3 7 0  K = - 4 . 1 * L G T < n - 1 . 4 6  
3 8 0  IF  T > .0 7  THEN A = 1 . 0 t3 * L G T < .1 

0 1 /T > 'S . 0 0 1 9 4  
3 9 0  IF  T < = .0 7  THEN A = 1 .0 0 6 + 4 .4 3 5  

* E X P ( - 1 1 ,3 4 * < T - .0 2 ) ^ . 1 5 6 )
4 0 0  ! CALCULATE T3 AND T 4 .
4 1 0  PRINT " "

, /

4 2 0  PRINT "SHEAR STRESS PROFILE. 

4 3 0  P R I N T / Z / I ;  r a t i o  o f  s h e a r  s  

4 4 0  PRINT " t o  P l a t e a u  s h e a r  s t r e

4 8 0  FOR 1=1 TO 23 
4 9 0  T 3 = l+ (T 2 - l> * (m * E X P ( -

II:
5 4 0  NEXT I
5 5 0  O ISP ■FINISHED"

5 7 0  EHDP



A t y p i c a l  b u tp u t  i s  shown b e lo w , i n  w hich  th e  f i r s t  colum n i s  z ^ /1 ^ ,  th e  

se co n d  i s  t . n / T ^ ,  t h e  t h i r d  i s  ( i n  am).

N/mz) .

( in

. RELATIVE APPARENT SHEAR

ratio of she; 
•lateau shear < 
ance z;
)lute shear sti

:213
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E ach d is c h a r g e  c o m p u ta t io n  m ethod  i s  d e a l t  w ith  by a  s e p a r a t e  su b ro u tin e  

w hich  e i t h e r  a d o p ts  o r  ^ a d ju s ts  t h e s e  p a ra m e te r s ,  and th e n  p a s s e s  them on 

t o  t h e  d is c h a r g e  s u b r o u t in e .  Which c a l c u l a t e s  th e  d is c h a r g e  i n  each 

s u b - s e c t i o n  and th e n  sums th e  d is c h a r g e s  t o  g e t  t h e  d is c h a r g e  f o r  th e  

c o m p o s ite  s e c t i o n .

T he v a lu e  o f  t  r e q u i r e d  i n  Che in p u t  d a ta  i s  t h a t  w h ic h  w as 'm e asu red  in  

t h e  f lum e e x p e r im e n ts ,  and  i t  i s  u s e u  t o  c a l c u l a t e  k c and  kp in r ^ h s  

k -m eth o d , 6A in  t h e  a re a  m ethod and  X i n  th e  X -m ethod. t'

The s t r u c t u r e  o f  QCOMP i s  a s  fo l lo w s :

'■  ̂ ^

Compute g e n e r a l  g e o is s tr '.c  p r o p e r t i e s .

MENU: S e le c t  d e s i r e d  d is 'd fia rg s  c o m p u ta t io n  m ethod:

(1 ) p o p u la r  m ethod

( 2 )  k-m ethod

(3 ) m o d if ie d  k -m ethod

(4 ) a re a  m ethod

(5 ) X-method

t o  a r e a s  and w e t te d  p e r im e te r s .

;e  s u b r o u tin e .

(2 ) K-METHOD - 

C a lc u la t e  kc  and  k ^ .

M odify w e t te d  p e r im e te r s  and a ss j- ro  a r e a s .

Go t o  d is c h a r g e  s u b r o u t in e .

R e tu rn  t o  menu.

(3 ) MODIFIED K-METHOD 

C a lc u la t e  k  i t e r a t i v e l y  , u s in g  th e  d is c h a r g e  s u b r o u tin e

t o  g e n e r a te  v c /v p .
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Return to menu.

( 4 )  AREA METHOD f

C a lc u la t e  AA and m odify  Ac and Ap .

A ss ig n  v a lu e s  t o  w e t te d  p e r im e te r s .

Go to  d is c h a r g e  s u b r o u t in e .

R e tu rn  t o  menu.

( 5 )  1 'METHOD

C a lc u la t e  and d i s p l a y  X.

C a lc u la t e  a r e a s  and w e t te d  p e r im e te r s .

Go to  d is c h a r g e  s u b r o u t in e .

R e tu rn  t o  menu.

D isc h a rg e  s u b r o u tin e :

C a lc u la t e  d is c h a r g e s  o f  m ain c h a n n e l and f lo o d  p l a in  p o r t i o n s ,  

C a lc u la t e  and d is p l a y  t o t a l  d i s c h a r g e .

C a lc u la t e  and d i s p l a y  th e  p e r c e n t  e r r o r  i n  d is c h a r g e .

V a r ia b le s

A a r e a  a d ju s tm e n t f o r  t h e  a re a  m ethod (AA)

A1 a re a  o f  m ain c h a n n e l (Ac  = W^D)

A2 a re a  o f  H o o d  p l a i n  (Ap = W^d) ;

A3 a re a  a s s ig n e d  to  th e  m ain  c h a n n e l f o r  u se  i n  t h e  d is c h a r g e

su b r o u tin e

A4 a re a  a s s ig n e d  t o  th e  f lo o d  p l a i n  f o r  u s e  i n  t h e  d is c h a r g e

s u b r o u tin e

D1 flow  d e p th  i n  m ain c h a n n e l (D)

D2 flow  d e p th  on f lo o d  j i l a i n  (d )

H h e ig h t  o f  s t e p  (h )

K k - v a lu e  f o r  th e  m o d if ie d  k -m eth o d , i ' t h  i t e r a t i o n

K2 k - v a lu e  f o r  m ain c h a n n e l ( k , )

K2 k - v a lu e  f o r  f lo o d  p l a i n  (k ^ )  ^

K4 k -  v a lu e  f o r  t h e  m o d if ie d  k -m eth o d , ( i - l ) ' t h  i t e r a t i o n

K5 a b s o lu te  v a lu e  o f  (K -  K4)

L le n g th  o f  d ia g o n a l  i n t e r f a c e  i n  t h e  X-method (1 )
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..

M a n n in g 's  n  f o r  th e  m ain c h a n n e l (n  )

M anning’s  n  f o r  t h e  f lo o d  p l a i n  (n ^ )  

p h y s ic a l  w e t te d  p e r im e te r  of. m ain c h a n n e l (P ) 

p h y s i c a l  w e t te d  p e r im e te r  o f  f lo o d  p l a i n  (F  ) 

w e t te d  p e r im e te r  a s s ig n e d  t o  m ain c h a n n e l f o r  u s e  i n . t h e  

d is c h a r g e  s u b r o u tin e  

w e t te d  p e r im e te r  a s s ig n e d  to  t h e  ( flo o d  p l a i n  f o r  u s6  in  th  

d is c h a rg e ,, s u b r o u tin e  

t o t a l  d is c h a r g e  i n  compound c h a n n e l 

d is c h a r g e  o f  main c h an n e l p o r t i o n  

d is c h a r g e  o f  b o th  f lo o d  p l a in s  

m easured  s e c t i o n  d is c h a r g e  

lam bda (X)

r e l a t i v e  a p p a r e n t  s h e a r  s t r e s s  ( r  )  r  

a p p a r e n t  s h e a r  s t r e s s  o n  d ia g o n a l  i n t e r f a c e  

a v e ra g e  s h e a r  s t r e s s  on w e t te d  p e r im e te r  o f  m ain  c h a n n e l 

v e lo c i t y  r a t i o  f o r  t h e  i ' t h  i t e r a t i o n  (v e /v p ) 1 

a v e ra g e  v e lo c i t y  i n  f lo o d  p l a i n  r e g io n  (vp ) 

a v e ra g e  v e lo c i t y  i n  m ain c h a n n e l r e g io g  (v e ) 

v e lo c i t y  r a t i o  f o r  t h e  ( i - l ) ' t h  i t e r a t i o n  (vc /v

w id th  o f  m ain  c h a n n e l (W ) 

w id th  o f  f lo o d  p l a i n  (W )
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L is t in g *
10 ! “ QCCIMP"
20 CLEAR
39 OISR “DISCHARGE COMPUTATION 

. METHODS- :
40 DISP " "
50 !
66. T DATA 
70 ! Wc,.h,WP|
.86 DATA 152,76,228 
90 I N p ,Nc 

. 100 DATA .91,.009 
210 1 SLOPE S 
120 DATA .060966 
136 READ W2,H,W2,N2,N1,S 
140 DISP "FP FLOM DEPTH d <»m>“ 
156 INPUT ,02
160 DISP /RELATIVE APPARENT SHEA 

R STRESS"
.170 I N P U B T
180 DISP "DISCHARGE (1/s)''
198 INPUT 05 
200 05=05/1000 216 Nl-Wl/1000 
220 142=142/1000 
230 H=H/10@0 
240 02=02/1000 
2 5 0 -CLEAR 
260 D1=D2+H 
270 A1=W-1*D1 
280 A2=W2*D2 
290 P1=W1+2*H 
300 P2=M2*02 
310 CLEAR
320 DISP USING 330 
330. IMAGE 2/,29("*“),2/
340 DISP "Select an option'
358 DISP • - -
366 DISP 
370 DISP
380 DISP "
390 DISP "
4 0 0  IN PU T  B*
410 DISP USI 
426 IF B*="P

450 IL' e*="L,''
460 IF
470 GOTO 316 
480 1
490 I Popular method.
580 B=D2/H
510 IF B > .3 THEN P3=P1 
520 IF B < .3 THEN P3=P1+2*D2 
538 P4=P2 
540 A3=RI 
550 A4=A2 
560 CLEAR
570 DISP “POPULAR M E T H O D ,"

Popular method (P)“ 
K~method (K )" 
(lodilied k~method (M

THEN GOSUB 1040 
THEN GOSUB 1240

5 9 0  GOSUB .910 
6 8 0  RETURN 
6 1 8  !
6 2 6  f K - » e th o d
6 3 0  K i= l /< A 1 /T / D 2 / P l - 2 S 0 2 /P i>  
6 4 8  K 2 = l/< A 2 /0 2 /T /P 2 + D 2 /P 2 >
6 5 0  P3=P1+2*K 1*D 2 
6 6 0  P4= P 2-K 2*D 2  "
6 7 8  A3=A1 
6 8 0  A4=A2 

, 6 9 0  CLEAR 
7 0 8  D ISP ''K-METHOD."
718  D ISP *•' "
72 0  D ISP USING 7.40i > " K c " , K l  
7 3 0  D ISP USING 7 4 0  ; “K p : “ ,K 2  
7 4 8  IMAGE K ,2 X ,0 0 ,0 0  
7 5 8  D ISP " -
7 6 0  GOSUB 9 1 8  „ ;
770^ RETURN 
7 8 8  !
79 0  ! A re a  m e th o d .
8 0 0  A=T4D2"2 
8 1 0  A3=A1-2*A 
82 0  A4=A2+A
STS P3=P 1 i; , ..........
6 40  P4= P £  ^
S 5 0  CLEAR .
S-,y D ISP “ AREA METHOD ."e r a  o i s p  -  -
0 5 0  GOSUB 9 1 8 "  , '•
0 M  RETURN
9 6 8  ! « ‘ ■
91 8  I D i s c h a r g e  c o m p u t a t i o n .
9 2 0  G l=A 3/'N l 4 < A 3 /P 3 )  A( 2 /3 ) 4 ;S ' '  .5 
9 3 0  Q 2 = 2 * < A 4 /N 2 > * < A 4 /P 4 )Af 2 / 3 ) * S

9 4 0  Q = (Q 1+O 2)*1000  
9 5 0  O IS P  USING 9 6 0  i  6 
9 6 0  E = Q /Q 5 /1 8 -1 0 0  
9 7 0  D ISP USING 9 9 0  j E 
9 8 0  IMAGE " D is c h a r g e  < l / s > : - ,

• i e l e I i ? Cl# « " M " r THEH r I t u r h 0 -d , 2 <
:1 0 1 0  D ISP " P r e s s  CONTINUE t o  , 

t i n u e . 11 
1020 PAUSE"
10 3 0  RETURN

I IE! L a f  """"
10 9 0  L“ SQR<D2Jl2 + ( M l/2 > A2>
1 108  A 3 = A l-D 2 * N l/2  
1 1 1 0  A4=A2+02S.’W l/4
1 120  T 4 = 9 8 0 0 * D 2 * S » (T * D 2 -W l/4 > /L  
1139  T 5 = 9 O 0 0 * A 3 » S /(P 1 + 2 * L - 1
3140  R =T 4/T 5
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- m e t h o d .
1220 
1238 !

. 1240 ! M o d i H e

,
1270 CLEAR
1280 DIS P  "MODIFIED K-METHGD . 11 
1290 DISP " "
1360 P3=P3+S*K*D2 
1310 P4=P2 
1320 A3»fll 
1330 fl4=A2
1340 DISP USING 1356 j "K-valu

„K
1350 IMAGE K,2X,00.00
1369 GOSUB 910
1370 K4=K 
1330 U1=Q1/Fil 
1390"V2=Q2/A2/2

■$400 V=V1/V2 
|410 V=<V+2*V3>/3 
L420fV3=V
1430 K=1.274*V-2.235 
1440 K=10"K

urn 
1480 DISP 
1490 PAUSL 
1560 RETURN
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! -.CHARGE COMPUTATION METHODS
-f FLOW DEPTH d (mm)
?
19.6
RELATIVE APPARENT SHEAR STRESS
??
5.948
DISCHARGE <l/s>
?  '
7 . 5 9

Select an option' 
Popular method <P> 
K-method (K)
Modified k-method <M> 
Area method (A)
Lambda method <L>

pdpULRR METHOD.
Discharge (l/s)' 8.9
% error ■ . 6,8
press CONTINUE to continue,,

Select an option'
Popular method <P>
K ^ ,m e th o d  iK )
Modified k-metlaod (M)
Area method <A5 
Lambda method (L>

K >

♦ I :* * * * * * * * * * * ! ! ! * # * * * * * * * * * * * * *

K - M E T H O D ,
K c  3.56
K p ' 4.27
Discharge ( V s ) '  7.7

e r r o r ' 2.1
Press CONTINUE to continue.

eiec. an option- 
fopular method <P> 
k-method <K>
Modified k-method <M> 
Brea method (A)
Lambda ,method (L)

MODIFIED K-MET H O D .

K-value 
Discharge 
>. error:

1,00 
( 1/S)' 

6.8

Discharge
1.98

7.6

. sscharse
1.69 
( 1/s) i 

2,7
7.7

Discharge
1 ..58 , 
(:/#>'

3.3
7.8

K-value
Discharge

1 .53
7,8

K-value
Discharge

1.51 ‘
7.8

K-value
Discharge

1.50
7.8

Press CONTINUE to 
the main menu.

r „ 6 L

I K * * * * * * * * * * * * * * * * * * * * * * * * * * * *

Select an opti o n 1 
Popular method <P>
K-method <K>
Modified k-method (M)
Area method (A)
Lambda method <L)
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4RER METHOD,
Discharge ( 1 /s)' 7,3
% $ r r o r ' -2.3
Press CONTINUE to continue.

Select an option: 
Popular method <P) 
K-method <K>
Modified k-method <M) 
Area method (A) 
Lambda'method <L)

9
L

* * * * * *

LAMPDA mI t HOD.

Lambda: .694
D i s c h a r g e  < 1 / s ) > 6.7
% e r r o r i  - 1 1 , 3

Press CONTINUE to continue.

Select an option' 
Popular method (P)

, K-method (K>
Modified k-method (M) 
Area method <A> 
Lambda method <L>

9
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C4 RELATIVE APPARENT SHEAR STRESS PREDICTION

Nam e) ■ "TPRED" (T ( i r )  PR E D ictien )

P urpose

The p u rp o se  o f  TPRED i s  t o  e v a lu a te  th e  W orroleaton e q u a tio n  and th e  P r in o s  

e q u a t io n  f o r  p r e d i c t i n g  th e  r e l a t i v e  a p p a re n t  s h e a r  s t r e s s  i n  a  compound 

c h an n e l ( e q u a t io n s  6 ,3  and  6 .5 )  u s in g  flum e d a t a  from  a  sy m m e tr ic a l, 

r e c ta n g u l a r  s e c t i o n .  To c a l c u l a t e  v a lu e s  o f  Av th e s e  e q u a t io n s  a r e  u se d  

in  c o n ju n c t io n  w ith  th e  f o l lo w in g  d is c h a r g e  c o m p u ta t io n  m e thods: 

p o p u la r  m ethod , 

k -m ethod

m o d if ie d  k -m ethod  

a re a  m ethod

A p p l ic e t jo n

T h is  program  was u se d  t o  p r e p a re  f i g s .  6 .2  t o  6 :6 .

O p era tio n

The s t r u c t u r e  o f  TPRED i s  s i m i l a r  t o  t h a t  o f  QCOMP. The in p u t  v a lu e  o f  

Tr  i s  u se d  a s  an  i n i t i a l  e s t im a te  i n  th o s e  m ethods w h ich  r e q u i r e  i t e r a t i v e  

c a l c u l a t i o n  o f  x . The s t r u c t u r e  o f  TPRED i s  o u t l i n e d  be low .

Read in  d a ta .

Compute g e n e r a l  g e o m e tr ic  p a ra m e te r s .

MAIN MENU: S e le c t  d e s i r e d  d is c h a r g e  c o m p u ta t io n  m ethod f o r  u s e  in  

c o n ju n c t io n  w i th  th e  e q u a t io n s  f o r  t  .

( 1) p o p u la r  m ethod

(2 ) k-m ethod

(3 ) m o d if ie d  k-m ethod  j

(4 )  a re a  m ethod

( 1 )  POPULAR METHOD
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U se th e  d is c h a r g e  r o u t in e  t o  c a l c u l a t e  Av, and Tr  

R eturn , t o  m ain menu.

(2 ) K-METHOD

SUB MENU: S e le c t  th e  W orm leaton o r  th e  P r in o s  e q u a t io n .

U sing  th e  d is c h a r g e  s u b r o u t in e ,  c a l c u l a t e  k c and kp 

i t e r a t i v e l y .

D is p la y  c iie  v a lu e  o f  a t  e ac h  i t e r a t i o n ,

SUB-MENU?, (1 )  T ry  th e  o th e r  e q u a t io n  ( r e tu r n  t o  f i r s t  su b -m enu). 

(2 ) R e tu rn  t o  m ain menu.

(3 ) MODIFIED K-METHOD

U sing  th e  d is c h a r g e  s u b r o u t in e  t o  g e n e r a te  v a lu e s  o f  v^  and v , 

c a l c u l a t e  k  i t e r a t i v e l y .

U sing  th e  f i n a l  v a lu e  o f  k ,  c a l c u l a t e  t r  f o r  th e  W orroleaton 

e q u a t io n  and th e  P r in o s  e q u a t io n .

R e tu rn  t o  main menu,

(4 )  AREA METHOD

SUB-MENU: S e le c t  t h e  V orm lea ton  o r  t h e  P r in o s  e q u a t io n .

U sing  th e  d is c h a r g e  s u b r o u t in e ,  c a l c u l a t e  AA i t e r a t i v e l y .

D isp la y  th e  v a lu e  o f  t  a t  e a c h  i t e r a t i o n .

SUB-MENU: (1 )  T ry  th e  o th e r  e q u a t io n  ( r e tu r n  t o  f i r s t  su b -m enu).

(2 ) R e tu rn  t o  m ain menu. >

D isc h a rg e  s u b r o u t in e ;

Com putes d is c h a r g e s  and v e l o c i t i e s  o f  t h e  m ain  c h a n n e l and f lo o d  

p l a in  r e g io n s .

O alcu la te i 's  t  u s in g  th e  W orm leaton e q u a tio n  and th e  P r in o s  

e q u a t io n ,

V a r ia b le s

A a re a  a d ju s tm e n t f o r  th e  a re a  m ethod (AA)

Al a re a  o f  m ain  c h a n n e l (Ac  = W^D)

A2 a r e a  o f  f lo o d  p l a in  (Ap  = W^d)
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A3 a re a  a s s ig n e d  t o  t h e  m ain  c h a n n e l f o r  u s e  in  t h e  d is c h a r g e

s u b r o u tin e

A4 a re a  a ss ig n e d , t o  t h e  f lo o d  p l a i n  f o r  u se  in  t h e  d is c h a r g e

su b ro u tin g

D1 f lew  d e p th  i n  m ain c h a n n e l  (D)

D2 flo w  d e p th  on f lo o d  p l a i n  (d )

H h e ig h t  o f  s te p  (h )

K k - v a lu e  f o r  th e  m o d if ie d  k -m e th o d , i ' t h  i t e r a t i o n

K1 k - v a lu e  f o r  m ain c h a n n e l (k fl)

K2 k - v a lu e  f o r  f lo o d  p l a i n  (k ^ )

K4 k -  v a lu e  f o r  t h e  ..m od ified  k -m e th o d , ( i - 1 )  ' t h  i t e r a t i o n

K5 a b s o lu te  v a lu e  o f  (K -  K4)

L le n g th  o f  d ia g o n a l  i n t e r f a c e  i n  th e  ^-m ethod  (1)

N2 M a n n in g 's  n  f c "  th e  m ain  c h a n n e l  (ne )

N2 ' M ann ing 's  n  f o r  t h e  f lo o d  p l a i n  (np )

P i  p h y s ic a l  w e t te d  p e r im e te r  o f  m ain c h a n n e l (P )

P2 p h y s ic a l  w e t te d  p e r im e te r  o f  f lo o d  p l a in  (P^)

P3 w e t te d  p e r im e te r  a s s ig n e d  t o  main c h an n e l f o r  u s e  i n  t h e

d is c h a r g e  s u b r o u t in e  

i ' t  w e t te d  p e r im e te r  a s s ig n e d  t o  th e  f lo o d  p la in  f o r  u s e  i n  t h e

d is c h a r g e  s u b r o u t in e  

Q t o t a l  d is c h a r g e  i n  compound ch an n e l

Q1 d is c h a r g e  o f  m ain c h a n n e l p o r t i o n

Q2 d is c h a r g e  o f  b o th  f lo o d  p l a i n s

R lambda (X)

T c u r r e n t  v a lu e  o f  xr  i n  t h e  i ' t h  i t e r a t i o n  (Tr ^ )

T1 t com puted w ith  t h e  W orm leaton  e q u a tio n

T2 t  com puted w ith  t h e  P r in o a  e q u a t io n

T3 t r  i n  t h e  ( i - l ) ' t h  i t e r a t i o n

T4 th e  a b s o lu te  v a lu e  o f

T5 a v era g e  J h oas  s t r e s s  on w e t te d  p e r im e te r  o f  m ain c h an n e l

V e i t h e r  t h e  v e lo c i t y  r a t i o  ( v ^ /v ^ ) ^  o r  th e  d i f f e r e n c e

be tw een  th e  m ain  c h a n n e l  and f lo o d  p l a i n  v e l o c i t i e s  

(A v)^ in  th e  i ' t h  i t e r a t i o n

VI a v e ra g e  v e lo c i t y  i n  f lo o d  p l a i n  r e g io n  (v^)

V2 a v e ra g e  v e lo c i t y  i n  m ain c h a n n e l r e g io n  (v  )

V3 e i t h e r  t h e  v e l o c i t y  r a t i o  (v <. / v p ) i _l  o r  th e
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v e lo c i t 'y  d i f f e r e n c e  ( 6 v ) . .  i n  th e  ( i - l ) ' t h

w id th  o f  m ain  c h e im ^ i (W^) 

w id th  o f  f lo o d  p l a i n  (W )
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L is tin g

110

150

.240
250
»68

I H
310
320

i ! • "TPRED" ■'
DlipR,‘RSESSlKG WORMLEATON AH 
D PINOS"
DfSP "EQUATIONS." 

i DISP " "
i I DATA 

i W c, h ,  Wm ( -'
i DATA 152,76,228
DATA .01,.009 , o
! SLOPE S I
.DATA .000966 -
'READ W1,H,W2,N2,N1,S 
DISP "FP FLOW DEPTH d <.*«.)•' 
INPUT D2 .
DISP "INITIAL ESTIMATE OP RE 
LATIVE"
DISP " APPARENT SHEAR STRESS 

( T ) "
INPUT T
W l = N l / 1 0 0 0
M 2»W 2/1000
H=H/1000
D 2 = D 2/1000
D1=D2+H
A l= W .i* D l
R2=H2*D2
P1=W1+2*H
P2*U2+D2
'DISP USING 310 
IMAGE /,29<"*"),2/
DISP "Select an option'"

Popular method < P)" 
K-niethod CK>"
M o d i <led k-raethod <M

DISP
DISP
>"

,£360 DISP " Area method (A)" 
/ 370 INPUT 6*
380 DISP USING 310
390 IF B$="P" THEN GOSUB 450
400 IF BS="K" THEN GOSUB 600
416 IF B S = "M n THEN GOSUB 1470
420 IF B # = " A “ THEN GOSUB 880
438 GOTO 290
440 !
450 ! Popular m e t h o d .
4 7 0
480 IF B> .3.’THEN P3=P1
490 IF B<-,y THEN P3=P1+2*D2
500 P4«P2
510 A3=Al
520 A4=R%
530 CLEAR
540 DISP "POPULAR METHOD."
550 DISP "
560 GOSUB 1180

"v 'j.'SUB 1360 
^.yo RETURN 
5 9 0  !
609 ! K-method
610 CLEAR 
620 DISP "Do you want Wormleaton
630 D1S# "Prinos? <U/P>"
646 INPUT Ct '
650 CLEAR
660 DISP "K-METHOO r"
676 IF TH£:N "Wot-miaa

t oh • s -F- r sdi c 'i i'oia.;:;fv*_ T = ■'
680 IF C$="P" THEri r a n i s '

prediction c-f i '• $
690 Kl = l/(Al/T --ll-1 -\br2*D2/PU “

. . .

( 2 ) "

850 IF F»2 THEN' 
660 R E T U R N  
876 ' !"
880 f Area method
890 CLEAR
900 DISP "Do you i

s.
n't; WbrmleW&h'

X

910 DISP "Prinos? <M/P),/'
920 INPUT C* . I"',

■ 930 CLEAR ■ /
940 DISP "AREA METHOD. " \  U !/ •
950 IF C$="W" THEN DISP " w W ^ e

960 lP"cl="P"d THEN0Q'\jfA " P r ^ s

980 A3«A1-2*A ;j

1016 P4=P2 i - '
1020 CLEAR;
1050 GOSUB1 lli50 .
I0S0 GOSUB 1300'
1070 T4sfiBS<T-T3>
1 9 8 0  IF T 4 > .0 0 5  THEN GOTO 698 
: l-f-O DISP " "
.v‘j DISP "SELECT! "
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\ 110 DISP “ Try the other e i u a 1 I 4= K  v
i o n ?  <1>" i t . ; y  >■ = !  ,274*V-2.235

1120 DISP " Return to main mehv 1646 r,= 10/'K
? (2)" 1650 K5=ABS<K-K4>

1130 INPUT F 1660 IF K 5 > .001 THEN GOTO 1 5 2 »
1140 IF F=1 THEN GOTO 890 1670 DISP " "
1150 IF F=2 THEN RETURN 1686 GOSUB 1250 . . _
1160 RETURN 1690 GOSUB 1360
1170 ! -  l?08 RETURN
1186 i Discharge computation. 1710 END
i 190 Q1=A3/N1*<R3/-P3>^<2/'3>*S^ .5 
1280 Q2=2*(Fl4/N2)*:(m4/P4)'~(2/3>*
1210 e=(ei+O2)*1000
1220 Vl=QlvRl
1 2 3 ®  V 2 = Q 2 / 2 / A 2
124.0 IF BS=''M" THEN RETURN
1250 V=V1-V2
1260 T3=T
lt?0 Tl=.001412zO2/S*V''.882*<l-D 

2^D1 >■‘'3.123*<W1/W2>-'.727 
1280 T2=l/(11213!t:D2*S>*VA , 92*(D1 

/D2)/'l . 129*<W1/M2)A .514 
1290 RETURN
1309 IF C «=nW" THEN T»T1
1310 IF C$="P" THEN T«T2 
1320 DISP USING 1330 i T 
1330 INAGE 2X,D0.DD 
1340 T=(T+2*T3)/3 
1350 RETURN

, 1360 DISP USING 1420 , T1
1&70 DISP USING 1430 ; T2

_ 1.330 DISP ' "
' 1-390 DISP "Press CONTINUE fo ret
1400 DISP "the main menu." ■■
1410 PAUSE /
1420 IMAGE "Wormieston ‘ s predict v"

- ion of T'",/,2X,DD.DD .,
1430 IMAGE “P r i n o s 1 predict ion o 

f T ' ",1X,DD.DD 
1446 RETURN 
1450 I
1460 ! Modified k-method 
14/0 K=1 
1480 V3=2 
1490 CLEAR
1500 DISP "MODIFIED K-METHOD."
1510 DISP " "
1520 K3=P1+2*K*D2 . ^
1530 P4=P2 n " < > "
1 5 4 0  A 3 = A 1  ; \
1556 A4=A2 .*
1566 GOSUB 1180 /■
1570 DISP USING 1580 ! "K'",K,"V

.c /V p '-.VI/VS ■-
1580 IMAGE 2(3X,K,1X,DD.DD>
1590 V=V1/V2 
1600 V=<V+2*V3)/3 
V510 V3=V
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N ote t h a t  in  th e  exam ple b e lo w , u s in g  t h e  a re a  m ethod in d u c ed  an e r r o r  

m e ssa g e , b e c a u se  a  n e g a t iv e  Av w as g e n e r a te d  in  t h e  f i r s t  i t e r a t i o n .

ASESSINC MORMLEATON RND PZNOS 
EQUATIONS,
FP FLOW DEPTH d (mm)

Select an c-Mierv 
Popular metho.d (P)
K-method. <K)
Modified k-method (M)

^ f e a  method (A)

//  --POPULAR METHOD.
Worifi-lextern 1 s p-redifction of T'
Pr.inds';! prediction of T : S.09

-Pciss CONTINUE to return to 
/xjh main m e n u .

* W t * * * * * * * * *

Select an o p t i o n ’
Popular method (P)
K-method (K)
Modified k-mothod <M>
Area method <A)

S E L E C T ■ VTr/- the equation? < 1)
ceturn to tnaiW^fltFTWr

, -"tETHOD . 
prinos' p r edv 

3 . 1 4
3 . 3 6  . - ’

N ;  '
3 . 5 1,V\

: SELECT
Try the other equation'? Cl) 
Return to main menu? <2)c'

Select an option'
Popular method <P> 
K-method <K)
Modified k-method <M> , 
Area method (A)

1*1
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M O D IF IE D  K-M ETHOD.

1 . 0 0 1 ,9 4
1 .9 4 1 .8 1
I . 6 4 1 . M

K : 1 .5 3 1 . 8 6
K ' 1 . 4 8 1 . 8 7
K« 1 .4 5 1 .8 7
K 1 1 .4 4 Vc / V p ' 1 . 8 8
K ' 1 .4 4 V c / V p ' 1 . 8 8
K> Vc / V p 1 1 , 8 8

1 , 8 8

W o r m l e a t o n 1s p r e d i c t i ?n  of T :
. 6.6

P r  i n o s p r e d i c t i o n  6+ T - 4 , 7 8

Press CONTINUE to reKKc, to 
the main menu.

Select an opt i on'
Popular method <P?
K-method
Modified k-method (M)
Area method (A)

A
* * * # * # * » * * # :# * * » ! * * * * * # * * * * * * * *

Do you want Worreleaton or 
Prinos? <W-'P>
?
N
AREA METHOD.
Worti'leaton 's prediction of T 
Error 9 on line 1270 = NEC^NON-I
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APPENDIX D: PUBLISHED FLUME DATA

T h is  d a ta  was u se d  in  c h a p te r s  5 and  6 t o  t e s t  and d e v e lo p  e q u a tio n s  f o r  

d is c h a r g e  co m p u ta tio n  and r e l a t i v e  a p p a r e n t  s h e a r  s t r e s s  p r e d i c t i o n .  I t .  

c o n s i s t s  o f  40 d a ta  ite m s  p u b lis h e d  by tfotrrnlea ton, A lle n  and  H a d jip a n o s  

(1982 ) and  18 p u b lis h e d  by K n ig h t and  D ef ie tf io u  (1 9 8 3 ),i The d a t a  was 

c o l l e c t e d  in  sy m m e tr ic a l, r e c t a n g u l a r  f lu m e s . '  .  .

C /
D! Data of Wormleaton, Allen and  Hadjipanos (1982)

d e a ig -  d  Df- d/D  \  |

n a t i o n  . ( m )  (nrm)

0 ,1 1 1 0 ,0 1 1

A2 0 ,143 •0 ,0 1 2

A3 i s o •' 0 ,2 0 0 0 ,0 1 1

A4 160 0 ,2 5 0 0 ,0 1 1

-170 0'>294 0 ,0 1 1

, A« 180 0 ,333 0 ,0 1 1

A7 4 190 0 ,3 6 8 0,03.1
A8 l5V 135 0 ,111 0,011

;A9 140 0 ,143 0 ,0 1 1

A10 25 V _/145 0 ,1 7 2 - 0 ,0 1 1

■ A l l  1 -40  \ 160 0 ,2 5 0 0 ,0 1 1

A12 20 ;
:

0 ,143 0 ,0 1 1

0 ,205 4, 01*
40 - 1 :,250 0 ,0 1 4

50 D ,2 9 4 0 .0 1 4

B4 \ V 60 180 0 ,333 0 .3 1 4

\  70- 190 0 ,368 0 ,0 1 4

90 210 0 ,429 0 ,0 1 4

d is c h a r g e

( 1 / s )  ■ (N/m*)
t r

0 ,0 0 0  43 13 ,4 1 ,031 16,, 310

0 ,0 0 0  43 . 16 , 0 ' 0 ,9 2 9 11 ,020

0 ,0 0 0  43 20 ,5 0 ,7 5 0 5 ,933

0 ,0 0 0  43 26 ,0 0 ,5 9 7 3 ,5 4 2

0 ,0 0 0  43 31 ,0 ' 0 ,4 9 9 2,368^

0 ,0 0 0  43 ■37,0 0 ,3 6 5 1 ,4 4 4 '

0 ,0 0 0  43 4 3 ,5 0 ,2 5 2 0 ,8 5 4

0 ,0 0 0  94 17 ,2 1 .& 0 11 ,150

0 ,0 0 0  94 25-, 7 1 ,304 7 ,078

0 ,0 0 0  94 2 9 ,2 1 ,279 5 ,5 5 4

0 ,0 0 1  01 35 ,2 0 ,9 9 0 2", 501

0 ,0 0 1  80 3 1 ,0  ; 2,089-' 5 ,9 2 1

0 ,0 0 0  43 17 ,0 0 ,8 6 4 6 ,6 1 4

0 ,0 0 0  43 20 ,5 0 ,7 2 0 4 ,2 7 1

0 ,0 0 0  43 2 6 ,0 0 ,5 9 7 2 ,8 3 3

0 ,0 0 0  43 ■ 31 ,0 ,6 ,4 8 0 1:898

0 ,0 0 0  43 38 ,0 0 ,^ 8 5 1 ,305

0 ,0 0 0  43 4 8 ,0 0 ,2 1 8 0 ,575
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d e s ig -  d  D d/D  np S d is c h a r g e  t a

n a t io n  (mm) (mm) ( 1 / s )  (N/m1)

20 , 140 0 ,143 0 ,017 0 ,0 0 0  4.3 1 1 ,5 1 ,269 15 ,060

30 ’1- 0 ,200 0 ,017 0 ,0 0 0  43 1 5 ,0 0 ,9 7 8 7 ,7 3 6

40 0 ,2 5 0 0 ,017 0 ,0 0 0  43 1 8 ,0 0 ,7 8 6 4 ,6 6 3

04 30 0 ,f 9 4 9 ,017 0 ,0 0 0  43 2 2 ,5 0 ,656 3 j-113

160 07333 0,017 0 ,0 0 0  43 2 8 ,0 0 ,560 2 ,2 1 5

' 7 0‘ 190 .. 0 ,368 0 ,017 0 ,0 0 0  43 3 0 ,5 0 ,4 4 2 1 ,4 9 8

200 0 ,4 0 0 0 ,017 0 ,0 0 0  43 3 7 ,0 0 ,3 4 4 1 ,020

C8 210 0 ,429 0,017 0 ,0 0 0  43. 4 3 ,0 0 ,256 0 ,6 7 5

01 0 ,143 0 ,021 0 ,000 - 43 9 ,0 1 ,467 1 7 ,4 1 0

. 02 30 0 ,2 0 0 6 ,022 ,-V 'Q O  43 1 2 ,0 1 ,163 9 ,1 9 9

360 0 ,2 5 0 0 ,021 ,0V1" 43 1 5 ,0 0 ,9 2 5 5 ,4 8 6

04 50 1170 0 ,294 0 ,021 1 7 ,5 fo,761 3 ,6 1 2

05 • 60 - 160 0 ,333 0 ,021 0 ,0 0 0  43 2 4 ,0 2 ,5 6 3

06 70 190 0 ,3 6 8 0,021 0 ,0 0 0  43 2 7 ,5 1 ,793

07 80 200 0 ,400 0 ,021 0 ,0 0 0  43 3 3 ,0 0 ,400 1 ,167

08 90 210 » 0 ,429 0 ,021 0 ,0 0 0  43 3 6 ,0 0 ,311 0 ,8 2 0

09 20 140 0 ,1 4 3 0 ,021 0 ,0 0 0  94 1 2 ,5 1 ,613

010 40 160 0 ,2 5 0 0 ,021 0 ,0 0 0  94 - 2 1 ,3 l , 0 l V ' 2 ,7 4 4

DU 180 ; 0 ,3 3 3 0-;021 0 ,0 0 0  94 35jS 1 ,371

012 20 140 0 ,1 4 3 0,02-1 0 ,0 0 1  32 1 5 ,0 6 ,? iU

013 160 0 ,2 5 0 0 ,021 0 ,0 0 1  32 2 5 ,5 •' i s m 2 ,2 6 7

0  014 180 0 ,333 0 ,021 .. 0 ,0 0 1  32 4 2 ,0 0 ,8 4 3 1 ,0 6 6

P a r a m e te rs  common t o  a l l  e x p e r im e n ts !  

W6 =  290 m  

V?p a  460 Him

nc  = 0 ,0 1 0

Appendix D; Published flume data



D2 Data of Knight and  Oemetrlou (1963)

d es ig -  d D d/D Wp d ischarge  t a t r
n a tio n

(mm)
(mm) ( W (1/8) W m a)

1 9,2 85,2 0,108 76 5,20 0,562. 6,450
2 ' 16,5 94,5 0,196 76 6,,40 - 0,467 2,666
3 ,2 4 ,3 100,3 0,242 76 7,30 % 3 7 6 1,633

* -. .3?.5 113,5 0,330 76 - 9,45 0,312 0,880

5 49,8 ,125,8 fc^-,396 11,70" 0,330 " 0,700

6 7;? ,6 149,8 0,463 76 17,10 0,340 0,487

7 ■■ 11,5 87,5 0,131 152 / '  5 ,00 ” 0,982 9,017

. - 20,1 96,1 0,209 152 6,70 0,741
24,9 100,9 0,*47 152 . 8,05 o ,6 io

ig 36,1 112,1 0,322 , 152 11,15 0,404 1,181
11 49,0 125,0 0,392 152 15,15 . 0,347'"' 0,748

73,2 149,2. 0,491 152 . 23.40, 0,314 0,454

13 ’ , ' ,  85,0 0,106 228 4,90 ' 2 .394"! 28,10
19,6 95,6 ■ 0,205 228 7,50 1,104; 5;,948
26,1 102,1 0,256 228 9,10, 0,618 2 ^ 0

* 114,2 0,335 228 13,50 1,45 -7 -

■ 17, 51,4 127,4 0,403 18,00 0,332- 0,682
18 t'7 7 ,8 153,8 0,506 228 29,40 0,223 ,0,302

PflraM oters  common t o  a l l  e x p e r im e n ts : 

a ' Wc  «  152 mm 

h = 76 mm 

np  »  0 ,0 1 0

• n c  a  0 ,0 0 9  

S = 0 ,0 ’.10 966
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