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1. Orsborn, John F. 1985, SUMMARY REPORT 

A s y n o p s i s  o f  t h e  p r o j e c t  components was prepared t o  p rov ide  an 
overview f o r  persons who are no t  f i s h e r i e s  s c i e n t i s t s  o r  engineers. 
T h i s  s h o r t  r e p o r t  can be  used a l s o  b y  t e c h n i c a l  persons who are  
i n t e r e s t e d  i n  t he  scope o f  t h e  p r o j e c t ,  and as a  summary o f  t h e  
t h r e e  m a i n  r e p o r t s .  The c o n t e n t s  i n c l u d e s  an h i s t o r i c a l  
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p r o j e c t .  The m a j o r  p r o j e c t  accompl ishments  and s i g n i f i c a n t  
add i t i ons  t o  the  body o f  knowledge about the  ana lys i s  and design of 
f i shways  a r e  d iscussed.  I n  t h e  next sec t i on  t h e  research p r o j e c t  
o r g a n i z a t i o n ,  o b j e c t i v e s  and components a r e  p r e s e n t e d  t o  
f a m i l i a r i z e  the  reader w i t h  the  scope o f  t h i s  p r o j e c t .  

The summary r e p o r t  concludes w i t h  recommendations f o r  a s s i s t i n g  i n  
t h e  enhancement and r e s t o r a t  i o n  o f  f i s h e r i e s  resources f rom t h e  
perspect ive  o f  f i s h  passage problems and t h e i r  s o l u t i o n .  Promis ing 
research t o p i c s  are inc luded.  

2 .  Aaserude, R o b e r t  G. and John F.  Orshorn .  1985. NEW CONCEPTS I N  
FISHLADDER DESIGN.--Results o f  L a b o r a t o r y  and F i e l d  Research on  New 
Concepts i n  We i r  and Poo l  F ishways.  ( W i t h  c o n t r i b u t i o n s  b y  D iane 
H i l l i  ard and V a l e r i e  Monsey). 

The d r i v i n g  f o r c e  behind t h i s  p r o j e c t ,  and t h e  nucleus f rom which 
o ther  p r o j e c t  components evolved, was t h e  d e s i r e  t o  u t i  1 i ze f i s h  
l e a p i n g  c a p a b i l i t i e s  more e f f i c i e n t l y  i n  f i s h w a y  design. Th is  
r e p o r t  focuses on the  elements which were c e n t r a l  t o  t e s t i n g  t h e  
p remise  t h a t  s i g n i f i c a n t  improvements cou ld  be made i n  water use, 
cos ts  and f j s h  passage e f f i c i e n c i e s  by d e v e l o p i n g  a new w e i r  and 
p o o l  f i  shway. These e lements  i n c l u d e :  h i s t o r i c a l  r e v i e w  of 
a v a i l a b l e  i n fo rma t ion ;  o p t  i rni  z a t i o n  o f  w e i r  geometry;  f l u i d  j e t  
mechanics; a i r  entrainment;  energy d i s s i p a t i o n  i n  t he  pool chamber; 
and f i s h  c a p a b i l i t i e s .  The new weir  and pool chambers were t e s t e d  
i n  t h e  f i e l d  w i t h  coho and chum salmon. 



3. Orsborn,  John F. and 
OF T H E I R  DEVELOPMENT 
Bumstead, Sharon A. K1 

P a t r i c k  D. Powers. 1985. FISHWAYS--AN ASSESSMENT 
AND DESIGN. ( W i t h  c o n t r i b u t i o n s  b y  Thomas W .  

inger ,  and Wal te r  C. Mih.) 

Th is  volume covers  t h e  broad,  t hough  r e 1  a t  i v e l y  s h o r t ,  h i s t o r i c a l  
b a s i s  f o r  t h i s  p ro jec t .  The h i s t o r i c a l  developments o f  c e r t a i n  design 
features,  c r i t e r i a  and research a c t i v i t i e s  are  t raced.  Current design 
p r a c t i c e s  a r e  sumrnari zed based on t h e  r e s u l t s  of an i n t e r n a t i o n a l  
survey and i n t e r v i e w s  w i t h  agency p e r s o n n e l  and c o n s u l t a n t s .  The 
f l u i d  mechanics and hyd rau l i cs  o f  f i shway systems are discussed. 

Fishways ( o r  f ishpasses)  can be c l a s s i f i e d  i n  two ways: (1) on t h e  
b a s i s  o f  t h e  method o f  w a t e r  c o n t r o l  ( c h u t e s ,  s t e p s  [ ladders],  o r  
s l o t s ) ;  and ( 2 )  on t h e  bas i s  o f  t h e  degree and type o f  water c o n t r o l .  
T h i s  degree o f  c o n t r o l  ranges  f rom a  na tu ra l  w a t e r f a l l  t o  a  t o t a l l y  
a r t i f  i c i  a1 env i ronment  a t  a  h a t c h e r y .  S y s t e m a t i c  p r o c e d u r e s  f o r  
a n a l y z i n g  f i s h w a y s  based on t h e i r  c o n f i g u r a t i o n ,  spec ies ,  and 
hyd rau l i cs  are presented. Discussions o f  f i s h  capab i  1 i t  i e s ,  ene rgy  
expenditure, a t t r a c t i o n  f low,  s t r e s s  and o the r  f a c t o r s  a re  inc luded.  

4. Powers, P a t r i c k  0. and John F.  Orsbo rn .  1985. ANALYSIS OF B A R R I E R S  TO 
UPSTREAM MIGRATION.--An I n v e s t i g a t i o n  i n t o  t h e  P h y s i c a l  and B i o l o g i c a l  
Condi t ions A f f e c t i n g  F i sh  Passage Success a t  Cu lver ts  and Wate r fa l l s .  

F i s h  passage problems a t  n a t u r a l  b a r r i e r s  ( w a t e r f a l l s )  and a r t i f i -  
c i a l  b a r r i e r s  ( c u l v e r t s )  a r e  caused b y  e x c e s s i v e  v e l o c i t y  and /o r  
e x c e s s i v e  h e i g h t .  By d e t e r m i n i n g  wh ich  g e o m e t r i c  o r  h y d r a u l i c  
c o n d i t i o n  exceeds t h e  c a p a b i l i t i e s  of t h e  f i s h ,  t h e  most p r o m i s i n g  
c o r r e c t i o n  can be made t o  t h e  b a r r i e r .  

No w a t e r f a l l  c l a s s i f i c a t i o n  sys tem was found  i n  t h e  l i t e r a t u r e  
wh ich  c o u l d  be  a p p l i e d  t o  f i s h  passage prob lems.  T h e r e f o r e  a  
c l a s s i f i c a t i o n  system was designed which d e s c r i b e s :  (1) downstream 
approach c o n d i t i o n s  a t  t h e  base of t h e  b a r r i e r ;  ( 2 )  c e n t r a l  passage 
c o n d i t i o n s  as i n  a h i g h  v e l o c i t y  c h u t e  o r  t h e  l e a p  o v e r  a  f a l l s ;  
and ( 3 )  ups t ream c o n d i t i o n s  where t h e  f i s h  e x i t s  t h e  h igh  v e l o c i t y  
chute o r  lands a f t e r  leap ing  past a b a r r i e r .  

The p r i m a r y  o b j e c t i v e  was t o  l a y  t h e  f o u n d a t i o n , f o r  t h e  a n a l y s i s  
and c o r r e c t i o n  o f  p h y s i c a l  b a r r i e r s  t o  ups t ream m i g r a t i o n ,  w i t h  
f ishways b e i n g  one o f  t h e  a l t e r n a t i v e  s o l u t i o n s .  A 1  t hough  many 
passage improvement p r o j e c t s  a r e  economica l  l y  s m a l l  compared w i t h  
t h o s e  a t  l a r g e  dams, each y e a r  m i l  l i o n s  o f  d o l l a r s  a r e  s p e n t  on 
s o l v i n g  these smal l e r  passage p r o b l  ems--and somet imes t h e  money i s  
wasted due t o  poo r  p rob lem d e f i n i t i o n .  Th is  r e p o r t  w i l l  a s s i s t  i n  
b o t h  t h e  d e f i n i t i o n  o f  t h e  p rob lem and s e l e c t i o n  of t h e  most 
b e n e f i c i a l  so lu t i on .  
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NEW CONCEPTS I N  FISHWAY DESIGN 

ABSTRACT 

A comprehensive rev iew of fishway design p r a c t i c e  led t o  a new design 

concepts t h a t  had p rev ious l y  been untested. Th i s  concept was based on t h e  

observat ion t h a t  f i s h  can be s t imu la ted  t o  leap when presented w i t h  c e r t a i n  

hydraul ic ,  cond i t i ons .  A l abo ra to ry  t e s t  program was conduc ted  t o  deve l  op  

t h i s  concept i n t o  a new f 

components o f  t he  new des 

i n i t i a l  premise t h a t  f i s h  

ishway con f i gu ra t i on .  Field t e s f l n g  revea led  t h a t  

i g n  improved f i s h  passage.  V e r i f i c a t i o n  o f  t h e  

can be stimulated t o  leap needs f u r t h e r  study. 



\ .  

INTRODUCTION 

Over t h e  course o f  t h e  past  20 years, i nc reas ing  c o m p e t i t i o n  between 

v a r i o u s  u s e r  g roups f o r  f i s h e r i e s  and w a t e r  r e s o u r c e s  has spawned a 

heightened sense o f  e n v i r o n m e n t a l  awareness. More r e c e n t l y ,  t h i s  has 

r e s u l t e d  i n  a renewed emphasis on r e s t o r i n g  f i s h e r i e s  resources, and a new 

emphasis on conserving water resources. Fishways are unique i n  t h a t  t h e i r  

e f f i c i e n t  per fo rmance d i r e c t l y  a f f e c t s  t h e  s a t i s f a c t i o n  o f  bo th  o f  these 

p r i o r i t i e s .  The pu rpose  o f  t h i s  paper  i s  t o  p r e s e n t  t h e  r e s u l t s  o f  a 

p o r t i o n  of a 2-year s tudy  o f  f ishway design. 

Fishway design i s  n e c e s s a r i l y  a t o p i c  o f  c o n s i d e r a b l e  b r e a d t h  and 

c o m p l e x i t y .  The approach t a k e n  i n  t h i s  s t u d y  was t h u s  three-pronged, 

I i s  

ions  

beginning w i t h  a comprehensive 1 i t e r a t u r e  review. Since f ishway d e s i  gr 

a s u b j e c t  wh ich  i s  i n t e r d i s c i p l i n a r y  i n  nature,  f i s h e r i e s  cons ide ra t  

were reviewed i n  d e t a i l  i n  a d d i t i o n  t o  h y d r a u l i c  theory. 

As a r e s u l t  o f  t h e  l i t e r a t u r e  review, a new fishway design concept was 

i d e n t i f i e d  t h a t  had p r e v i o u s l y  been untes ted .  T h i s  concep t  was b a s e d  on 

t h e  o b s e r v a t i o n  t h a t  f i s h  can b e  s t i m u l a t e d  t o  leap when presented w i t h  

c e r t a i n  hyd rau l i c  cond i t ions .  The second phase o f  t h e  s t u d y  was d i r e c t e d  

towards  d e v e l o p i n g  t h i s  c o n c e p t  i n t o  a new f ishway con f i gu ra t i on  i n  the  

1 aboratory. 

The f i n a l  phase o f  t h e  s tudy  i nvo l ved  f i e l d  t e s t i n g  o f  t h e  new f i shway 

c o n f i g u r a t i o n  w i t h  coho and chum salmon. Observat ions o f  f i s h  behavior  and 

c a p a b i l i t y  a r e  d i s c u s s e d  as t h e y  p e r t a i n  t o  t h e  performance o f  t he  new 

f i shway design. 





EVOLUTION OF DESIGN CONCEPTS 

"It now behooves a1 1 pe rsons  engaged i n  t h i s  g r e a t  i n d u s t r y ,  t o  do 

e v e r y t h i n g  i n  t h e i r  power t o  dev ise  means t o  open o the r  streams c losed b y  

m i ' l l  dams o r  n a t u r a l  f a l l s ,  f o r  n a t u r a l  breeding, and a l s o  t o  i n c r e a s e  t h e  

f a c i l i t i e s  f o r  a r t i f i c i a l  p r o p a g a t i o n  wh ich ,  I am s a t i s f i e d ,  w i l l  be of 

great  va lue  i n  a s s i s t i n g  t o  keep up t h e  s u p p l y  o f  salmon i n  t h i s  r i v e r "  

(Anonymous, 1886). 

The need t o  p r e s e r v e  and enhance n a t u r a l  s t o c k s  o f  r e s i d e n t  and 

anadromous f i s h  has been recognixed f o r  a t  l e a s t  t h e  p a s t  100  y e a r s .  Much 

o f  t h i s  i n t e r e s t  has been d i r e c t e d  towards f i shway design, 

The e a r l i e s t  f ishways designed and c o n s t r u c t e d  were o f  t h e  w e i r  and 

p o o l  t y p e  ( F i g u r e  1). Termed f i s h 1  adders,  such s t r u c t u r e s  have been i n  

ex is tence s ince  a t  l e a s t  1853, as evidenced by t h e  s u c c e s s f u l  B a l l y s o d a r e  

f i s h l  adder i n  I r e 1  and (Pryce-Tannatt, 1938). 

I n  1861, the B r i t i s h  Salmon F i she ry  A c t  was passed. I n c l u d e d  i n  t h e  

p r o v i s i o n s  were r e q u i r e m e n t s  t h a t  f i s h  passes be i n s t a l l e d  and main ta ined 

" i n  an e f f i c i e n t  s t a t e u  a t  new dam s i t e s  on salmon r i v e r s  ( P r y c e - T a n n a t t ,  

1938). D e s p i t e  t h e  i n t e n t i o n s  o f  t h e  law, i t  i s  recorded t h a t  f ishway 

f a i l u r e s  were a problem i n  t h e  e r a  (Calderwood, 1930).  E a r l y  design e f f o r t s  

were based more on empir ic ism and i n t u i t i o n  than an s c i e n t i f i c  endeavor. 

Oeni l  i s  c r e d i t e d  w i t h  t h e  f i r s t  systemat ic  s c i e n t i f i c  i n v e s t i g a t i o n  of 

f ishway design beginning i n  about 1908 (McLead and Nemenyi , 1940). His  work 

culmi nated 

elements ( F  

i n  t he  development o f  a chute type f i shway w i t h  l a r g e  roughness  

' igures  2 and 3 ) .  Va r ia t i ons  o f  h i s  o r i g i n a l  design are s t i l l  
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Figure 1 . - -A  schematic o f  the weir type fishway. 



commonly used t o d a y .  The A l a s k a  steeppass i s  a  f o r m  o f  t h e  D e n i l  f i shway  

concept t h a t  has been adapted f o r  a p p l i c a t i o n  a t  remote s i t e s  (Ziemer,  1962). 

Pe rhaps  t h e  mos t  s i g n i f i c a n t  c o n t r i b u t i o n  by D e n i l  i s  t h e  r a t i o n a l  

approach t o  f ishway des ign  t h a t  he pioneered. He was t h e  f i r s t  t o  develop a 

bas is  f o r  assess ing t h e  mechanical  capabi 1 i  t i e s  o f  f i s h  and match ing  them t o  

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

1942).  Deni 1  I s  work was done i n  Belgium. 

The f i r s t  s y s t e m a t i c  Amer i can  i n v e s t i g a t i o n  o f  f i shways  occu r red  i n  

1939-40 (McLeod and Nemenyi ) . Many f i shway types were model ed and 1 i ve f i s h  

were used  i n  t h e  t e s t i n g .  A l t h o u g h  t h e  s t u d y  was l a r g e l y  i n c o n c l u s i v e  

concern ing s p e c i f i c  recommendations due t o  i t s  w i d e  scope, t h e r e  was one  

s i g n i f i c a n t  r e s u l t .  This was t h e  f i r s t  major  f i s h w a y  s tudy  t o  cons ide r  f i s h  

behav ior .  I n t e r e s t i n g l y ,  one of t h e  comments c o n c e r n i  ng f i sh p e r f o r m a n c e  

was t h a t  " i t  appea red  t h a t  t h e  f i s h  l e a r n e d  t o  c l imb . "  Th i s  was q u i t e  a  

p rogress ion  f rom t h e  mechanical  p e r s p e c t i v e  s t u d i e d  p r e v i o u s l y .  

T h a t  f i s h  b e h a v i o r  was b e g i n n i n g  t o  emerge as a  c o n s i d e r a t i o n  f o r  

f i s h w a y  d e s i g n  i s  f u r t h e r  e v i d e n c e d  by 
I 

"Report  o f  t h e  Committee on F i  sh-Passes" ( 

t h e  f o l l o w i n g  e x c e r p t  f r o m  t h e  

I n s t .  o f  C i v i l  Engineers, 1942). 

M i g r a t o r y  f i s h  have  c e r t a i n  d e f i n i t e  h a b i t s  and we1 1-marked  
p r e f e r e n c e s ,  w h i c h  a r e  d i s p l a y e d  i n  t h e i r  j o u r n e y  t o  t h e i r  
spawning grounds. One pass may prove e n t i  r e l y  s u c c e s s f u l  , wh i 1  s t  
f o r  another  t h e  f i s h  may show a d e f i n i t e  d i s t a s t e .  I n  des ign ing  a 
f ish-pass,  t he re fo re ,  t h e  problem i s  n o t  me re l y  an eng inee r i ng  and 
h y d r a u l i c  one. 

T h i s  n o t i o n  o f  f i s h  behav io r  and p re fe rence  was no t  w i d e l y  accepted a t  t h i s  

t ime. W i t h i n  the,same r e p o r t  i t  i s  w r i t t e n ,  " t h e  f i s h  i s  n o t  a c o n s c i o u s  

being,  , a b l e  t o  a c t  i n  a n t i c i p a t i o n  o f  d i f f i c u l t i e s  ahead." 

Dur ing  1945-6, a ma jo r  f i shway  a t  H e l l  I s  Gate  on t h e  F r a s e r  R i v e r  i n  

B r i t i s h  Columbia, Canada, was cons t ruc ted  a f t e r  e x t e n s i v e  hydrau l  i c  model 



Figure 2.--Side view o f  the original chute type fishway 
designed by Denil ( a f t e r  Denil, 1909). 

~ i ~ u r e  3.--Obl ique v i e w  of a commonly used 
o f  the Denil fishway concept. 

variation 



- t e s t s .  This  event  marked t h e  beginning o f  a new t y p e  o f  f ishway, t h e  t. + 

ver t ical  s l o t  (Figure 4 ) .  Vertical  s l o t  f i shways  a r e  commonly used where 
d .  
' l arge  f l u c t u a t i o n s  i n  r i v e r  s tage are ant ic ipated,  and where fishway flows n, 
' a re  unregulated, because they function well over a large range of head. 
fv 

/1 T h e  b io log ica l  s tud ies  f o r  the  Hel l ' s  Gate fishway are  a lso  noteworthy 

because t h e  Concept of a b i o l o g i c a l  f a i l u r e  t o  pass  f i s h  was openly 

s i d e r e d .  F a c t o r s  such as " a  t r a i l i n g  rope, the odor of a  man, or some 

er dis turbing f a c t o r "  a r e  mentioned as  p o t e n t i  a1 l y  d e t e r r i n g  passage 

through an otherwi se phys i ca l  l y  passable 1  adder (Jackson, 1950). Concern 

/fior the  perspective of the  f i s h  grew to  such an extent  t h a t  "p sycho log i ca l  
hU 
\ f a c t o r s M  governing the motivation of the f i s h  t o  pass were even mentioned, 

kson (1950) expresses i t  as t h e  "po in t  a sockeye becomes d i scouraged ,  

nges i t s  mind ,  and tu rns  back t o  h u n t  f o r  a new r o u t e . "  Spurred by 

al lure,  f i shway d e s i g n e r s  were becoming s e n s i t i v e  t o  c o n d i t i o n s  which 
! b X V  

fovoke a  negative o r  avoidance reaction in f i s h .  
(? 

&: I t  was not un t i l  the l a t e  1950s tha t  ethology, t he  o b j e c t i v e  a n a l y s i s  
:$, ! 

(f , behav ior ,  was recognized a s  having " t h e  p o s s i b i l i t i e s  of decoying and 
@i A 

$ding f i s h  through appropriate st imulation of t h e i r  s enso ry  rnechani sms" 

Hoar ,  1958). As t h i s  concep t  gained i n t e r e s t  with f i s h  b io log is t s  and 
&? 8+> 

!qgineers, research in  the  f i e l d  increased. The e f f ec t s  of darkness ( ~ o n g ,  
*I , 
I 

$ 9 ,  f ishway c a p a c i t y  (El l ing and Raymond, l 9 5 9 ) ,  fishway slope ( G a u l e ~ ,  
"' 

~960), flow veloci ty  (Weaver, l963), and sound- (VanDerwal ker , 1967) on f i s h  {;r- 

)assage r a t e s  were studied.  This information served t o  improve the c r i t e r i a  p "' 
8 9  - 
'0' ,? ":a. * fishway design. 
4 ( I  

The f i r s t  design manual f o r  fishways was published in 1961 (Clay). In 

e t ex t  a fishway i s  defined as "essen t ia l ly  a  water passage around or 
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Figure 4.--Schematic o f  q vertical slot f ishway. 



&. - 
YI.il t h r o u q h  an obs t ruc t ion ,  so designed as t o  d i s s i p a t e  t h e  energy i n  t h e  water 

d e f i n i t i o n  i s  s i g n i f i c a n t  i n  t h a t  i t  serves t o  cha rac te r i ze  bo th  t h e  cu r ren t  

and h i s t o r i c a l  approaches t o  f i shway development. 

:~;k ( I?% Salmon and Trout  a t  F a l l s  and Obstruct ions."  I n  t h i s  work, S t u a r t  o f f e rs  an 
:. ;r:: 

I 
-i:b p 

I explanat ion as t o  why m i g r a t i n g  salmon and t r o u t  show preference f o r  c e r t a i n  :ah;?,  

f low c o n d i t i o n s  i n  t h e i r  movement upstream. S t u a r t  c o n c l u d e d  t h a t  t h e  

s t i m u l u s  f o r  movement appears t o  be t h e  " f o r c e  o f  t h e  impact" o f  f a l l i n g  

wa te r .  He noted a l s o  t h a t  " leap ing  was i n i t i a t e d  when t h e  r a t i o  o f  k i n e t i c  

and p o t e n t i a l  energies was h igh  i n  t h e  s e c t i o n  o f  wa te r  j u s t  ahead o f  t h e  

f i s h .  That i s ,  when cond i t i ons  were such t h a t  a s tanding wave was formed." 

The concept t h a t  f i s h  cou ld  be s t imu la ted  o r  p r e f e r r e d  t o  leap,  r a t h e r  
i 

t h a n  swim, when c o n f r o n t e d  w i t h  c e r t a i n  h y d r a u l i c  cond i t ions ,  was new. Up 

F :: t o  t h i s  p o i n t  i n  time, i t  was w ide l y  be l i eved  t h a t  f i s h  p r e f e r r e d  swimming 

t o  l e a p i n g ,  and wou ld  o p t  f o r  t h e  l a t t e r  o n l y  as a l a s t  resort. For t h i s  

reason, as a p t l y  de f ined by Clay (1961), f i shway design e f f o r t s  had h i s t o r -  

i c a l l y  focused on p r o v i d i n g  water  passages f o r  swimming. The concept of 

designing a  h y d r a u l i c  env i ronmen t  c o n d u c i v e  t o  1  eap i  ng had n o t  r e c e i v e d  

ser ious cons idera t ion ,  and as S t u a r t  (1962) suggests, " t h e  p e r f e c t  f i s h  pass 

has no t  y e t  been designed." 

Add i t i ona l  evidence appears i n  t h e  l i t e r a t u r e  tha t  i s  suppor t i ve  of t he  

Concept o f  a h y d r a u l i c  s t imu lus  fo r  leaping. A f t e r  observ ing rainbow t r o u t ,  

Webster (1965)  w r i t e s  " they  p icked a  common watery  pathway enab l ing  them t o  

take f u l l ,  advantage of t h e  hyd rau l i cs  of t he  cu r ren ts  and t u r b u l e n c e  below 

t h e  f a1 1 s - - a  pa th  cu lminat ing  i n  t h e  spectacular  jumps." B e l l  (1973) notes 

t h a t  jumping, w h i l e  no t  being f u l l y  understood, " i s  known t o  be t r i g g e r e d  by 

9 



shadow p a t t e r n s  o r  upwe l l  i ng . "  Upwel l  i n g  i s  symptomatic o f  the standing 

wave described by Stuart.  It i s  also i n t e r e s t i n g  t h a t  even as e a r l y  as 1940 

(be fo re  e tho logy was i n  vogue) there i s  i n d i r e c t  reference t o  st imulus.  I n  

a discussion o f  pool and j e t  fishways, i t i s  w r i t t e n  t ha t  " the o v e r f a l l  type 

has t h e  advantage o f  b e i n g  a t t r a c t i v e  t o  t h e  f i s h "  (McLeod and Nernenyi, 

1940). A l though  t he '  au thors  do n o t  t r y  t o  e x p l a i n  t h i s  behav io r ,  i t  

requi res  l i t t l e  e f f o r t  t o  conjure up the image o f  the  force o f  the  impact o f  

f a l l i n g  water. 

A l t hough  S tua r t ' s  paper has been i n  p r i n t  f o r  over 20 years, h i s  ideas 

are s t i l l  new and l a r g e l y  untested. Whether f i s h  are st imulated t o  l eap  o r  

move by t h e  f o r c e  o f  t h e  impact  of f a l l i n g  wa te r  i s  uncertain. It i s  a 

perspective t h a t  n e c e s s a r i l y  comes f r o m  t h e  f i s h ,  which comp l i ca tes  t h e  

a n a l y s i s .  Observa t ions  of f i s h  behav io r  do t e n d  t o  s u b s t a n t i a t e  t h e  

premise. It also seems i n t u i t i v e  t h a t  a f i s h  must be ab le  t o  sense t h e  

momentum of f l o w i n g  water n o t  u n l i k e  we can i f  we immerse our  hand i n  

a water j e t .  I f  t h i s  pos tu la te  o f  t h e  s t i m u l u s  f o r  f i s h  movement can be 

accepted, then t h e  r e a l  t a s k  i s  t o  deve lop i t s  a p p l i c a t i o n  f o r  use i n  

f ishway design. The d e f i n i t i o n  o f  a f ishway might then read, " a  h y d r a u l i c  

environment so constructed as t o  d jss ipa te  the energy i n  the  water i n  such a 

manner as t o  s t imu la te  f i s h  t o  ascend wi thout  undue stress." It i s  w i t h  the 

s p i r i t  o f  t h i s  d e f i n i t i o n  t h a t  t h e  o b j e c t i v e s  o f  t h i s  s t udy  w e r e  

establ ished. They are: 

1. t o  determine t h e  p h y s i c a l  mechanism and magnitude o f  S t u a r t ' s  

standing wave; 

2 .  t o  de'vel op a f i shway con f igu ra t ion  based on the concept t h a t  f i s h  

can be s t imula ted t o  leap; and 

3 .  t o  assess the performance o f  the  new f ishway i n  the f i e l d .  



SID ERAT I ON FISHERIES CON 

Introduction 

The idea of taking a fresh look at weir and pool fishladder design 

principles is exciting for anyone who has had the opportunity to view 
L 

leaping trout and salmon. Leaps as high as 11 feet 4 inches for salmon have 

been reported in the 1 iterature (Cal derwood, 1930). Pryce-Tannatt (1938) 

suggests that "a sheer fall of  6 feet is probably, to all intents and 

purposes, about the maximum practicable for the great majority of salmon, 

even under the most favorable conditions." Although the values reported are - 

maximums, when compared with current design recommendations requi r i  ng only 



Tab le  1. Fac to rs  which in f luence the  swimming and l e a p i n g  c a p a b i l i t i e s  
o f  f i s h .  

Reference Factor  I n f  l uence 

Species o f  f i s h  Var iab le  B e l l  (1973) 
Jones e t  a l .  (1974) 

Stock o f  f i s h  Var i  able  Vincent  (1960) 

S ize  o f  f i s h  Increased capabi 1  i t i e s  Fry and Cox (1970) 
w i t h  increased s i z e  B r e t t  and Glass (1973) 

Time i n  t h e  r i v e r  Reduct ion i n  c a p a b i l i -  I d l e r  and Clemens (1959) 
(Sexual m a t u r i t y ,  t i e s  w i t h  t ime Sakowicz and Zarnecki 
c o n d i t i o n )  

Optimal c o n d i t i o n s  S t u a r t  (1962) S i t e  Geometry, 
Hydrau l i cs  e x i s t  which promote Webster (1965) 

successfu l  l eap ing  

Temperature of Optimum range e x i s t s ,  B r e t t  e t  a1 . (1958) 
water above o r  below G r i f f i t h s  and A lde rd i ce  

performance reduced 

L i g h t i n g  More successfu l  l eap ing  S t u a r t  (1962) 
under c e r t a i n  l i g h t i n g  
condi  t i  ons 

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

i 1 l u s t r a t e s  t h e  p o t e n t i  a1 f o r  v a r i  abi 1  i t y  i n  the  performance c a p a b i l i t i e s  of 

any species o f  f i s h  t h a t  might  be  t a r g e t e d  f o r  passage.  T h e r e  i s  l i t t l e  

r e a s o n  t o  wonder why swimming c a p a b i l i t i e s  r e p o r t e d  i n  t h e  l i t e r a t u r e  are 
I 

sometimes i n  d i s a g r e e m e n t  ( P a u l i k  and DeLacy, 1 9 5 7 ) .  E s t i m a t i n g  the  

per fo rmance  c a p a b i l i t i e s  o f  a t a rge ted  f i s h  n e c e s s a r i l y  r e q u i r e s  a general 1 1 
knowledge o f  f i s h  c a p a b i l i t i e s ,  tempered w i t h  p r o j e c t  s p e c i f i c s  and sound 

j udgemen t . 



Swimming C a p a b i l i t i e s  

d e s i g n  o f  a f ishway, a knowledge o f  t h e  swimming c a p a b i l i t y  o f  

species i s  impor tant  so t h a t  f i shway hyd rau l i cs  can be prov ided 

p r e s e n t  a b a r r i e r  t o  t h e  f i s h .  B a r r i e r s  may o c c u r  when: 

f low v e l o c i t i e s  exceed t h e  swimning c a p a b i l i t y  o f  t h e  f i s h ,  and ( 2 )  when 

e f f o r t  r e q u i r e d  t o  pass t h r o u g h  t h e  f i shway f a t i g u e s  t h e  f i s h  t o  t h e  

n t  t h a t  i t  i s  n o t  a b l e  t o  advance i t s  p o s i t i o n  and f a l l s  back.  To 
i 

k'h % r e v e n t  t h e  f i r s t  t y p e  of b a r r i e r  a knowledge o f  t h e  maximum f i s h  swimming 
@j 
f pged i s  required.  The second type of b a r r i e r  r e q u i r e s  a  know1 edge o f  t h e  

a t ionsh ip  between swimming speed and t ime t o  f a t i g u e .  Y 
: Fish  swimming speeds have been c l a s s i f i e d  i n t o  t h r e e  c a t e g o r i e s  t h a t  
4, 

j ec t t h e  re1 a t  i onsh ip  between speed and endurance. These ca tegor ies  are 

tained, prolonged, and b u r s t  swimming per formances (Beamish, 1978) .  

dined swimming performances are def ined as those speeds t h a t  t he  species 

quest ion can main ta in  f o r  an extended pe r iod  ( g r e a t e r  t h a n  200 m i n u t e s )  

hout r e s u l t i n g  i n  muscular fa t i gue .  Prolonged swimming speed i s  de f ined 
d .  

swimni ng performances o f  sho r te r  dura t  Ion (20 seconds-200 m inu tes  ) t h a t  t 
% u l t  i n  fat igue.  B u r s t  swimming speed i s  de f ined f o r  y e t  sho r te r  d u r a t i o n  

<: 4 " 

ess than 20 seconds) swimning performances t h a t  wou1 d  be c h a r a c t e r i s t i c  
h,i ' i+, 

1gior t o  leaping, d a r t i n g  f o r  prey, o r  avo id ing  predators.  

1' Fishway designers a r e  p r i m a r i l y  concerned w i t h  b u r s t  and p r o l o n g e d  
i: 

Mimming Y,r capab i  1  i t i e s  of f i s h .  Knowledge o f  these two b i o l o g i c a l  c r i t e r i a  
&: $ 

h u l d  be s u f f i c i e n t  t o  prevent  the occurrence o f  t he  two types o f  b a r r i e r s  I: 
g9> 

~ $ v i o u s l y  d i scussed .  T a b l e  2 p r o v i d e s  t h e  swimming c a p a b i l i t i e s  f o r  
go;\ 
?Vera1 common salmonid scleci es. 



Table 2. Nominal upper  1 i m i  t s  of sustained, prolonged, and b u r s t  speeds 
o f  adu l t  f i s h .  

Upper Speed f o r  

(1) C r u i s i n g  Sustained Dar t i ng  Observed Species 
(2)  (susta ined ( ~ r o l o n g e d )  (Burst) Maximum 

( f  PS U P S )  ( fps)  (f P S )  

Salmon 

Chi nook 

chum1 

Trout  - 
Cutth roa t  2.0 

Stee l  head 

Brown 2.2 6.2 12.7 12.8 

A t l a n t i c  salmon2 4.0 12.0 23.2 I 26.5 

Data p r i m a r i l y  from Be1 1 (1973), Beamish (1978), and Dirneo (1977). 
ROW (1) - C l a s s i f i c a t i o n  o f  speed i n  Bell (1973). 
Row ( 2 )  - C l a s s i f i c a t i o n  o f  speed i n  Beamish (1978). 

l ~ u r s t  speed est imated f rom observed leap he igh ts .  Sustained and prolonged 
speeds es t ima ted  as r a t i o s  o f  b u r s t  speed s i m i l a r  t o  sockeye salmon. 

2 ~ u r ~ t  speed o f  A t l a n t i c  salmon estimated f r o m  l e a p  h e i g h t  o f  11 f e e t  
4 inches (Calderwood, 1930). Sustained and prolonged speeds e s t  irnated a s  
r a t i o s  of b u r s t  speed s i m i l a r  t o  steelhead. 



*t 

T h e  mode of locomotion through a fishway can be v ia  swimming or  
I' 

8 * 
$ 

 leapi lea ping. For a  weir and pool fishway, some leaping a c t i v i t y  would b e  
14: C: J 

expected, depending on the pool step s i z e s .  For th i s  reason, a knowledge 

of f i sh  leaping capabi l i t ies  i s  useful f o r  t h e  design of pool-s tep inc re -  

ments. One would n o t  want t o  c r e a t e  a d i f fe rent ia l  elevation barr ier  by 

*, providing pool-steps that  were beyond the leaping capab i l i t y  o f  t h e  t a r g e t  
1 i 

spec ies .  Likewise, i t  i s  c o s t l y  t o  overdesign a fishladder by providing 
$ P i  
Id' 

p ,y> more pools at a lesser d i f fe rent ia l  than i s  necessary to  pass f ish.  

fi fl Estimates of leaping c a p a b i l i t y  a re  mos t  of ten  made by d i r e c t l y  
bs' 

observing leaping f i sh .  Information in t h e  1 i t e r a t u r e  regardi  n g  leapi  n g  
6:: 
" c a p a b i l i t i e s  i s  l imited,  and often pertains to  using observed leap heights 

9 '  

* to back-calcul a te  swim velocities.  Denil (1937) used the following equation 
n"; 

' t o  back-calculate the burst speed of Atlantic salmon. 
$ \ $ c  3 

; k c i  
+ y  = x tan a - g x ~ / ( z v , ~  cos* a) 

90' 
!:+ where y = ordinate of rectangular coordinate system the origin o f  which i s  $rl? . . 

the point at which the f i sh  leaves the water, 

x = abscissa of coordinate system, 

a = angle o f  leaping t rajectory measured from the horizontal, pP*: 
&, .. ( a  

Vo = i n i t i a l  velocity o f  f i sh ,  
$"hy-s 
?I  

it; * .  g = gravitational acceleration. &,*<\ 
I,$$ 
w T h i s  i s  simply t h e  equation f o r  a p r o j e c t i l e .  Another equation t h a t  is $&5b . 

' sometimes used i s :  1 ,>" < \ , 

I where H L  = leap height. 
<; $7, A \  



T h i s  is a simplified form of an equation which describes rectilinear motion 

for uniform acceleration. 

Paulik and DeLacy (1957) imply that the equations used to 

back-calculate swim velocities from leap heights may not be appropri ate. 

They note that "the swimning velocities attributed to salmon as a result of 

their observed jumping abi 1 i ty may be too high." The concern i s  that there 

is a change in forces as the fish leeves the water. They even speculate 

that "the salmon may accelerate its velocity considerably as It is leaving 

the water at the beginning o f  the leap. The water would be used somewhat as 

a spring board in this maneuver." The following analysis i s  an effort to 

respond to the questions raised in the  foregoing discussion. 

There are five forces which act on a f i s h  that is completely submersed 

just below t h e  water s u r f a c e  (position 1) (Figure 5). These are the 

propulsive force (FP) from the fishes tail, the weight (W) o f  the fish, the 

buoyant force (FB) o f  the displ aced water, the form or pressure drag (FFD), 

and the skin drag (FSD). As the fish emerges from the water to the position 

where the tail has just exited (position 2), there i s  a reduction in the 

forces and it can be assumed that only the weight remains (Figure 6). For 

this analysis it will be assumed that the drag and buoyant forces in air are 

negligible, the wave drag during emergence is negligible, and that the 

propulsive fo rce  o f  the fishes tail i s  fully effective right up to the point 

of exit (position 2). 

To illustrate the analysis it is useful to assume a subject fish. For 

this purpose, an 18 Ib., 3.1 ft. long steelhead trout will be used. From 

Table 2, the burst speed o f  a steelhead trout is 26.5 f p s .  This will be 

regarded as a terminal velocity reached prior to emergence from t h e  w a t e r .  



Forces Acting On A Fish 

FP= Propulsive Force 

FB =: Buoyant Force 

FFD = Form Drag 
FSD = Skin Drag 

the water while executing a leap. 

Sure 6.--Schematic o f  the forces act ing  on a f i s h  that has j u s t  cleared 
the water dur ing  a leap. 
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Forces Acting On A Fish 
\ 

W = Weight 

Position 2 
Just Exited 
From Water 



* 

T h e  assumption t h a t  the  f i s h  i s  neutrally buoyant ( W  = F B )  when completely 

sub~nerssd  ( p o s i t i o n  I ) ,  i s  riade p r i o r  t o  summing t h e  forces  ( F )  f o r  

position 1. 

+ 
1 L F ~  = O = FP - FFD - FSD 

I t  fol lows t h a t  t h e  propuls ive  f o r c e  i s  equal and oppos i te  t o  t h e  t w o  J 

components of the drag force. 

To f u r t h e r  t h e  a n a l y s i s  i t  i s  necessary t o  combine t h e  two drag 

components into a to ta l  drag (FD) term. 

FD = FED + FSD 

I t  i s  t h e n  possible t o  calculate  the to ta l  d rag  from the drag equation. 

FD = C D ( A ) ~ ( V ) ~ / ~  

where CD = drag coeff ic ient ,  

A = a certain drag-related area, 

p = density o f  w a t e r ,  

V = b u r s t  velocity of the f i s h .  

To determine the drag  coeff ic ient ,  the relationship t h a t  a f i s h ' s  shape i s  

similar t o  t h a t  o f  a symmetrical a i r fo i l  with an aspect r a t i o  (1ength:depth) 

of 5 will be ut i l ized.  This yields  a drag coefficient o f  0.06 a t  a Reynolds 

number of 4 ( 1 0 ) ~  (Dai ly and  Harleman, 1966). The Reynolds number (Re) i s  

defined as: 

Re = VL/v 

where V = the velocity o f  the  f i s h ,  

L = a character is t ic  length, such as f i s h  length, 

v = k i nema t i c  viscosity. 



hen compared w i t h  dead-drag coe f f i c ien ts  o f  salmonids measured i n  a fl "me, 

;his value f a l l s  w i t h i n  the  h igh s ide o f  the  range (Webb, 1975). Dead d rag  

ieasurements y i e l d  values t h a t  are too  low, however, fo r  f i s h  t h a t  swim by 
i 

indulatory propuls ion (repeated osc i l  l a t i o n  o f  body and caudal f i  n )  ( B l  ake, 

,983). This undulatory swimming mode i s  cha rac te r i s t i c  o f  salmonids. It i s  

;oncluded t h a t  the drag coef f ic ient  o f  0.06 i s  a reasonable approximation. 

' The f r o n t a l  s i l h o u e t t e d  area o f  the  f i s h  as viewed from head t o  t a i l  

w i l l  be considered as the drag-related area. Other researchers have def ined 
$& - 

[ ; I f f  e ren t  drag-re1 a t e d  areas. Ziener and Behl t e  (1966) used A = ~ 2 ,  where 

..= the length of the  f ish. Weihs (1974) used t h e  e n t i r e  s u r f a c e  area o f  C' 
&he f i s h .  Exper imenta l  da ta  i n d i c a t e s ,  however, t h a t  as a f i s h  exh ib i t s  

e :  
i ~ imn ing  motion, the drag increases by a fac to r  o f  approximately 3 over t h a t  

:f. a r i g i d  body (\ebb, 1971).  S tud ies  o f  t h e  muscular  e f f i c i e n c i e s  o f  f i t *  
Gyrjous species of f i s h  (Alexander, 1967) i n d i c a t e  t h e  same c o n c l u s i o n  o f  
a;, 
Increased drag. Since the drag c o e f f i c i e n t  i s  near ly  constant f o r  Reynolds 
$'" 
/$nbers above 1000 (Wei hs, 1974a), f o r  the drag t o  inc rease  by a f a c t o r  of 
E :, 
&;the p r o j e c t e d  f r o n t a l  area o f  t h e  f i s h  would have t o  increase.  
< 

i t i v e l y  t h i s  seems reasonable  because i t  would be expected t h a t  a 

t er  column o f  wa te r  would be d i s t u r b e d  by swimming mo t i on  t han  by 

ment o f  a r i g i d  body. The d r a g - r e l a t e d  area o f  a swimming f i s h  w i l l  

be calculated as 3 times the f r o n t a l  pro jec ted area. For the  steelhead 

$d t o  i l l u s t r a t e  the analysis: 
:'. 
A v 

+ A = 3(3.5 inches) ( 7  inches)/ l44 i n * / f t *  = 0.52 f t2 

\{:. The remaining term i n  the drag equation i s  the d e n s i t y  o f  water. Fo r  

!$ter a t  50°F, t h e  d e n s i t y  i s  1.94 s l u g s / f t 3 .  The t o t a l  drag force can 

be calculated as: . 

I FD = 0.06(0.51) (1.94)(26.5)2/2 = 20.8 1 bs 



I t  f o l l ows  t h a t  t h e  p ropu l s ive  f o r c e  is a l s o  equal  t o  20.8 lbs .  

Denil (1937) determined t h a t  t h e  p r o p u l s i v e  f o r c e  t h a t  a s a l m o n  can 

e x e r t  a t  a jump can be e s t i m a t e d  a s  1.2 W. For a t r o u t  the estlmate of 

p r o p u l s i v e  f o r c e  was determined t o  be 1.4 W. F o r  p u r p o s e s  o f  c o m p a r i s o n  

D e n i l ' s  e s t i m a t e s  have been c a l c u l a t e d  f o r  an  18 Ib. f i s h .  

1.2 W = 1.2(18 l b s )  = 21.6 I b s  for  salmon 

1.4 W = 1.4(18 I b s )  = 25.2 l b s  f o r  t r o u t  

I t  is l i k e l y  t ha t  an 18 lb.  s t e e l h e a d  would behave more s i m i l a r l y  t o  Denil  's 

sa lmon t h a n  t r o u t .  The va lue  ob t a ined  from t h e  drag  equa t ion  i s  reasonably  

c l o s e  t o  Denil 'r  approximation. Th i s  s e r v e s  t o  v a l i d a t e ,  a s  r ea sonab le ,  t h e  

assumptions made i n  the a n a l y s i s .  

To f u r t h e r  t h e  a n a l y s i s  i t  is necessary  t o  d i v i d e  the t o t a l  d rag  i n t o  

i t s  two component p a r t s .  To do t h i s ,  i t  is aga in  necessary t o  r e l y  on t h e  

r e l a t i o n s h i p  t h a t  a f i s h ' s  shape i s  s i m i l a r  t o  t h a t  o f  a symmetrical a i r f o i l  

with an a s p e c t  r a t i o  of 5. For  t h i s  p a r t i c u l a r  shape, t h e  r a t i o  of  t h e  s k i n  

d r a g  t o  t h e  t o t a l  d r a g  i s  0.60 a t  a Reynolds  number of 4 (10)5  (Da i ly  and 

Harl eman, 1966). The s k i n  and form drag  components can thus  be  c a l c u l a t e d .  

FSD = 0.60 (20.8 l b s )  = 12.5 I b s  

FFD = 0.40 (20.8 lbs)  = 8.3 I b s  

I t  i s  now p o s s i b l e  t o  a n a l y z e  t h e  change i n  forces as t h e  f i s h  moves 

from p o s i t i o n  1 (completely submersed) t o  p o s i t i o n  2 (just emerged f rom t h e  

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

t h e  f i s h  is  assumed c o n s t a n t ,  t h e  buoyant f o r c e  is  reduced as l e s s  water i s  

d i s p l a c e d ,  and 'the s k i n  and form drag  are reduced as  t h e  f i s h  moves from the 

more dense medium o f  w a t e r  t o  t h a t  o f  a i r .  To o b t a i n  s p e c i f i c  v a l u e s  

f o r  t h e  buoyant f o r c e ,  form, and s k i n  d r ag ,  i t  is necessary t o  est imate  the 

s p a t i a l  averages  of t h e s e  f o r c e s  a s  t h e  f i s h  emerges from t h e  water .  



Buoyant Force from Position 1' to Position 2 

Seatial Averaqe Is the Area Under the Curve 
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' p l o t  o f  t h e  fo rm d r a g  v e r s u s  d i s t a n c e  o u t  o f  t h e  w a t e r  can be  made 
I 

igure  8). The a r e a  u n d e r  t h e  c u r v e  d i v i d e d  by f i s h  l e n g t h  y i e l d s  t h e  
7 

i a t i a l  a v e r a g e  f o r  t h e  form d rag  from p o s i t i o n  1 t o  p o s i t i o n  2, which i s  
li* * 

i t h  t h e  s p a t i a l  averages  of a1 1 t h e  f o r c e s  determined from p o s i t i o n  1 

poss i  b l e  t o  ana lyze  t h e  ! acce l  e r a t  i on o f  the f  i  s h  o v e r  



Form Drag from Position 1 to Position 2 

Spatial Average Is the Area Under the Curve 

FFD=0.8 Ibs 

Distance 

Figure 8.--Plot o f  t h e  form d r a g  ( F F D )  versus distance ou t  o f  t h e  water 
( f i sh  length ( L ) )  t o  determine the  spat ia l  average o f  t h e  form 
d r a g  f r om position 1 t o  position 2. 

where m = mass o f  the f i s h ,  

a = acceleration of the fish.  

I t  fol lows t h a t  t h e  a c c e l e r a t i o n  from p o s i t i o n  1 t o  p o s i t i o n  2 can be 

obtained. 

a = F/m = (4.4 lbs ) / (18  lbs l32.2  fps2) = 7.9 fps2  

As suggested by Paulik and DeLacy ( 1 9 5 7 )  some f i sh ,  and t h e  s t e e l  head  i n  

par t icular ,  are  capable o f  accelerating as they emerge f r o m  the  water. 

With t h e  acceleration (1-2)  known, the next step i s  t o  determine the  

ve loc i ty  of t h e  f i s h  a t  position 2. This can be done using an equation of 

rec t i l inear  motion fo r  uniform acceleration. 

VZ* = V B ~  + 2a (52 - 51) 



where V2 = velocity o f  the f i s h  a t  position 2 ,  

( ~ 2 - 5 1 )  = length of t t ie  f i s h  (L). 

For t h e  steelhead t rout  of t h i s  analysis: 

~ 2 %  = 26-52 + 2 (7 .9 )  (3.1-0) 

V2 = 27.4 f p s  

S O  t h e  s t ee lhead  begins i t s  leap  with a burst ve loc i ty  of 26.5 f p s  and 

emerges from the water a t  position 2 with the higher velocity o f  27.4 fps .  

Although t h i s  increase in velocity does not appear substant ial ,  i t  increases 

the leap  height s ignif icant ly because t h e  leap height va r i e s  as t h e  square 

o f  the velocity. 

I t  i s  now poss ib le  t o  calculate the leap height o f  the steelhead when 

leaping from a s t i l l  poo l .  The f i r s t  s t e p  i s  t o  ob ta in  the  v e r t i c a l  

component of the f ishes velocity a t  position 2. Recall the assumption of an 

, angle o f  1 eapi ng t ra jectory of 75 degrees. 
"; 

T:.' 
V 2 Y  = V2 s in  75" 

= (27 .4  f p s )  sin 75" 

i+ * = 26.5 fps  f\! ,<, 

$ "  where V 2 Y  = vertical component of t h e  f ishes velocity a t  position 2. 
I 

at r: - The leap height o f  the f i sh  above position 2 can then be determined. 
1' 

'1 l; * 
+$ HL = ~ 2 ~ 2 / 2 ~  

= 10.9 feet  

A schematic of t h e  s tee lhead  leaping from a s t i l l  pool appears i n  

Figure 9. I t  i s  important t o  note t h a t  the leap height i s  above position 2. 

The l e a p i n g  capabi 1 i t i e s  of f i sh  should thus be es t ima ted  by t h e  following 

f equation. 
s. 
ii HL = ~ 2 ~ ~ 1 2 ~  + L  



Height 10.9 f t. 

13.9 ft. ~o tah~e igh t  Above 

I A Water Surface 

Leaping from a Still Pool 

Figure 9.--Schematic o f  the leaping capabi 
s t i l l  pool. 

l i t y  of a steelhead t rout  from a 

I t  i s  t h e  second term, t h e  length  of the  f i s h  ( L ) ,  t h a t  i s  missing from 

equations t r ad i t iona l ly  used t o  e s t ima te  l eap  he igh t s .  This i s  why, as 

Paul  i k a n d  DeLacy (1957) suggested, back-calculations o f  swimming velocity 

from observed leap heights yield values tha t  are too high (corollary-- 

c a l c u l a t e d  leap  he igh t s  from observed bur s t  v e l o c i t i e s  a r e  t o o  low). 

Table 3 l i s t s  calculated leap heights from a s t i l l  pool for  several species 

of a d u l t  salmonids using an a n a l y s i s  s i m i l a r  t o  t h a t  presented f o r  the 

steelhead t rout .  From t h i s  analysis i t  i s  interest ing t o  note  t h a t  s t e e l -  

head t r o u t ,  sockeye, coho, and chinook salmon, were shown t o  be capable of 

accelerating f r o m  position 1 t o  position 2. Chum and pink salmon decel e r -  

ated from position 1 t o  position 2, and there was no change for cutthroat 



om b u r s t  v e l o c i t i e s  

Burst Velocity a t  Frontal Leap 
Velocity ~ o s i  t i  on 2 Weight Length Area  eight 

( f t 2 )  ( f t )  

I. P i n k  11.3 11.2 4.0 2.0 0.31 3.8 
Sockeye 20.6 22.0 6.5 2.3 0.37 9.3 

:b Coho 21.5 23.0 7.0 20 4 0.37 10.0 
I: Chinook 22.4 22. 5 20.0 2. 8 0.58 10.1 

eel head 26.5 27.4 18.0 3.1 
pr Cutthroat 13.5 13.5 2.2 1.4 

Burst v e l o c i t i e s  p r i m a r i l y  from Bell  ( l 9 7 3 ) ,  Beamis 
( 1 9 7 7 ) .  A drag  c o e f f i c i e n t  of 0.06 was used f o r  a 
oef f ic ien t  f o r  symmetrical a i r f o i l s  i s  no t  s e n s i t i v  

" 

'out. The va lues  c a l c u l a t e d  us ing  th i s  analysis  c 

reported observations of 1 eap heights (Tab1 e 4). 

Leapi ng a c t i v i t y  of salmonids i s  seldom associa t  

t i s  more typical  t o  observe them leaping from a pool 

- - 

h (1978), 
11 species 
le f o r  a s a  

and Dimeo . The drag 
e c t  r a t i o s  

and v i th in  t h e  r anse  from 4 t o  5.5 a t  a  Reynolds number of 4(1015 (Dailv i 

ompare fav 

ed w i t h  a 

be1 ow a f a  

a hydraul i 

orably w i t h  

s t i l l  pool. 

11s. S tuar t  

c condition 

a s  s i g n i f i c a n t  f o r  l e a p i n g  t h a t  a p p e a r e d  a s  a bo i l  or "hump" just 

. He t e rn  

: " t h e  f i s  

led t h e  hump 

, h ,  w i thout  
, I& k x c e p t i o n ,  a1 1 l e a p t  from t h e  same 1 1  a rea  on t he  'hump' created by t he  
g* 
&'Strong upward current  pointed strongly t o  t he  importance of this  unquestion- 
1L- 

magnitude 

object  i ve 

of S t u a r t ' s  

i s  t o  ga in  



Tab1 e 4. --Observed 1 eap heights for several species of salmoni ds. 

Species Number o f  
Respondents 

Range o f  Heights 
Reported ( f t  ) 

Salmon 
Pi nk 
Sockeye 
Coho 
Chi nook 
(generic) 

Trout 
Steel head 
(generic) 

NOTE: Observations reported in  a survey of f i s h  leaping c a p a b i l i t i e s  
conducted by Dr. J .  F. Orsborn, Professor of Hydraulic Engineering, 
Washington State University, 1980, unpublished. 

understanding o f  the  phenomenon so that: (1) i t  can be adapted t o  fishway 

design, and (2)  so that the magnitude of the "aid" t o  1 eapi ng f i s h  can be 

quantif ied.  I t  may then be possible t o  develop a table of leap heights for 

f ish  leaping from a standing wave below a fa l ls .  

Bi oenerget i cs 

Since anadromous salmon have f ixed energy reserves when they begin 

thei r  upstream migration, the efficient use of t h e i r  reserves can have a n  

important bearing on whether they spawn successfully. For t h i s  reason, i t  

i s  important t h a t  fishways do not delay f ish migration. 

Although i t  i s  1 ikely t h a t  the  energy expenditure of a f ish passing 

through a prope'rly designed f i shway wi 11 have 1 i t t l  e impact on a f i s h ' s  

spawning success, i t  i s  interesting t o  consider the relative energy outlays 

required by various fishway types. After observing f i s h  pass through 



POOL BELOW A 'WATERFALL 

Flow 

!! Fiaure 10.--Sketch showi nq the  s ide view of a pool be1 ow a waterfall .  

i f i c  

" 

es, Stuart  (1962) concluded "that  the amount of ene rgy t h a t  

Euld be expended by a f i sh  i n  passing a succession of such or i f ices  must be 

times greater than tha t  required t o  leap over an equivalent s e r i e s  of 

E natural obstacles. ' He provided no quant i ta t ive information t o  support 

'contention. Mih (1983) addressed t h e  ques t ion  of what i s  t h e  most 

oenerget ical  ly  e f f i c i e n t  mode of ascent  by analyt ical ly  comparing the 

rgY requirements of a f i s h  t o  ascend: (1) through ports or o r i f i ces ,  (2)  

>an inc l  ined ramp, and ( 3 )  by leaping f ram a pool. A summary of his 
* ,  

I ! Y ~ ~ S  appears i n  Table 5. From t h e  t a b l e ,  i t  i s  ,evident t h a t  t he  +- 
lysis  i s  support jve of S tuar t ' s  contention. 
1 
4 It i s  a l s o  apparent from Table 5 t h a t  l eaping  o f f e r s  e n e r g e t i c  
b .  

:antages over swimming u p  an  inclined ramp or through a por t  above some 
*& 2 

! t l ~ a l  elevation different ial  (ah). This i s  indirect ly  supportive of the  



concept t h a t  f i s h  p r e f e r  t o  leap  r a t h e r  than swim once a cer ta in  minimum 

stimulus ( ~ h )  has been sa t i s f ied .  In nature, the  path of l e a s t  r e s i s t a n c e  

of fers  efficiency, favors survival,  and i s  t h u s  often exercised. Porpoising 

by dolphins i s  an example of e n e r g e t i c a l l y  e f f i c i e n t  locomotion (Blake,  

1983). I t  has a1 so been suggested tha t  school i ng, in par t ,  i s  a behavioral 

adaptation t o  a more e f f i c i en t  means o f  locornoti on (Wei hs, 1974b). 

Table 5.--Summary of t h e  energy requi rements f o r  a four-pound ascending 
f ish.  

El evat i on 
Difference 

Ah 
(ft) ' 

S w i m  
Through 
P o r t s  
(ft-1 b s )  

Leapi ng 
Swim up from a 

a 45" Ramp S t i l l  Pool 
( f t -1  bs) (f t -1  bs)  

After  Mih ,  W. C .  1983. A conceptual ,  a n a l y t i c a l  model o f  t h e  energy 
requirements of ascendi ng f i s h .  A1 brook Hydraul i c  Laboratory, Washington 
Sta te  University, unpubl ished. 



HYDRAULIC THEORY 

I n t roduc t ion  

p t i o n ,  i t  i s  apparent  t h a t  t he  "hump" or standing wave r e fe r red  t o  

l eas t  i n  part,  caused by the re lease o f  e n t r a i n e d  a i r  t o  t h e  poo l  

e i n  t h e  form of an ai r -bubble plume. With an understanding o f  the 

cs o f  t h i s  phenomenon i t  may be poss ib le  t o  adapt i t s  use f o r  f i s h  

Submerged Je t  Theory 

ent  than t h a t  o f  a submerged je t .  The p r i n c i p a l  d i f f e r e n c e  i s  t h e  

cons ide r  t h e  d i f f u s i o n  o f  a submerged j e t .  By superimposing the  

i c a t i o n  o f  a i r  en t ra inment ,  t h e  f r e e  j e t  d i f f u s i o n  process can 



dece le ra te  t he  f l u i d  just within the jet boundary, and t o  accelerate t h e  

adjacent f luid in the pool. Through th i s  process the  velocity core of t h e  

j e t  i s  gradually di f fused,  t he  adjacent ambient fluid i s  accelerated or 

entrained, and the overall effect i s  a gradual t r a n s i t i o n  from a flow o f  

higher t o  lower kinetic energy. 

Albertson e t  a l .  (l95O), in  t h e i r  study of submerged je t  diffusion, 

divided the diffusion process in to  two d i s t i n c t  zones (Figure 11). The 
I 

zone of flow establishment extends from the jet  source t o  the apex of t h e  

constant-velocity core. The length of t he  zone i s  a f u n c t i o n  of t he  

i n i  t i  a1 j e t  cross-secti on geometry. Beyond the zone of flow establishment 

i s  the zone of established flow. In th i s  zone flow velocities a r e  reduced 

fu r the r  a s  the  k ine t ic  energy of turbulence i s  dissipated t h r o u g h  viscous 

shear. 

Continuity requires t ha t  a flow c i rcu la t ion  pattern develop in the 

pool t o  replace the f l u i d  entrained by the  jet (Figure 12) .  Otherwise 

there  would be  a f l u i d  build-up a t  the downstream end of the pool. In a 

plunging j e t ,  the  re turn  eddies t h a t  develop t o  insure  con t inu i ty  a re  

predominately upward in di rect ion (Figure 13). As th i s  flow reaches the 

pool surface, the vertical component of the velocity head i s  converted t o  

potent ia l  head which appears a s  a hump, o r  standing wave, on the pool 

surface. 

H = ~ 2 / 2 ~  

where 

V = vertical velocity component o f  the return eddy, 

H = potential head. 



D = Jet D iameter ,  Yo = lnitlal Jet Velocity , 
Vmax- Maximum Local Jmt Velocity 

h ema t 
al . ,  

i c  representat ion of j e t  diffusi 
1950). 

(af ter  bertson 

The magnitude of the vertical velocity component of the return eddies, and 

t h e i r  r e l a t i v e  importance t o  the  formation o f  the  standing wave, a r e  

unknown. I t  i s  an objective of th is  study to make such a determination. 

Exposed Je t  Theory 

When a f ree je t  enters a pool, such as a t  a  f a l l s  or below a weir, a i r  

i s  introduced in to  the  pool with the  j e t .  This occurs through two 

mechanisms. The f i r s t  mechanism i s  a function of the roughness of the jet 

surface as measured by the Reynolds number. 

Re = V,L/V 

where 



Return Eddles 

Jet 

R e  turn Eddies 

F i g u r e  12.-"Schematic rep resen ta t i on  showing c i r c u l a t i o n  p a t t e r n  
o f  submerged j e t  flow, such as f rom a port. 

Slde View 

Figure 13.--Schematic representation showing circulation pattern 
o f  p lung ing  j e t  f low. 
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Re = Reynolds nurnber, 

V, = j e t  velocity,  

L = character is t ic  length, diameter, or thickness of the j e t ,  

v = Kinernatjc viscosity of the f lu id .  

~t a c r i t i c a l  Reynolds number the  j e t  su r face  becomes rough and small 

furrows form, opening and closing, in a dynamic process. Air surrounding 

the j e t  becomes entrapped in these  roughness depressions and i s  dragged 

i n t o  t h e  pool with the je t .  Anderson (l968), using small diameter nozzles 

and water, observed the onset o f  j e t  surface roughening a t  Reynolds numbers 

as low a s  ~ . 7 x ( 1 0 ) 4  f o r  a 0 .0417 foo t  diameter  nozzle. J e t  su r face  

roughening was observed t o  occur a t  higher  Reynolds numbers f o r  l a r g e r  

di ameter nozzl es. 

The second mechanism by which a i r  is .  entrained in the pool occurs a t  

the je t lpool  su r face  i n t e r f a c e .  As t h e  j e t  e n t e r s  t h e  p o o l ,  t h e  pool 

surface i s  depressed somewhat by viscous shear. This depression f i l l s  with 

a i r .  Because o f  t u r b u l e n t  f l u c t u a t i o n s  i n  the  j e t ,  and e r r a t i c  flow 

p a t t e r n s  i n t he  pool , a i  r  becomes entrapped and dragged beneath the pool 

surface. In  most cases, t h i s  mechanism i s  prob,ably respons ib le  f o r  t h e  

greatest  portion of the a i r  entrained in the pool. 

The e f f e c t  of entrained a i r  on the j e t  diffusion process was described 

and experinental ly verified by Anderson (1968). Two important conclusions 

were reached: (1) that the  ra te  of the j e t  centerline velocity dissipation 

i ncreases wi t h  increas ing  a i  r concentraticn; and ( 2 )  tha t  the transverse 

ve loc i ty  prof i l e s  a r e  f l a t t e n e d  with inc reas ing  a i r  concent ra t ion  a s  

compared t o  profiles of a submerged jet .  

To descr ibe  the diffusion process for a n  exposed j e t ,  Anderson (1968) 

defined four d i s t inc t  zones. The f i r s t  or i n i t i a l  zone i s  s imilar  t o  t h a t  



of a submerged j e t  because the  decelera t ion e f f e c t s  o f  t he  air do not 

penetrate t o  the jet centerline. The potential core remains f r e e  o f  a i r  

although t h e  surrounding f l u i d  does n o t .  Beyond the  f i r s t  zone the  

centerline velocity begins t o  decrease. In this second zone the en t r a i  ned 

a i r  i s  d i s t r i bu t ed  throughout the  sect ion a n d  t he  t ransverse  velocity 

profi le  i s  ful ly developed. This zone i s  re1 atively short. The third zone 

i s  def i ned by another decel erat i  on 

which the transverse velocity prof 

un t i l  the  sect ion where a rapid 

(beginning of Zone 4) .  The fourth zone i s  defined by the increased e f f e c t  

law and predominates from the section at 

i l e  is ful ly developed (end of Zone 2 ) ,  

decrease in cen te r l i  ne velocity occurs 

o f  t he  buoyancy of the  a i r  bubbles. A t  t h i s  dep th ,  the jet  velocity has 

dissipated t o  the  extent  t h a t  the  r i s e  veloci ty  o f  t h e  air-bubbles i s  

becoming relatively significant. 

I t  i s  the  fourth zone, o r  perhaps above i t ,  t h a t  i s  pa r t i cu la r ly  

interesting concerning f ish  passage. From t h i s  zone a r i  s i  ng ai r-bubbl e 

plume o r ig ina t e s .  The similarity between an air-bubble plume and a simple 

buoyant plume was f i r s t  -discussed by Taylor (1955)  in reference t o  

pneumatic breakwaters. As the air-bubbles r i se  t h r o u g h  the ambient water, 

a n  induced ver t i ca l  flow occurs t ha t  resembles the process o f  turbulent 

d i f fus ion  from a submerged source of buoyancy (Cederwall a n d  Ditmars, 

1970). A t  the surface, the induced vertical flow of t h e  air-bubble plume 

i s  converted t o  potential head in an identical fashion as for  the vertical 

component of the return eddies discussed previously. The magnitude of t h e  

veloci ty  of the  ver t i ca l  induced flow, and i t s  s ignif icance t o  t he  

formation of Stuart 's  standing wave, are t o  be determined in t h i s  study. 





3. A i r  entrainment = f-1 (jet perimeter ( P ) )  

By virtue of the second mechanism of a i r  entrainment discussed 

previously, i t  i s  clear that a i r  entrainment i s  a function o f  jet 

perimeter. I t  i s convenient t o  compare the ai r -en t ra i  ni n g  

cha rac t e r i s t i c s  of j e t s  of comparable velocity a n d  discharge 

(velocity X cross-sectional area) by relating ai r en t r a i  nment t o  

jet hydraul i c  radius. T h e  hydraulic radius ( R )  o f  a j e t  can be 

defined as the  j e t  cross-sectional  area divided by the j e t  

perimeter. 

4. Length o f  zone o f  established flow = f-1 ( a i r  entrainment) 

Anderson (1968) concluded t h a t  t h e  d i s s ipa t ion  of, center1 i  ne 

ve loc i t i e s  depends on the q u a n t i t y  o f  a i r  en t r a ined .  With 

increasing a i r  concentrations t he  r a t e  o f  velocity d i ss ipa t ion  

a l so  increases. I t  follows that the maintenance of j e t  velocity, 

described as the  penetrat ion o f  the  j e t  in to  t h e  pool, i s  

i  nversel y re1 ated to  ai r concentrat i  on. 



THE FISHWAY SYSTEM: COMPONENTS AND FUNCTIONS 

A hydraulic system, such as a fishway, consists of various components 

and functi ons with complex interactions. To faci 1 i ta te  the understanding of 

the system i t  i s  helpful t o  identify each component (Figures 14,  15, and 16)  

and  the corresponding functions (Figures 17 ,  18, and 19).  Only with this 

understanding i s  i t  possible t o  develop and integrate a test program which 

wi 11 provide feedback concerning system response which i s  meaningful. With 

understanding and feedback, i t  i s  possible t o  tes t  and a d j u s t  the system t o  

achieve the  program objectives. 

Some pert i nent def i nit i ons f 01 1 ow: 

1. Heir.--Routes the flow through the fishway and concentrates the 

flow momentum prior t o  the plunge into a downstream pool. Producer 

a stable standing wave over a range of flows. Also serves as an 

access opening t o  upstream pools for leaping fish (Figures 14, 15 ,  

and 16). 

2. Overf low Yeir.--Extends the range o f  flows over which the fishway 

can function (Figure 15). 

3. F i  shway Chamber. --Provides water storage capacity and constitutes 

the base structure of the fishway. T h e  t a n k  geometry influences 

t h e  hydraul i c  conditions (energy diss ipat ion,  resting space) 

developed. within the pools of the fishway (Figure 15). 



Baffling.--Dissipates hydraulic energy, directs flow, and guides 

fish. Influences the overall hydraulics within t h e  pools of the 

when properly located in the f ishway chamber (Figure 15). 

Downstream Fishway Portal.--Attracts f i s h  to the  entrance structure 

and provides access into the fishway. Serves as the hydraulic exit 

(Figure 14). 

Upstream Fishway Portal.--Regulates flow into the fishway and ' 

serves as an exit for fish (Figure 16). 



FISHWA Y PORTAL /.;. 

PLAN VIEW E N D  VIEW 

Figure 14. --Schematic o f  fishway entrance chamber. 

PLAN VIEW END VIEW 

Figure 15.--Schematic of intermediate fishway chamber. 
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Figure 16.--Schematic o f  fishway e x i t  chamber. 
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F i g u r e  17. --Subfunction analysis f o r  f ishway entrance chamber. 
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Figure 18. --Subfunct i on analysis f o r  intermediate f ishway chamber. 
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ACCESS"0UTE CORRECTLY FLOW 

Figure 19.--Subfunction analysis for fishway exit chamber. 



CRITERIA FOR FISHWAY DESIGN AND DEVELOPMENT 

Introduction 

I t  should be emphasized tha t  in the  study o f  a hydraulic system, such 

a s  a fishway, t h e  v a r i a b l e s  and t h e i r  r e s p e c t i v e  c r i t e r i a  a r e  o f t en  

mutually interdependent.  I t  i s  therefore l ikely impractical t o  es tabl ish 

and expect t o  s a t i s fy  r igid c r i t e r i a  in every case. Instead, t he  r equ i re -  

ment i s  t o  define c r i t e r i a  in terns  of desirable flow features. Firm values 

only occasionally need t o  *appear  as  s tandards .  By experimentat ion and 

adjustment i t  i s  t h e n  poss ib le  t o  optimize the hydraulic conditions in a 

manner such t h a t  a l l  t h e  c r i t e r i a  can be s a t i s f i e d ,  and t h e  p r o j e c t  

objectives real ized. 

Discussion of Cri te r ia  

1. Water Jet 

( a )  Shape.--The shape of the water j e t  i s  important f o r  two 

reasons. I t  i nfl uences the  a i r  entraining charac ter i s t ics  of 

the  j e t  and i t  de f ines  the concentration of the  flow momen- 

t u m .  

( b )  Stabi  1 i t y .  --By s t a b i l i t y  i s  meant the  resistance t o  breakup. 

For  turbulent flow a j e t  will  always d i s i n t e g r a t e  if g i v e n  

suf f ic ien t  f a l l  distance (Falvey, 1981). T h i s  i s  primarily a 

function of the internal turbulence o f  the j e t  (Rouse e t  a l . ,  

1951). J e t  i n s t ab i l i t y  would  reduce the concentration of the 



flow momentum, which i s  considered undesirable. Flow 

concentrations are at tract ive t o  fish. 

L. Standing Wave 

( a )  Height.--Stuart (1962)  concluded t h a t  the  presence of a 

standing wave was c l o s e l y  r e l a t e d  t o  a f i s h ' s  stimulus t o  

leap. The height of the standing wave i s  an indication o f  

the strength of th i s  hydraulic condition. 

( b )  Location. - -S tua r t  (1962) concluded tha t  the distance t o  the 

standing wave f rom the obstac le  influenced the success of the 

leap. 

( c )  Shape and Size.--The shape and size of the standing wave are 

an indication o f  the submerged f l  ow cha rac t e r i s t i c s .  They 

may a l s o  be an indication o f  the zone o f  influence regarding 

the stimulus for  f ish t o  jump. 

3. Air Entrained in Plunge Pool.--It i s  unclear as t o  what the effect 

of entrained a i r  in the pool below a weir may be on f i s h  passage 

character is t ics*  In Great Britain the Lpractice has been t o  avoid 

the  superaerat ion of water in fishways while in  Norway the  

moderate aeration of water i s  sometimes encouraged (Inst. o f  C i v i l  

Engi neers, 1942). 

( a )  Visibility.--It has been reported t h a t  the v isua l  stimulus i s  

important in the orientation of a f i sh ' s  leap ( S t u a r t ,  1962).  

The quanti ty of a i r  entrained does a f f ec t  the  v i s ib i l i t y  

within the water medium, b u t  f ish sight out o f  water. 

) Density. --The density of the water i s  related t o  the momentum 

force by the following relation: 
@ F, = PmQV 



where Fm = flow momentum force ( F ) ,  

P, = density of flow medium ( F T ~ / L ~ ) ,  

Q = discharge ( L ~ / T ) ,  

V = flow velocity (L/T). 
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From t h i s  r e l a t i on  i t  i s  evident t h a t  the  quantity o f  air ':i 

entrained will directly influence t he  f l  ow momentum force. 

Since i t  i s  hypothesized that the flow momentum force i s  the 

re leaser  f o r  f i s h  movement, i t  can be reasoned t h a t  the 

quanti ty o f  a i r  entrained may influence the action of th is  

stimulus. 

O f  secondary considerat ion,  in  cases o f  extreme air 

entrainment, i s  the  pos s ib i l i t y  t h a t  the  e f fec t iveness  o f  

f i s h  propulsion may be reduced as t a i l  rravement meets less 

resistance in the rarefied medi urn. 

4. General Fl ow Characteristics W i t h i n  the Pool .--The general flow 

cha rac t e r i s t i c s  obtained within the pool will  i n  p a r t  b e  a 

function of the  other cr i ter ia  since the overall fishway hydrau- 

1 ics  are mutually interdependent. There a r e ,  however, c e r t a i  n 

f 1 ow characterist ics,  both desirable and undesirable, that can be 

,ion o f  baffles, guide vanes, or other i nf 1 uenced with the i n t  roduct 

hydraul ic  accessories. 

( a )  Upwell i n g  Fl ow. --Upwe1 

i n  f i s h  (Be l l ,  1973) .  

ling flaw i s  known t o  trigger jumping 

This i s  the  c h a r a c t e r i s t i c  flow 

pattern o f  t he  standing wave t h a t  will  be generated down- 

stream of the  weir j e t  as i t  plunges in to  the  pool. T h i s  

standing wave will be the one best location for  the fish t o  

in i t i a te  thei r  leaps on their passage upstream. I t  i s  t h u s  



d e s i r a b l e  t o  e l i m i n a t e  a l l  o t h e r  upwe l l i ng  areas w i t h i n  t h e  

I pool so as t o  a v o i d  o r i e n t a t i o n  prob lems and unsuccess fu l  

I l eap ing  a c t i v i t y .  

(b) Vo r t i c ies . - - I t  i s  reasonable t o  assume t h a t  v o r t i c i e s  may t a x  

t h e  energy  o f  f i s h  as t h e y  s t r u g g l e  t o  m a i n t a i n  t h e i r  

o r i e n t a t i o n .  I n  a d d i t i o n ,  t h e  e f f e c t  o f  v o r t i c i e s  on 

successive w e i r  j e t s  would be t o  d i s t u r b  t h e  h y d r a u l  i c s  and 

perpetuate uns tab le  f l o w  condi t ions.  I t  i s  thus d e s i r a b l e  t o  

a t tenuate  any v o r t i c i e s  t h a t  may occur. 

( c )  Vel o c i  ty .  --It i s  des i rab le  t o  p rov ide  a c l e a r l y  d i s t i n g u i s h -  

ab le  v e l o c i t y  ( f l o w  momentum) g rad ien t  towards  t h e  s t  a n d i  ng 

wave so as t o  a t t r a c t  f i s h  t o  t h e  o p t i m a l  jump l o c a t i o n .  

This can be accomplished w i t h  ba f f l i ng .  It i s  a l so  d e s i r a b l e  

t o  reduce t h e  magnitude o f  secondary v e l o c i t y  j e t s  so t h a t  it 

i s  u n l i k e l y  t h a t  f i s h  may become o r i e n t e d  away f r o m  t h e  

d e s i r e d  pathway, Be1 1 (1973)  recommends t h a t  two f e e t  per  

second ( f ps )  be used f o r  t r a n s p o r t a t i o n a l  v e l o c i t i e s .  Th i s  

v e l o c i t y  i s  s u f f i c i e n t  f o r  use as a t a r g e t  i n  t h i s  study. It 

i s  an t i c ipa ted ,  however, t h a t  t h e  r e s u l t s  o f  t h i s  s t u d y  w i l l  

f u r t h e r  d e f i n e  t h e  r e q u i r e d  v e l o c i t i e s  ( f l o w  momentum) 

necessary t o  i n i t i a t e  and p r e d i c t  f i s h  movement. 

(d )  D i  r e c t i o n . - - S i n c e  f l o w  momentum i s  a v e c t o r  q u a n t i t y  the  

d i r e c t i o n  of t h e  f l ow l ines  i s  important. I t  i s  d e s i r a b l e  t o  

p r o v i d e  a  s i m p l e  homogeneous f l o w  p a t t e r n  t o  encourage t h e  

proper o r i e n t a t i o n  o f  t h e  f i s h .  

( e )  S t  a b i  1  i t y  . - - I t  i s  des i rab le  t h a t  t h e  general f l o w  charac ter -  

i s t i c s  are  s t a b l e  throughout t h e  opera t iona l  range o f  f l o w s .  



Surging flow i s  unacceptable in t h a t  i t  would disrupt the 

flow conti  nui t y  t h r o u g h o u t  a s e r i e s  o f  f ishway chambers. 

This would e f fec t ive ly  prevent t he  optimization of the  

hydraulics for  f i sh  passage. 

D i f f  arence between Pool Elevations. --The primary considerati on in 

establishing the  c r i t e r i o n  f o r  t he  height of t he  f a l l  between 

pools i s  t h a t  i t  m u s t  be within t he  leaping capabi l i ty  of the 

target  species. I t  has been demonstrated t h a t  a l l  species of 

salmonids have the  a b i l i t y  t o  negot ia te  a three-foot overfall 

(Collins and Elling, 1961). I t  has a l so  been reported t h a t  s i x  

f e e t  can be considered a normal maximum for salmon (species not 

mentioned) leaping under favorable condit ions ( I n s t .  a f  Civil 

Engi neers , 1942). Since swimming and leaping capabilities . depend 

on b o t h  the species and size of the f i sh ,  the proper establishment 

o f  t h i s  cr i ter ion requires specific knowledge of the target fish. 

F o r  the  purposes o f  t h i s  s tudy,  i t  seems prudent t o  s e t  t he  

maximum di f fe rence  between pool elevations a t  three feet.  This 

would provide f ish  passage conditions within t h e  capabil i t y  o f  

m o s t  salmonids while s t i l l  a1 lowing f o r  s i gn i f i can t  energy 

dissipation per unit length o f  faci l i ty .  

Depth o f  Pool.--Enough d e p t h  should b e  provided t o  cushion the 

f a 1  ling jet sufficiently t o  prevent excessive turbulence. The 

re1 a t i  onship between t he  depth, w i d t h ,  and  discharge should  be 

such t h a t  velocities are sufficient t o  stimulate t h e  movement o f  

f i sh apd discourage 1 ingering. Stuart (1962) demonstrated t h a t  a 

re la t ionship  e x i s t s  between pool depth, f a l l  height ,  a n d  the  

character  of the  standing wave generated. I t  i s  anticipated t h a t  



t h e  i n t e r d e p e n d e n c e  of t h e s e  v a r i a b l e s ,  and t h e i r  r e s p e c t i v e  

c r i t e r i a ,  w i l l  be v e r i f i e d  i n  t h i s  study. 

7. Res t i ng  Area.--It has been r e p o r t e d  t h a t  f rom 30-50 percent  o f  

f ishway volume i s  d e s i r a b l e  f o r  r e s t i n g  area ( v e l o c i t y  - 4 f p s )  f o r  

f i sh (Be1 1, 1973).  I n  t h e  development o f  t h e  f ishway a  standard 

f o r  r e s t i n g  area volume w i l l  no t  be estab l ished.  The r e s t i n g  area 

volume w i  11 be t r e a t e d  as a t o t a l l y  dependent va r i ab le .  

8. Energy Diss ipat ion. - - I t  has been repo r ted  t h a t  t h e  maximum design 

f l o w s  f o r  a  f i s h w a y  s h o u l d  be  based on an ene rgy  d i s s i p a t i o n  

c r i t e r i a  of  4 f t - l b s / s e c / f t 3  o f  w a t e r  (Be1 1, 1973 ) .  Energy  

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

o f  t h e  f i n a l  design. Energy d i s s i p a t i o n  w i l l  thus be t r e a t e d  as a 

t o t a l l y  dependent va r i ab le .  

9. F low  Range . - - I t  i s  d e s i r a b l e  t h a t  t h e  f i s h l a d d e r  be a b l e  t o  

operate e f f e c t i v e l y  ove r  as w i d e  a r a n g e  o f  f l o w s  as p o s s i b l e .  

The 1  i m i t a t i o n  o f  t h i s  s tudy i s  a working range o f  10 cub ic  fee t  

per  second (cfs). '  Wi th t h e  a p p r o p r i a t e  d e s i g n  o f  means t o  pass  

excess  d i s c h a r g e ,  e i t h e r  w i t h i n  t h e  f i shway (ove r f l ow  w e i r s )  o r  

e x t e r n a l l y  t h r o u g h  a wasteway, i t  may b e  p o s s i b l e  t o  e x t e n d  

opera t ions  beyond t h i s  range. 



OBJECTIVES 

The general objectives of th i s  study were threefold: 

1. t o  determine the physical mechanism and magnitude o f  the standing 

wave phenomenon described by Stuart (l962), 

2. t o  develop a fishway configuration based on the concept t h a t  f i s h  

can be stimulated t o  leap, and 

3. t o  assess the performance o f  the new fishwav w i t h  f i e ld  tests. 

Specific 

To achieve the general study objectives, the study was subdivided into 

several component par t s ,  each with spec i f i c  object ives .  The component 

s tud ies  can be c l a s s i f i e d  in to  two  categories: (1) laboratory, and ( 2 )  

field. The following i s  a l i s t i n g  of the  component s t ud i e s  and t h e i r  

respect i ve objectives. 

Laboratory 

1. Preliminary Weir Tests 

( a )  t o  make a preliminary selection o f  a weir shape [Figure 20) 

and orientation angle (Figure 21)  for  use in further testing, 

( b )  %to determine the effect t h a t  the orientation of weir training 

walls (Figures 22 and 23) has on j e t  shape, 
I 

( c )  t o  describe the  standing waves produced by various j e t  1: 
shapes, and 



WEIR SHAPES 

SEMl TRAP HEXA TRIA 

Figure 20.--Schematic o f  the weir shapes tested. 

FLOW 4 

Figure 21.--Side view showing the o r i e n t a t i o n  angles o f  t h e  plane 
o f  the weirs that were tested. 
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Figure 22.--Plan view showing weir training walls. 

WEIR TRAINING 
WALL 

d I 

F i g u r e  23.--View o f  w e i r  training walls 
1 ooki  ng downstream f r o m  above. 



Overf 1 ow Main Overf 1 ow 

Figure  24. --Front vi ew showi ng overflow 
je t s  on e i ther  side of the 
main weir jet. 

( d )  t o  determine the ef fects  o f  the overflow jets (Figure 24) on 

pool flow patterns.  

2. Baffle Orientation Study 

To determine t he  loca t ion1  ( X B )  and orientation angle2 (8 )  

o f  baffles (Figures 25 and 26) which produced t h e  best pool f l  ow 

candi t ions as  defined by the study c r i t e r i a .  

3. S t a n d i n g  Wave Study with a Nozzle 

( a )  To determine t h e  mechanism governing the  formation of 

standing waves, and 

Distance ( X B )  downstream i n  t h e  pool measured from the upstream tank 
endwall. 
Measured inward from the fishway chamber sidewalls. 

52 



AREA WHERE JET/ 
ENTERS POOL 

STANDINQ WA VE / 
BAFFLE / 

Figure 25. --Plan view o f  intermediate chamber .,of f i shway 
showing approximate baffle placement. 



SIDE ATTACHED 

7r0 CHAMBER W A L L  

Figure 26.--Schematic o f  a perforated b a f f l e  showing 
a possible arrangement of hol es , t o  di s s i  - 
pate energy and provide a resting space 
downstream o f  the baf f les.  



o f  standing waves. 

4. Standing Wave Enhancement Study 

(a) To deve lop  a h y d r a u l i c  appurtenance t h a t  d i r e c t s  a plung ing  

o f  the standing wave, 

( b )  t o  measure the  magnitude o f  the enhanced standing wave, and 

downstream f r om t h e  w e i r  bulkhead, t h a t  provides t he  best 

operat ing cond i t ions over a range o f  discharges. 

F i e l d  - 
Johns Creek Test Object ives 

1. To observe chum and coho salmon leaping and ho ld ing behavior i n  

the  e x i s t i n g  and new ladder un i t s ,  

2. t o  ad jus t  the new fishway con f igu ra t ion  as necessary based on f i s h  

response, and 

3. t o  photograph leap ing f i sh .  
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MATERIALS AND METHODS 

Laboratorv 

P r e l i m i n a r y  Weir Tes ts  

The p r e l i m i n a r y  w e i r  t e s t s  were conduc ted  i n  a f l u m e  4 f e e t  wide, 

6 f e e t  high, and 30 f e e t  l ong  (F igure  27). The t e s t  program was d i v i d e d  

i n t o  t h r e e  s e p a r a t e  s t a g e s :  (1) main w e i r  s e l e c t i o n , l  ( 2 )  we i r  t r a i n i n g  

w a l l  e f fec ts , *  and ( 3 )  ove r f l ow  we i r   effect^.^ 

The pr imary va r iab les  o f  each t e s t  stage were: 

Main Weir Se lec t  i o n  

Weir Geometry.--Four w e i r  shapes were tes ted :  (1) hexagonal w i t h  

one-on-one s i d e s l o p e s ,  ( 2 )  s e r n i c i r c u l  a r ,  ( 3 )  t r a p e z o i d a l  w i t h  

f o u r - o n - o n e  s i d e  s lopes,  and ( 4 )  a 68-degree V-notch (F igu re  20). 

The maximum h o r i z o n t a l  dimension f o r  each we i r  was 0.75 fee t .  

Weir Ang le .  --The w e i r s  were t e s t e d  a t  several  o r i e n t a t i o n  angles 

measured f r o m  a h o r i z o n t a l  p l a n e  and r o t a t e d  upwards about  a 

h o r i z o n t a l  a x i s  perpend icu la r  t o  t h e  f low.  The angles t e s t e d  were 

18, 33, 45, 90, and 135 degrees (F igure  21). 

Discharge.--The d ischarge was v a r i e d  between 0.1 t o  2.0 cub ic  f e e t  

per  second ( c f s ) .  

Diane Hi1 l iardxwas t h e  p r i n c i p a l  researcher on t h i s  study component. The 
work was the  bas i s  f o r  her  sen ior  paper, "Weir Opt imiza t ion :  A New Concept 
i n  F ish ladder  Design," Washington Sta te  Un ive rs i t y ,  May 26, 1983, unpub- 
l i shed .  This paper inc ludes  a r e i n t e r p r e t a t i o n  o f  the  o r i g i n a l  data .  

2 
V a l e r i e  Monsey, a c i v i l  engineer ing sen ior  student,  was respons ib le  f o r  t h e  
dominant p o r t i o n  of t he  l abo ra to ry  t e s t i n g  i n  t h i s  s tudy component. 



a a f f  1 e Orientation Study 

Apparatus 

The t e s t  apparatus  was a flume 8 feet  wide, 6 fee t  high, and 30 f e e t  

long (F igure  30).  Water was suppl ied t o  t h e  flume through a 20-inch 

diameter s tee l  pipe by a pump rated a t  10 cfs .  The flow into the flume was 

regulated two ways: (1) by wasting excess water through a bypass pipe, and 

( 2 )  by a g a t e  valve. A velocity diffuser  was attached t o  the  pipe inlet. 

A turbulence diss ipator  was in  the head tank. 

A bulkhead was loca ted  9 f e e t  downstream from t h e  p ipe  i n l e t .  I t  

measured 5.75 fee t  high, 8 f ee t  wide, and 0.56 f e e t  thick. 

Cant i  1 evered from the t o p  of the bulkhead, a t  45 degrees from vertical 
i 

i n  t h e  downstream d i r e c t i o n ,  was a plywood p l a t e .  The plywood p l a t e  1 
1 
I 

I 
I 

1 urne sect i  on was constructed o f  trans- 1 

ewi ng and photography of the t a i  lwater 
I 

measured 8 f e e t  wide by 2 f e e t  high. A 32-inch diameter semicircular weir : 
opening was centered in the downstream edge. Attached t o  both sides of the 

weir opening were t raining walls with rounded entrances (Figure 31). 

The ta i lwater  pool measured 8 f e e t  wide, 6 f e e t  high, and 15 f e e t  long. 

The pool d e p t h  was regula ted  by a s t e e l  t a i l w a t e r  ga te  which measured 
4 

'5.5 f ee t  wide by 5 f e e t  high. The gate rotated from t h e  v e r t i c a l  i n  t h e  ! 
$ 

downstream d i r e c t i o n  about a hor izonta l  a x i s  perpendicular t o  the  flow I 
( a b o u t  i t s  base). I n  t h e  top  c e n t e r  of t h e  g a t e  was a C i p o l l e t t i  weir 

opening with a 2.5 f o o t  crest length and measuring 3.5 fee t  across the top.  
' 

A winch and pulley system was used t o  

One s idewall  o f  t h e  ta i lwater  f 

parent p l  exi g) ass. T h i s  pmni t t e d  vi 

pool flow patterns. 

se t  the gate position. 



Figure 30. - -Test apparatus o f  the baf f le  orientat ion study. 

Figure 31. --Semi ci rcul a r  wei r (32-i  nch d i  ameter) 
w i t h  t r a i n i n g  walls. 
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Perfora ted  b a f f l e s  measuring 4 f e e t  wide,  6 f e e t  h i g h ,  and 314 inch 
't 

t h i c k ,  were constructed o u t  o f  plywood and attached t o  the  t a i l w a t e r  poo l  

s i d e  wa l l s  on hinges (F igure  3 2 ) .  Their position was f i x e d  by clamps a t ,  

the  t o p ,  and a peg-in-hole assembly in a baseplate a t  the bottom. 

Two s t i l l i n g  wells were used to monitor the level of the head and t a i l ? i  
13 

water i n  the flume. The headwater level was monitored 4.5 f e e t  upstream ofi! 
d' 
J 

t h e  weir bulkhead. The t a i  lwater level was monitored 2 f e e t  upstream of { 

the tailwater gate.  

T h e  same point  gauge assembly described in the preliminary weir tes ts  , 

was used t o  measure standing wave heights. In addition, an electromagnetic ; 

flow meter (Marsh/McBirney Model No. 201 Portable Water Current Meter) was , 4 
used t o  measure the  v e r t i c a l  v e l o c i t y  component (VSWY) of t h e  standing , 

6 
wave.3 The pos i t ion  o f  . the standing wave was referenced wi th  a hand-held 4 

, $1 

eng i neer ' s tape. j 

t o  the b a f f l e  point o f  attachment as measured from t h e  upstream 

weir bulkhead (Figure 25) .  

B a f f l e  O r i e n t a t i o n  A n g l e .  --Def ined as t h e  angle ( 0 )  measured inward ' 
from the upstream flume sidewall (Figure 25) .  

The electromagnetic f l o w  meter i s  applicable t o  flows which contain air  
bubbles, although the manufacturer cautions tha t  bubbles may c a u s e  t h e  
instrument  t o  e x h i b i t  a "$1 i g h t l y  increased g a i n . "  Since er rors  i n  
velocity measurement o f  10 t o  20 percent were tolerable,  t h i s  was not a 
concern. 

6 1 



Figure 32.-"Perforated baf f les  used i n  the 
b a f f l e  orientation study were 
4 feet  wide and 6 fee t  high. 

Fi'gure 33. --Secchi disks mounted on 3/4-i nch di ameter 
p i p e  were used t o  indicate underwater visibility. 



The d i s c h a r g e  was h e l d  c o n s t a n t  a t  7.4 c f s  ( s e m i c i r c l e  f u l l ) ,  t he  

t a i l w a t e r  s e t t i n g  was c o n s t a n t  a t  3.44 f e e t ,  and t h e  change i n  w a t e r  

su r face  e l e v a t i o n  (AM) was constant a t  3.70 fee t .  

The procedure was systemat ic  and began w i t h  a b a f f l e  setti ng o f  XB = 

6.1 f e e t ,  0 - 30 degrees. The pump was a c t i v a t e d  and t h e  f l o w  regu la ted  so 

t h a t  t h e  s e m i c i r c u l a r  w e i r  was f u l l .  W i t h  t h e  t a i l w a t e r  w e i r  i n  t h e  

v e r t i c a l  p o s i t i o n ,  t h e  head on the t a i l w a t e r  w e i r  (HTW) was determined v i a  

t h e  downstream s t i l l i n g  we l l .  The discharge was then c a l c u l a t e d  w i t h  t h e  

f o l  low ing equation. 

Q = 8.42(~~~)1-5 

The t a i l w a t e r  l e v e l  was t h e n  a d j u s t e d  t o  a d e p t h  o f  3.44 f e e t  by 

l o w e r i n g  t h e  t a i l w a t e r  ga te .  T h i s  t a i l  water  s e t t i n g  and d ischarge were 

mainta ined throughout the balance of the t e s t i n g .  

The s tand ing  wave h e i g h t  was measured by t h e  same procedure used i n  the  

p r e l i m i n a r y  w e i r  t e s t s .  The s t a n d i n g  wave p o s i t i o n  was r e f e r e n c e d  by 

measur ing  t h e  d i s t a n c e  f rom the standing wave t o  t h e  we i r  bulkhead w i t h  a 

hand-held eng ineer 's  tape. The v e r t i c a l  v e l o c i t y  component o f  t h e  s tand i  ng 

wave f l o w  c i  r c u l  a t i o n  was measured approximate ly  0.5 f e e t  below the  water 

sur face w i t h  t h e  e lect romagnet ic  f l o w  meter. 

F l  ow p a t t e r n s  were sketched and def ined f u r t h e r  w i t h  v e l o c i t y  measure- 

ments made a t  var ious  p o s i t i o n s  i n  t h e  p o o l .  A t t e n t i o n  was focused  on 

i d e n t i f y i n g  eddies, v o r t i c i e s ,  and areas o f  upwel l ing.  

The r e l a t i v e  v i s i b i l i t y  i n  t h e  w a t e r  was measured by means o f  a  

m o d i f i e d  Secch i  d i s k .  M o d i f i c a t i o n s  were p r i m a r i l y  i n  t h e  means o f  

attachment o f  ihe standard d isk .  This  was n e c e s s i t a t e d  because:  (1) i t  

was d e s i r e d  t o  measure t h e  r e l a t i v e  v i s i b i l i t y  i n  t h e  t u r b u l e n t  upwe l l i ng  



f l o w  o f  t h e  standing waves; and (2)  i t  was des i red  t o  measure t h e  r e l a t i v e  

v i s i b i l i t y  i n  the h o r i z o n t a l  p lane through the v iewing window. 

Measurements were made a t  f o u r  s i t e s :  (1) v e r t i c a l l y  t h r o u g h  t h e  

approximate center  o f  t h e  s tand ing  wave; (2)  h o r i z o n t a l  l y ,  one f o o t  be low 

t h e  surface, oppos i te  the  s tand ing  wave, through t h e  t ransparent  s i d e  wa l l ;  

( 3 )  v e r t i c a l l y  a t  a p o s i t i o n  10.8 f e e t  downstream o f  t h e  w e i r  b u l  khead on 

t h e  f 1 ume c e n t e r l i n e ;  and (4 )  h o r i z o n t a l l y ,  one f o o t  below the  surface, a t  

a p o s i t i o n  10.8 f e e t  downstream from the  w e i r  bu lkhead,  t h r o u g h  t h e  

t r a n s p a r e n t  s i d e w a l l .  The procedure f o r  making Secchi disk measurements, 

as descr ibed by L i  nd (1974),  was used. 

The above p r o c e d u r e  c o n s t i t u t e d  one data set.  The b a f f l e  o r i e n t a t i o n  

angle was then increased by 5 degrees and t h e  procedure was repeated. This 

methodo logy  c o n t i n u e d  i n  5-degree increments  u n t i l  a  b a f f l e  o r i e n t a t i o n  

angle of 50 degrees was reached. 

The b a f f l e  l o c a t i o n  (XB) was then moved downstream 0.5 fee t .  Tes t ing  

cont inued through b a f f l e  o r i e n t a t i o n  angles f r o m  30 t o  50 degrees .  T h i s  

method01 ogy was r e p e a t e d  u n t  i 1 t h e  b a f f l e s  were e v e n t u a l  l y  p o s i t i o n e d  

8.6 f ee t  downstream from the  we i r  bulkhead. 

The p rocedure  was repeated one a d d i t i o n a l  t ime  f o r  t h e  c o n d i t i o n  o f  no 

ba f f les .  This  served as a bas i s  f o r  comparison i n  ana lyz ing  t h e  e f fec t i ve -  

ness of t h e  b a f f l e s  i n  p r o v i d i n g  t h e  des i red  f l o w  condi t ions.  

P e r i o d i c a l l y ,  when a p a r t i c u l a r l y  i n t e r e s t  i ng f 1  ow p a t t e r n  p r e s e n t e d  

i t s e l f ,  a d i v i n g  mask was donned, and t h e  i n v e s t i g a t o r s  observed t h e  f low 

cond i t i ons  from a, f i s h ' s  perspect ive.  



Standing Wave Study wi th  a Nozzle 

Apparatus 

The t e s t  apparatus consisted o f  a s teel  head-tank, 2-inch PVC plumbing, 

and an observa t ion  t a n k  with t h r e e  t r a n s p a r e n t  p l ex ig la s  s i d e  walls 

(Figure 34). The local water supply was used through a pressure l i n e  i n t o  

t he  head tank. 

Flow v e l o c i t i e s  were measured w i t h  an el  ectromagneti  c f l  ow meter  

(blarshlMcBirney Model No. 201 Por t ab le  Water Current M e t e r ) .  Distances 

were measured with a hand-he1 d engi neer ' s tape. 

Me t  hods 

The 

Po0 

independent variables in the study were: 

1 Depth.--The water depth in the observation tank was varied. 

Tank Width.--The width o f  the  observation tank was varied wi th  a fa l se  

backwall. 

Nozzle Height.--The height  of  t h e  nozzle above the w a t e r  surface was 

varied. 

Nozzle Angle ,  --Def i n e d  as t h e  angl e with t h e  downst ream horizontal 

projection, rotated downwards. 

Jet  Velocity.--The'initial je t  velocity as measured a t  the  nozzle. 

The procedure was sys temat ic  and began by opening t h e  w a t e r  supply 

valve t o  f i l l  t he  head and observa t ion  tanks. The w a t e r  level was then 

ad jus ted  t o  the desired d e p t h  i n  the observation t a n k  with the drain v a l  ve. 

The nozzle wa"s set a t  the desired angle  and height above the w a t e r  surface. 

The  width of t h e  observation t a n k  was i n i t i a l l y  1.0 feet .  



Observat ion 
Tank 

Drain Valve 

Figure 34.--Test apparatus fo r  the standing 
wave study with a nozzle. 

The electromagnet ic  flow m e t g r  was used t o  measure t h e  v e r t  

vel oci t y  component (VSWY) o f  t h e  s tandi  ng wave f l  ow c i  rcul a t  i on, 

ini~izi ;ec v e i o c i t y  (Vo), ma t h e  h o r i z o n t a l  ve loc i ty  component  of' 

i ca l  

t h e  

a nY 

return eddies  present.  The distance t o  the maximum VSWY reading from the 

p o i n t  of entry of the  j e t  into t h e  pool was measured w i t h  a n  e n g i n e e r ' s  

i n t o  the pool, a s  def ined by t h e  

lume f r o m  the water s u r f a c e ,  was 

tape. The depth o f  penetration of t h e  jet 

d i s t ance  t o  the bottom of t h e  air-bubble p 

a1 so recorded. 

Comments regarding a i r  entrainment and flow patterns were noted. The 

t e s t  was photographed. 

procedure c o n s t i t u t e d  one d a t a  s e t .  I t  was repeated for  The  above 

different  comb inations o f  the independent study variables. 



Standing Have Etihanceoent Study 

Apparati ls  

Same as f o r  the baffle o r i e n t a t i o n  study. 

Met hods 

A hydraulic appurtenance 

surface t o  enhance the stand 

designed t o  turn 

methodology. The procedure was t o  des ign  and construct the device, and 
i . 1 

then t e s t  i t  in the  flume. The e f f e c t  on t he  s t a n d i n g  wave and general i ; 
flow pat terns  were observed, and f l o w  veloci t ies  were measured (electromag- ; 

I 
I 

<'  i 
'I 

t !$ 
j' X 
' '9 $1 I> h % >i 

the flow momentum towards the : ' 
; t 

f ing wave was developed using a t r i a l  a n d  error rt 

IE 

retested. 

1 / 
1 
1 

\ 

! 

I 

1 

Creek, approximately 314 m i  1 e above sa l twater  (Figure 35). Johns Creek 
1 

flows i n t o  the southwest reaches of Puget Sound. 

c I 
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4 , 
- 

netic flow meter). I f  necessary, refinements were made and the device  was 

L 

i t ions over a range of discharges. 

E f f o r t s  were made t o  determine t h e  loca t ion  (XFB) of the device, as 

downstream from the weir bulkhead, tha t  provided the best opera t -  measured 

ing cond 

Field - 

Johns Creek Tests 

Faci 1 i t y  

The Johns Creek f a c i l i t y  i s  located near Shelton, Washington, on Johns 



NORTH j 

Johns Creek T e s t  ~ o c i l i t y  

I S h e l t o n  

, I mile 
I 

F i g u r e  35.--Vicinity map f o r  the Johns Creek 
t e s t  facility. 

The facility i s  operated by the Washington S t a t e  Department o f  Fisher- 

ies as a col l e c t i o n  site for chum salmon spawners. 

holding pond served by an a l t e r n a t i n g  notched w e i r  

( F i  gur,e 36) .  A b a r r i e r  spans the  creek t o  p revent  f 

f i shl adder entrance. 

I t  consists o f  a f i s h  

and  pool fishladder 

i s h  f rom bypassing the 



length,  cons t ruc ted  on a 12.5 percent  slope. The flume i s  5 f e e t  w i d e  and 

o f  v a r i a b l e  height ,  i nc reas ing  i n  t h e  downstream d i r e c t i o n .  V e r t i c a l  s tee l  

channels, spaced on 6 f o o t  i n t e r v a l s ,  were b u i l t  i n t o  t h e  f l ume  s i d e w a l l s  

t o  r e c e i v e  s t o p l o g s .  The s tandard  f ishway chamber measures 5 feet  wide, 

6 f ee t  long, w i t h  a d i f f e r e n t i a l  pool e l e v a t i o n  o f  0.75 fee t  .,(Figure 36). 

The w a t e r  s u p p l y  o r i g i n a t e s  f r o m  Johns Creek and passes th rough two 

s e t t l i n g  ponds. Flow r e g u l a t i o n  i s  by a system o f  va lves and gates. 

The f i s h l a d d e r  c o n s i s t s  o f  a concre te  approximate ly  50 

F i sh  - 
The creek o f f e r s  runs  o f  bo th  chum and coho salmon du r ing  the  f a l l  f r o m  

about mid-September through December. Res iden t  trout a r e  p r e s e n t  i n  t h e  

creek also. 

Methods 

The independent v a r i a b l e s  i n  the  s tudy  were: 

Weir Shape.--Several were t r i e d  i n  a d d i t i o n  t o  semic i r cu la r .  

Weir Si re. - -Var ied f rom 16 t o  24 inches i n  diameter. 

Weir O r i e n t a t i o n .  - - S e v e r a l  w e i r  o r i e n t a t i o n  ang 

a d d i t i o n  t o  45 degrees i n  t h e  v e r t i c a l  plane. 

l e s  w e r e  t r i e d  i n  

Baffles. - -Seve ra l  b a f f  1 e con f i gu ra t i ons  were t r i e d  i n  a d d i t i o n  t o  the 

c o n f i g u r a t i o n  suggested by t h e  b a f f l e  o r i e n t a t i o n  s t u d y .  C e l l s  

w i thou t  b a f f l e s  were a1 so t r i e d .  

Standlng Wave Enhancement Device.--Tr ied i n  several  p o s i t i o n s .  

D i f f e r e n t i  a1 P o o l  E l e v a t i o n .  - - V a r i e d  f r a m  a p p r o x i m a t e l y  0 . 7 5  t o  

3.0 fee t ,  



Figure 36.--Alternating notched weir and 
pool f ishladder a t  Johns Creek. 

Pool Depth.--Varied t o  observe the e f f e c t s  on f i sh  behavior and pool 

hydraul i cs. 

Pool Length. --Both 6- and 12 - foo t  long pools were tried, as controlled 

by the p o s i t i o n  o f  bulkhead slots 

Discharge.--Varied to observe the e f f e c t s  on fish behavior and pool 

hydraul i cs. 

The procedure was t o  remove t h e  e x i s t i n g  fishladder s t o p l o g s  and 

replace them w i t h  new stoplogs t o  reduce leakage. The s t o p l o g s  were  



constructed o f  variable depths permi t f l e x i b i l i t y  in the sett 

cres t  heights.  The top s t o p l o g  was spec ia l ly  designed and f i t t e d  with a 

t e s t  weir.  To reduce leakage fur ther ,  p l a s t i c  was nailed in place across 

the upstream bulkhead surface. 

Addit ional  fishway components t o  be t e s t e d ,  such as baff les  or  the 

standing wave enhancement device, were then pos i t ioned  in  t he  f i sh l  adder 

chamber as  t h e  t e s t  program required.  In t h i s  manner, two o r  t h r e e  

f i shl adder chambers were r e t ro f i t t ed  with t e s t  components pr ior  t o  runni n g  

water through the fishway. 

The water  supply gates were then opened, and water was s ta r ted  t h r o u g h  

the fishway. A waiting period followed t o  allow f i sh  time t o  enter.  

Water s u r f a c e  e l e v a t i o n s ,  pool depths ,  and weir c r e s t  heights were 

measured with a 25-foot telescoping f i b e r g 1 . a ~ ~  rod .  Flow p a t t e r n s  were 

sketched and fur ther  described w i t h  velocity measurements (electromagnetic 

f 1 ow meter). 

Discharges were determined by measuring t h e  head on the t e s t  weir ( H W W )  

and referr ing to  a stage/discharge curve which had been predetermined a t  

A1 brook Hydraul i c Laboratory. 

Fi sh  hol di ng  , swimming, and leaping behavior were observed and photo- 

graphed. Behavioral observations o f t en  suggested design ref inements  or 

add i t iona l  tes t s .  In t h i s  manner, the  t e s t  program was developed fur ther ,  

and the f ishway design concept evolved. 

To a s s e s s  t h e  e f f e c t i v e n e s s  of a par t icu lar  fishway configuration, a 

leap success ra t io  was defined as the successful leaps divided by the to t a l  

leaps.  Successful leaps  w e r e  those  in  which t h e  f i s h  passed t o  the  

u p s t r e a m  pool without f a l l i n g  b a c k .  The higher  t h e  r a t i o ,  t h e  more 

ef fec t ive  a fishway configuration was deemed t o  be. Ratios were determined 



a f t e r  c lass i fy ing  and ta l ly ing  a l l  the leaps t h a t  occurred in a par t icular  

f i s h l a d d e r  chamber over some time i n t e r v a l .  The length of t h e  time 

i n t e r v a l  depended on the a c t i v i t y  level o f  the f ish.  I t  was d e s i r a b l e  t o  

observe a suff ic ient  number o f  leaps f o r  s t a t i s t i c a l  treatment. 



LABORATORY RESULTS AND DISCUSSION 

Resu l ts  

P r e l i m i n a r y  Weir Tests  

Main Weir Se lec t i on  

Four w e i r  shapes (F igure  20) were t e s t e d  a t  severa l  o r i e n t a t i o n  angles 

(F igu re  21) over d ischarges rang ing  between 0.1 and 0.2 c fs .  The o b j e c t i v e  

was t o  make a  p r e l i m i n a r y  s e l e c t i o n  o f  a we i r  shape and o r i e n t a t i o n  angle 

f o r  f u r t h e r  t e s t i n g .  The c r i t e r i a  were t h e  c i r c u l a r i t y  o f  t h e  j e t  shape 

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

reasoned t h a t  a more c i r c u l a r  j e t  form would p rov ide  the  most c o n c e n t r a t e d  

f l o w  momentum, wh ich  would be a t t r a c t i v e  t o  f i s h .  A f l a t  s tage/d ischarge 

r e l a t i o n s h i p  was deemed d e s i r a b l e  because i t  would reduce the  magn i tude  o f  

changes i n  p o o l  dep th  w i  t h  changing discharge. S t u a r t  (1962) i d e n t i f i e d  

pool depth as a h y d r a u l i c  parameter c r i t i c a l  t o  s t a n d i n g  wave f o r m a t i o n .  

H i  11  i ardl s e l e c t e d  t h e  s e m i c i r c u l a r  w e i r  shape o r i en ted  a t  45 degrees t o  

t he  h o r i z o n t a l  as best  s a t i s f y i n g  t h e s e  c r i t e r i a .  T h i s  w e i r  was u s e d  i n  

subsequent l a b o r a t o r y  and f i e l d  t e s t i n g  w i t h  some mod i f i ca t i ons .  

1 H i  1  l i a r d ,  N.D. 1983. We 
design. Senior Speci a1 Prob 
unpubl i shed. 

i r  op t im iza t i on :  A new concept i n  f i s h l a d d e r  
lem,Washington S ta te  Un ive rs i t y ,  May 26, 1983, 



idei r Training Wall Effects 

A summary of t h e  combinations o f  t h e  skew angles (Figure Z8), lean 

angles (Figure 29), and discharges that were tested appear in  Table 6. The 

o b j e c t i v e s  were t o  determine the  skew and lean angles that maximized the 

c i r c u l a r i t y  o f  t h e  j e t  produced by t h e  semic i r cu la r  weir o r i en ted  a t  

45 degrees ,  and t o  gain a preliminary understanding o f  the standing wave 

phenomenon. 

The fol lowi ng trends regarding je t  shape were observed: 

1. the greater the discharge, the f u l l e r  and more l a t e ra l ly  expanded 

the jet  shape; 

2. the greater the skew and lean angles o f  the training wa1 l s ,  t h e  

more i r regular  and dispersed t h e  j e t  shape, characterized by a 

pronounced l ongitudi nal expansion ( i  .e. ,  roostertai  1 ) 

(Figure 3 7 )  ; ' 

3. t h e  l e s s  the  skew and lean angles of the training walls, the more 

cohesive and concentrated t h e  j e t  form (Figure 38). 

On t h e  bas i s  of  appearance only,  i t  was decided tha t  skew and lean 

angles of t h e  t ra ining walls of approximately 5 and 10 degrees ,  respec-  

t i v e l y ,  produced t h e  j e t  with t h e  most c i r cu la r  form. The semicircular 

weir or iented a t  45 degrees with sa id  t r a i n i n g  walls  was s e l e c t e d  f o r  

fur ther  testing. 

I t  was also observed tha t  the more i r regular ly shaped j e t s  .appeared t o  

entrain more a i r  and p e n e t r a t e  l e s s  deeply i n t o  t h e  rece iv ing  p o o l ,  as 

defined by t h e i r  air-bubble plumes, than t h e  more cohesive and concentrated 

j e t  forms (Figures 3 9 ,  40, 41,  a n d  42).  



(No T r a i n i n g  Walls) 

D a t a  f r o m  t e s t s  performed Ju ly  12-29, 1983, A 1  brook Hydraulic Laboratory, 
Washington S t a t e  University. 
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FLOW 

PLAN VlEW 

t WEIR TRAINI'NG 
W A L L  

F i g u r e  33.--Plan v iew of the approach flowlines to the 
weir w i t h  t r a i n i n g  walls. Elimination of 
t h e  s i d e  flow preven ts  roostertail fo rmat ion .  
A cohes ive  j e t  form results. 

R00STER7AIL (LONGITUDINAL 
EXPANSION] 

WEIR CREST 

PLAN VlEW 

Figure 37.--Plan view of the approach flowlines to t h e  
weir without training walls. Note how flow- 
lines converge and fo rm a roostertail. The 
j e t  t ha t  r e s u l t s  i s  irregular i n  shape. 

GE OF JET 



AUNIMUM PERlllEtER FOR GIVEN IRREGULAR SWA PE INCREASES 
JET CROSS SEC7IONAL AREA PERIMETER FOR SAME JET 

CROSS SEC71ONA L AREA 

Figure 39. --A c i rcu lar  jet cross- Figure 40. -1rregul a r  jet  cross- 
section i s  theoretical l y  
the most cohesive and 
concentrated j e t  form. 
I t  entrains the 1 east 
volume o f  a i r  per u n i t  
discharge and penetrates 
deep into the recieving 
~ 0 0 1 .  

section presents a more 
dispersed d i s t r ibu t ion  o f  
momentum t o  the  receiving 
pool. I t  cha rac te r i s t i -  
cal ly  entrains  more a i r  
and penetrates less deeply 
than cohesive jet forms. 

characteri s t  i c deep charac ter i s t ic  shal low 
penetration o f  cohesive penetration of i rregul a r  
jet  forms jet forms. 
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Upward v e l o c i t i e s  r a n g i n g  from 1.0  t o  2.0 f p s  were measurgd in the 

standinq waves of cha rac te r i s t i ca l ly  s h a l l  ow p e n e t r a t i  ng j e t  forms. T h e  

deeper p e n e t r a t i  n g  j e t  forms generated upward velocity components ranging 

from 0.7 t o  1.6 fps with average values of approximately 1.1 fps .  

T h e  s tanding  waves of the  i r r e g u l a r  j e t  forms were measured t o  be 

higher, and more s table  than those of the more cohesive j e t  forms. S t a b i l -  

i t y  ' r e f e r s  t o  t h e  height  and pos i t ion  o f  t h e  s tanding  wave. In more 

coliesive j e t  forms, the standing waves were observed t o  pulse in height and 

were r e l a t i v e l y  mobile as  t o  pos i t ion ,  ' This was less  the case with the 

more i r regular  j e t  forms. The approximate s i ze  range of  the a i r  bubbles in 

t h e  s t and i  n g  wave, as estimated visually t h r o u g h  the plexiglass sidewall, 

was 10-50 mi 11 imeters. 

Overflow Weir Effects 

A summary of t h e  combinations of the to t a l  discharge ( Q ) ,  main weir 

discharge ( Q W W ) ,  and the overflow weir d ischarge  ( U O W )  t h a t  were t e s t e d  

appears in Table 7. The objective was t o  qual i ta t ively assess the re la t ive  

influence of the overflow j e t s  (Figure 24) versus the main weir j e t s  on the  

pool f 1 ow patterns. 

The c h a r a c t e r i s t i c  shee t  flow o f  t h e  overflow j e t s  was dissipated 

quickly in the receiving pool, as evidenced by t h e  en t r a ined  a i r  bubbles 

which defined t h e  1 imi t ed  reach of the plunge plume (Figure 4 3 ) .  I t  was 

thus concluded tha t  the  overflow j e t s  c o n s t i t u t e d  a weak hydraul ic  sub- 

system. They o f fe red  an e f f e c t i v e  method o f  wasting water in a manner 

unobtrusive t o  the overall pool hydraulics. For t h i s  reason,  i t  was a l s o  

concluded t h a t  t he  overflow j e t s  would not be competitive with the more 

concentrated flow rnornentum of the main weir j e t  f o r  f i sh  at t ract ion.  
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Table 7. Summary o f  the combinations o f  the to ta l  discharge ( Q ) ,  central 
weir discharge ( Q W W )  , and the overflow weir discharge (QOW) t h a t  
were tested in the overflow weir e f f e c t s  study 

Q QWW POW QWWIQOW 
(cf 5 )  (cf s) ( c f d  

0.82 0.75 0.07 11.0 

0.99 0.46 0.53 0.87 

1.57 1.15 0.42 2.7 

2.38 1.38 1.00 1.38 

Data  from tests  performed August  1 a n d  2 ,  1983 ,  Albrook Hydraulic 
Laboratory, Washington State University. 

Overflow Jet  

" Figure 43.--Side view o f  overflow plunge 
plume. Note the limited pene- 
tration of the air-bubble plume 
in to  the receivi ng pool. 



S a f f l e  O r i e n t a t i o n  Study 

A summary of t h e  b a f f l e  o r i e n t a t i o n  s t u d y  appears i n  Table 8. The 

f low c h a r a c t e r i s t i c s  t h a t  t h e  b a f f l e s  in f luenced d i r e c t l y  were the  presence 

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

(F i gu res  44 and 45).  For  each l o c a t i o n  (XB) o f  t h e  b a f f l e s ,  t h e r e  was a 

p a r t  i c u l  ar o r i e n t a t  i o n  angle (8 )  which d i v i d e d  t h e  f l o w  such t h a t  n e i t h e r  

pronounced upwe l l i ng  nor  r e t u r n  eddies occurred. The a n g l e  wh ich  produced 

t h i s  n e u t r a l  p o o l  c o n d i t i o n  was considered the  opt imal  o r i e n t a t i o n  angle 

corresponding w i t h  the  g iven l o c a t i o n  (XB) .  

Table 8. Summary o f  t he  b a f f l e  o r i e n t a t i o n  s t u d y .  

Distance from 
weir  bulkhead 
(XB)  t o  b a f f l e  
p o i n t  o f  
attachment on 
chamber 
s i dewal l  
( f t . )  

B a f f l e  Upwell i ng 
angle a1 ong 
w i t h  chamber 
chamber s i  dewall 
s i  dewal l  downstream 
(Q) o f  b a f f l e  

(degrees) 

Eddy along Angle 8 corresponding 
chamber t o  d is tance XB which 
s i  dewal l  produces n e a r l y  neu- 
downstream t r a l  (no s t rong up- 
o f  b a f f l e  w e l l i n g  o r  r e t u r n  

eddies)  pool condi-  
t i o n s  downstream of  
b a f f l e  along chamber 
s idewal l  (degrees) 

6.6 50 Yes (weak) Yes (weak) 50 

I 7.1 4 5 Yes (weak) Yes (weak) 45 

7.6 40 Yes N o 

I 7.6 45 No Yes 42.5 

3 5 Yes No 

8.1 40 No Yes (weak) 37.5 

30 Yes No 

I *  I 8.6 35 N o Yes (weak) 32.5 

From t e s t s  performed J u l y  11 t o  August 2, 1983, Albrook H y d r a u l i c  Labora-  
t o ry ,  Washington S t a t e  U n i v e r s i t y .  
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Figure 44.--Plan v iew of model f i shway ce l l  showing 
t h e  c h a r a c t e r i s t i c  eddies which occurred 
downstream o f  t h e  baffles when t h e  b a f f l e  
a n g l e  0 was more t h a n  t h e  op t imal  o r i e n -  
t a t i o n  a n g l e  ( t ank  s ize  i s  8 x 15 f e e t ) .  
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F i g u r e  45.--Plan v i e w  of model f ishway c e l l  showing t h e  
c h a r a c t e r i s t i c  upwell i ng which occurred when 
t h e  b a f f l e  angle 8 was less  t h a n  t h e  opt imal  
o r i e n t a t i o n  angle .  



Froin t h e  t a b l e  i t  is c l e a r   hat a t r end  e x i s t s .  The furtiler down- 

stream ( inc reas ing  X B )  t h e  b a f f l e s  were loca ted ,  t he  l e s s  the  optimal 

o r i e n t a t i o n  angle becarne. A p l o t  o f  t hese  b a f f l e  s e t t i n g s  ( X B  and 8 )  

r evea l s  t h a t  t h e  planes of t h e  b a f f l e s ,  i f  extended towards  t h e  j e t ,  

i n t e r s e c t  approximately just downstream o f  the lead edge o f  the j e t  as i t  

enters the pool (Figure 46). This observation can serve as a guideline fo r  

prel iminary baff le  location i n  future designs. 

In s e l e c t i n g  t h e  one bes t  b a f f l e  se t t ing  ( X B  and 0 ) ,  the use of the 

baffles as a f i sh  guide was considered. With the  objective of guiding t h e  

f i s h  expedient ly and direct ly  t o  the standing wave, the baff le  se t t ing  of 

X B  = 7 .1  f e e t  and 0 = 4 5 O  was selected. A t  t h i s  se t t ing  the baffles have 

the desired re la t ive  position with respect t o  the standing wave. 

Standi n g  wave he ights  (SWH) and v e r t i c a l  v e l o c i t i e s  ( V S W Y  ) were 

measured t o  determine i f  t h e  b a f f l e s  inf luenced t h e  s tanding  wave flow 

c i r c u l a t i o n .  Two conclusions were reached from t h i s  analysis. The f i r s t  

conclusion was t h a t  the measured values of SWH were p o o r  i n d i c a t o r s  of 

VSWY. T h i s  Nas because much of the  standing wave height was at t r ibuted t o  

a i r  being vented a t  the surface. I t  was not a d i rec t  function of  ve loc i ty  

head be ing  converted t o  potential head. 

The second conclusion was that  although the baffles do not enhance the 

standing wave a t  any p a r t i c u l a r  s e t t i n g ,  they do have  t h e  po ten t i a l  t o  

weaken t h e  s tanding  wave circulation. This occurred a t  the larger  values 

o f  8 ,  where increased volumes o f  water were detained in the pdol upstream 

o f  t h e  baff les ,  creating strong upwelling a t  t h e  s i d e s  o f  t h e  pool. T h e  

su r face  currents emanating from the upwelling on each s i de  of the standing 



TENDED PLANE 
OF BAFFLE 

AREA OF IMPACT OF 
WEIR JET ,  

Figure 46.--Plan 
b a f  f 
zone 

SCALE: 1 CM.=1 FT. 

WEIR 

CHAMBER 

view o f  fishway ce l l  w i t h  planes of optimal 
l e  s e t t i n g s  extended. Note common intersect 
immediately downstream o f  j e t  en t rance  i n t o  

recei v i  ng pool. 



wave was of s u f f i c i e n t  s t r e n g t h  t o  shear the standing wave between than 

(Figure 47).  

I n  t he  bes t  appearing standing waves VSWY ranged from 0.5 t o  1.5 fps  

w i t h  an average value of approximately 1.1 fps. 

Pulsing of  t h e  standing waves was observed f o r  a l l  baffle set t ings.  

I t  was noted while making Secchi disk measurements tha t  readings were 1 ess 

f o r  high standing wave cycles than for  the lower standing wave cycles. 

Secchi d i sk  measurements proved f u t  i 1 e f o r  cornparat i ve a n a l y s i s  o f  

water  vi s i  b i  1  i  t y  o r  a i  r concentration. The values obtained were s imilar  

f o r  a l l  t h e  t e s t s  a n d  no s i g n i f i c a n t  d i f f e r e n c e s  were de tec ted .  The 

dynamic na ture  of t h e  pool hydraul i c s  made measurements diff icu 

range o f  mean readings v e r t i c a l l y  i n t o  t h e  s tanding wave was 

0.8 f e e t .  Through the horizontal plane, one foot below the  water 

I t .  The 

0.5 t o  

surf ace 

and adjacent t o  the standing wave, t he  range was 1.9 t o  2.6 feet.  Measure- 

ments downstream were less  meaningful. Most o f  the a i r  had vented t o  the 

surface so these readings were primarily an i n d i c a t o r  o f  water t r a n s p a r -  

1 reading was limited by the pool depth (3.44 f e e t )  in  

The horizontal visual measurements ranged from 4.0 t o  

ency. The v e r t i c a  

a1 1 b u t  a few cases. 

5.3 f ee t .  

Measurements of flow velocity indicated t h a t  virtual l y  t he  enti  re  pool 

downstream of the baffles was s a t i s f a c t o r y  resting area f o r  f ish.  Velocity 

measurements ranged from approximately 0 t o  2.0 f p s ,  with local higher 

v e l o c i t i e s  near t h e  bottom c e n t e r  of t h e  pool j u s t  downstream o f  t h e  

baffles ( ~ i ~ u r e s  48 and 49). 

In an e f f o r t  t o  view the  flow patterns from a f ishes perspective, a 

diving mask was donned and t h e  observer en tered  t h e  t e s t  chamber. F l  ow 

p a t t e r n s  wereobserved of the optimal baff le  se t t ing  and  also the  no baff le  
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P L A N  V I E W  

Fiyure 47 . - -P lan  v i e w  of f l o w  p a t t e r n  when b a f f l e s  
are  set a t  an  a n g l e  l a r g e r  t h a n  o p t i m a l .  
Note how sur face  f l o w  from upwell i ng 
converges t o  shear s t a n d i n g  wave i n  center. 



A r e a  Where  Je t  
Enters Pool --\ 

Sca le :  I cm. = I f t  

PLAN V I E W  

-Perforated B a f f l e  

+Weir Chamber 

Maa - 
Point 

No. 

orizontal Velocitirs ( fps )  

Distance Above Bottom ( f t )  

0.0 1.0 1.7 3.4 

'Po in t  No. 4 was measured in  o 3 inch 
diameter  b a t t l e  hole at the surface.  

P o o l  was 3 . 4 f t  d e e p .  
S = sur face  of p o o l .  
8 = bottom 'of pool .  
A r r o w s  i n d i c a t e  d i r e c t i o n  of  flow. 

F igu re  48. --Mean h o r i z o n t a l  ve loc i t i es  f o r  the t r i a l  w i t h  
XB = 7.1 f ee t  and Q = 45 degrees. 



- -- 

P L A N  V I E W  

S = surface o f  pool ,  
B =  bottom of pool. 
Poo l  b a s  3 . 4 f t .  deep.  

direction of f low.  A r r o w s  indicate 

Figure 49. --Mean hor 

-Weir Chamber 

Mea - 
Point 

No. 

Horizontal V e l o c i t i e s  (fos) 

Distance A b o v e  Bot tom ( f t )  

0.0 1.0 1.7 3 . 4  

i z o n t a l  velocities for t h e  t r i a l  w i t h o u t  b a f f l e s ,  
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b a f f l e  cod i t ion  (Figures  50 ,  5 1 ,  52 ,  and 53) .  Vithout b a f f l e s ,  t h e  

v i s i b i l i t y  was poor due t o  entrained a i r ,  the flow patterns appeared wi ld ,  

and t h e  ove ra l l  impression t o  the diver was one of disorientation. With 

b a f f l e s ,  v i s ib i l i t y  was good moving upstream t o  the  s tanding wave. T h e  

flow path Lvas r e l a t i v e l y  simple and uniform, and the  baffles served t o  

funnel the diver direct ly  t o  t h e  standing wave. 

Standing Wave Study with a Nozzle 

Summaries of t h e  r e s u l t s  o f  nozzle angles of 45 and 70 degrees and a 

depth of 1.4 f e e t  appear in Tables 9 and 1 0 ,  r e spec t ive ly .  The r e s u l t s  

obtained f o r  a  depth o f  1.2 f ee t  were not s ignif icant ly different.  

The v e r t i c a l  v e l o c i t i e s  measured i n  s tanding  waves when a i r  was 

entrained (nozzle above water surface) were s ignif icant ly higher than those  

for  the submerged j e t  (height of nozzle = 0). I n  f a c t ,  when t h e  j e t  was 

submerged, the standing wave as described by S tuar t  (1962) was not przsent 

(Figures 54 and 55). I t  was thus concluded tha t  the principal mechanism of 

the rtanaing wav? i s  the buoyancy o f  entrained a i r .  

Standing Wave Enhancement Study 

A s tanding wave enhancement device (SWED) was constructed and f loor-  

mounted in a pos i t ion  t o  d i r e c t  t h e  plunging ge t  towards t h e  s u r f a c e  

(F igures  5 6 ,  5 7 ,  58, and 5 9 ) .  Tests were conducted using a  semicircular 

weir (32-i nch diameter), oriented 45  degrees from v e r t i c a l  , downst ream, 

about a  horizontal  a x i s  perpendicular  t o  the flow. Weir t r a i n i n g  w a l l s  

with 4-inch diameter rounded entrances were attached adjacent  t o  t h e  weir 

opening a t  skew and lean angles  of 5 and 10 degrees, respectively. T h e  

discharge was 3.6 c f s  and the tailwater depth was constant a t  3.44 f e e t .  
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F i g u r e  50.--Plan v iew  of  the  s u r f a c e  f l o w  patterns 
fo r  the  t r i a l  w i t h  XB = 7.1 f e e t  and 
Q = 45 degrees. 
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F i g u r e  51.--Plan v i e w  o f  the surface f l o w  patterns f o r  
t h e  t r i a l  w i t h o u t  b a f f l e s .  
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F i g u r e  52.--Side v i e w  of t h e  flow patterns f o r  the  
t r i a l  w i t h  XB = 7.1 fee t  and Q = 45 degrees. 
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Figure 53.--Side v i e w  of the  f l o w  patterns f o r  t h e  
t r i a l  without baffles. 



Table 9.--Summary o f  t he  S tand ing  Wave Study f o r  a nozzle a n g l e  o f  
45 degrees and a pool depth of 1.4 fee t .  

Tank Height of I n i t i a l  J e t  Maxi mum Maxi mum 
Width Nozzl e Vel oci t y  VS'VIY 1 V H S ~  
( f  t )  ( f t )  ( f p s )  ( fps )  ( f p d  

Data f r o m  tes ts  performed February 26, 1984, Albrook Hydraulic Labora tory ,  
Washington S t a t e  University. 
~ V S W Y  = ver t i ca l  velocity component o f  standing wave f l  ow c i rcu la t ion .  
~ V H S  = horizontal surface velocity measured adjacent t o  the j e t .  
3 ~ o u n d a r ~  v e l o c i t y  a t  endwall o f  t a n k ,  not  measured i n  a true standing 
wave. 

Table 10.--Summary o f  t h e  Standing Wave Study f o r  a nozz le  ang l e  o f  
73 degrees and a pool d e p t h  of 1.4 fee t .  

Tank Heigh t  of I n i t i a l  J e t  Maxi mum Maximum 
Width  Nozzle (HN) Vel oci ty  V S W Y ~  V H S ~  
( f t )  ( f t )  UPS) UPS) ( f p d  

Data from t e s t s  performed February 26, 1984, A1 brook Hydraul i c  Labora tory ,  
Washington s t a t e  University. 
~ V S W Y  = ver t i ca l  velocity component of standing wave flow ci rcula t ion.  
*VHS = horizontal surface '  velocity measured adjacent t o  the  j e t .  
3 ~ o u n d a r y  v e l o c i t y  a t  endwai 1 of t ank ,  not measured in a t r ue  standing 
wave. 



F igure  54. --Side view o f  the observation tank showing 
the  standing wave for a nozzle angle o f  
45 degrees, depth o f  1.4 f e e t ,  and width 
o f  1.0 feet. 

F igure  55.--Side view of  the observat ion  tank showing 
t h e  absence of the  standing wave when t h e  
nozz le  i s  submerged. Nozzle angle  i s  
45 degrees, depth  1 .4  feet ,  and width 1.0 feet. 
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Figure 56.--Side view o f  f loor-mounted standing wave 
enhancement device showing path o f  directed 
jet .  
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F i g u r e  57.--Plan v i e w  of floor-mounted 
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F i g u r e  .58. --Front v i  en o f  i n i  t i  a1 s t a n d i n g  wave enhance- 
ment d e v i c e  design 1 ooki ng downstream. 

Figure 59. --Back v iew o f  i ni  t i  a1 s t a n d i  ng wave enhance- 
ment dev i  ce desi gn 1 ook i ng u p s t  ream. 



The resu l t s  of the i n i t i a l  design 

refinements. A second design was deve 

61). 

were encouraging , b u t  a1 so suggested 

loped and constructed (Figures 60 and  

Tes t ing  of  the second device revealed t h a t  i t  was possible t o  enhance 

t h e  s tanding  wave. In combination with b a f f l e s ,  a s tanding wave was 

produced with a VSWY o f  5.5 fps (Figures 62 and 63). The SWED was located 

( X F B )  4.3 fee t  downstream, as measured f rom the  weir bulkhead t o  t h e  upper 

edge of the SWED flow turning vane. 

A n  add i t iona l  b e n e f i t  from the SWED was a general improvement in the 

pool hydraulics. The SWED effectively contai  ned a n d  di rec ted  t h e  en t  i  r e  

j e t  plume t o  the surface in the form of the  standing wave. I t  amounted t o  

an i  ntense local hydraul i c  condition with t h e  surrounding waters remai ni n g  

re lat ively quiet. 

Additional t e s t i  n g  revealed a coup1 e o f  problems with the WED. The 

f i r s t  was t h a t  the operational flow range of t h e  SWED was 1 imited ( u p  t o  

4 . 5  c f s )  by movement o f  the weir je t  downstream with increasing discharge. 

This caused increasing interference with the upward d i r e c t i o n  of t h e  SWED 

j e t ,  until  eventually the action was reversed and a standing wave formed a t  

the surface upstream of where the j e t  entered the pool (Figure 64) .  I t  was 

demonstrated in the laboratory that  t h i s  s i tuat ion could be corrected with 

the addition of a j e t  deflecting vane mounted just  below the surface o f  the  

pool (F igure  6 5 ) .  The e f f e c t i v e  operational range of the SWED was t h u s  

extended t o  6.0 cfs. The practical concern of f i sh  s t r iking the deflecting 

vane precluded fur ther  consideration of t h i s  solution, however. 



F igu re  60. --Front view o f  t h e  improved standing wave 
enhancement device design l o o k i n g  downstream. 

Figure 61.--Top view o f  t he  improved s t a n d i n g  wave 
enhancement dev ice  des ign  l o o k i n g  upstream. 



Figure 62.--The enhanced standing wave developed us ing  
the standi ng wave enhancement device. 

Figure 63.--Side view o f  the enhanced standing wave 
developed using the  standing wave enhance- 
ment device. Note i t s  position r e l a t i v e  
t o  the b a f f l e s .  
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F i g u r e  65.--Side view showing how j e t  d e f l e c t i o n  vane 
c o r r e c t s  the f l o w  d i r e c t i o n  i n  the s tand ing 
wave enhancement device a t  a h i g h  discharge. 
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F i g u r e  64.--Side view o f  s tand i  ng wave enhancement 
device showing reversa l  o f  f 1 ow d i  rect  i on 
w i t h  increased d i  scharge. 
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Another problem associated with the SWED was relatsd t o  the strength 

of the enhanced standing wave. Surface waves in the pool, which o r i g i na ted  

f r o m  the  enhanced standing wave, were reflected off the tank sidewalls and 

returned t o  reduce the s t a b i l i t y  of the standing wave. 

Di scussion 

anding Wave Mechanics 

The j e t  theory discussed in Chapter 3 provides an adequate explanation 

fo r  the a i r  entraining character is t ics  of d i f f e r e n t  j e t  shapes. T h e  f a c t  

t h a t  j e t s  descr ibed as i r regular  in shape (smaller hydraulic radius [ R l )  

entrained more a i r  and penetrated less  deeply into the receiving pool than 

more cohesive ( l a r g e r  R )  j e t  shapes was predic tab le .  The theory a l s o  

provides insight into why the more i r r e g u l a r  j e t  forms were observed t o  

produce 'higher and more s tab le  standing waves. 

In t h e  s tanding wave study i t  was shown t h a t  t h e  mechanism f o r  

standing wave formation was entrained air .  In the baff le  orientation study 

i t  was shown t h a t  the measured standing wave heights were not i n d i c a t i v e  of 

v e r t i c a l  ve loc i ty  components, but were a function o f  a i r  being vented a t  

the pool surface. I t  follows t h a t  i f  one j e t  form was entraining more a i r  

than one of another  f o r m , i t  would be expected t o  have a higher measured 

standing wave height. 

As for  s t a b i l i t y ,  the j e t  penetration distance i s  par t ia l ly  a function 

of t h e  amount o f  a i r  entrainment.  Recall t h a t  t he  buoyant f o r c e  o f  

e n t r a i  ned a i  r  was shown to  diss ipate  j e t  center1 i ne velocities (Anderson, 

1968). Thus the ai r-bubble plumes of i r regular  j e t  forms would be expected 

t o  have higher  a i r  concent ra t ions  than more cohesive j e t  forms f o r  two 



reasons:  (1) g r e a t e r  a i r  entrainment a t  the jet/pool interface,  and (2)  

l ess  spa t ia l  disperseinent. I t  i s  reasonable t o  presume that  the  higher a i r  

44 concen t ra t ions  of such bubble plumes would vent a i r  t o  the surface more :p 
% 

regularly ( i  .e., bet te r  standing wave height s tab i l  i t y )  than 1 e s s  concen- &.@ r<$? 

k 
t ra t ed  a i  r-bubbl e pl umes. In short ,  high a i r  concentration bubble plumes 

cons t i tu te  a more homogeneous hydraulic condition. 

The p o s i t i o n  o f  t h e  s tanding  wave would also be expected t o  be more 

s t a b l e  f o r  t h e  higher  a i r  concent ra t ion  plumes. One reason already 

mentioned i s  t h a t  they are simply less  spa t ia l ly  dispersed. Perhaps more 

important, however, i s  tha t  t he  large volume o f  a i r  bubbles in  t h e  shallow 

plume p resen t s  a s t rong c o l l e c t i v e  f l o w  condi t ion  t h a t  dominates 

surrounding flow patterns. The position of  the standing wave would thus be 

1 ess susceptible t o  influence from extraneous t ransient  flow patterns,  such 

as surface waves reflected off the tank sidewalls. 

I t  seems in tu i t ive  tha t  similar reasoning could be used to  explain why 

higher v e r t i c a l  v e l o c i t i e s  in  t h e  s tanding  wave were measured i n  the 

/ I  
shallower air-bubble plumes than in the deeper ones. Higher concentrations 

of air-bubbles represent a greater buoyant force which would induce greater 

I 
I v e r t i c a l  flows. This may be t rue ,  b u t  the  velocity of the induced flow is  

in t r ins i ca l ly  re1 a ted  t o  the  termi nal ve loc i ty  of t h e  a i  r-bubbl es .  The 

terminal ve loc i ty  o f  t h e  a i r -bubbles  i s  in t u r n  r e l a t e d  t o  t h e i r  size ' 

(Figure 6 6 ) .  Thus, an increased  concent ra t ion  of  a i  r-bubbl e s  does not 

necessar i  1 y indicate increased a i  r-bubble s i ze  and corresponding increased " 

vertical velocities.  Consideration must be given t o  bubble dynarni cs  and 

the subject flow f ield.  

The mean bubble s i z e  in flowing water i s  determined primarily by t h e  

shearing s t resses  within the f l u i d  (Fa1 vey , 1981). The processes  w h i c h  

101 



EQUIVALENT BUBBLE R A D I U S  Rb, mm 

Figure 66. --Terminal velocity of ai r-bubbl es in f i  1 tered or d i s t i  11 ed water 
as a function o f  bubble s ize ( a f t e r  Haberman and Morton, 1953). 

occur a re  dynamic and can be described as f o l l  ows. T h e  f i r s t  process  i s  

termed agglomeration and involves the coalescence of smal l e r  bubbles i n t o  

larger bubbles as they come into contact  in  t h e  flow f i e l d ,  T h i s  a c t i o n  

can be visual  i z e d  as bubbles come together, thus growing la rger ,  as they 

f loa t  towards the surface. The second process, termed fracture,  occurs  as  

l a r g e r  bubbles are torn into smaller bubbles by the  turbulence of t h e  flow 

f i e ld ,  B o t h  processes occur simultaneously and  g i v e n  t i m e  and space  a 

c r i t i c a l  bubbl e' s i  z e  wi 1 1 be  reached which represents a balance between 

surface tension forces and f lu id  stresses.  



I 
iI 
1 

H i  gher a i  r  concentration plumes would have a greater tendency towards ' 

ayglomerat i  on than t h e  1 ower a i r  concent  r a t  i  on pl umes. Aggl ornerat i  on 
! I ; *  

it '! 

i I; c auses  t h e  formation of 1 a r g e r  bubbles and corresponding 1 arger measured 
i l  , 
11 veloc i t ies  o f  t h e  induced v e r t i c a l  flow. I t  should be noted t h a t  the 

.I terminal  v e l o c i t i e s  o f  the a i r  Subbles observed (10-50 m in d iameter )  in 
! 
I t h e  plumes i n  t h e  l abora to ry  a r e  very c l o s e  t o  t h e  measured v e r t i c a l  

I : : !  veloci t ies  o f  the  standing wave. 
)I .*a. 

I.* I 

f JI'I 
::* 
2;) 

r ,: Fishway Design Appl i ca t i  ons 
4 *< 

With t h i s  understanding of s tanding  wave ( i  . e. ,  a i  r-bubble plume) 

mechanics and f ree  j e t  theory, fishway design pr 

in a  new l ight .  The f i she r i e s  applications will 

f a l l  into three general categories: (1) hydraul 

and ( 3 )  hydraulic aid. 

~ i n c i p l  es can be developed 

be considered f i r s t .  They 

i c  s t i m u l i ,  ( 2 )  a e r a t i o n ,  

Stuart  (1962) concluded that  "the maximum energy of fa1 1 ,  designed for  

the o p t i m u m  stimulus fo r  leaping, must be dissipated as nearly as  poss ib le  

belpw t h e  point o f  entry in order that  the  up1  i f t  will be available to  the 

fish." From f ree  j e t  theory, t h e  a p p l i c a t i o n  w.ould be t o  provide a j e t  

with a small hydraulic radius (dispersed form). This  could be accomplished 

with provision of the appropriate weir shape and orientation, There a r e  a 

couple of o t h e r  concerns t h a t  merit caution, however. The f i r s t  i s  fish 

orientation and at t ract ion.  I t  has been demonstrated tha t  salmonids o r i en t  

themsel ves i n t o  t h e  s t ronger  flow c u r r e n t s  (Thompson, 1970)  and show 

preference f o r  the higher velocities when presented with a choice (IJeaver, 

. 1963). The rapid reduct ion of j e t  center1  i n e  v e l o c i t i e s  may present 

orientation d i f f i cu l t i e s  or encourage lingering because t h e  f i s h  wil l  n o t  



be a b l e  t o  sense a strong directional flow velocity filament downstream in 

the pool.  

The second concern i s  with aeration. &cause there i s  not  agreement 

in the l i t e r a t u r e  about t h e  effects  ~f aeration on f i sh  behavior, i t  should 

b e  noted t h a t  t h e  d ispersed  j e t  forms do e n t r a i n  more a i r .  Practical 

consi d e r a t  i  ons i  ncl ude reduced vi s i  bi 1  i  t y  , and i n  e x t  reme cases ,  t h e  

reduced e f f e c t i v e n e s s  of the  f i s h e s  t a i l  f o r  propulsion in the rarefied 

ai rlwater mixture. 

That t h e  s tanding wave, as descr ibed by S t u a r t  (l962), has t h e  

po ten t i a l  t o  a id  f i s h  i n  t h e i r  l eaps ,  was v e r i f i e d  by our l abora to ry  

t e s t i n g .  Ver t ica l  v e l o c i t i e s  as high as 2.0 fps  were measured in the 

air-bubble plumes. A more typical value was 1.6 fps. The possibi l i ty  o f  a 

f i s h  tak ing  advantage of t h i s  upward current i s  plausible on two accounts. 

F i r s t ly ,  they have demonstrated an af f in i ty  f o r  standing waves as take-of f  

poin ts  i n  t h e i r  leaps (Stuart ,  1962), Secondly, the distance required for  

a f i sh  t o  a t ta in  burst velocity i s  short ,  on the order o f  one body length 

( P a u l  i k  a n d  DeLacy, 1 9 5 7 ) .  Gray (1966) describes such leaps as "standing" 

jumps. This i s  important, because t h e  ex ten t  o f  t h e  upward cu r ren t  o f  

t h e s e  plumes i s  l imited.  I f  a f i sh  was required t o  get a "running s t a r t "  

prior t o  leaping, as was once thought, i t  i s  doubtful tha t  t h e  upward boost 

could be developed t o  i t s  f u l l  advantage. I t  would represent a  f leet ing 

hydraul ic  condi t ion t o  t h e  f i s h  which required cons iderable  t i m e  a n d  

distance to  g a i n  velocity. Summaries of t h e  heights and energetic require- 

ments of f i sh  leaping from a s tanding wave appear i n  Tables I 1  a n d  1 2 ,  

respecti vely. 



Tab1 e 11. --Leap heights cal cul ated from burst veloci t ies  far  several 
species of  salmonids. 

Burst Leap Height Leap Height . ;b; 
4% 

Velocity from a S t i l l  from ? , 2 t a n d i  ng 
j P Speci es ( fps)  Pool1 ( f t )  Wave 

1 ( f t )  . 

Salmon 
Chum 10.6 3.4 3.8 
Pi nk 11.3 3.8 4.3 
Sockeye 20.6 9.3 10.3 
Coho 21.5 10.0 11.1 
Chi nook 22.4 10.1 11.2 

" $% $1, < ,> 

."I . , - 
I : J' Trout 2 

St eel head 26.5 13.9 15.2 t i  

l:.- __.* Cutthroat 13.5 4.0 4.7 + ,8 
R' 
r.i 5 

Burst veloci t ies  primarily from Be1 1 (1973). Beamish ( 1 9 7 8 ) .  and Dimeo 4, (1977). Leap heights calculated using procedures described in Chapter 2. 
IA leaping t rajectory of 75 degrees was assumed. 6 
Z~ssumes t h e  complete u t i l i z a t i o n  o f  a 1.6 f p s  vertical f l o w  velocity by 3 
the  f i sh .  T t 

"I# 

Tab1 e 12. --Energy requi rernents f o r  a four-pound ascending f ish.  4 ' A  

(%, 
A?' 

, -4; 3 
Elevation Difference ~h ( f t )  

'I: L 
1 "$ $ 

* I  

Energy Requi rements 1 2 4 6 *: 
L 

f 
Swim through ports ( f t - 1  bs)l 7.2  14.4 28.9 43.3 :j 

Swim u p  a ramp 1:l ( f t -1bs) l  1.6 6.1 23.5 38.6 .' P 
p 

Leaping f rom a s t i l l  pool1.* ( f t - l b s )  5.3 10.7 21.3 32.0 

Leaping from a standing wave3 (f t -1 bs)  3.4 7.9 17.3 27.0 Xl ca r: 

Leaping from an enhanced s tand ing  a 

wave4 (f t -1 bs )  0.5 2.8 

l ~ f t e r  Mi h ,  W.C.  1983. A c o n c e p t u a l  , analytical model f r o m  t he  energy 
requirements of ascending f ish.  Albrook Hydraulic Laboratory, Washington 
Sta te  Uni v e k i  ty , unpubl i shed. 

2~ leaping t rajectory of 60 degrees was assumed. 
3~ssumes  t h e  complete u t i l i z a t i o n  o f  a 1.6 fps vertical flow ve loc i ty  by 
the f ish.  

4 ~ s s u m e s  the  complete u t i l i za t ion  o f  a 5.5 fps vertical  flow velocity from 
t h e  SWED by the f ish.  



Free J e t  Entrainment and Pool Depth 

I t  i s  i n t e r e s t i n g  t h a t  S t u a r t  (1962)  s u g g e s t s  t h a t  a r a t io  ex is t s  
Ir 

between the f a l l  h e i g h t  and pool depth tha t  provides the best standing wave 

f o r  l eaping .  He i d e n t i f i e s  t h i s  r a t io  as a depth equal t o  1.25 times t h e  

f a l l  height, where the f a l l  height i s  the distance from the  weir c r e s t  t o  

t h e  pool surface. He s t a t e s  fur ther  t h a t  "if the pool was too shallow the 

force of the downward j e t  caused the current t o  splay outwards a l o n g  t h e  

base; i f  too deep, the force was dissipated some distance from the base." 

I t  is  c lear  from f r e e  j e t  theory t h a t  S t u a r t ' s  suggested r a t i o  of 

1 .25 :  1 has no bas i s  f o r  general appl icat ion.  This was confirmed in t he  

laboratory where i t  was demonst ra ted  t h a t  t h e  c h a r a c t e r  o f  t h e  s t a n d i  ng 

wave was more c lose ly  r e l a t e d  t o  j e t  shape. Hom-ma (1953) conducted 

experiments on f r ee  j e t s  from a circular  nozzle and, as a resu l t ,  suggested 

the following equations t o  describe the centerline velocity dissipation, 
I 

where 

Vm = j e t  centerline velocity a t  distance ( Y )  below water surface, 

Vo = water velocity near pool surface, 

Y = distance below water surface, 

d = computed jet diameter a t  entrance t o  the pool. 

Again, the  j e t  diameter i s  shown t o  be important. Anderson (1968), i n  h i s  

study of f r ee  jets, r e l a t e d  c e n t e r l i n e  ve loc i ty  reduct ion t o .  a i r  



concen t ra t ion .  He described f o u r  zones, each with different  deceleration 

laws. H i s  equations for  a c i rcu lar  j e t  and a maximum a i r  concentrat ion of  . 
8 percent are: 

where D 

Zone Equation - Dimensionless Distance 

from O t o  2.7 "m = 1 
F P;; 

from 2 . 7  t o  5.0 F 

from 5.0 t o  PO lJ 

; > 20 "m - 100 
- ( V / D ) 2  

zzle diameter.  I t  i s  t h e  fou r th  zone t h a t  i s  p a r t i c u l a r l y  
/; % 

i n t e r e s t i n g .  After  a t ta inment  o f  a 20- diameter depth, Anderson (1968) $ * ,,, L~ 

observed a rapid decrease in center1 ine  v e l o c i t i e s  due t o  t h e  increased  I q. 
i;; 

e f f e c t  o f  the  buoyancy o f  t h e  a i r  bubbles.  This  i s  the zone where the -2 J? 

air-bubble plume would appear t o  r i s e  towards the surface. The equation i s  :$: $ 
t h u s  related t o  the position of the  standing wave. A 

I!;, 

$3 

es t ima t ion  o f  the a i r  concentration along the j e t  centerline must be made. ' $  'J : 

i s  f i r s t  necessary to  estimate a i r  entrainment. Ervine and 3 
devel oped 

$$ 

an empirical equation t o  predict a i r  ,entrainment 
i a 

To do t h i s ,  i t  

Elsawy ( 1 9 7 5 )  

fo r  a rectangu 1 ar j e t  f a l l i ng  into an open pool. 



where 

Q, = volume flow of a i r ,  

Qw = volume flow of water, 

bn  = nappe width, 

dn = nappe thickness, 

Hf = f a l l  height o f  a waterjet ,  

P n  = nappe perimeter, 

Vi = nappe velocity a t  impact, 

V, = minimum veloclty required t o  entrain a i r  = 1.1 m/s (3.6 fps).  

Although the j e t  shape of the semicircular weir oriented a t  45 degrees was 

more t r iangular  than rectangular, an approxirnate magnitude of the  volume of 

a i r  entrained should be obtained using the equation f o r  a comparable f a l l  

height  ( 3 . 7  f t )  and a rectangular j e t  o f  comparable cross-sectional area. 

This yields a ra t io  of Qa/Qw equal t o  0.16. Real izing t h a t  a t r i a n g u l a r  

j e t  shape has a smaller hydraulic radius t h a n  a rectangle, and t h a t  the jet  

studied was an i r regular  t r iangle ,  i t  i s  reasonable t o  round up  t h i s  r a t i o  

t o  0.2. 

Babb e t  al. (1974), in a study using a vertical  c i rcular  j e t ,  reported 

a r a t io  o f  Qa/Qw equal t o  0.35. They were using a j e t  with a ve loc i ty  o f  

7 m/s (23 fps) discharging from a 1.27 cm (0.5 i n )  diameter nozzle elevated 

8.2 cm ( 3 . 2  in )  above the  pool surface. The higher r a t i o  they obtained can 

be explained by the small s i ze  o f  t he i r  jet .  Geometrically i t  can be shown 

that  the hydraulic radius of a c i rcular  je t  increases with increas ing  j e t  

diameter.  The r a t i o  o f  Qa/Qw would thus be an inverse function of j e t  

diameter, Since the diameter o f  the jet they used was much smal le r  than 

t h e  equivalent  j e t  diameter of t h i s  s tudy,  t h e i r  r a t i o  of 0.35 i s  



considered unrepresenta t ive .  I t  i s  concluded t h a t  t h e  r a t i o  of 0.20 

obtained from the previous re1 a t i  onship i s  more reasonable. 

A 

where 

i r  concentration can be estimated with t he  fo  

[Air] = Qw (Qa/Qw) T/Volume 

llowing equation. 

Volume = portion of pool volume containing a i r ,  

T = detention time o f  a i r  in  the pool. 

For t h i s  study a i r  concentration i s  estimated as: 

[Air] = 7.4 cfs  (0.20)(3 seconds)/(3.44')(3')(5') = 9% 
$ 

where Y 3 + 

x$ 
3 seconds = es t imate  of de tent ion  time based on a bubble r is ing f r o m  % 

b ,@ 

the pool bottom t o  the  surface a t  1.1 fps,  

3.44 f t  = pool depth, 

3 f t  = length o f  pool with heavy a i r  concentration, 

5 ft = width of pool with heavy a i r  concentratian. 

X The value obtained i s  an average value. The a i r  concentration a t  the  jet  .a: 

center l ine would be g rea te r .  For t h i s  reason, the  d i s s i p a t i o n  of j e t  '* 

be predicted centerline veloci t ies  would occur a t  a greater r a t e  than would 

by Anderson's equations fo r  an 8 percent a i r  concentration. 

I n  t h e  labora tory  i t  was observed t h a t  t h e  air-bubble 

rising t o  the surface a t  depths comparable t o  Y/d of approx 

where d i s  defined as the diameter of the c i r c l e  tha t  can be 

completely within t h e  boundaries of t h e  j e t  c ross - sec t ion  

pl urnes began 

imately 8.5,  

superimposed 
L 

a t  t h e  pool 

sur face .  T h e  r a t i o n a l e  f o r  defining the diameter in t h i s  manner i s  t h a t  

although i t  excludes flow momentum t h a t  must be d i s s i p a t e d ,  t h i s  i s  

compensated f o r  by the  addi t ional  a i r  entrained by the longer j e t  perirn- 

eter.  



The i 23orz=3 ry  rtsul t~ i nval i d a t e  Anderson's deceleration laws for  

' appl ica t ion  LO ctrr sttldy s i tua t ion .  The zone defined a t  Y/d > 8.5 in our 

s tudy  i s  c l e s r ' y  t n e  f w r t h  zone defined by Anderson a s  occurr ing a t  

Y / D  > 29. A s m s f z i v i t y  analys is  using d i f f e r e n t  values f o r  d ind ica ted  

t h a t  t h e  s t j s y  z e i i  n i  t io 'n of  ci was not the to ta l  reason f o r  the  discrep- 

ancy. The r a t i o  of 8.5 was a l so  obtained in the  standing wave study with a 

c i r c u l a r  j e t .  712 discrepancy i s  more l ikely at t r ibuted t o  differences in 

a i r  concentrat ion which were probably substantial ly greater than 8 percent  

loca l ly  a l o n g  :he :et centerl ine. 

Horn-ma's equac ions  a r e  not di rec t ly  a function o f  a i r  concentration. 

Laboratory d a t a  va l ida tes  t h e i r  a p p l i c a b i l i t y .  I t  i s  s t i l l  a d i f f i c u l t  

p r o p o s i t i o n ,  t h o u p ,  t o  use t h e m  t o  design f o r  standing wave location, I t  

can be reasoned t h a t  the  o b j e c t i v e  i s  t o  provide s u f f i c i e n t  d e p t h  ( Y )  so  

t h a t  t h e  a i r  bubbles  begin t h e i r  ascent  before the jet s t r ikes  the pool 

bottom and c a r r i e s  t h e  bubbles downstream. This would circumvent t h e  

problem of  t h e  s t a n d i n g  wave being located too f a r  downstream for  leaping 

f i sh .  B u t  t o  apply the  equation ra t iona l ly ,  i t  i s  necessary t o  know t h e  

local center l  ine v e l o c i t y  (Vm) a t  which the bubbles begin their  r ise .  This 
a 

in turn would depend on bubble s i ze  and r i s e  velocity. 

A1 though a s a t i  sfactory expl anation i s  not offered for  t h e  phenomenon, 

i t  i s  in t e re s t ing  t h a t  a common r a t i o ,  o f  Y/d = 8.5 was obtained f o r  t h e  
rC 

p o s i t i o n  o f  t h e  b o t t o m  of t h e  a i r -bubble  plume f o r  data  from b o t h  the 

s t and ing  w a v e  s t u d y  a n d  t h e  preliminary weir t e s t s . *  When the r a t io  was 

applied t o  the ba f f l e  or ientat ion study, simi 1 a r  agreement was obta ined ,  

even though the j e t  struck the f loor  and was d e f l e c t e d  downstream. I t  was 

2 Data from Hi 1 1  i a r d ,  N.0. 1983. Weir optimization: A new concept in 
f ishladder design.  idashi ngton S t a t e  University, unpubl ished. 
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does i ncrease with, velocity. Since increased ai  r concent rations aced erate 

t h e  r a t e  of c e n t e r l i n e  v e l o c i t y  d i s s i p a t i o n ,  i t  makes sense t h a t  t h e  

e f fec ts  of increased  i n i t i a l  j e t  v e l o c i t y  would be a t  l e a s t  p a r t i a l l y  

o f f s e t  by t h e  add i t iona l  a i r  entrainment.  I t  i s  also possible t h a t  the 

plume penetration distance i s  simply n o t  sens i t ive  t o  the l imited range of 

v e l o c i t i e s  tha t  normally occur in fishway weir je ts .  I f  t h i s  i s  the case, 

i t  may be possible t o  develop a relationship,  such as Y = 8.5 d ,  t o  be used 

a s  a gu ide l ine  f o r  fishway pool depth design because velocity could be 

treated as  a constant. Additional research i s  needed t o  f u r t h e r  def ine  

observed t h a t  a i r - b u b b l e s  were released downstream a distance along t h  

flowpath equal t o  approximately 8.54. Perhaps the  vigorous mixing which 

occurs i n  these plumes, the rapid r a t e  o f  velocity diss ipat ion,  and t h e  

dominance o f  je t  geometry as a factor ,  reduces the sens i t iv i ty  of the  plume 

p e n e t r a t i o n  d l  s tance  to  entrance velocities.  Recall t h a t  a i r  entrainment : 

:3 
f;;; 
ii; 
k t ,  
1, : 

>I* 
t > 

;$ 
$4 
;4a, 
* ?  
**<w r. 6 

* j 

4 

the interact ion of these parameters. 

Energy Di ss ipat ion 

Another value t h a t  appears f r equen t ly  in  fishway des ign  i s  t h e  

recomnendation of dissipating no more than 4 f t - 1  b/sec per  cubic  foot  of  

pool volume ( B e l l ,  1973) .  T h i s  recommendation applies only t o  specif ic  

existing designs, and i s  used fo r  establishing an upper 1 imit  f o r  f ishway 

discharge.  As a re1 at ive measure of t h e  u t i l i t y  o f  perforated baff les  in 

fishway design, i t  i s  interest ing t o  compare the spat ia l  energy dissipation 

achieved i n  t h i s  study with and without b a f f l e s .  Without baf f les  the  
>, 

energy dissipation was: 



ED = Qy(nW5E)lpool volume 

= 7.4 c f s  (62.4 lbs / f t3 ) (3 .7  f t ) / ( 1 5  ft)(3.44 ft)!S f t )  

= 4.1 f t - lb /sec  per cubic f o o t  o f  pool volume. 

where 

E D  = energy dissipated ( f t - lb lsec- f t3)  per unit pool volume, 

Y = specif ic  weight of water, 

AWSE = change in pool surface elevation. 

A t  t h i s  leve l  of energy dissipation, the pool hydraulics, par t icular ly in 

the upstream 11 f e e t  o f  t h e  pool where most  o f  t h e  energy d i s s i p a t i o n  

occurred,  did not meet t h e  study c r i t e r i a .  W i t h  b a f f l e s ,  t h e  p o o l  

hydraulics met a l l  the study c r i t e r i a ,  and i t  was apparent t h a t  t h e  pool 

length could be shortened from 15 to  10 feet.  The level of energy dissipa- 

t ion was: 

ED = 7.4 c f s  (62.4 lbs/f t3)(3.7 ft)/(lO ft)(3.44 f t ) ( 8  f t )  

= 6.2 f t - lb /sec  per cubic foot of  pool volume 

I t  i s  a p p a r e n t  t h a t  per fora ted  b a f f l e s ,  when applied properly, have the 

potential t o  increase f ishway design efficiency considerably. 

Pool Width 

T h e  design of pool width i s  t radi t ional ly based on space requirements 

for  f i sh  o r  i s  adapted from existing fishway designs with proven hydraulics 

(U.S. Dept. of In ter ior ,  1960; Be1 1 ,  1973). Be1 1 (1973) notes that  fishway 

capacity i s  normally not a design problem, because the hydraul ic  c r i t e r i a  

usual ly  cont ro l .  I n  t h e  s tanding wave s tudy,  the  data  ( h e i g h t  of 

nozzle > 0 )  suggests that  a relationship e x i s t s  between t h e  magnitude o f  

t h e  v e r t i c a l  standing wave velocity component (VSWY) a n d  the width of the  

pool (Tables 9 and 1 0 ) .  This was more evident  f o r  the  nozzle a n g l e  of 



: 
70 degrees than for  the nozzle angle o f  35 degrees. I t  was noted that  VSWy 

was larger fo r  70 degrees than 45 degrees f o r  a1 1 tank widths. This was 

probably because the ai r-bubbl e plume was 1  ess dispersed horizontal 1y , thus 
: I 

promoting agglorneration o f  air-bubbles, and increased r i s e  velocities.  

Looking a t  t h e  d a t a  for  the nozzle angle o f  70 degrees in Table 10 , 

i t  was observed tha t  VSWY was a maximum for widths o f  0.27 f e e t  and 1.00 

feet .  The intermediate widths had smaller measured components of VSWY. I t  

was a l s o  observed t h a t  t h e  in te rmedia te  widths had l a r g e r  hor izonta l  

v e l o c i t i e s  (VHS) a t  the pool surface. These veloci t ies  are  indicative of 

t he  vigor of t h e  r e tu rn  eddy manifested a t  t h e  pool su r face .  I t  was 

expected t h a t  t h e  v e l o c i t i e s  measured in  t h e  r e tu rn  eddy would become 

larger as t h e  pool widths decreased,  because o f  flow c o n t i n u i t y .  The 

return eddies are a physical response t o  maintain hydraul i c  continuity by 

replacing the flow entrained by the  je t .  Since t h e  flow entrainment  was 

expected t o  remain t h e  same with decreasing pool width, i t  was expected 

that  return eddy veloci t ies  would thus increase. The reason t h i s  d i d  not 

occur i s  probably due t o  the dominant strength of the a i r  b u b b l e  plume a t  

the smaller tank widths. Anderson (1968) determined f r m  photographs t h a t  

t h e  angle  of  f l a r e  of t he  a i r -bubble  plume from t h e  apex a t  t h e  pool 

surface was 21.8 degrees. Recall tha t  the d i s t a n c e  t o  t h e  bottom of  t h e  

a i r -bubble  plume occurred approximately a t  8.5 d ,  where d was t h e  j e t  

diameter a t  the pool surface. To develop an understanding of the approxi- 

mate magnitude of t h e  width of the plume, i t  i s  interest ing t o  analyze t h e  

plume cross-section a t  Y = 7d. The plume i s  analyzed a t  t h i s  depth instead 

of a t  Y = '8.5d, because Y = 8.5d denotes the bo t tom of  the plume, where i t  

has los t  much of i t s  character is t ic  shape. Using t r igonometr ic  r e 1  a t i  o n -  

ships, the diameter and area o f  the plume can be calculated a t  7d. 



d7 = d, + 14do t a n  21.8/2 

where 

d7 = plume diameter a t  y = 7d0, 

do = i n i t i a l  j e t  diameter ( 2  inches). 

d7 = 2 + 14(2) t a n  10.9 

= 7.4 inches = 0.62 f ee t  

A7 = n(d712/4 

= 42.9 inches2 = 0.3 feet2 

where 

A 7  = area of the plume a t  7d. 

From the  magnitude o f  the diameter of t he  plume, i t  i s  apparent t h a t  

the  smaller widths of t h e  s tanding wave s t u d y  a c t u a l l y  c o n s t r i c t e d  t h e  

plume. The c o n s t r i c t i o n  f o r  t h e  0.27 f o o t  tank width was suf f ic ien t  t o  

concentrate the  air-bubbles t o  the extent t h a t  t h e i r  upward flow completely 

sheared t h e  su r face  return eddy, hence VHS = 0. As the width o f  t h e  tank  

was increased, there  was a zone where ne i the r  flow c i r c u l a t i o n  p a t t e r n  

dominated the other. In  t h i s  zone, the return eddy was a b l e  t o  flow around 

the standing wave c i r c u l a t i o n ,  b u t  i t  apparent ly  inf luenced t h e  upward 

f low,  because measured values of VSWY were lower. This zone can be termed 

the zone of interference. As the  tank width was increased f u r t h e r ,  t h e  

measured va lue  o f  VSWY increased t o  the same magnitude as for  t h e  smallest 

tank width. The measured values of VHS correspondingly d e c r e a s e d .  T h i s  

suggests  t h a t  s u f f i c i e n t  cross-sectional area was provided in the tank so 

t h a t  t h e  ve loc i ty  o f  t he  re turn  eddy was o f  i n s u f f i c i e n t  magnitude t o  

interfere  w i t h  the standing wave circulation. 
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Additional research  i s  needzd t o  f u r t h e r  define the interaction of 

these f l o w  patterns. One would ant icipate  t h a t  j e t  ve loc i ty  would be a n  

iii important f a c t o r ,  i n  addition t o  channel and j e t  geometry. I t  was inter- 
i t  

e s t i n g ,  however, t h a t  ~ u m s t e a d , ~  i n  a study o f  standing waves, weir xidth . 

and channel w i d t h ,  concluded t h a t  i f  the weir opening was approximately 1 / 4  

t h e  channel width,  t h e  best standing wave resulted. The weir jet diameter 

a t  the pool surface was undoubtedly less  t h a n  the  weir opening because of 

a c c e l e r a t i o n  of t h e  nappe. I t  was quite  possibly on the order of 1/6 the 

channel width. This was the same r a t i o  that  provided the maximum VSWY f o r  

the nozzle angle o f  70 degrees (Table 10). 

Standing Wave Enhancement 

The s tanding  wave enhancement 

because of t h e  tremendous ~ o t e n t i  a 

dev ' i c e  (SWED) s tudy was interest ing 

1 o f  t he  device.  To i l l u s t r a t e  the 

potential bioenergetic advantages of the device, a comparison o f  the eneryy 

requirements of a f i s h  leaping from a s t i l l  pool, a s tanding  wave, and an 

enhanced standing wave, appears in Table 12. 

The device was also observed t o  improve the overall  pool hydraul ics .  

The only problem was t h a t  su r face  waves emanating from t h e  enhanced 

standing wave were reflected off the tank s idewa l l s  and were observed t o  

d e s t a b i l i z e  t h e  enhanced s tanding wave. This was remedied with t h e  

placement of additional perforated baffling parallel  t o  t h e  flow as shown 

in  Figure 67. This fishway c e l l  configuration i s  the prototype design for 

f i e l d  test ing.  

Bumstead, T.W. Research Associate ,  Washington S t a t e  Univers i ty ,  
unpubl ished data,  1983. 
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Figure 67. - -Pro to type  fishway chamber d e s i g n  developed 
i n  the l a b o r a t o r y  f o r  f i e l d  tes t ing.  



RESULTS AND DISCUSSION OF JOHNS CREEK FIELD TESTS 

Results )I 

Four f i e l d  trips were made t o  the Johns Creek test f a c i l i t y  d u r i n g  t h e  , 

f a l l  o f  1983. The o b j e c t i v e  was t o  determine f i s h  response t o  t h e  new 

f i s h l a d d e r  components and conf igura t ions  t h a t  had been developed i n  the ' 

laboratory. Johns Creek of fe red  runs o f  coho a n d  chum salmon f o r  t h i s  

purpose. 

Field T r i p  o f  October 7-9, 1983 

A summary o f  the tests  performed appears i n  Table 13. 

Test No, 1--Observations 

1. Coho and chum salmon were present, few were moving. 

2. Coho and chum salmon were capable of nego t i a t ing  t h e  1.1 f o o t  

change in water s u r f a c e  elevation. 

3. Coho salmon passed by swirruning through the jet wi th  apparent ease. 

4. C h u m  salmon had d i f f i c u l t y  locat ing the  j e t  in the pool wi thout  

baffles. They leaped in  the upstream corners of t h e  p o o l ,  of ten 

h i t t i ng  the i r  heads on t h e  overhanging overflow weir. 

5. The 16-inch diameter semicircular weir used a p p e a r e d  t o  p r o v i d e  

too small of an opening for effect ive f i s h  passage. 

6. The baffles aided the f i s h  in t h e i r  orientation towards the je t .  



Test No. 2--Observations 

1.. B a f f l e s  d e f i n i t e l y  aided t h e  f i s h  i n  t h e i r  w i e n t a t i o n  towards the 

je t ' .  Fewer e r r a n t  leaps i w e  observed w i t h  b a f f l e s  present.  

1. Flo avo idance  r e a c t i o n  by f i s h  t o  t h e  s tand ing  wave enhancement 

d w i c e  was observed. 

3. The s t a n d i n g  wave enhancement d e v i c e  was p o s i t i o n e d  t o o  f a r  

downstream f o r  t h e  f i s h  t o  take  advantage o f  t h e  eahanced s tand ing  

wave. 

4. Chum and coho salmon were  c a p a b l e  o f  n e g o t i a t i n g  t he  1.9 f o o t  

change i n  water sur face e levat ion .  

5. The o v e r h a n g i n g  w e i r  basep l  a t e  appeared t o  h inder  f i s h  passage. 

Both churn and coho salmon were observed h i t t i n g  t h e i r  heads on t h e  

overhang whi 1  e  1  eapi ng. 

Table  13.--Summary o f  Johns Creek f i e l d  t e s t s  performed on October 7-9, 1983. 

Test Weir and Q GJS E Wei r B a f f l e s  SWED Pool 
i lo. ?ooi 20. j c f s )  ( f t )  2escri p t i on i e n s t h  

( f t) 

1 1 3.5 1.1 Semic i rc le,  D=16" N o  N o 12 
r o t a t e d  45" DS 

1.1 Semic i rc le,  D=16" Yes No 12 
r o t a t e d  4 5 O  DS 

1 3.2 1.6 Semi c i  r c l  e, D=24" Yes Yes 12 
r o t a t e d  45" DS 

1.9 Semi c i  r c l  e ,  D=20" Yes N o 12 
ro t a t ed  45' DS 

3 1.8 Semic i rc le,  D=201' No No 12 
r o t a t e d  45' DS 

3 - 5 1.3 Semic i rc le,  D=20" No N o 6 
r o t a t e d  45" DS 

DS = downstream, SWED = s tanding wave enhancement device 



T e s t  No. 

O r i e n t a t i o n  o f  f i s h  movement ups t ream i s  i n f l u e n c e d  b y  fl 

i n f l u e n c e d  by f l o w  c u r r e n t s  more than larger f i s h .  Chum salm 

appeared t o  be i n f l uenced  p r i m a r i l y  by s o l i d  boundaries. 

5' ?", 

opening . .~:I.QQY 
,w L* 
?t . 

V e l o c i t i e s  were t o o  low i n  t h e  downstream po r t i ons  of  t h e  pools to' $3 
s t i m u l a t e  f i s h  movement. 

The 1 2 - f o o t  p o o l  l e n g t h  p r o v i d e d  t o o  much r e s t i n g  area. This f' 
encouraged l i n g e r i n g  i n  t he  pools. %. ?. 

b y  

p 
The weir j e t  produced a s tanding wave which was t o o  f a r  downstream #, 

/ B 
&d 

f o r  leap ing  f i s h  t o  use e f f e c t i v e l y .  r !,4 uG 

" 2 ,  

An 8 - f o o t  p o o l  l e n g t h  wou ld  have p r o v i d e d  s u i t a b l e  hydraulic A 

cond i t ions .  
1 (1 ,? 

F i s h  were observed leap ing  a t  areas o f  extraneous upwel l ing .  
$ 
; 
% 

F i s h  were observed leap ing  i n  the  upstream corners o f  t h e  b a f f l e s  & 
h 
.j, 

a t  t h e i r  p o i n t s  o f  attachment t o  the  w e i r  bulkhead. :8v' d 

4 
Overf low j e t s  were n o i s i e r  than the main weir  j e t  a t  f a l l  h e i g h t s  

%" 

o f  1.5 f e e t  o r  less .  
I )  

Some f i s h  were observed t r y i n g  t o  pass upstream v i a  t h e  overflow 

j e t s .  

Many f i s h  were moving. 

The f l o w  p a t t e r n s  i n  the  6 - f o o t  pools appeared w i l d .  



3. The 1.3-ioot change in w a t e r  surface elevation, coupled with the 

6-foot pool l eng th ,  provided approach flow condi t ions  t o  t h e  

downstream je t  which affected the jet shape. Disturbed j e t  shapes 

entrained more a i r  t h a n  j e t s  t h a t  had l e s s  tu rbu len t  approach 

conditions. 

4. The r a t e  of f i s h  movement was higher when the pool lengths were 

shortened from 12  f e e t  t o  6 fee t .  

5. Chum and coho salmon were able t o  negotiate the 1.3 foot change in 

water sur f  ace el evat i  on. 

Field Trip of October 21-23, 1983 

A summary of the t e s t s  performed appear in Table 14. 
* 

A summary of the f i s h  passage data appears in Table 15. Baffl es were 

found t o  improve t h e  leaping  success f o r  coho salmon a t  a significance 

level of 0.05 (Table 16 ) .  

Test No. 1--Observati ons 

1. C h u m  salmon were in  f u l l  spawning co lo r s  and i n  f a i r  t o  good 

condition. Average s i ze  was estimated a t  10 pounds. 

2, Coho salmon were in good condition. Some f i sh  were dark, b u t  most 

were silvery or showed signs of s l i g h t  co lo ra t ion  ( r e d ) .  There 

was a preponderance of jacks present .  The l a r g e r  f i s h  were 

estimated a t  5-6 pounds. 

3.  Coho and chum salmon were capable of negotiating the 3-foot change 

in water surface elevation. 

4. Successful passage was achieved primarily by leaping. Few f i sh  

successfully swam u p  the je t .  



Table 14.--Suernary of Johns Creek f i e l d  t e s t s  performed on October 21-2 

Test Weir and (I WSE Weir Baffles SNED Pool , 

No. Pool No. (cfs) (ft) Description 

1 - 3 3.0 Semi c i r c l  e , D=20" Yes No 12 
rota ted 45' DS 

2 - 3 2.0 Semi ci rcl e , D=20" Yes No 12 
rota ted 45" DS 

3 1 3 2.1 Semicircle, 0=20"1 Yes No 12 
rota ted 20' US 

2 3 2.3  Rectangular, 18.5" Yes N o 12 
wal I s2 

4 1 3 2.1 Semicircle, ~ = 2 0 " 1  No No 12 
rota ted 20' US 

2 3 2 .3  Rectangular, 18.5" No N o 12 
wide, t ra in ing  
wall s2 ,,.,, 

,- 
2: 

< ...- ,,,- "...I* 
*I.. 
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.X Table 15.--Summary of f i s h  passage data fo r  Johns Creek f i e ld  tes ts  perform 
:I:> 

,'q;;, on October 21-23, 1983. 

Test Weir and Total Successful Leap Passage 
No. Pool No. Species Leaps Leaps Success Rate 

(N) (n  Ratio (%) ( F i s h / ~ r )  

3 1 Coho 
Chum 
Coho 
Chum 

2 Coho 
Chum 
Coho 
Chum 

4 1 Coho 
2 Coho 
Existing Coho 
Fishway C h u m  

Data were t aken  f o r  pe r iods  o f  approximately  30 minutes ,  e x c e p t  f o r  t h e  
e x i s t i n g  fishway cel l  which was counted for  15 minv tes .  Replicate d a t a  were 
taken for t e s t  no. 3. The discharge and AWSE f o r  the  e x i s t i n g  f ishway were 
3 cfs  and 0.75 f t ,  respectively. 



Table 16.--Summary o f  t h e  s t a t i s t i c a l  analysis  t o  test  f o r  significance s t  
t h e  0.05 Icvel  of t h e  d i f f e r e n c e  in leaping success  f o r  coho 
sa l~non  w i t h  and without baffl esd. 

W i t h  Baffles Without Baffles 
Wei r and Z Significant? 
Pool No. " x1 P1 2 2 2 

1 177 75 0.42 103 31 0.30 2.0 Yes 

2 213 80 0.38 126 29 0.23 2.77 Yes 

aData from Johns Creek f i e l d  t e s t s  numbers 3 and 4 ,  October 21-23, 1983. 
Analytical procedure for t e s t s  of hypotheses on two proportions as desc r i  bed 
by Hines and Montgomery (1980) was used. 

5, Although chum salmon were capable o f  nego t i a t ing  t h e  3-foot 

over fa l l ,  t h e i r  leap success r a t io  was low. 

T e s t  ;do. 2--Observat 

1. The weir p 

,i ons 

l a t e  tha t  was rotated upstream provided a  je t  tha t  f e l l  

closer eo tne weir bulkhead t h a n  weir p la te s  ro t a t ed  dow'nstreani. 

This prevented f i sh  from moving upstream (underneath) o f  the je t .  

I t  also moved t h e  standing wave closer t o  the weir bulkhead. 

2. Rotat ing t h e  weir p l a t e  upstream eliminated t h e  problem ,of f i sh  

banging t h e i r  heads on an overhang while leaping. 

3. Ba f f l es  improved leaping success by three mechanisms: ( a )  guiding 

f i sh  t o  the best spot fo r  leaping, ( b )  containment of u p w e l l i n g  t o  

t he  standing wave, and ( c )  the physical deflection o f  f i s h  th rough  

the  weir notch (when t h e  baffles extended above t h e  pool s u r f a c e  

t o  t h e  height  o f  t he  upstream weir p l a t e ) .  All three mechanisms 

function by reducing the number o f  errant leaps. 



4. Baffles should have an opening f o r  f i sh  t o  escape should they 

behind them. 9 , 1 
A,'* q 

5. Perforated baffles should be constructed with holes no larger  than 

2 inches in diameter. Larser holes are capable of " q i  1 1 n e t t  i nn';' 

f ish.  

Fie1  d T r i ~  o f  November 17-21. 1983 

A summary of the tests performed appears in Table 17. 

Test Weir and Q WSE Wei r Baffles SUED Pool %%, 
No. Pool No. ( c i s )  (ft) Description 

- - ' J i r t  I 
: i.i '@ 

1 1 3 1.2 Semicircle, D=20" Yes No 6 ;$$ I u:,r" 
rotated 20' US $# 

.$ $4  
2 3 1.1 Semicircle, D=20" Yes No 6 j! ,; 

rotated 20' US 3. L; 

2 1 3 1.7 Semicircle, D=20" Yes No 6 
rotated 20' US 

2 3 0.9 Semicircle, D=20" Yes N o 6 
rotated 20' US 

3 1 3 1.3 Semicircle, D=20" Yes Yes 6 
rotated 20" US 

2 3 1.8 Semicircle, D=20" Yes N o 12 :, 
rotated 20' US ?. 

The semicircular weir opening was f l a r e d  a t  a tangent  of 4 5  degrees t o  a 
30-inch t o p  width; US = upstream. 



Tes t  No. 1--Observations 

1. The 6-foot  pool 

dissipation f o r  t 

charye of 3 cfs. 

1 engt h provided adequate pool volume f o r  energy 

,he pool d i f f e r e n t i a l  of 1.2 f e e t  and t h e  d i s -  

2. The j e t  of t h e  second pool was distor ted in shape because of the 

1  eve1 of turbulence in the approach f 1 ow from t h e  f i  r s t  pool. 

3. Unsuccessful leaps were gene ra l ly  the  resul t  o f  o r i e n t a t i o n  

d i f f i c u l t i e s  fo r  both coho and chum salmon. 

4. The j e t  was l a t e ra l ly  expanded in shape. 

5. Chum salmon were i n  fu l l  spawning colors and f a i r  condition. They 

were not very active in t h e i r  movement up the fishway. 

6. Coho salmon were in fu l l  spawning colors and f a i r  condition. 

Test No. 2--Observations 

1. The 6-foot  pool length provided i n s u f f i c i e n t  pool volume f o r  

energy d i s s i p a t i o n  f o r  the  pool d i f f e r e n t i a l  of 1 . 7  f e e t  a n d  

discharge o f  3 cfs. 

2. The w a t e r  was more t u r b i d  than usual, as a resul t  of persistent 

ra infal l .  

3. Orienta t ion  d i f f i cu l t i e s  were the principal cause of unsuccessful 

leaps. This was evidenced by a high number of errant leaps. 

4.  The je t  of the second pool was distorted in shape by the turbulent 

approach f 1 ow. 



Test  No. 3-Observat ions 

1. The s tandi  n g  wave enhancement device performance was encouraging 

when i t  was positioned properly. Two coho salmon made outstanding 

leaps from the  enhanced standing wave. 

2. The la te ra l ly  expanded je t  produced by the weir was ineffect ive in 

conjunct ion with t h e  s tanding  wave enhancement device.  The 

momentum o f  the jet was largely dissipated i n  the  pool before  i t  

reached the standing wave enhancement device. 

3. Increasing the pool length from 6 t o  12 fee t  reduced the number of 

errant  leaps by improving the pool hydraulics. 

Field Trip of December 8-12, 1983 

The principal resul t  o f  t h i s  f i e l d  t r i p  was t o  confirm t h a t  anadromous 

f i s h  performance capabi l i t ies  deter iorate  with t i m e  in  t h e  r i v e r .  There 

were f e w  coho salmon present .  Those present were in a s t a t e  of advanced 

sexual maturity and were generally in poor condition. The chum salmon that 

were present  were in  f a i r  cond i t ion ,  b u t  few were moving through t h e  

fishway. 

Discussion 

Fish Behavior 

As a r e s u l t  of t h e  f i e l d  t e s t  program, much was c la r i f i ed  concerning 

f i s h  behavior, a t  l e a s t  f o r  t h e  stocks s tud ied  (Figure 6 8 ) .  Fish were 

observed t o  "nose out" of t he  water pr ior  t o  leaping, probably t o  visually 

o r i e n t  themselves t o  the  o b s t a c l e  as  suggested by S t u a r t  ( 1 9 6 2 )  

(F igure  6 9 ) .  Gray's (1968) description of a salmons leap a s  a "standing" 



Figure  68.--Johns Creek o f f e r e d  runs of chum ( t o p )  and 
coho ( lower  two specimens) salmon f o r  f ie ld  
t e s t i n g .  

Figu re  69.--Coho salmon o r i e n t i n g  i t s e l f  
v i s u a l l y  t o  weir p r i o r  t o  
1  eap i  ng, 



j u m p  was a l s o  accura te .  In no 

running s t a r t  pr ior  t o  leaping. 

i n s t ance  was a  

As f o r  S t u a r t ' s  (1962)  p o s t u l a t e  of t h e  stimulus f o r  f i sh  movement 

preparatory t o  leaping being the  force o f  t h e  impact o f  f a l l i n g  water ,  t h e  

r e s u l t s  were less  supportive. There were times when fish were present and 

no ac t iv i ty  was observed, as we1 1  as times when t h e  f i s h  were extremely 

a c t i v e .  No discernible pattern or  trend was observed. The impression was 

t ha t  the f i s h  moved simply whenever they f e l t  l i ke  moving, no ma t t e r  w h a t  

the time o f  day. 

I t  was noticed tha t  the level of ac t iv i ty  could sometimes be increased 

by increasing t h e  flow. Whether t h e  f i s h  were r eac t ing  t o  escape t h e  

increased  turbulence  i n  the  pools o r  were s t imula ted  t o  move by the 

increased  flow was uncer ta in .  The l a t t e r  was suspected because t h i s  

a c t i v i t y  was observed in  12-foot long pools where ample resting area was 

present even a t  the higher discharges. 

S t u a r t  (1962)  reported t h a t  a threshold stimulus existed that  was the 

minimum t o  i n c i t e  movement i n  f i s h .  This threshold  s t imulus  var ied 

d i r 2 c t l y  with t h e  s i z e  o f  t h e  f i s h .  Although t h i s  phenomenon was not 

observed, i t  was concluded tha t  i f  a threshold stimulus f o r  f i s h  movement 

did ex i s t ,  i t  must be a  small value fo r  coho and chum salmon. Both species 

were observed leaping a t  veritable t r i ck le s  of water o n  occasion.  Again, 

there  were a l so  times when a re la t ive  flood would not inc i te  movement. 

Although f i sh  were observed t o  leap  from t h e  s tanding wave in  o u r  

s t u d y ,  they did not demonstrate the same proclivity for  t h i s  behavior as 

they did in  S tuar t ' s  study. Stuart (1962) noted t h a t  " the  f i s h ,  without 

except ion ,  a1 1 l eap t  from the same small area on t h e  hump," I n  our study 

they frequently leapt from the standing wave, b u t  many times they d i d  not. 



T h i s  was p a r t i c u l a r l y  t r u e  f o r  chum salmon, which were predominately 

influenced in t h e i r  ~nove~nent by sol id boundaries. Without baffl es gu i  d i  ng  

the chum salmon to  the standing wave, they would often follow the sidewalls 

t o  the upstream corner of t he  fishway cell  and 1 eap i  nef fec tua l  ly a t  t h e  

overfl ow wei rs (F igure  7 0 ) .  Coho salmon would also occasional ly  exhibit 

t h i s  behavior, b u t  much l e s s  f r equen t ly .  They were c l e a r l y  much more 

masterful leapers than chum salmon and usually i n i t i a t e d  t h e i r  leaps within 

the vicini ty  o f  the standing wave. Whether t h i s  was because they  sensed 

t he  upwelling f l o w  o f  t h e  s tanding  wave, o r  co inc identa l  because t h e  

standing wave naturally occurred a t  the appropriate location t o  i n i t i a t e  a 

l e a p ,  was uncer ta in .  I t  was apparent ,  though, tha t  an in te l l igent  f i s h  

passage s t r a t e g y  was t o  design the  f i shway  so t h a t  t h e  s tanding  wave 

occurred a t  a p o s i t  ion coi  n c i d e n t a l  with where the f i s h  would naturally 

i n i t i a t e  a leap. This p o s i t i o n ,  i n  t u r n ,  could be inf luenced by t h e  

ac re 70.---A coho salmon successfully negotiates the weir - 
while a chum salmon leaps- ineffectually in the 
corner of the fishway ce l l .  



& 
extraneous t o  the standing wave. This lended credence to the concept t h a t  $ 1 hi 

i A 
: f 

f i s h  w e r e  s t imula ted  t o  leap  when presented with t h i s  c h a r a c t e r i s t i c  ,A\ 

hydraulic condition. I t  was also observed that the smaller r e s iden t  t r o u t  

t h a t  were present  appeared t o  i n i t i a t e  t h e i r  leaps from the  standing wave 

with g r e a t e r  r e g u l a r i t y  t h a n  e i t h e r  o f  t h e  l a r g e r  anadromous species .  

1 )  Perhaps t h e  upwelling flow o f  t h e  standing wave presented a more influ- 

ent ia l  flow condition t o  t h e i r  smaller mass. This would represent a sca le  

e f fec t  f o r  f i s h  size. I t  should be noted tha t  much o f  Stua r t ' s  (1962) work 

was based on laboratory t e s t s  with salmon parr (6-15 cn). The scale e f f e c t  '< 

of t e s t i  n y  with such small f i s h  possibly explains why he reported the fish *I$' 

l eaping without except ion from t h e  hump. Although t h i s  behavior was 

observed with t h e  l a r g e r  coho and chum salmon of o u r  s tudy ,  f requent  

deviation from th i s  behavior was a1 so observed, I t  was not poss ib le  t o  

conclude d e c i s i v e l y  t h a t  t h e  s tanding  wave was a s ignif icant  hydraulic 

condition f o r  leaping. 

Standing Wave Enhancement Device 

A1 though t e s t i n g  of t h e  s tanding wave enhancement device (SWED) was 

limited, the resul ts  were encouraging (Figure 71).  One of the concerns was 

t h a t  f i s h  may avoid the enhanced standing wave due t o  i t s  intensi ty .  This 

was observed not t o  be the case. Both coho and chum salmon were o b s e r v e d  

s i g h t i n g  and leaping from t h e  wave. There were two hydraulic problems 

i  ncompa t i  b 

j e t  tha t  wi 

plate tha t  

associated with the SWED, however. I t  was demonstrated t h a t  t h e  SWED was 

1e with c e r t a i n  j e t  forms. In  par t icular ,  the SWED requires a 

11 penetrate deep into the pool. This precludes use of t h e  weir 

was oriented 20 degrees upstream from vertical  into the  flow- 



Figure 71.--Two types o f  standing wave 
enhancement devices (SWED) 
tested in conjunction with 
two types o f  b a f f l e s  and two 
types of weirs. The SWED in 
the foreground was designed to 
permit part o f  the jet to pene- 
trate to the downstream portion 
o f  the fishway pool f o r  f i s h  
attraction. 



4, 

This ;qei r j l  a t e  or ientat ion produced a character is t ical  ly shall  ow penetrat- . 

i ' ing jet .  The other problem with the  SWED was t h a t  i t  was s e n s i t i v e  to 
I 

po s i t ion .  I f  i t  was loca ted  too  f a r  upstream i t  would not f u n c t i o n  

hydraulically. If i t  was located too f a r  downstream, the  enhanced standing - 

wave was then positioned too f a r  downstream f o r  f i sh  t o  leap successfully. 

Additional research i s  required t o  fur ther  d e f  i ne t h e  ope ra t iona l  param- 

e te rs  (discharge and location) o f  the SWED. 

Baf f 1 es 

The u t i l i t y  of  b a f f l e s  i n  weir and pool fishway design was observed 

and shown s t a t i s t i c a l l y  t o  be s ignif icant  (Table  16). They functioned well 

as  hydraul ic  energy d i s s i p a t o r s ,  f i s h  guides, and f i sh  deflectors.  They 

not only improved f i sh  passage efficiency, b u t  allowed t h e  shor t en ing  of 

fishway chambers. Several conf igura t ions  were t r i e d  i n  t h e  f i e l d  t e s t  

program and the following conclusians were reached: (1) the baff les  should 

be as high as  t h e  upstream weir plate (Figure 72 ) ;  ( 2 )  perforated baffles 

should be constructed with holes 2 inches or less in diameter ;  ( 3 ) .  access  

openings should be provided out from behind t h e  baffles,  preferably along 

the pool bottom; (4 )  baffles should be positioned t o  d i rec t  the  f i s h  t o  the 
I ! 
1 1 1  s t anding  wave; ( 5 )  t h e  conf igura t ion  developed i n  t h e  labora tory  test 

, I  I 
program worked e f f e c t i v e l y ; .  and ( 6 )  s impler  conf igura t ions  may work as  

I 
well .  Prel iminary t e s t i n g  o f  slot ted baffles indicated tha t  they may be 

more effect ive energy diss ipators  t h a n  perforated baffles. 

Weir Design 

P r a c t i c a l  

program concern 

cons ide ra t  

ing weir des 

ions was t h e  lesson t a u g h t  by t h e  f i e l d  t e s t  

, ign. I t  was apparent that  the s i z e  and 



Figure 72.--Baffles should be as high as 
the weir plate as shown in 
the center o f  the  photo. A 
coho salmon leaps successfully 
in the  background. I n  the  
foreground, a weir o f  the 
i ncumbent f i s hway i s  shown. 



ir i i o r i e n t a t i o n  of t h e  weir opening was as important t o  successfu l  f i s h  * A ,  

$pi : .4 C 
1 ' 

j! / passage, i f  not more so, than the hydraulic c h a r a c t s r i s t i c s  of t he  weir. 

S t u a r t  ( 1 9 6 2 )  recommended a minimum weir opening of 24 inches f o r  adult 

salmon a d  t r o u t .  From our observa t ions ,  t h i s  s e e m  t o  be a reasonable 

guide1 i  ne. In general ,  the larger  the weir opening provided, the better.  

I t  was also apparent tha t  the  orientation of the weir plate t o  the flow was 

important. This was evidenced by the d i f f i cu l ty  tha t  f i sh  had with the weir 

plate  t h a t  was oriented a t  45 degrees t o  t h e  v e r t i c a l  in  the  downstrean 

d i r e c t i o n .  If t h e i r  leaps were askew such t h a t  contact was made with the 

weir sur face ,  they  were  abrup t ly  d e f l e c t e d  back.  The overhang o f  t h e  

overflow weir  c rea ted  even a more d i f f i c u l t  s i tuat ion fo r  f i sh .  I t  was 

part icular ly a source of f rus t ra t ion  f o r  chum salmon. They woul d cont i  n u -  

ously work t h e i r  way upstream under t h e  overhangs and repeatedly beat 

t h e i r  heads on them in t h e i r  attempts t o  leap upstream (Figure 7 3 ) .  B a f f l e s  

provided par t  o f  the  solution by directing them away from t h e  overhang and 

towards t h e  weir opening (Figure  74 ) .  The r e s t  o f  t h e  s o l u t i o n  was 

provided by o r ien t  

This orientation was 

(Figure 75 ) .  Leaps 

i  ng t h e  weir plate upstream, 20 degrees from vertical .  

more compatible with t h e  1e.aping t r a j e c t o r y  o f  f i s h  

t h a t  missed the weir opening and struck the  weir p l a t e  

were afforded a glancing blow which sometimes de f l ec t ed  them upstream. 

Although t h i s  weir o r i e n t a t i o n  provided some p r a c t i c a l  advantages t o  

previous ly ,  i t  was incompati b1.e with t h e  

ice. I t  was also observed t h a t  the l a t e ra l ly  

was compatible with f i s h  which t r y  t o  swim 

u p  t h e  j e t  (Figure 7 6 ) .  Additional research i s  needed t o  consol idate  the 

hydraulic and practical aspects o f  weir design. 

leaping f i s h ,  as was discussed 

s tanding  wave enhancement dev 

expanded je t  %shape i t  produced 
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Fish C a p a b i l i t i e s  

One 

which a1 

r a t e  of 

t i a l s  i n  

s h o r t e r  

of the objectives of our study was t o  provide hydraulic cond 

l a r g e r  pool d i f f e r e n t i a l  e l eva t ions  ( s t e p s )  

f i sh l  adder design was considerably more d i  f f  i cu 

an interpretat ion o f  f i s h  capabili t ies.  

lowed fish t o  pass through a weir and pool fishway a t  a s t e e p e r  

ascent .  This t ranslates  into shorter pools with larger differen- 

success ive  pool e leva t ions .  I t  was easy t o  demonstrate t h a t  

pools could be developed by incorporating baffles into the design. 

Laboratory studies provided the necessary evidence. The demonstration tha t  

coul d be incorporated into 

1 t. I t  neces-sari l y  involved 

The ques t ion  of s t e p  s i z e  i s  fundamental t o  f i s h l a d d e r  design. 

Everhart and Youngs (1981) suggest that  the  maximum drop i n  water s u r f a c e  

between pools should be about 0.30 meters (1.0 ft.). The reason ci ted i s  

" t o  provide f o r  as rapid and easy a migration as possible." They acknowl- 

edge t h a t  f i sh  are capable of leaping higher. The key words are  rapid and 

easy. 

T h i s  ideology i s  ' i n  harmony w i t h  Clay's (1961) object 

f i sh  t o  ascend "without undue stress." The recurrent theme 

,ive o f  allowing 

i s  the f a c i l i t y  

o f  passage. The t a s k  remains, however, t o  develop a means t o  define what 

const i tutes  f a c i l i t y  o f  passage. 

I t  i s  l i k e l y  t h a t  f a c i l i t y  o f  passage was t r a d i t i o n a l l y  def ined 

empirically. After many observations o f  f i sh  moving through f i shl  adders ,  

s t e p  s i z e s  were probably se l ec ted  because t h e  f i s h  p a s s a g e  conditions 

looked good. Such decisions may have been tempered w i t h  the desire  t o  pass 

t h e  weaker f i s h .  I t  i s  even possible t h a t  an engineering fac tor  of safety 

was included. Whatever the decision process actually was i s  uncertain, b u t  

i t  i s  doubtful t h a t  much sc ience  was appl ied.  The result  i s  t h a t  many 



capabilities. 

1 eap 

From t h e  fie1 d t e s t  prograrn it Mas apparent, a f t e r  trying to compare 

success ratios o f  fish for different step sizes, that a probabil istic 

model c o u l d  be developed to match fish capability wi th  s tep  size. The 

objective of the model was to determine the fishladder step size which 

provided a f i s h  of average leaping capabilities (species specific) the 

greatest probability o f  negotiating the ladder without an unsuccessful 

leap. The premise was that this step size best matched the na tu ra l  leaping 

capability of the fish and could be used in fishladder design. 

The development of the model relied on the fact that statistically, 

fish leaps can be considered Bernoulli trials that have a binomial distri- 

bution (Hines and Montgomery, 1980) given by p ( x ) ,  where 

x = 0,1,2 ,..., n 
= 0 otherwise 

and 

n = number of leaps, 

x = number of successful leaps, 

p = leap success ratio. 

This relationship is used to calculate t h e  probability of x successful 

leaps in n total leaps. For the special case where x = n, the relationship 

simplifies to: 

P(X) = pX 

This simplified formula is used to determine the probability of a fish 

negotiating a fishladder with x number of steps without a leaping failure. 

If d a t a  for determining leap success ratios f o r  different s t e p  sizes were 



available, one could determine the probabilities o f  unhindered passage f a r  

several step sizes for comparison purposes. The step size with the 

greatest probability for unhindered passage would be chosen as the best. 

On closer inspection o f  the simplified formula, i t  can be shown that 

t i l e  exponent, x ,  can be equated to the total elevation gain o f  the fish- 

ladder by the step size. 

= bH/~h  

where 

AH = total elevation gain o f  the fishladder, 

~h = fishladder step size. 

Thus 

p ( x )  p ( ~ H / ~ h )  

Although this formula is applicable to all fishladders, i t  is useful to 

normal i ze the relationship by recognizing the maximum leap height capabil- 

ity of a species of fish as the fundamental maximum elevation differential 

unit o f  a fish1 adder. Then 

Pn = p(HL/nh) 

where 

Pn = normalized probability for step  size Ah, 

HL = maximum leap height of the study species. 

The utility o f  normal izing the formula is that it a1 lows the development o f  

standard curves of normal i z e d  probab 

were insufficient d a t a  to develop 

study, the d a t a  d j d  suggest t h e  like 

ility versus step sire. Although there 

a curve f o r  coho or chum salmon in our 

ly form of these curves (Figure 77). 

To demonstrate how this methodology can be used to match fishladder 

step s i z e  with fish l e a p i n g  capability, a comparison is made using the leap 

success ratios obtained in this study f o r  coho salmon for step sizes of 



P o o l  Elevation Di f ferent ia l  ( f t )  

Figure 77.--Likely shape o f  t h e  plo t  of normalized 
probabi 1 i t y  versus f i  shl  adder s t ep  s ize  
f o r  coho salmon, as suggested by the 
d a t a  from t h i s  study. 

0.75 and 2.1 f ee t  (Table 15). Note t h a t  i n  t h i s  case ,  s ince  only t w o  s t e p  

s i z e s  are being compared, 2.1 f e e t  i s  HL. 

P n  = aa62(2.i/0.75) 

= 0.26 

Pmax = 0.42 

For  t h i s  example t h e  2.1-foot  step s i z e  pro\ t ides a better match with the 

capab i l i t y  of the coho salman than does t he  0.75-foot s tep  s i ze .  

To v i s u a l  i z e  t h e  concept,  i t  i s  helpful t o  consider the analogy of a 

man ascending a s t a i rcase .  I f  the  steps are t o o  smal l ,  t h e  man i s  uncom- 

f o r t a b l e  and may stumble. Likewise, i f  the  s t ep s  a re  too l a rge ,  t he  same 

uncomfortable fee l ing  and stumbling may r e s u l t .  There e x i s t s  an optimum 

s t e p  s i z e  t h a t  b e s t  matches t h e  natural c apab i l i t y  f o r  the loan. This i s  

a l s o  t r u e  f o r  t he  f i s h ,  





F o r  the 0.75 f o o t  s t e p  sizes:  

liQii No. o f  unsuccessful leaps = 25.8 - 16 = 9.8 leaps 

For the 2.0 foot step s izes:  

No. of unsuccessful 1 eaps = 14.3 - ,6 = 8.3 1 eaps 

This shows t h a t  coho salmon a r e  requi red  t o  make, on t h e  average,  11 .5  

a d d i t i o n a l  leaps, and 1.5 additional errant  leaps, for  the f ishladder  with 

0.75 foot s tep s izes  than f o r  the fishladder with 2.0 f o o t  step s izes .  - This 

i s  d e s p i t e  the fac t  t ha t  coho salmon leap w i t h  a greater success r a t i o  for  

t h e  0.75-foot s t e p  s i z e .  The increased  number of leaps  c o n s t i t u t e  a 

s i g n i f i c a n t  inc rease  i n  t h e  exposure t o  injury during leaping, and addi- 

t ional time and energy fo r  approach and sighting pr ior  t o  leaping. This  i s  

t h e  j u s t i f i c a t i o n  f o r  select ing the s tep s ize  which maximizes t h e  proba- 

b i l i t y  of ascent without a leaping f a i l u r e  as the best fo r  the  f i sh .  

As was mentioned previous ly ,  insuff ic ient  data were gathered in our 

study t o  develop these curves f o r  coho and chum salmon a t  Johns Creek. I t  

w a s  demonstrated, however, t h a t  t h i s  approach was b o t h  r a t i o n a l  and 

p r a c t i c a l .  ~ e ~ l i c a t e  da ta  s e t s  taken i n  t e s t  number 3 of t h e  

October 21-23, 1983, f i e l d  t r i p  indicated tha t  resu l t s  were reproducible. 

This voided the concern t h a t  var iab i l i ty  in leaping behavior would a f f e c t  

t h e  data. The only real problem was one o f  planning. Field personnel must 

be present and prepared t o  c o l l e c t  t h i s  da ta  when f i s h  a r e  present  and 

a c t i v e .  Data co l l ec t ed  during different  periods of the run could serve t o  

show t h e  change in  f i s h  c a p a b i l i t i e s  with t ime i n  t h e  r i v e r .  I t  i s  

a n t i c i p a t e d  t h a t  f u r t h e r  research in t h i s  area w i l l  provide more refined 

estimates of f i sh  capability. 

For now, t h e  t r a d i t i o n a l  empirical method of f i sh  capabili ty assess- 

ment must be re l ied upon. From our s tudy,  pool s t eps  o f  1 .25  f e e t  and 



2.0 feet  seemed reasonable f o r  chum and coho salmon, respectively. Although 

these steps appear modest i n  1 ight of the leaping'  capabi  1 i t i e s  of  these  

spec ies  , they do reflect a significant increase over t r a d i t i o n a l  practice. 

I n  economic terms, adaptation o f  these standards could possibly reduce t h e  

cost o f  a fishway by one h a l f .  A t  a t ime when the fisheries resource i s  a t  

historically low levels ,  i t  offers the  opportunity to  stretch the resource 

T do1 1 ar further. 



CONCL!JSIONS 

The resu l t s  of laboratory experimentation guided the devel opment of a 

new fishway configuration based on the concept tha t  f i sh  can be stimulated 

t o  leap. Field tests t o  assess the performance of the new fishway provided 

insight  into f i s h  response which served t o  fur ther  refine the  design. From 

these studies the f o l l  owing conclusions were reached. 

1. The physical mechanism governing t h e  formation o f  the  standing 

by Stuart  (1962), i s  t h e  buoyancy o f  en t ra ined  

t h e  vertical  velocity in t h e  standing wave i s  a 

wave, as described 

air bubbles. 

2. The magnitude of 

function of a i r  bu bble size.  A typical value i s  1.5 fps .  Iibbis? 

3. Standing waves can a s s i s t  leaping f ish.  

4. Perforated or  s lo t ted  baffles improve fishway pool hydrau l i c s  by 

d i  ss i pat i  ng energy and di rect i  ng f 1  ow. 

4. Baffles improve f i s h  passage by guiding fish.  

6. I t  i s  poss ib le  t o  enhance t h e  standing wave with a  device which 

d i r e c t s  t h e  plunging j e t  back towards t h e  sur face .  Ver t ica l  

veloci t ies  of 5.5 fps were measured in enhanced standing waves. 

7. The requi red  depth o f  t h e  fishway pool i s  a  f u n c t i o n  o f  j e t  

en t rance  ve loc i ty  and geometry. However, s i n c e  t h e  range of 

veloci t ies  tha t  occur in fishladder weir jets  i s  1 imited, our data 

suggest  t h a t  j e t  geometry i s  t h e  dominant f a c t o r  inf luencing  

f  i  shway pool depth requirements. 



8. A minimum w e i r  opening o f  24 inches a t  t h e  water su r face  fo r  

salmon and t r o u t  i s  adequate. Generally,  the  l a r g e r  t h e  weir 

opening provided, t h e  better. 

9. Fish do o f t e n  leap  from t h e  s tanding  wave. Whether they do 

because they are  stimulated t o  o r  t h a t  i t  i s  co inc identa l  t h a t  

standing waves occur where f i sh  would naturally i n i t i a t e  a leap i s  

uncertain. 

10. A methodology was developed t o  match f i s h  c a p a b i l i t i e s -  with 

fishway pool elevation different ials .  

11. Fish c a p a b i l i t i e s  a re  o f t en  underestimated in  the  design of 

fishway pool step sizes. From this study, pool steps of 1.25 f ee t  

and 2.0 f e e t  seem reasonable f o r  chum a n d  coho salmon, respec- 

t i  vely. 



SUGGESTIONS FOR FURTHER STUDY 

The broad scope of our study presented l imitations which precluded the 

in-depth t rea tment  of severa l  t o p i c s  which were worthy o f  c l o s e r  

inspection. For this  reason, a t  t imes i t  seemed t h a t  we were unveil  ing 

more quest ions t h a n  we were answering. I t  i s  suggested that  fur ther  study 

o f  the  following areas will increase the understanding and devel oprnent o f  

fishway design principles. 

1. Free j e t  entrainment. - -Pract  i c a l  guide1 i  nes f o r  the des ign  of 

fishway pool geometry can be derived from t h e  d e f i n i t i o n  of 

d e s c r i p t i v e  equat ions f o r  t h e  entrainment o f  j e t s  of variable 

s ize ,  shape, and velocity. 

2. Weir design.--Defini t ion of j e t  shape versus f a l l  he ight  f o r  

v a r i a b l e  weir shapes,  o r i e n t a t i o n s ,  and s i z e s  can be used in  

conjunct ion w i t h  f r e e  j e t  theory t o  develop design curves for  

f i shway pool geometry. 

3. Standing Wave Enhancement Device. --Additional laboratory and f i e l d  

tes t ing i s  requi red  t o  de f ine  opera t ional  parameters and f i s h  

response. 

4. F i s h  capabil  ities.--Addi tional data are required t o  develop curves 

matchi n y  f i sh  capabi l i t ies  t o  fishway pool elevation d i f f e ren t i a l s  

fo r  t h e  various species of anadromous fish.  
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APPEND IX 

LABORATORY APPARATUS AND METHODS, 

Prel irni nary Weir Tests 

Main Weir selection1 

Apparatus 

The t e s t  a p p a r a t u s  was a flume 4 feet wide, 6 f e e t  high, and 30 f ee t  

long ( F i g u r e  2 7 ) .  Water was supplied t o  t h e  flume through a 20-inch 

d i a m e t e r  s t e e l  pipe by an  American-Marsh HLM pump, size 8, r a t e d  at 

6.1 cfs. The flow into t h e  f lume was regulated by wasting e x c e s s  w a t e r  

through a bypass pipe. 

T h e  w e i r  bulkhead was loca ted  5.42 f e e t  downstream from t h e  p i p e  

i n l e t .  I t  measured 4.67 f e e t  high. Cantilevered 0.75 fee t  from t h e  top of 

t h e  bulkhead i n  t h e  downstream d i r e c t i o n  was a plywood plate. Attached 

vert ical ly  t o  the downstream end of t h e  plywood c a n t i l e v e r  were  plywood 

endwalls t ha t  stood 1.25 f e e t  high 

weii- open ing  was centered in the  p 

by 0.75 f e e t  (Figure 78). 

a t  either side of the weir opening. The 

lywood cantilever and measured 0.75 f e e t  

A plywood basep la t e ,  f o r  supporting the 16-gauge steel weir p l a t e s ,  

bordered the weir opening and was attached t o  the bulkhead by a 2 - f o o t  l o n g  

Diane Hi1 l i a r d  was the  principal researcher on th i s  study component. The 
work was the b a s i s  fo r  her s e n i o r  paper, "Weir Optimization: A New Concept 
in Fish1 a d d e r  Design ,I' Washington S t a t e  University, May 26, 1983, unpub-  
1 ished. 



Figure 78.--Detail o f  the weir assembly 
used in the mai n weir selec- 
tion study. 

hinge. This a1 lowed r o t a t i  on of the weir plates about a horizontal a x i s  

perpendlcular t o  the flow. Weir plates were supported a t  various angles t o  

the f l o w  by plywood side plates. 

Two s t i l l i n g  wells were used to  monitor the level o f  the head and t a i l  

water i n  the flume. The headwater level was monitored 1.5 f e e t  upstream o f  

t h e  weir. The tailwater level was monitored 14.0 feet  downstream f r om the 

weir. 

A poi n t  gage wi red t o  i 11 umi nate a 1 ight when contact was made with 

the water surface was used to  measure the standing wave height. 

To reference the posit ion of the standing wave, a scale marked in 
3 

half-inch increments was affixed to the t o p  o f  the flume, and the origin o f  

t h e  s ca l e  was referenced t o  the  weir bulkhead. A steel T-section, which 



supported t h e  point gauge, spanned t h e  flume perpendicular t o  the side- 

wal ls .  By pos i t ion ing  t h e  point  gauge over t h e  s tanding wave, and 

recording t h e  d i s t ance  t o  the bar downstream from t h e  bulkhead, t h e  

s t a n d i  ng wave 1 ocati on was referenced. 

A s tandard  90-degree V-notch weir was used t o  c a l i b r a t e  t h e  

stageldischarge relationships f o r  t h e  wei r s .  The cal i b r a t i  on weir was 

located 3 f e e t  downstream from the tailwater s t i l l i n g  well. A port with a 

s luice gate  mechanism was i n s t a l l e d  through t h e  t a i l w a t e r  bulkhead t o  

adjust the level o f  the tailwater.  

Methods 

The independent variables in the study were: 

Weir Geometry.--Four weir shapes were t e s t e d :  (1) hexagonal with 

one-on-one sideslopes, ( 2 )  semic i r cu la r ,  ( 3 )  t r apezo ida l  with 

four-on-one s i d e  s lopes ,  and ( 4 )  a 68-degree V-notch 

(Figure 20).  The maximum horizontal opening dimension fo r  each 

weir was 0.75 'feet. 

Weir Angle.--The wei rs were t es ted  a t  severa l  o r i e n t a t i o n  angles  

measured from a horizontal  plane and ro ta t ed  upwards about a 

hor izonta l  a x i s  perpendicular  t o  t h e  flow. The angles tested 

were 18, 33,  45, 90, and 135 degrees (Figure 21). 

Discharge. --The discharge was varied between 1.0 and 2.0 cubic f e e t  per 

second ( c f  s ) .  

Tailwater Depth.--The depth downstream of t h e  weir was varied from 

approximately 0.9 t o  3 . 3  fee t  in 0.8 f o o t  increments. 

The procedure was sys temat ic ,  and began by activating the pump and 

r egu la t ing  t h e  flow i n t o  t h e  flume with the  bypass valve u n t i l  



approximately 1.0 f e e t  of d e p t h  flowed through the t e s t  qdeir. The sluica 

gate in the  tailwater bulkhead was then closed, and the ta i lwater  pool was 

allowed t o  f i l l  t o  equilibrium. 

Measurements of t he  headwater elevation (HWE) and t a i  1 water elevation 

(TWE) were made using the upstream and downstream s t i l l  ing bas ins .  The 

heads on bo th  t h e  t e s t  (HWW) and calibration (HTW) weirs were then calcu- 

1 ated using known (level surveyed) spat ia l  re1 ationshi ps between t h e  wei r 

c r e s t  e l e v a t i o n s  a n d  t h e  s t i l l  ing basin sca les .  The discharge ( Q )  was 

calculated with the following equation f o r  the standard 90-degree c a l i b r a -  

t ion weir. 

Q = 2.5(~~~)2-5 

The position of the highest portion o f  the  s tanding  wave was d e t e r -  

mined vi sua l ly  and the point gauge was centered above i t .  The point gauge 

was then lowered u n t i l  t he  f i r s t  f l i c k e r  o f  1 i gh t  was observed. This 

measurement was recorded as  the maximum point gauge reading ( P G R  1). The  

point gauge was then lowered f u r t h e r  u n t i l  t h e  l i g h t  s tayed on cont inu-  

ously.  This was recorded as the minimum point gauge reading (PGK 2) .  The 

distance ( X )  o f  the point gauge from t h e  upstream bulkhead was recorded 

a1 so. 

The d i  aineter of t h e  jet  cross-section para1 le l  t o  the flow direction 

and just  pr ior  t o  entering the t a i  1 water pool was measured visual l y  w i  t h  a 

2-inch grid through the glass sidewall of t he  flume. In addition, observa- 

t ions regarding the j e t  shape and general tailwater pool flow patterns were 

recorded on a comment sheet, and photographs were taken. 

The head' and tailwater elevations were checked t o  v e r i f y  t h e  i n i t i a l  

wadi  ngs. 



Tile above procedure was repeated f o r  t h r e e  'addi t ional  t a i l  water 

sett ings.  For each repe t  i t i o n  the  t a i  lwater  was 1 owered approximately 

0.8 f e e t .  

The discharge was then lowered by opening the bypass valve and wasting 

additional flow. The above procedure (inclusive o f  t a i  1 w a t e r  v a r i a t i o n s )  

was then repeated. The d i s c h a r g e  was reduced for  two additional repeti-  

t ions.  The amount of the reduct ion i n  d ischarge  was predica ted  on t h e  

judgement of the  observer. The function was t o  t e s t  each weir over flows 

ranging from wei r-full  t o  a small fraction thereof (four discharges). 

The wei r  shape was then changed, and the above procedure (inclus ive of 

ta i lwater  and discharge variations) repeated until  each of the four  shapes 

had been tested. 

Final l y ,  t he  w e i r  orientation angle was changed. The above procedure 

(inclusive o f  tailwater,  discharge, and weir shape variations) was repeated 

fo r  each of the  f ive  vertical  angles tested. 

Weir Trai ninq Wall i f f e c t s 2  

Apparatus 

T h e  l abora tory  f a c i l i t i e s  were i d e n t i c a l  t o  those of t h e  main w e i r  

selection study with t h e  following exceptions. 

A 12-inch diameter semicircular weir was used for  the tes t  weir. The 

w e i r  opening was centered in the t o p  edge of a & f o o t  by 4-foot by 3/4-inch 

plywood p l a t e .  The plywood p l a t e  was then a f f i x e d  t o  the t o p  o f  t h e  

Valerie Monsey , a c i  v i  1 engi neeri ng senior student,  was responsible for  
t he  dominant portion of  t he  1 aboratory test ing in th i s  study component and 
the overflow tes ts  i n  the nex t  section. 



b u l k h e a d  a t  a  v e r t i c a l  a n g i e  o f  45 degrees ( F i g u r e  79) .  The p o i n t  of 

attachment o f  t he  plywood p l a t e  t o  t h e  bulkhead was such t h a t  the  dimension 

f rom t h e  ups t ream t o p  2dge of  t h e  b u l k h e a d  t o  t h e  upper  e d g e  o f  t h e  

i n c l i n e d  plywood p l a t e  measured 1.7 feet.  T h i s  p o s i t i o n  p r o v i d e d  s u f f i -  

c i e n t  space f o r  t he  nappe of the j e t  t o  sp r i ng  c l e a r  of the  bulkhead i n  i t s  

t r a j e c t o r y  downstream. 

A d j a c e n t  t o  t h e  w e i r  open ing ,  on both s ides,  were attached t r a i n  

w a l l s  ( F i g u r e s  2 2 ,  and 2 3 ) .  The t r a i n i n g  w a l l s  were c o n s t r u c t e d  

3 1 4 - i n c h  p l ywood  with t h e  dimensions of an i sosce les  r i g h t  t r i a n g l e  w i th  

2-foo t  s i d e s .  They were a t t a c h e d  w i t h  h i n g e s  a l o n g  t h e  b a s e s  o f  t h e  

t r a i n i n g  w a l l s  t o  a l l ow  r o t a t i o n  away f r o m  the  w e i r  c e n t e r l i n e .  

A m u l t i p l e  dye s t r e a m  i n j e c t i o n  assembly was used  to s t u d y  

t a i l w a t e r  poo l  flow pa t te rns  (F igu re  80). 
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Figure  80. --Dye i n j e c t i o n  apparatus .  

Methods 

The independent v a r i a b l e s  i n  the study were: 

T r a i n i n g  Wall Skew Angle.--Def i n e d  a s  t h e  r o t a t i o n  o f  the  t r a i n i n g  

wall  hypotenuse away f r o m  the  weir c e n t e r l i n e  a b o u t  the  down- 

stream po in t  of the t r a i n i n g  wal l  (F igure  28). 

T r a i n i n g  Wall Lean Angle.--Defined as  the r o t a t i o n  away from the w e i r  

centerline abou t  t h e  b o t t o m  e d g e  ( h y p o t e n u s e )  o f  t h e  t r a i n i n g  

wall  (Figure 29). 

Discharge. - -The  d i s c h a r g e  was v a r i  e d  between a p p r o x i m a t e l y  0.2 and 

1.0 cfs i n  increments  f o r  each t e s t  series. 



The t a i l w a t e r  depth was held cons tant  a t  3.0 feet .  This dep th  was 

established as 1.25 times the distance from the weir crest  t o  the ta i lwater  

surface as suggested by Stuart  (1962). 

The procedure was systematic and began with the t raining walls set  a t  

skew a n d  lean angles  o f  O degrees.  The  pump was then a c t i v a t e d ,  t h e  

t a i l w a t e r  pool allowed t o  f i l l  t o  equ i l ib r iu im,  and t h e  water  surface 

elevations,  discharge, standing wave height and pos i t ion ,  were de t  ermi ned 

by the  same procedures used in the  main wei r  selection study. 

The entrance position of the jet in to  t h e  t a i l  water pool was r e f e r -  

enced by measuring the  distance downstream from the t e s t  weir bulkhead t o  

the closest  and fur thest  je t  surfaces. The j e t  shape, s tanding  wave, a n d  

general pool flow patterns were then described and photographed. Blue dye 

was introduced into the  pool a t  several  depths s imultaneously t o  a i d  i n  

flow visualization. 

The above  procedure was repeated f o r  up t o  t h r e e  a d d i t i o n a l  dis- 

charges, predicated on the judgement of the observer. 

The lean angle was then changed and t h e  above procedure repeated. 

This methodology was continued f o r  additional lean angles ,  Then t h e  skew 

angle  was changed and t h e  e n t i r e  process was repeated. T h i s  continued 

unt i l  skew angles of 0, 5, 10,  and 20 degrees were tested. 

The l a s t  t e s t  was done without t ra ining walls. This t e s t  served as a 

b a s i s  fo r  comparison and a n a l y s i s  o f  t h e  t r a i n i n g  wall e f f e c t s  on flow 

patterns. 



Overflow Weir Effects 

Apparatus 

The laboratory f ac i l i t i e s  were identical t o  those of the weir t raf  ning 

wall ef fects  study with two exceptions. 

Overf 1 ow weirs , constructed o u t  of 16 -gauge sheet steel measuring 

1.5 f e e t  by 1.5 f e e t ,  were positioned adjacent t o  e i t h e r  s i d e  o f  the  

semicircular  t e s t  weir opening. They were attached t o  the  45-degree 

sloping plywood base plate such t h a t  their  positions r e l a t i v e  t o  t h e  t e s t  

i weir opening could be adjus ted  by sliding the metal plates up or down the 
2" 
i. sloping surface. In th is  manner, t h e  relative discharge between the  t e s t  

weir and overflow weirs could be varied. 

No weir training walls were attached adjacent t o  the semicircular weir 

The independent variables in the study were: 

Total Discharge. --The t o t a l  discharge ( Q )  t h r o u g h  t he  flume was 

varied. 

Relative Discharge. --The relative discharge between the semicircular 

weir ( Q W W )  and the overflow weirs (QOW) was varied. 

The t a i  lwater depth was he1 d constant a t  3.0 feet. 

The pump was then activated, the tailwater pool allowed t o  f i l l  to  equilib- 
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h e i g h t  and p o s i t i o n ,  w e r e  d e t e r i n i  ned by t h e  sane procedures used i n  t h e  

main w e i r  s e l e c t i o n  study. 

C r i t i c a l  d e p t h  ( Y c )  was assumed t o  occur d i r e c t l y  above t h e  overflow 

crest .  I t  was measured  w i t h  a hand  h e l d  s c a l e .  The discharge o f  t h e  

o v e r f l o w  w e i r s  was c a l c u l a t e d  w i t h  t h e  f o l l o w i n g  equa t ion .  

QOW = L O W ( ~ ( Y C ) ~ ) ~ / *  

where LOR = l e n g t h  o f  overf low w e i r s  (3.0 f e e t ) .  

T h e  semici rcul a r  w e i r  d i s cha rge  (QWW) was c a l c u l a t e d  by the f o l l o w i n g  

r e l a t i o n .  

QWW = Q-QOW 

The jet shapes, s tand ing  wave ,  and  g e n e r a l  p o o l  f l o w  p a t t e r n s  w e r e  

then desc r i bed  and photographed. 

The above  p r o c e d u r e  was r epea t ed  f o r  t h r e e  a d d i t i o n a l  . d i s c h a r g e  

combinat ions.  


