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ABSTRACT 

The o b j e c t  of t h i s  s tudy was t o  develop design c r i t e r i a  f o r  a  

s l o t  o r i f i c e  fishway. S iz ing  and spacing of s l o t  o r i f i c e s  i n s i d e  t h e  

fishway can be designed t o  c r e a t e  flow condi t ions  s a t i s f a c t o r y  f o r  f i s h  

passage. The s l o t  o r i f i c e  fishway w i l l  funct ion  wel l  i n  a wide range 

of  d ischarges  and should n o t  have any s e r i o u s  s i l t i n g  problems. 

Values of  drag  c o e f f i c i e n t s  f o r  the  s l o t  o r i f i c e  c o n s t r i c t i o n s  

were evalua ted  by model s t u d i e s  f o r  a  range of  s l o t  openings varying 

from 0.6 t o  0.85 of fishway widt?.? and c u l v e r t  s lope  varying from hor- 

i z o n t a l  t o  f i v e  percent .  Three long i tud ina l  spacings,  4 ,  5,  and 6 t imes 

t h e  fishway width,  were considered f o r  the  s l o t  o r i f i c e s  i n  t h e  fishway. 

The e f f e c t  of  t a i l w a t e r  on the flow condi t ions  a t  t h e  fishway ent rance  

was s tudied .  The backwater r e l a t i o n  of  t h e  s l o t  o r i f i c e  a l s o  was 

developed i n  t h e  above range. 

Nondimensional carves  a r e  given f o r  t h e  va lues  of the  drag co- 

e f f i c i e n t s  of t h e  s l o t  o r i f i c e  c o n s t r i c t i o n s  and a l s o  f o r  t h e  backwater 

r e l a t i o n s  f o r  t h e  s l o t  o r i f i c e s .  An equation,  based on momentum pr in -  

c i p l e ,  is developed which enables t h e  des igner  t o  f i n d  t h e  r a t e  of  flow 

through t h e  fishway. Necessary c r i t e r i a  regarding s u i t a b i l i t y  of flow 

f o r  f i s h  passage a r e  a l s o  developed. 



CHAPTER I 

INTRODUCTION 

High ve loc i t y  flow generated i n  s t eep  cu lver t s  blocks upstream 

migration of f i s h .  I n  general ,  t h i s  degrades f i s h  hab i t a t  and r e s u l t s  

i n  a  g r ea t  l o s s  of rec rea t iona l  value of t he  stream. 

As a  so lu t ion  of t h i s  f i s h  b a r r i e r  problem, d i f f e r en t  measures 

have been proposed and put  i n t o  use i n  the  pas t .  Early e f f o r t s  

centered around the  use of a  pool and weir fishway (4 ,  5,  12) . 1 

Sat i s fac to ry  hydraul ic  condit ions a r e  not achieved unless t he  cu lve r t  

i s  wide and shallow. This becomes qu i t e  uneconomical from a  con- 

s t r u c t i o n  po in t  of view. Other e f f o r t s  include a l t e r n a t e  pai red 

b a f f l e s  and o f f s e t  type b a f f l e s  ( 3 ) .  Their performance i s  unsat is -  

fac tory  when opera t ing  a t  o ther  than design head. Also, a l l  of these 

fishway s t r u c t u r e s  s u f f e r  from s i l t  deposit ion and the  ba f f l e s  r e s u l t  

i n  a  reduct ion of the  hydraulic e f f i c iency  of the  cu lver t .  
2 

The purpose of t h i s  study was t o  develop a  cu lver t  fishway with 

t h e  following c h a r a c t e r i s t i c s  : 

1. Stable  low ve loc i ty  flow i n  t he  fishway throughout a  wide 

range of discharge;  

The numbers within parenthes is  r e f e r  t o  t he  references l i s t e d  a t  t he  
end of  t h e  paper. 

2 
Eff ic iency i s  defined (9) a s  the  r a t i o  of the  depth of flow i n  a  cul -  
v e r t  opera t ing without b a f f l e s  divided by the  depth of flow f o r  t he  
same discharge and cu lve r t  b a r r e l  dimensions with ba f f l e s  i n  place.  



2. Self-cleaning,i .e. ,  deposited and other  heavier p a r t i c l e s  

should be flushed out of the  fishway; 

3.  Ef f i c i en t ,  i . e . ,  the  flow capacity of the  cu lver t  should 

not be reduced; 

4. Simple and economical t o  construct .  

After  ca re fu l  considerations,  it appeared t h a t  a  fishway made 

up of a  s e r i e s  of a  v e r t i c a l  s l o t  o r i f i c e s  constructed beside the  main 

cu lver t ,  would come the  c loses t  t o  meeting the  above c r i t e r i a .  Extra 

construction cos t  of the  s l o t  o r i f i c e  fishway w i l l  be o f f s e t  by a  re-  

duction i n  the  cos t  of the  supe rc r i t i c a l  reach of the  main culver t .  

The momentum equation i s  used t o  develop a  design procedure fo r  

the  fishway. The backwater r e l a t i on  for  the  s l o t  o r i f i c e  and the  value of 

the  drag coef f ic ien t  fo r  the  s l o t  o r i f i c e  cons t r ic t ion  a re  needed t o  sol-  

ve t h i s  equation. These were obtained by experimental s tudies  on a  hyd- 

r a u l i c  model and a r e  presented a s  nondimensional p lo t s .  For a  given 

slope and length of a  cu lver t  and f o r  given depths of headwater and 

ta i lwate r ,  c r i t e r i a  developed i n  t h i s  study provide the  designer a 

f l ex ib l e  ana ly t ic  procedure whereby he can obtain  a  flow veloci ty  in- 

s ide  t he  fishway compatible with the  performance capabi l i ty  of the  

f i s h .  



CHAPTER I1 

ANALYSIS  O F  THE PROBLEM 

The importance of providing a  fishway i n  c u l v e r t  s t r u c t u r e s  i s  

expla ined  i n  t h e  previous  in t roduc to ry  chapter .  Migration of f i s h  

t a k e s  p l ace  bo th  upstream and downstream depending upon t h e  season and 

flow cond i t ions .  Downstream migra t ion  of f i s h  through c u l v e r t s  under 

any flow c o n d i t i o n s  (o the r  than  low flow) i s  no t  considered a  problem. 

A s  an example, a  s tudy  (10) conducted a t  Gl ines  Dam on t h e  Elwho River 

i n  1952 i n d i c a t e d  a 92 percent  s u r v i v a l  r a t e  of y e a r l i n g  s i l v e r  salmon 

which passed ove r  a  dam c r e s t  and f r e e  f e l l  180 f e e t  i n t o  a pool.  No- 

t h i n g  approaching t h i s  type o f  drop w i l l  be encountered a t  c u l v e r t  i n -  

s t a l l a t i o n s .  The problem i s  l i m i t e d  t o  upstream migrat ion only.  

Cu lve r t  Fishways Already Used 

Ear ly  e f f o r t s  t o  so lve  t h e  f i s h  b a r r i e r  problem centered  

around t h e  u s e  of a  pool and b a f f l e d  fishway. V e r t i c a l  b a f f l e s  were 

p laced  on the c u l v e r t  f l o o r  perpendicular  t o  t h e  c e n t e r l i n e ,  spaced 

a t  r e g u l a r  i n t e r v a l s  forming a s e r i e s  of  pools  and o v e r f a l l  wei rs .  

Two d i s t i n c t  t y p e s  of  flow (Figure 1) can occur  i n  t h i s  type of  f i s h -  

way, "plunging*' o r  "s treaming".  When plunging flow occurs  t h e  water  

drrops from poo l  t o  pool i n  a  s t e p  fash ion .  The k i n e t i c  energy i s  d i s -  

s i p a t e d  i n  each pool ,  t hus  a f fo rd ing  the f i s h  a  r e l a t i v e l y  qu ie scen t  

r e s t i n g  a r e a  p r i o r  t o  each a scen t  of  a  weir .  For l a r g e r  flows stream- 

i n g  flow e x i s t s .  During s treaming flow, water  skims over  t h e  weir  t ops  
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a t  a high ve loc i ty  with l i t t l e  energy d i s s i p a t i o n ,  a  type of flow which 

i s  unsa t i s fac to ry  f o r  f i s h  passage. 

Various t e s t s  conducted on pool and weir f i s h  ladders  (4,  5 ,  12)  

with c e n t e r l i n e  s lopes  ranging from 5 t o  12-1/2 percent ,  i nd ica ted  

t h a t  plunging flow occurs with depths of flow over t h e  weir up t o  

near ly  1.4 f e e t  and streaming flow f o r  any g r e a t e r  depth.  I f  t h e  

c u l v e r t  i s  t o  be an e f f e c t i v e  fishway, it must be of s u f f i c i e n t  width 

so  t h a t  flow depth over t h e  weirs  does not  exceed 1.4 f e e t  f o r  any 

sus ta ined length  of time. This n e c e s s i t a t e s  a  wide shallow expensive 

c u l v e r t  a s  t h e  cons t ruct ion  c o s t  of t h e  c u l v e r t  roof and f l o o r  r i s e s  

a t  a  much higher r a t e  than t h e  r a t e  of inc rease  i n  t h e  c u l v e r t  width. 

Another f a c t o r  which l i m i t s  t h e  e f fec t iveness  of b a f f l e s  i s  bed load 

deposi i ion  i n  t h e  pools.  The mate r i a l  c a r r i e d  i n  most s t e e p  streams 

r a p i d l y  f i l l s  t h e  pools  between t h e  b a f f l e s  r e s u l t i n g  i n  streaming flow 

even a t  low discharges.  I t  i s  not  economical t o  c lean  t h e  pools  a s  

t h e  work must be done by hand. Usually, t h e  shallow head room and t h e  

b a f f l e s  on t h e  f l o o r  p r o h i b i t  any form of mechanical cleaning.  

Al te rna te  pa i red  b a f f l e s  i l l u s t r a t e d  i n  Figure 2 have not  

proven e f f e c t i v e .  During low flows, depths i n  successive pools  a r e  

below minimum depth f o r  f i s h  passage and extremely tu rbu len t  uns table  

flow p a t t e r n s  unsui table  f o r  f i s h  passage occur dur ing  high flows ( 9 ) .  

The b a f f l e  system which has  worked most e f f e c t i v e l y  i s  t h e  o f f -  

s e t  b a f f l e  design (Figure 3 ) .  Throughout a  l a r g e  range of flow depths ,  

a  counterclockwise r o l l  of r e l a t i v e l y  s tagnant  water forms i n  t h e  r e -  

gion below t h e  c r e s t  of t h e  b a f f l e  i n  t h e  apex between t h e  b a f f l e  

and t h e  wall .  This  r o l l  a f f o r d s  a  r e s t i n g  zrea  f o r  t h e  f i s h  a s  they 
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make success ive  advances through t h e  gap between b a f f l e s .  Another 

advantage o f  this b a f f l e  system i s  t h a t  t h e  passage a rea  is p a r a l l e l  

t o  t h e  d i r e c t i o n  of  f i s h  movement. Test ing of t h e  o f f s e t  b a f f l e s  (9 )  

ind ica ted  good c leaning c h a r a c t e r i s t i c s .  Although t h i s  may be  so  f o r  

small  s i z e s  of  bed m a t e r i a l ,  t h e  s t r e n g t h  of c i r c u l a t i o n  requi red  t o  

sweep o u t  ma te r i a l  seve ra l  inches i n  diameter would s u r e l y  r e s u l t  i n  

an unsu i t ab le  r e s t i n g  a r e a .  

Another undes i rable  f e a t u r e  of any type of f l o o r  b a f f l e  is  t h e  

l o s s  of e f f i c i e n c y .  Model t e s t s  on o f f s e t  b a f f l e s  s imulat ing a 10-foot 

wide c u l v e r t  with one f o o t  high b a f f l e s  (9)  ind ica ted  an e f f i c i e n c y  of 69 

percent .  With 1 .4  f e e t  high b a f f l e s ,  t h e  e f f i c i e n c y  was 57 percent .  

This  i s  an important cons idera t ion  when e x i s t i n g  c u l v e r t s  a r e  modified 

t o  meet t h e  fishway requirements. I f  b a f f l e s  a r e  cons t ructed  i n  a  cul -  

v e r t ,  water w i l l  pool upstream of t h e  c u l v e r t  t o  a  depth necessary t o  

d r ive  t h e  water through. This e x t r a  headwater may over top  t h e  road- 

way f i l l  o r  may do damage t o  t h e  c u l v e r t  o r  nearby property.  New 

s t r u c t u r e s  designed by taking t h i s  f a c t  i n t o  account w i l l  have a corres-  

ponding inc rease  i n  s t r u c t u r e  width and c o s t .  

Suggested S t ruc tu re  

A s t r u c t u r e  which s a t i s f i e s  c r i t e r i a  f o r  t h e  fishway ou t l ined  

above is shown i n  Figure 4. The fishway e x i t  (upstrean end of t h e  

c u l v e r t )  w i l l  be cons t ructed  ou t s ide  the  c u l v e r t  b a r r e l  and t h e  re-  

mainder of  t h e  fishway w i l l  be constructed along t h e  s i d e  of  t h e  c u l v e r t .  

The c r i t i c a l  cxoss s e c t i o n  f o r  c u l v e r t s  on s t e e p  grades is  t h e  entrance 

sec t ion .  Thus, with t h e  e x i t  loca ted  ou t s ide  t h e  b a r r e l ,  t h e r e  w i l l  



be no decrease  i n  t h e  e f f i c i e n c y  of  the  c u l v e r t .  Af te r  a  s h o r t  t r ans -  

i t i o n a l  d i s t a n c e  i n  t h e  upstream por t ion  of t h e  c u l v e r t ,  t h e  flow w i l l  

become s u p e r c r i t i c a l  and w i l l  flow a t  a  shallow depth. A t  a  s e c t i o n  

downstream o f  t h e  t r a n s i t i o n  zone t h e  width of t h e  c u l v e r t  b a r r e l  may 

be  reduced wi thout  a f f e c t i n g  t h e  headwater l e v e l .  A t  t h i s  po in t  t h e  

fishway w i l l  e n t e r  t h e  main c u l v e r t  b a r r e l  and w i l l  occupy a  por t ion  

o f  t h e  b a r r e l  (see s e c t i o n  A-A, Figure 4 and Figure 12) . 
The second major f e a t u r e  of t h e  fishway is  t h e  use of a  s e r i e s  

o f  v e r t i c a l  s lo t  o r i f i c e s  t h e  e n t i r e  length  of t h e  fishway. V e r t i c a l  

s l o t s  extending t h e  f u l l  depth of  t h e  s e c t i o n  w i l l  be e f f e c t i v e  over 

a ve ry  l a r g e  range of d ischarges  and w i l l  provide a  s u i t a b l e  environ- 

ment f o r  f i s h  passage. 

The d i scharge  of  a  s l o t  o r i f i c e  i s  a  func t ion  of t h e  a r e a  of 

t h e  s l o t  and v e l o c i t y  of  flow. The v e l o c i t y  through t h e  s l o t  is p r i -  

mar i ly  a  func t ion  of t h e  d i f fe rence  i n  e l eva t ion  of  t h e  water su r faces  

upstream and downstream of t h e  o r i f i c e  providing t h e  flow remains sub- 

c r i t i c a l .  Thus, t h e  v e l o c i t y  of flow through t h e  s l o t  o r i f i c e  does 

n o t  change appreciably  wi th  a  change i n  d ischarge  (Figure 5 ) .  For 

t h i s  reason,  t h e  s l o t  o r i f i c e  fishway provides an e s s e n t i a l l y  cons tant  

v e l o c i t y  of f low i n  a  very wide range of  d ischarges  varying from low 

flow t o  maxinun f lood flow and thus  provides a  s u i t a b l e  environment 

f o r  f i s h  passage. 

The i n v e r t  of t h e  fishway e x i t  can be s e t  a t  a  s l i g h t l y  lower 

e l e v a t i o n  than  t h e  c u l v e r t  i n l e t  i n v e r t ,  thus  rou t ing  most of  t h e  low 

flow through t h e  fishway. This  w i l l  enable f i s h  passage even during 

very low flows.  
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F i g u r e  5 .  Water s u r f a c e  p l o f i l e  



I f  s cour ing  i s  expected a t  t h e  lower end of  t h e  c u l v e r t ,  t h e  

f ishway i n v e r t  can b e  cons t ruc t ed  t o  t h e  e l e v a t i o n  of  expected de- 

g r a d a t i o n .  The s l o t  o r i f i c e  should func t ion  we l l  throughout  a  l a r g e  

range  o f  t a i l w a t e r  depths .  

The o r i f i c e  fishway could be  cons t ruc t ed  e n t i r e l y  o u t s i d e  o f  t h e  

c u l v e r t  b a r r e l .  However, t h i s  arrangement would b e  more c o s t l y  a s  con- 

s i d e r a b l y  more r a t e r i a l  wouid be r equ i r ed  f o r  t h e  roof  and f l o o r .  From 

a c o n s t r u c t i o n  v iewpoin t ,  forming of  t h e  roof i n  p l ace  would be impract- 

ical .  Another p o i n t  a g a i n s t  a  s e p a r a t e  fishway i s  t h e  l a c k  of l i g h t .  

It  i s  g e n e r a l l y  agreed  (al though n o t  conc lus ive ly  proven, Reference 151 

t h a t  a  l i g h t e d  fishway i s  more conducive t o  f i s h  movement t han  a  da rk  

fishway. When t h e  fishway is  cons t ruc t ed  w i t h i n  t h e  b a r r e l  t h e  l i g h t -  

i n g  cond i t i on  i s  f u l f i l l e d  i n  t h e  e n t i r e  s u p e r c r i t i c a l  reach  of  t h e  

c u l v e r t .  

Design C r i t e r i a  f o r  t h e  Suggested S t r u c t u r e  

The des ign  c r i t e r i a  f o r  t h e  proposed s t r u c t u r e  i s  developed by 

us ing  a combination of  hydrau l i c  laws and hydrau l i c  modeling. The 

b a s i c  requi rements  o f  t h e  o r i f i c e  fishway i s  t h a t  t h e  flow should r e -  

main s u b c r i t i c a l  i n  t h e  e n t i r e  reach  and t h e  maximum v e l o c i t y  a t  the  

c o n s t r i c t e d  s l o t  s e c t i o n  must be l e s s  than  t h e  performance c a p a c i t y  

o f  t h e  f i s h  wich w i l l  use  t h e  waterway. Reference 18 s p e c i f i e s  

l i m i t i n g  v e l o c i t i e s  f o r  f i s h  a s  a f u n c t i o n  of  s i z e  and spec i e .  

The flow regime a t  t h e  fishway e x i t  i s  q u i t e  complex. However, by 

model s tudy  t h e  q u a n t i t y  of  inf low throuah a  s l o t  o r i f i c e  can be d e t e r -  

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



f o r  d i f f e r e n t  s lopes  and varying headwater and t a i l w a t e r  condi t ions  

of  t h e  fishway s t r u c t u r e .  

Descript ion o f  t h e  Flow Fa t t e rn  

The d e t a i l s  of  t h e  hydraul ic  model prepared f o r  t h i s  s tudy a r e  

explained i n  t h e  next  chapter  toge the r  with o the r  apparatus needed 

f o r  t h e  experimental work. For t h e  successful  app l i ca t ion  t o  p r a c t i c a l  

problems of t h e  r e s u l t s  obtained from the  model s tudy,  it is  q u i t e  i m -  

p o r t a n t  t o  have an understanding of t h e  i n t e r n a l  mechanism of t h e  flow. 

Equally important i s  an understanding of t h e  ex te rna l  c h a r a c t e r i s t i c s  

of  t h e  flow p a t t e r n  s o  t h a t  d a t a  requi red  f o r  proper app l i ca t ion  of t h e  

r e s u l t s  can be determined. Furthermore a knowledge of the  flow p a t t e r n  

i n  t h e  fishway w i l l  immensely he lp  i n  deciding i ts  s u i t a b i l i t y  f o r  f i s h  

passage. 

The flow p r o f i l e s  both i n  p lan  and e leva t ion  i n  the  o r i f i c e  

fishway a r e  shown i n  Figure 6. Figure 7 shows an enlarged view of  one 

s l o t  opening. The flow is  acce le ra ted  when it passes  through t h e  s l o t  

opening. The beginning of a c c e l e r a t i o n  approaching a c o n s t r i c t i o n  is 

ind ica ted  by a s l i g h t  decrease i n  water su r face  l e v e l  a t  a  d i s t ance  

upstream from t h e  face  of t h e  c o n s t r i c t i o n  approximately equal t o  t h e  

width of t h e  opening. Decelerat ion occurs along t h e  ou te r  boundaries, 

and a separa t ion  zone is  c rea ted  i n  t h e  corner adjacent  t o  t h e  con- 

s t r i c t i o n  (Zone a i n  Figure 7 ) .  The s i z e  of t h e  separa t ion  zone and 

t h e  amount by which i t s  surface  l e v e l  d i f f e r s  from t h e  f u l l  s t agna t ion  

l e v e l  i s  a funct ion  of t h e  channel c h a r a c t e r i s t i c s  and t h e  geometry of  

t h e  cons t r i c t ion .  
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Figure 7. Description of flow pattern in a slot 
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Water from the s ides  enters  the opening a s  a sharply curved and 

contracting stream, thus indicating tha t  it is being accelerated 

i n  direct ions  both normal and pa ra l l e l  t o  the  streamlines. Jus t  a s  

the longitudinal acceleration and the consequent negative pressure 

gradient is  re f lec ted  a s  a drop i n  the longi.tudina1 p ro f i l e ,  the 

normal acceleration accounts for  a considerable difference i n  leve l  

between outside filaments of flow and the cen t ra l  filaments of flow. 

A s  the  water passes through the constr ic t ion,  the contracted 

stream approaches a minimum width a t  Section 2 which corresponds t o  

the vena contracta i n  o r i f i c e  flow. The flow is bounded here by an 

eddying body of water, Zone c ,  which marks a second separation zone. 

Expansion of the l i v e  stream begins a t  the vena contracta and ends at 

the section downstream by an amount nearly equal t o  f i ve  times the s l o t  

opening. Here the l i v e  stream again covers the f u l l  width of the 

channel section.  The amount by which the j e t  issuing through the s l o t  

i s  drowned by the "dead" water on each s ide ,  adjacent t o  the p la te ,  

depends upon the flow r a t e ,  the  channel slope, the s l o t  spacing, the 

extent of constr ic t ion,  and the ta i lwater  depth. Depending on these 

conditions, the upper portion of the j e t  may be f r ee  of s ide  e f f ec t s  

fo r  a considerable dis tance,  issuing i n i t i a l l y  a s  a ve r t i ca l  sheet ,  

with appreciable surface slope. In t h i s  case, the cross sect ion suf fe rs  

considerable change i n  form between Sections 2 and 3 ,  developing a 

flange a t  the top surface which broadens as  the surface height decreases 

and looses i t s  ident i ty  i n  three dimensional flow. Depth H1 was 

observed t o  be qu i te  s tab le  having very l i t t l e  f luctuat ion i n  the water 

surface.  



The Channel Cont rac t ion  Ra t io  

The c o n t r a c t i o n  r a t i o  is  def ined  a s  a measure of r e l a t i v e  con- 

s t r i c t i o n  imposed on a given channel.  I t  i s  expressed by ( see  F igure  7 ) :  

where 

m = c o n t r a c t i o n  r a t i o  o r  c o e f f i c i e n t  o f  con t r ac t ion ;  

b = width  o f  t h e  s l o t  o r i f i c e ;  and 

B = channel  width.  

Energy Loss i n  a  S l o t  O r i f i c e  

The slot o r i f i c e  has  been s t u d i e d  i n  t h e  p a s t  a s  a  flow measuring 

device .  This  l i t e r a t u r e  was examined i n  t h e  hope of eva lua t ing  t h e  

eznrg;. lc~sr asscIciatec! :.!itk: f l o w  t h r ~ u q h  a s l o t  ~ r r i f i c n  placed i n  a 

channel .  I t  was a n t i c i p a t e d  t h a t  it would be p o s s i b l e  t o  make use  o f  

this informat ion  i n  t h e  des ign  of s l o t  o r i f i c e  fishways. 

I n  1955, Kindsvater  and C a r t e r  (8) developed a  r e l a t i o n  t o  f i n d  

r a t e  of  f low through a c o n s t r i c t i o n  i n  a h o r i z o n t a l  channel.  The 

c o n s t r i c t i o n s  used i n  t h e i r  experimental  s t u d i e s  included a l l  forms o f  

s l o t  o r i f i c e s  wi th  v e r t i c a l  wa l l s  of va r ious  l e n g t h s ,  wid ths ,  and cor-  

n e r  roundings, They developed curves  t o  f i n d  t h e  c o e f f i c i e n t  of d i s -  

charge  o f  a s l o t  o r i f i c e .  An e f f o r t  w a s  made t o  eva lua te  head l o s s  

through a s l o t  o r i f i c e  by us ing  t h e  r e s u l t s  of  t h i s  s tudy  b u t  no con- 

s i s t e n t  f i g u r e s  could be  obtained.  I n  t h e i r  s tudy ,  t h e  water  depth  

was measured i n  t h e  dead water  pocket  j u s t  behind t h e  c o n s t r i c t i o n .  

T h i s  dep th  w a s  assumed equal  t o  t h e  water  depth  a t  t h e  vena c o n t r a c t a .  

Th i s  assumption i s  n o t  v a l i d  f o r  flow through an  o r i f i c e  p laced  i n  a  



channel on a  s t eep  slope.  

I n  1958, Val lent ine  (16) developed a  r e l a t i o n  t o  use a  s l o t  

o r i f i c e  a s  a  flow measuring device i n  open channel flow. These s t u d i e s  

covered both s u p e r c r i t i c a l  and s u b c r i t i c a l  flow ranges. The dimension- 

l e s s  parameters a f f e c t i n g  t h e  c o e f f i c i e n t  of  discharge a r e  the  con- 

t r a c t i o n  r a t i o  and t h e  Froude number. The Froude number is based on 

normal depth of  flow i n  t h e  channel. Head l o s s  due t o  t h e  c o n s t r i c t -  

ion  could not  be evaluated from these  s t u d i e s  because of t h e  l a r g e  head 

l o s s  i n  t h e  reach between the  c o n s t r i c t i o n  and t h e  sec t ion  where normal 

flow occured. 

I n  1969, H i l l ,  Ford and Unny (7)  gave a  l i t t l e  d i f f e r e n t  approach 

than t h a t  of Val lent ine  on t h e  use of t h e  s l o t  o r i f i c e  a s  cl flow mea- 

sur ing device.  Nondimensional parameters considered i n  t h e i r  study 

were t h e  s l o t  contrac t ion r a t i o  and the  r a t i o  of the  water depth mea- 

sured j u s t  upstream of the  c o n s t r i c t i o n  t o  t h e  width of  the  s l o t  open- 

ing.  For t h e  l imi ted  number of contrac t ion r a t i o s  they considered, 

s u p e r c r i t i c a l  flow occurred downstream of t h e  s l o t .  To cover t h e  sub- 

c r i t i c a l  range, t a i l w a t e r  depth was regula ted  and submergence correc t -  

ion  was evaluated. After  examining t h e  r e s u l t s ,  it was observed t h a t  

i n  p lace  of head l o s s  a t  t h e  c o n s t r i c t i o n ,  t h e r e  i s  an apparent gain 

i n  energy. Simplifying assumptions and experimental e r r o r s  may be t h e  

reasons f o r  t h i s  discrepancy. 

Application of Momentun Pr inc ip le  

Use of the  energy equation t o  f i n d  t h e  r a t e  of flow through t h e  

fishway w a s  no t  poss ib le  s ince  the  head l o s s  through a  s l o t  o r i f i c e  



can not  be  computed from t h e  da ta  a v a i l a b l e  i n  t h e  l i t e r a t u r e .  The 

momentum equation can be used t o  f i n d  the  r a t e  of flow provided t h e  

c o e f f i c i e n t  of drag of a  s l o t  o r i f i c e  c o n s t r i c t i o n  i s  known. Values 

of drag c o e f f i c i e n t s  a r e  evaluated i n  t h i s  s tudy by using t h e  momentum 

p r i n c i p l e  based on t h e  balance of  impulse and momentum. 

According t o  t h e  p r i n c i p l e ,  the  r a t e  of  change of  momentum i n  t h e  

body of water i n  a  flowing channel i s  equal t o  t h e  r e s u l t a n t  of a l l  t h e  

ex te rna l  f o r c e s  t h a t  a r e  a c t i n g  on the  body. Applying t h i s  p r i n c i p l e  

t o  t h e  flow condi t ions  of t h e  o r i f i c e  fishway shown i n  Figure 6 ,  t h e  

expression f o r  t h e  momentum change per  u n i t  time i n  the  body of  water 

enclosed between sec t ions  i and f  is :  

where 

3 
Q = s teady r a t e  of flow ( f t  /sec)  ; 

3 
y = weight dens i ty  of  water ( l b / f t  ) ;  

2 
g = acce le ra t ion  due t o  g rav i ty  ( f t / s e c  ) ;  

= momentum cor rec t ion  f a c t o r ;  

V = v e l o c i t y  of flow ( f t / s e c ) j  

i , f  = s u b s c r i p t s  denoting sec t ion  i n i t i a l  and sec t ion  f i n a l ,  

r e spec t ive ly ;  

B = width of  the  fishway ( f t )  ; 

H = depth of  flow measured perpendicular ly  from t h e  water , 

su r face  ( f t )  ; 

W = weight of  water enclosed between sec t ions  i and f  ( l b ) ;  

8 = angle  of  d i r e c t i o n  of flow with the  hor izon ta l ;  a l s o  fishway 
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slope; and 

FR = t o t a l  r e s i s t i ng  force due to  the s l o t  constrictions and the 

channel surface f r i c t ion  ( l b ) .  

The amount of f r i c t iona l  force between the fishway boundary and 

the  body of water i s  negligible.  Therefore, the term FR is a function 

of the number of s l o t s  between section i and f and the amount of 

contraction i n  each s l o t .  Rewriting the above equation: 

1 2 
F~ = (fiivi - fifvf) + - y B C O S ~  (Hi2 - H ) + w sine.  

9 2 f 
( 3 )  

A se r i e s  of preliminary measurements indicated t h a t  B - B f  - 1. i 

The above equation may then be wri t ten as: 

where 

3 
P = = mass density of water" (s lugs/f t  ) . 

9 

A l l  the terms on the right-hand side of the equation can be 

determined experimentally with the exception of W. To evaluate W, the 

volume of water between sections i and f  has to  be estimated. This 

can be accomplished by obtaining a complete water p ro f i l e  between the 

two sections.  This procedure i s  qui te  time-consuming and therefore an- 

other  method was used. To f ind an a l te rna t ive  method, water p ro f i l e s  

were established for  slopes varying from zero t o  f ive  percent. The s l o t s  

used i n  the fishway model were 21 inches apart ,  and each s l o t  had a 

coef f ic ien t  of contraction equal t o  0.68. Water depths were measured 

i n  each case a t  the contracted sections of the fishway and a t  sections 



one s l o t  width upstream and downstream of L&e constr ic t ion.  Depths were 

a l s o  measured a t  t h i r d  points  between two consecutive s l o t s .  Table A - 1  

i n  t he  Appendix shows these depths for  d i f f e r en t  slopes of the channel. 

The water p r o f i l e s  a r e  plot ted i n  Figures 8 and 9. 

To evaluate W i n  E q u a t i ~ n  4,  section i was chosen 1.3 inches 

upstream of t he  f i r s t  s l o t ;  and section f  was chosen 1.3  inches up- 

stream of the  last s l o t .  Weight of water between these two sections 

under the water surface p ro f i l e  was calculated by the trapezoidal ru l e .  

The weight of water computed by t h i s  method was compared to  an approxi- 

mate weight obtained by multiplying the average of the  depths a t  sect ion 

i and t (Figure 6)  by the  length separating the sections i and f .  AS shown 

i n  Table 1, t h e  approximate weight was very close t o  the  weight computed 

by t h e  laborious trapezoidal method. Henceforth the approximate method 

was used fo r  weight calculat ions .  

Table 1. Deviation i n  Weight of Water Obtained by 
Approximate Method 

Weight of body of water between 
sect ion i and f  Deviation from 

Slope (%)  
actual  weight 

Weight (actual)  Weight (estimated) 





- 

r l m l n  
0 0 0  

0 0 0  

- 
aJ aJ a, 
a a a  
0 0 0 
r l d d  
m m m  

a a - VJ 

I I I 1 



Equation 4 can now be wri t ten as :  

where 

Sp = spacing between two consecutive s l o t  o r i f i c e s ;  

t = subscr ipt  denoting ta i lwate r  sect ion;  and 

n = number of constr ic t ions  ( s l o t  o r i f i c e s )  between i n i t i a l  

and f i n a l  sections.  

I f  a p l a t e  i s  held against  a f l u i d  flowing a t  uniform ve loc i ty ,  

the r e s i s t i ng  force applied by the f l u id  on the  p l a t e  is given by: 

where 

FD = drag force applied by p l a t e  on flowing f l u i d  ( l b ) ;  

CD = coef f ic ien t  of drag; 

A = projected area of the p l a t e  on a plane perpendicular t o  

2 
di rec t ion  of flow (ft ) ;  and 

V = veloci ty  of flowing f l u i d  ( f t / s ec ) .  

The ve loc i ty  of flow, V ,  i s  assumed t o  be uniform over the 

e n t i r e  cross-sectional area.  For the fishway it can be expressed by: 



The term F i n  Equation 5 can be replaced by an expression 
R 

s i m i l a r  t o  t h e  one given f o r  F Rate of flow, Q ,  is  constant  f o r  D ' 

every c o n s t r i c t i o n  i n  s teady s t a t e  flow condi t ions .  The cross-sec t ional  

a r e a  of a c o n s t r i c t i o n  can be expressed by: 

where 

A = c ross - sec t iona l  a r e a  f o r  the  jth c o n s t r i c t i o n ;  and 
j 

th 
H = uniform depth of flow upstream of j c o n s t r i c t i o n  
j 

F i s  then obtained from: 
R 

where C i s  summation f o r  a l l  t he  s l o t s  between i n i t i a l  and f i n a l  sec t ion .  
j 

Thus depth H corresponds t o  Hi, H 2 ,  H3,  . . . , Hf-l. 
j 

To measure H f o r  each c o n s t r i c t i o n  is time consuming; and 

t h e r e f o r e  another  method was used. I t  was observed from Figures 8 and 

9 t h a t  depth H va r i ed  l i n e a r l y  with d i s t a n c e  from depth Hi t o  H f .  
j 

The change i n  water depth f o r  each c o n s t r i c t i o n ,  A H ,  i s  given by: 

Thus H2 = H - AH; H = Hi 
i 3 

- 2AH, and s o  on u n t i l  f i n a l l y  

- 
Hf-l - Hi - (n-1)AH = H + AH. 

f 

Using t h e  value  of F from Equation 9 ,  and taking cose equal t o  
R 

u n i t y ,  Equation 5 becomes : 



where 

S = sin0 "tan8 = slope of the  channel. 

The above equation w i l l  be used for  the  design of a fishway proto- 

type. Two unknown var iables  C and H are  determined by experimental 
D f 

s tudies .  

Factors Affecting C Values 
D 

Sy model s tudies  the vaiue of i can be evaluated by incorporating 
D 

t he  e f f e c t s  of the  s ign i f ican t  variables.  Dimensional analysis  and 

carefu l  study of flow charac te r i s t ics  through the range of var iables  

examined indicated tha t  C i s  a function of the  following dimensionless 
D 

independent parameters. 

b 
1. The contraction r a t i o  of the  o r i f i c e ,  m = 1 - - 

B 

2. Slope of the  channel, S. 

3. Ratio of longitudinal spacing of o r i f i c e s  divided by 

fishway width, Sp/B. 

4. Ratio of ta i lwater  depth t o  headwater depth, H /H . 
t i  

Factors Affecting the Backwater Ratio, H,/HL 

For a s l o t  o r i f i c e  of known contraction r a t i o ,  it should be 
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poss ib le  t o  f i n d  H i f  Q and H a r e  known (16) .  Flow mechanism f o r  a  
f  t 

s l o t  with downstream c o n t r o l  i s  i l l u s t r a t e d  i n  Figure  10. Depth Hf 

should be a funct ion  of Q t  Ht ,  b ,  B and S. Dimensional a n a l y s i s  ind- 

i c a t e d  t h a t  H £ / H ~  i s  a funct ion  of following dimensionless independent 

parameters.  

b 
1. The con t rac t ion  r a t i o  of t h e  o r i f i c e ,  m = 1- - 

B .  

2. Slope of t h e  channel,  S. 

3.  Froude number, A. 

When designing a fishway, t h e  length  and slope of  t h e  c u l v e r t  

and t h e  headwater and t a i l w a t e r  depths f o r  d i f f e r e n t  discharge cond- 

i t i o n s  w i l l  be known. Assuming a s u i t a b l e  width f o r  t h e  fishway, va lues  

of m and n can be chosen so  a s  t o  produce d e s i r a b l e  flow condi t ions  

i n s i d e  t h e  fishway f o r  s a t i s f a c t o r y  passage of f i s h .  



F i g u r e  10. Flow p r o f i l e  th rough  a s l o t  o r i f i c e  
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CHAPTER I11 

EXPERIMENTAL WORK 

Equation 11 w i l l  be used f o r  the  design of  a s l o t  o r i f i c e  f i s h -  

way. The r a t e  of  flow, Q , can be found from t h i s  equation i f  the  

values of C and H a r e  known. Various f a c t o r s  a f f e c t i n g  these  two 
D f 

va r i ab les  a r e  l i s t e d  i n  the  previous chapter .  Experimental work was 

undertaken t o  evaluate  the  e f f e c t  of  these  f a c t o r s .  The contrac t ion 

r a t i o s  of t h e  s l o t s  considered i n  t h e  present  s tudy were 0.61, 0.68, 

0.76 and 0.84. For each of these  contrac t ion r a t i o s ,  s l o t s  were spaced 

long i tud ina l ly  a t  4B, 5B, and 6B where B i s  t h e  width of t h e  fishway. 

Slope of  t h e  fishway was va r ied  from 0 percent  t o  5 percent .  The 

apparatus and general  procedure used is explained i n  t h i s  chapter .  

Apparatus 

The s t u d i e s  were performed i n  a r e c i r c u l a t i n g  t i l t i n g  flume. 

A low volume c e n t r i f u g a l  punp i n  s e r i e s  with an a i r  ac t iva ted  regu la t ing  

valve and an electromagnetic flow meter, de l ivered t h e  flow t o  the  

headbox of the  fl2ume. 

The t i l t i n g  flume was 24 f e e t  i n  length  and 1 . 5  f e e t  wide with 

t r ansparen t  s i d e  wa l l s  2 f e e t  high. The slope of  t h e  flume could be 

adjus ted  from a negative 3 percent  t o  a _ms i t ive  5 percent  with a 

hydraul ic  mechanism. The slope of the  flume was deternined by con- 

vent ional  l eve l ing  procedures. The flume with c u l v e r t  model and o the r  

d e t a i l s  i s  shown i n  Figure 11. 



Figure 11. Tilting flume with fishway culvert model 

and accessories 



The Model D e t a i l s  

The genera l  o u t l i n e  of the  hydraul ic  m d e l  i s  shown i n  Figure 12,  

and i t s  d e t a i l e d  drawing i s  shown i n  Figure 13. The hydraulic  model 

is  a s impl i f i ed  case  of t h e  proposed proto type  shown i n  Figure 4. The 

model cons is ted  of  t h e  main c u l v e r t  and t h e  o r i f i c e  fishway. A 6-inch 

wide c u l v e r t  was centered  wi th in  t h e  18-inch wide flume. A 4-inch wide 

fishway was provided next  t o  t h e  c u l v e r t  separa ted  by a 3/4-inch th ick  

plywood wa l l .  To ta l  length  of t h i s  model was 8 f e e t  inc luding an 11-inch 

approach s e c t i o n  a t  t h e  upstream end of t h e  c u l v e r t .  The he igh t  of t h e  

c u l v e r t  and fishway wa l l s  was 6 inches.  The model a s  viewed from up- 

stream end of t h e  c u l v e r t  i s  shown i n  Figure 14. 

Baf f l e s  made from 0.051 inch t h i c k  galvanized 'sheet  metal 6 in -  

ches high were placed i n  t h e  fishway a t  r i g h t  angles  t o  t h e  long i tud ina l  

a x i s .  Four s e t s  of b a f f l e s  with s l o t  widths of 0.64, 0.96, 1.28, and 

1.56 inches were examined. These s l o t  widths correspond t o  con t rac t ion  

r a t i o s  of 0.84, 0.76, 0.68, and 0.61, respect ive ly .  The E a f f l e s  were 

fas tened t o  t h e  fishway wa l l s  with screws, so t h a t  the  long i tud ina l  

spacing of s l o t s  wi th in  t h e  fishway could be va r i ed  a s  des i red .  A 

s l o t t e d  s t r i p  ga te  a t  t h e  extreme downstream end of t h e  fishway was used 

t o  r e g u l a t e  t a i l w a t e r  depth. 

This  e n t i r e  assembly r e s t e d  on a 7-inch high wooden frame. The 

purpose of  t h i s  was t o  e l e v a t e  t h e  c u l v e r t  s u f f i c i e n t l y  so t h a t  t a i l -  

water could be con t ro l l ed  by t h e  gate  and no t  be a f f e c t e d  by t h e  

backwater c rea ted  by t h e  measuring notch downstream. To prnvide a 

smooth t r a n s i t i o n  t h e  upstream face  of  t h e  assembly was tapered t o  a 

1:l s lope  and t h e  downstream face  was tapered  t o  a 3 : l  s lope .  Enough 







Figuxe 14. Fishway culvert model looking 

downstream 
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c learance  was provided between t h i s  frame and t h e  s i d e s  of t h e  flume t o  

accommodate any poss ib le  wood expansion. 

Discharge Measuring Devices 

Culver t  and fishway flows were kept  sepa ra te  by a d iv id ing  wall  

between t h e  channels.  Flow passing through t h e  fishway was channeled 

through a s t i l l i n g  bas in  thence over a V-notched weir.  The c u l v e r t  

d ischarge  w a s  channeled through a s t i l l i n g  bas in  and w a s  measured by 

a sharp  edged rec tangular  weir .  The weir arrangements i n s i d e  t h e  flume 

a r e  shown i n  Figure 15. Dimensions of  t h e  weirs  a r e  shown i n  Figure 16. 

A computer program used t o  prepare the  da ta  f o r  t h e  r a t i n g  curves of 

both these  weirs  i s  given i n  Appendix B. Because of the  l a r g e  range '' 

of s lope  covered by t h e  experiment, it was necessary t o  c o r r e c t  p o i n t  

gage measurements taken upstream of t h e  weir.  The technique used i s  

i l l u s t r a t e d  i n  Figure 17. It i s  important t o  note t h a t  t h e  po in t  gage 

was mounted on t h e  channel i t s e l f .  Thus, t h e  po in t  gage reading corres-  

ponding t o  p o i n t  C when t h e  channel was hor izon ta l  remains t h e  same f o r  

p o i n t  A i n  a s loping chainel .  The depth d can be measured by t h e  p o i n t  

gage and t h e  co r rec t ion  1 . 6 5 S i s  added t o  it t o  g e t  the  n e t  s t a t i c  head 

h. The sum of the  r a t e  of flow through t h e  fishway and t h e  main c u l v e r t  

was compared wi th  t h e  r a t e  of flow given by an electromagnetic  flow 

meter. The d iscrepancies  were wi th in  + 5 %. - 

Procedure 

The genera l  procedure used t o  eva lua te  C was t o  i n s t a l l  w i th in  
D 

t he  fishway a s e r i e s  of s l o t  o r i f i c e s  of a p a r t i c u l a r  con t rac t ion  r a t i o  
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Figure 15. Discharge measuring weirs 







a t  a constant  long i tud ina l  spacing with t h e  f i r s t  s l o t  f ixed a t  t h e  f i s h -  

way e x i t .  The channel was s e t  a t  t h e  requi red  s lope  and t h e  des i red  

headwater was es t ab l i shed  a t  the  entrance.  The t a i l w a t e r  was ad jus ted  

a t  t h e  downstream end of t h e  fishway, then t h e  necessary d a t a ,  water 

s u r f a c e  e l eva t ions ,  and t h e  discharge flowing through t h e  fishway were 

recorded.  

Water su r face  readings were obtained along t h e  c e n t e r l i n e  of  t h e  

fishway. The f i r s t  sec t ion  was upstream of t h e  f i r s t  s l o t  (fishway 

e x i t )  a t  a d i s t ance  equal t o  t h e  s l o t  opening. This  reading was denoted 

by Hi. The second s e c t i o n  was loca ted  a d i s t ance  of one s l o t  opening 

upstream of t h e  l a s t  s l o t .  This  reading was recorded a s  H The f ' 

t a i l w a t e r  depth was measured i n  t h e  dead water pockets j u s t  behind t h i s  

l a s t  s l o t .  Water depths were measured on both s i d e s  of t h e  s l o t  open- 

i n g  and t h e i r  average was recorded a s  H This  averaging was necessary 
t '  

because t h e  water j e t  coming o u t  of t h e  s l o t  o r i f i c e  was usua l ly  not  

symmetrical about t h e  c e n t e r  l i n e  of t h e  fishway; thus t h e  water depths 

on t h e  two s i d e s  were unequal. The l a s t  s t e p  was t o  measure t h e  water 

l e v e l  upstream of t h e  weir t o  f ind  t h e  r a t e  of flow through t h e  f i s h -  

way. Equation 11 was then used t o  c a l c u l a t e  C 
D ' 

The following v a r i a b l e s  were examined. The ana lys i s  and con- 

c lus ions  drawn from these  d a t a  a r e  presented i n  a l a t e r  sec t ion .  

E f f e c t  of Upstream Head 

To study t h e  e f f e c t  of H on t h e  value  of C observat ions  were 
i D ' 

taken while keeping a l l  o the r  f a c t o r s  cons tant .  By changing t h e  d i s -  

charge,  H .  was var ied  from 3.91 inches t o  5.32 inches ,  almost the  max- 
1 



imum range available.  These data a re  given i n  Table A-6. 

Effect  of Tailwater 

Keeping a l l  o ther  variables constant, H /H (Hi was a lso constant)  
t i  

was varied from 0.5 t o  0.9. This was repeated a t  f i ve  d i f f e r en t  slopes 

varying from 1 percent t o  5 percent. Data a r e  given i n  Table A-9. 

Effect  of Number of Slots  Considered 

t o  Evaluate C 
D 

The drag coef f ic ien t  CD was evaluated by applying the momentum 

equation between two sections usually 3 or  4 s l o t s  apart .  To study 

the e f f e c t  on CD of the  number of s l o t s  considered, observations for  

H, and H were taken a t  two d i f fe ren t  sections;  one near the extreme 
A t 

downstream s l o t  and the other  near the s l o t  jus t  upstream of t h i s  s l o t .  

These observations a re  given i n  Table A-7. 

Effect  of Contraction Ratio and Spacing 

A s  mentioned e a r l i e r ,  the s l o t s  of four contraction r a t i o s ;  0.61 

0.68, 0.76 and 0.84 were examined. For each of these contraction r a t i o s ,  

s l o t s  were spaced longitudinally a t  4B, 5B, and 6B; thus 1 2  runs were 

taken. For the spacing of 4B, the channel slope was varied from 0 per- 

cent t o  5 percent. For the other two spacings, slope was varied from 

1 percent t o  5 percent. These data a r e  given i n  Table A-8 t o  Table A-19. 

Check for  Velocity and Froude Number 

To maintain sa t i s fac tory  flow conditions for  f i s h  passage, it is 

necessary t o  consider the maximum veloci ty  and Froude number which may 
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occur anywhere inside the fishway. The c r i t i c a l  sections are  the vena 

contraca formed by the extreme downstream s l o t  and the vena contracta 

formed by the s l o t  jus t  upstream of the above referred s l o t .  Depths 

and widths were measured a t  these sections t o  evaluate velocity and 

Froude ncmber. These observations are  given in  Table A-20. 

Backwater Relation 

For each value of m,  observations for H and H were taken for 
f t 

the extreme downstream s l o t  and flow through the o r i f i ce  was recorded. 

H /H.  was varied i n  a wide range from 0.5 t o  0.9. Observations were 
t 1  

repeated for  slopes varying from 1 percent t o  5 percent. These obser- 

vations are  given i n  Tables A-2 t o  A-5. 



CHAPTER IV 

RESULTS 

The main accomplishment of this investigation was to develop 

the necessary criteria for the design of an effective orifice fishway 

structure. All variables which could affect the flow in the fish- 

way were considered and their effects analyzed. A method is developed 

for sizing and spacing the slots in such a way as to insure subcritical 

flow inside the fishway satisfactory for fish movement. This criteria 

is developed for different slopes and varying upstream headwater cond- 

itions. A tailwater range at the downstream end of the fishway for 

satisfactory fishway performance is also suggested. 

Effect of Tailwater 

Sufficient depth of tailwater is required at all times to 

provide satisfactory entrance conditions at the downstream end of the 

fishway. Also a certain level of tailwater (such that downstream 

control always occurs) is required to maintain subcritical flow 

conditions inside the fishway. In the process of developing the de- 

sign criteria for the fishway, the effect of tailwater on C values 
D 

was studied in detail. Figure 18 shows the variation in the values of 

C for tailwater depths varying from 50 percent to 90 percent of the D 

upstream headwater. From a practical viewpoint, this covers the entire 

range necessary to maintain suitable entrance conditions for the fish. 

The tailwater effect on C values was studied for five slopes varying 
D 
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from 1 percen t  t o  5 pe rcen t .  I t  is obvious a f t e r  examining Figure  18 

t h a t  t a i l w a t e r  depth has n e g l i g i b l e  e f f e c t  on C va lues  wi th in  t h e  range D 

s p e c i f i e d .  

E f f e c t  of  Upstream Head Var i a t ion  

The e f f e c t  of  upstream head v a r i a t i o n  on t h e  C va lues  was s tud-  D 

i e d  by keeping o t h e r  independent v a r i a b l e s  cons tant .  Table 2 shows 

t h e  va lues  of  C f o r  d i f f e r e n t  depths  of headwater. These va lues  o f  
D 

H .  could no t  be v a r i e d  i n  t h e  lower range and t h e  upper range was l i m i t e d  
1 

by t h e  model he igh t .  For t h e  l i m i t e d  range cons idered ,  it i s  obvious 

t h a t  C va lues  a r e  no t  a f f e c t e d  by v a r i a t i o n  i n  headwater. 
D 

, 

Table 2. E f f e c t  o f  upstream head v a r i a t i o n  on C va lues  
D 

m SP/B Slope Hi/B Ht/B 
C~ 

Change i n  C Values f o r  D i f f e r e n t  Lengths of  Channel With Constant  
D 

Longi tudina l  Spacing of  S l o t s  

The fol lowing t e s t s  were performed t o  i n v e s t i g a t e  t h e  e f f e c t  of 

fishway l eng th  ( i . e .  t h e  number of p a i r s  of  s l o t s )  on t h e  va lue  o f  C 
D 
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per  s l o t .  Four s l o t  o r i f i c e s  with m = 0.76 s e t  a t  a spacing of 4B were 

examined a t  two d i f f e r e n t  slopes,  2 percent and 4 percent. Then, the  

fishway length was extended by a length of 4B and a f i f t h  s l o t  o r i f i c e  

was i n s t a l l ed .  The fishway was tes ted  again a t  the  same two slopes. 

Computed values of CD for  the  two s e r i e s  of runs a r e  shown i n  Table 3 .  

The data  c l e a r l y  ind ica tes  t h a t  the  e f f e c t  of change i n  number of s l o t s  

on C i s  in s ign i f i can t ;  therefore ,  t h i s  was not investigated fur ther .  
D 

This is  an i nd i r ec t  indicat ion t h a t  quasi uniform flow ex i s t s  f o r  

any fishway with 4 or  more s e t s  of s l o t s  within the  range of var iab les  

examined. 

C Values fo r  Sp/B = 4 
D 

C values were evaluated f o r  s l o t s  with constant contraction 
3 

r a t i o s  a t  a spacing of four times the  fishway width opening. Four 

d i f f e r en t  contract ion r a t i o s ,  0.61, 0.68, 0.76, and 0.84, were studied; 

each a t  s i x  d i f f e r e n t  slopes varying from horizontal  l eve l  up t o  a slope 

of 5 percent. The r e s u l t s  a re  plot ted on a semi-logarithmic sca le  i n  

Figure 19. 

CD Values fo r  Sp/B = 5 

C values were evaluated for  the  same four contraction r a t i o s  
D 

re fe r red  t o  above. S lo t s  f o r  each contraction r a t i o  were fixed a t  a 

longi tudinal  spacing of 5B. The slope was varied from 1 percent t o  

5 percent-  These r e s u l t s  a r e  plot ted i n  Figure 20. 

The point  of i n t e r e s t  was t o  check i f  there was any r e l a t i on  

between the  CD values a t  a spacing of 5B with those obtained a t  a 
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' F i g u r e  19. Drag c o e f f i c i e n t  f o r  a  s l o t  o r i f i c e  c o n s t r i c t i o n  

a t  a  spacing of 4 B  
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Percen tage  s l o p e  

F i g u r e  20. Drag c o e f f i c i e n t  f o r  a  s l o t  o r i f i c e  c o n s t r i c t i o n  

a t  a  s p a c i n g  of .5B 
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spacing of 4B. The r a t i o  of C values a t  a spacing of 5B t o  corres- 
D 

ponding C values a t  a spacing of 4B a re  given i n  Table 4 ,  and a p lo t  
D 

of these r a t io s  i s  given i n  Figure 21 .  These curves indicate tha t  t h i s  

r a t i o  i s  increasing with increasing contraction r a t i o  and with decreas- 

ing slope. 

C Values for  Sp/B = 6 
D 

C values were evaluated for the same four contraction r a t i o s ,  
D 

but s l o t s  were fixed a t  a spacing equal t o  s i x  times the fishway width 

opening. For each contraction r a t i o ,  observations were taken a t  f ive  

d i f fe rent  slopes varying from 1 percent t o  5 percent. These r e su l t s  

a re  plotted i n  Figure 22. 

Table 4. Ratio of C Vaiucs 
D 

Slope 
1 % 2% 3 % 4 % 5% 

4 
.61 5 

Ratio 

4 
-68 5 

Ratio 

4 
.76 5 

Ratio 

4 
.84 5 

Ratio 

The r a t ios  of C values a t  spacing of 68 t o  corresponding CD 
D 
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F i g u r e  22 .  Drag c o e f f i c i e n t  f o r  a s l o t  o r i f i c e  

c o n s t r i c t i o n  a t a  spac ing  of 6B 



v a l u e s  a t  s p a c i n g  o f  4B a r e  g i v e n  i n  T a b l e  5.  These  r a t i o s  a r e  p l o t t e d  

i n  F i g u r e  23. The c u r v e s  i n d i c a t e  t h e  same t r e n d  as o b t a i n e d  e a r l i e r  

i n  F i g u r e  20; i . e . ,  C v a l u e s  i n c r e a s i n g  w i t h  i n c r e a s i n g  c o n t r a c t i o n  
D 

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

T a b l e  5. R a t i o  o f  C Va lues  
D 

S l o p e  
m SP/B 

1 % 2 % 3% 4 % 5% 

4 1 5 . 3  17 .25  19.25 20.7 23.0 
.61 6 17 .5  19.4 21.3 22.9 24.9 

R a t i o  1 . 1 4  1 .13  1.11 1.11 1.08  

4 1 8 . 3  21.5 24.2 26.4 28.9 
.68 6 21.8 24.6 27.2 29.6 31.8 

R a t i o  1 .19 1 . 1 5  1 .12  1 .12 1.1.0 

4 24.5 29.5 33.8 37.3 41.8 
.76 6 30.5 35.0 . 38.7 42.0 47.0 

R a t i o  1 .24 1 .19 1 .15 1 . 1 3  1 .12 

4 39.2 44.9 51.0 57.5 64.5  
.84 6 50.0  56.0  61.3 68.5 76.5 

R a t i o  1 . 2 7  1 .25  1 . 2 0  1 .19 1 .185 

F o r  t h e  c u r v e s  shown i n  Fugure 20 and F i g u r e  22, no s a t i s f a c t o r y  

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

t o  e i t h e r  s l o p e  o r  c o n t r a c t i o n  r a t i o .  For  t h i s  r e a s o n ,  it is n e c e s s a r y  

t o  c o n s i d e r  l o n g i t u d i n a l  s p a c i n g  as a d e s i g n  paramete r .  

Backwater R a t i o  f o r  a S l o t  O r i f i c e  

Exper iments  were conducted t o  e s t a b l i s h  t h e  backwate r  r e l a t i o n s  

f o r  t h e  s l o t  o r i f i c e s  c o n s i d e r e d .  The w i d t h  o f  t h e  f i shway ,  B,  was 





k e p t  cons t an t  and o r i f i c e s  w i th  fou r  c o n t r a c t i o n  r a t i o s  were examined. 

For each s l o t  c o n t r a c t i o n  r a t i o ,  s lope  was v a r i e d  from 1 pe rcen t  t o  5 

pe rcen t .  Backwater r a t i o  H /H was found t o  be a func t ion  o f  c o n t r a c t i o n  
f t  

r a t i o  m and Froude number r e f e r r e d  t o  t a i l w a t e r  depth  and t h e  width of 

t h e  fishway. F igu re  24 shows t h a t  t h i s  r e l a t i o n  is not  a f f e c t e d  by s lope .  

These curves  f o r  a l l  c o n t r a c t i o n  r a t i o s  a r e  shown i n  F igu re  25. Exper- 

imental  p o i n t s  a r e  omi t ted  f o r  t h e  sake of c l a r i t y .  

A s t r a i g h t  l i n e  was found t o  be t h e  b e s t  f i t  f o r  t h e s e  curves .  

The equat ions  o f  t h e s e  s t r a i g h t  l i n e s  a s  ob ta ined  by polynomial r e -  

g re s s ion  a r e  : 

m va lue  

0.61 

0.68 

0.76 

0.84 

Equation 

where F r  denotes  t h e  Froude number (Q/B Ht -1 

F u r t h e r  a n a l y s i s  of  t h e  above equat ions  was found t o  be conclu- 

s i v e .  Another polynomial r e g r e s s i o n  on t h e  va lues  o f  m and c o e f f i c i e n t s  

of  F r  gave t h e  fo l lowing  equat ion:  

X = 7.141 m - 2.275 (16) 

where 1 denotes  t h e  c o e f f i c i e n t  of F r  i n  t h e  above fou r  equat ions .  

Table 6 shows t h e  v a r i a b l e s  X and m and a l s o  t h e  r e s i d u a l  i n  t h e  va lue  

of a f t e r  s u b t r a c t i n g  i ts  es t ima ted  va lue  obta ined  from s t r a i g h t  l i n e  

f i t  from i t s  o r i g i n a l  va lue .  The r e s i d u a l  i s  l e s s  than  3 pe rcen t  i n  







t h e  e n t i r e  range of t h e  m values considered. 

The l a s t  term on t h e  right-hand s i d e  i n  t h e  above four equations 

remains f a i r l y  constant .  An average value of .815 i s  adopted. Maximum 

v a r i a t i o n  from t h i s  average value is l imi ted  t o  1 percent  which i s  

acceptable f o r  a l l  p r a c t i c a l  purposes. 

Table 6. Residuals Lef t  Af ter  Polynomial Regression 

m value A value A es t imate  Residual 

Thus a common equation which rep laces  t h e  four curves of Figure 25 

Within t h e  l i m i t  of  experimental e r r o r s ,  use of t h e  above equation 

is f u l l y  j u s t i f i e d  f o r  design purposes. A design example is  worked 

o u t  l a t e r  i n  t h i s  chapter  where the  r e s u l t s  obtained by using the  above 

equation a r e  compared with those obtained by using t h e  experimental curve 

of Figure 25. 

Drag Coef f i c ien t s  f o r  In terpola ted  m Values 

Contract ion r a t i o s  considered i n  t h i s  s tudy a r e  0.61, 0.68, 0.76, 



and 0.84. For des ign  and cons t ruc t ion  purposes,  rounded va lues  such 

a s  0.60, 0.75, e t c .  may be  p re fe r r ed .  From t h e  curves f o r  t h e  above 

f o u r  m va lues ,  curves can s a f e l y  be i n t e r p o l a t e d  f o r  t he  m va lues  i n  

t h e  range of 0.60 t o  0.85 wi th  in t e rmed ia t e  m va lues  a t  0.65, 0.70, 0.75, 

and 0.80. These curves a r e  given i n  F igures  26, 27, and 28 f o r  spac ings  

of  4B, 5B, and 6B, r e spec t ive ly .  

S u i t a b i l i t y  of Flow Condit ions I n s i d e  Fishway For 

S a t i s f a c t o r v  F i sh  Passaae 

The fol lowing two p o i n t s  a r e  o f  i n t e r e s t .  

(1) The water  j e t  a f t e r  pass ing  through t h e  o r i f i c e  f a l l s  i n t o  

t h e  water  pocket  downstream of  the  c o n s t r i c t i o n  and c r e a t e s  turbulence: 

This  turbulence  was observed t o  inc rease  wi th  inc reas ing  s l o t  width. 

(2) Maximum v e l o c i t y  of  t h e  water occurs  a t  t h e  vena c o n t r a c t a  

formed behind t h e  s l o t .  This  v e l o c i t y  should be low enough t o  a l low 

t h e  f i s h  1-0 s w i m  ac ross .  Reference 18  d e s c r i b e s  t h e  l i n i t i n g  v e l o c i t i e s  

f o r  v a r i o u s  k inds  of  f i s h .  I t  was observed i n  t h i s  s tudy t h a t  v e l o c i t y  

inc reased  wi th  i n c r e a s e  i n  s l o t  c o n t r a c t i o n  r a t i o .  A t  h igher  con t rac t -  

i on  r a t i o s  t h e r e  i s  more backwater thus  producing a h igher  head on t h e  

flow through t h e  s l o t .  

Two c r i t i c a l  s e c t i o n s  were considered i n s i d e  t h e  fishway. One 

was t h e  en t r ance  t o  t h e  fishway. The o t h e r  was a s e c t i o n  a t  t h e  vena 

c o n t r a c t a  downstream o f  any s l o t .  I f  t h e  spac ing  between t h e  s l o t s  was 

t o o  g r e a t  and t h e  channel was on a s t e e p  s l o p e ,  t h e  flow d i d  n o t  r e -  

main i n  a n  acceptable  s u b c r i t i c a l  range. This  c r i t i c a l  s e c t i o n  i n  t h e  

p r e s e n t  s tudy  was observed t o  be  a t  t h e  vena c o n t r a c t a  o f  t h e  s l o t  j u s t  



P e r c e n t a g e  s l o p e  

F i g u r e  2 6 .  Value of d r a g  c o e f f i c i e n t  f o r  i n t e r p o l a t e d  

rn v a l u e s  a t  a  spac ing  o f  4 B  



- 
- 

m = 0.85 

- 

m = 0.80 

m = 0.75 

m = 0.70 

m = 0.65 

m = 0.60 

Spacing = 5B 

I 
1 2 3 4 5 

P e r c e n t a g e  s l o p e  

F i g u r e  27. Value of  d r a g  c o e f f i c i e n t  f o r  i n t e r p o l a t e d  

m v a l u e s  a t  a s p a c i n g  of 5B 



Spacing = 6 B  

I 1 I 1 
2  3 4 5 

P e r c e n t a g e  s l o p e  

F i g u r e  28. Value of  d r a g  c o e f f i c i e n t  f o r  i n t e r p o l a t e d  

m v a l u e s  a t  a  s p a c i n g  of  62  



upstream of the fishway entrance s l o t .  

Depth and width a t  the vena contracta and flow r a t e  through the 

fishway were measured. Unfortunately the width a t  the vena contracta 

could not be measured precisely  due t o  l a t e r a l  f luctuat ions  of the j e t  

i n    he horizontal  plane. The r e s u l t s  a re  shown i n  Table 7. The r a t i o  

H /H appeared t o  be an important fac tor .  
t i  

On the assumption t h a t  the Froude number is  the predominant fac t -  

o r  a f fec t ing  flow conditions, the velocity i n  a prototype, V , is given 
P 

where 

V = maximum veloci ty  i n  the fishway model; and 
m 

Lr = geometric r a t i o  of prototype t o  model. 

Values of V given i n  Table 7 may thus be converted t o  prototype vel- m 

o c i t  i e s  . 
Flow conditions were found t o  be sa t i s fac tory  i n  the en t i r e  

range of var iables  covered i n  t h i s  study. It was observed, however, 

t h a t  f o r  a contraction r a t i o  of 0.61 a t  a spacing of 6B and a t  slopes 

of 4 percent and 5 percent excessive turbulence occurred. This may 

be unsatisfactory fo r  f i s h  passage. It i s ,  therefore,  suggested t h a t  

up t o  a spacing of 6B and a slope of 5 percent, the flow conditions 

a r e  s a t i s f ac to ry  fo r  s l o t  contraction r a t i o s  varying from 0.65 t o  0.85. 

Fishways with a contraction r a t i o  of 0.61 and a s l o t  spacing of 6B 

should be l imited t o  slopes l e s s  than 3%. 



Table 7. Table Showing Froude Number and Velocities a t  Downstre~n Slot and a t  the 
Slot  jus t  Upstream. 

bwnstream s l o t  Upstream s l o t  Maximum 
m SP/B Slope H /Hi 

t 
Velocity Froude Velocity Froude Velocity Froude 
(f t /sec)  number (f t /sec)  number (f t /sec) number 



Design Problem 

The problem s p e c i f i e d  is  t o  design a s u i t a b l e  fishway c u l v e r t  

100 f t .  i n  length  placed on a 3 percent  s lope.  Maximum allowable 

v e l o c i t y  i n  t h e  fishway is  l imi ted  t o  6 f t / s e c ,  and t h e  fishway width 

i s  t o  be 3 f e e t .  The upstream head i s  3 f e e t  and the  t a i l w a t e r  depth i s  

2 f e e t .  Channel f r i c t i o n  may be neglected.  

I t  is  proposed t o  use s l o t s  having a con t rac t ion  r a t i o  of 0.68 

a t  a long i tud ina l  spacing o f  12 f e e t  (spacing = 4B). The r e s u l t s  

obta ined by using Figure 25 w i l l  be compared with those  obtained by 

us ing Equation 17. A s  explained e a r l i e r ,  Equation 17 i s  a very c l o s e  

r 

f i t  t o  t h e  curves of Figure 25. 

I n  100 f e e t  of  length ,  the  t o t a l  number of  s l o t  o r i f i c e s  needed 

is 9. The f i r s t  s l o t  i s  f ixed a t  t h e  fishway e x i t  and t h e  l a s t  s l o t  

is  loca ted  4 f e e t  upstream from t h e  fishway entrance.  

A t  a 3 percent  s lope  f o r  m = 0.68 and Sp/B = 4 ,  C = 24.2 from 
D 

Figure 19. 

Unknowns a r e  Q and H which a r e  r e l a t e d  a s  shown i n  Figure 25. 
f 

Thus success ive  use of Figure 25 and Equation 11 w i l l  y i e l d  t h e  requi red  

r a t e  of  flow. 

A s  a f i r s t  approximation l e t  H /H be 1 .4 ,  then Hf = 2.8 f t .  
f t  

On t h e  assumption t h a t  the  water depth upstream of  any s l o t  drops l i n -  

e a r l y  from H t o  H f ,  
i 

~ r ' o ~  per  s l o t  = AH = (H  - H ) / 8  = .025 f t .  
i f 

H = H - AH = 3.0 - .025 = 2.975 f t .  
2 i 



H3 = H2 - A H  = 2.975 - .025 = 2.950 f t .  

H4 = H3 - AH, e t c . ,  then 

m = 0.68; Sp = 4B; Slope = 3 % .  

For use of Equation 11, known da ta  a r e :  

CD = 24.2; 

Sp = 12 f t . ;  

H .  = 3 f t . ;  
1 

Ht = 2 f t . ;  

B = 3 f t . ;  



3 
Using Equation 11, Q = 9.98 f t  /sec. 

Froude number = Q = 0.207 

For rn = 0.68 and Fr = 0.207, Figure 25 g ives ,  

Hf = 2.71 f t .  

Taking t h i s  va lue  of  H t h e  above procedure i s  repeated which 
f '  

3 
g ives  t h e  next  value of  Q = 10.07 f t  /sec and a corresponding Froude 

number of  0.2085. For this Froude number, Figure 25 g ives ,  

H£/H~ = 1.3575 o r  Hf = 2.715 f t .  

The above procedure when repeated f o r  t h i s  va lue  of Hf g ives  

3 
Q = 10.07 f t  /sec which shows no f u r t h e r  improvement i n  t h e  va lue  of Q. 

An approximate check on v e l o c i t y  a t  t h e  t h r o a t  of  t h e  vena con- 

tracts of t h e  fishway ent rance  s l o t  i s  obtained by assuming t h e  width 

and depth a t  vena con t rac ta  equal  t o  t h e  width of t h e  s l o t  opening and 

t a i l w a t e r  depth ,  r e spec t ive ly .  

An es t imate  of  t h i s  v e l o c i t y  can a l s o  be obtained by assuming 

t h a t  t h e  drop i n  water su r face  i n  t h e  s l o t  o r i f i c e  is changed i n t o  t h e  

v e l o c i t y  head a t  t h e  vena cont rac ta .  

Drop i n  water su r face  a t  t h e  s l o t  = Hf - Ht = 0.715 f t .  

Veloci ty = Jzg ~ 0 . 7 1 5  = 6.80 f t / sec .  

I n  t h e  above expression f o r  v e l o c i t y ,  t h e  approach v e l o c i t y  up- 

s tream of t h e  s l o t  is neglected and t h e  c o e f f i c i e n t  of  v e l o c i t y  f o r  t h e  
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s l o t  o r i f i c e  is assumed t o  be un i ty .  This  procedure l eads  t o  an over- 

e s t ima te  of t h e  t h r o a t  v e l o c i t y .  

3 
The use  o f  Equation 17 g ives  Q = 10.06 f t  /sec and H /H = 1.3545. 

f t  

These values  a r e  i n  c l o s e  agreement with those  ca lcu la ted  above. A 

computer program f o r  t h i s  des ign,  using Equation 17,  i s  given i n  t h e  

Appendix B. 

Rates o f  flow a s  obtained by using a  few d i f f e r e n t  arrangements 

of  m and Sp a r e  t abu la ted  below. 

Contract ion r a t i o  Spacing of s l o t s  Discharge Approximate v e l o c i t y  



CHAPTER V 

CONCLUSIONS AND RECOMMENDATIONS 

Conclusions 

A study of the habits and requirements of fish and of the diff- 

iculties encountered in providing satisfactory fish passage through 

existing culverts resulted in the study of a vertical slot orifice 

fishway structure. Design criteria for the slot orifice fishway is dev- 

eloped by using a combination of hydraulic laws and hydraulic modeling. 

Curves are developed to evaluate the value of the drag coefficient of 

a slot orifice and a procedure to design a slot orifice fishway is 

explained. It is expected that this type of fishway will function 

satisfactorily over a wide range of discharges with no loss in the 

hydraulic efficiency of the main culvert. Debris and other material 

brought in with the flow should pass through the slot orifice. The 

fishway will be well lighted except for a short reach in the upper 

portion of the fishway. 

The following points are observed in this study: 

1. The effect of the tailwater on drag coefficient was found 

to be negligible when tailwater depth was restricted to the range of 

0.5 to 0.9 of the upstream head. 

2. The variation in the drag coefficient found by taking the 

average over a number of slots was not significant for different 

lengths of the fishway. 

3. Variation in headwater elevation in the limited range avail- 

able, did not affect the value of the drag coefficient. 



69 

4 .  The only s i g n i f i c a n t  f a c t o r s  a f f e c t i n g  t h e  drag c o e f f i c i e n t  

were t h e  cont rac t ion  r a t i o ,  t h e  spacing between t h e  s l o t s ,  and t h e  s lope  

of t h e  fishway. Four con t rac t ion  r a t i o s ,  0.61, 0.68, 0.76, and 0.84 were 

s tudied .  Each con t rac t ion  r a t i o  was s tudied  a t  t h r e e  long i tud ina l  

spacings:  4, 5,  and 6 t imes t h e  fishway width. The spacing of 4B 

was s tud ied  f o r  a s lope  varying from hor izon ta l  t o  5 percent .  The o the r  

two spacings were s tudied  f o r  s lopes  varying from 1 percent  t o  5 per- 

cent .  

5. For design purposes, it was necessary t o  e s t a b l i s h  a r e l a t i o n -  

sh ip  between H and H f o r  t h e  entrance o r i f i c e .  For known t a i l w a t e r ,  
f  t 

it was then poss ib le  t o  evaluate  t h e  water depth upstream of t h e  e n t r -  

ance s l o t  o r i f i c e .  Other f a c t o r s  involved were r a t e  of flow through t h e  

o r i f i c e ,  width of  fishway, and s l o t  con t rac t ion  r a t i o .  

6. The v e l o c i t y  a t  t h e  vena con t rac ta  of a s l o t  o r i f i c e  was 

found t o  inc rease  s l i g h t l y  with an inc rease  i n  t h e  con t rac t ion  r a t i o .  

The e f f e c t  of an increased con t rac t ion  r a t i o  was t o  c r e a t e  a higher 

backwater l e v e l  thus  producing a l a r g e r  ve loc i ty .  

7. Rate of flow through fishway was observed t o  inc rease  with 

increas ing s lope ,  inc reas ing  spacing,  and decreasing con t rac t ion  r a t i o .  

8. For a con t rac t ion  r a t i o  of 0.61 a t  a spacing of 6B and a t  

s lopes  of 4 percent  and 5 percent ,  increased turbulence i n s i d e  t h e  f i s h -  

way may be undesirable,  and the re fo re  t h i s  design should not  be used. 

I n  genera l ,  up t o  a spacing of 6B and a s lope  of 5 pe rcen t ,  t h e  flow 

condi t ions  i n s i d e  the  fishway should be s a t i s f a c t o r y  f o r  a s l o t  con- 

t r a c t i o n  r a t i o  i n  t h e  range of 0.65 t o  0.85. For des ign,  t h e  t h r o a t  

v e l o c i t y  a t  t h e  vena con t rac ta  of t h e  fishway entrance s l o t  should be 
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kep t  l e s s  than t h e  performance capaci ty  of t h e  f i s h .  Within t h e  spec- 

i f i e d  range of  v a r i a b l e s ,  it was observed t h a t  t h e  maximum upstream vel -  

o c i t y  d i d  not  exceed t h i s  t h r o a t  v e l o c i t y .  

9. For des ign purposes, t h e  va lues  of t h e  drag c o e f f i c i e n t s  ob- 

t a i n e d  f o r  four  con t rac t ion  r a t i o s  of 0.61, 0.68, 0.76, and 0.84 a r e  

i n t e r p o l a t e d  f o r  con t rac t ion  r a t i o s  of 0.60, 0.65, 0.70, 0.75, 0.80, 

and 0.85. The curves expressing t h e  backwater crea ted  by t h e  down- 

stream s l o t  i n  terms o f  t a i l w a t e r  f o r  t h e  above four  con t rac t ion  r a t i o s  

a r e  genera l ized  i n  t h e  form of an equation which i s  app l i cab le  f o r  any 

con t rac t ion  r a t i o  i n  t h e  range of 0.60 t o  0.85. 

Recommendations 

Due t o  l i m i t e d  time and resources  a v a i l a b l e ,  many aspec t s  were 

n o t  f u l l y  covered and need f u r t h e r  s tudy and f i e l d  v e r i f i c a t i o n .  These 

a r e  mentioned below. 

1. The upstream face  of t h e  proposed fishway s t r u c t u r e  (Figure 4)  

is  s e t  a t  an angle  t o  t h e  center  l i n e  o f  t h e  c u l v e r t .  For model s t u d i e s  

t h e  en t rance  o r i f i c e  was s e t  perpendicular  t o  t h i s  c e n t e r l i n e  (Figure 1 2 ) .  

A s u i t a b l e  c o r r e c t i o n  f o r  t h e  r a t e  of flow when t h e  entrance o r i f i c e  

is  a t  an angle  o t h e r  than 90 degree should be determined. 

2 .  The range of  t h e  s l o t  con t rac t ion  r a t i o ,  Sp/B and t h e  channel 

s l o p e  may be  expanded t o  provide more f l e x i b i l i t y  i n  design. 

3 .  The e f f e c t  o f  upstream head v a r i a t i o n  on t h e  drag c o e f f i c i e n t  

was n o t  f u l l y  s tud ied .  From t h e  l imi ted  study made, it appears t h a t  

t h e  f ind ings  of  t h i s  work a r e  v a l i d  f o r  a  wide range of head v a r i a t i o n ,  

however, t h i s  should be  v e r i f i e d .  
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4. Regarding the suitability of flow for fish passage through 

the fishwy, it is necessary to have a check on the maximum velocity 

occurring anywhere inside the fishway and also on the intensity of the 

turbulence created. An approximate check on the maximum velocity was 

obtained in this study. Regarding the intensity of turbulence accept- 

able for fish passage, the writer's guess in this study should be 

confirmed by field studies. A precise study for maximum velocity is 

also recommended. 



NOTAT ION 

A = cross sectional area of flow; 

b = width of s l o t  o r i f i c e ;  

B = width of the fishway; 

CD = coeff icient  of drag; 

d = ver t i ca l  depth used t o  measure head over a weir; 

f = used as  a subscript t o  denote " f ina l" ;  

FD = drag force; 

FR = force of resistance t o  flow; 

Fr = Froude number; 

g = acceleration due to  gravity; 

h = s t a t i c  head over a weir; 

H = depth of flow measured perpendicularly from the water surface; 

i = used a s  a subscript t o  demte " i n i t i a l " ;  

j = used as  a subscript ;  

Lr = geometric r a t i o  of prototype t o  model; 

m = contraction r a t i o ;  a l so  subscript for model; 

n = number of constrictions ( s lo t  o r i f i ces )  between i n i t i a l  and 

f i n a l  sections considered; 

p = used a s  a subscript t o  denote "prototype"; 

Q = volume r a t e  of flow, which i s  the t o t a l  discharge a t  a channel 

cross section; 

S = slope of the channel; 



NOTATION (Continued) 

Sp = longi tudinal  spacing between the  s l o t  o r i f i c e  cons t r i c t ions ;  

t = used a s  a  subscr ip t  t o  denote " ta i lwa te r" ;  

V = ve loc i t y  of flow; 

W = weight of t he  body of water between two sec t ions  considered; 

B = momentum cor rec t ion  f ac to r ;  

y = s p e c i f i c  weight o r  weight per u n i t  volume; 

A = a symbol denoting "change" o r  "difference";  

8 = s lope of t he  channel i n  radians;  and 

p = dens i ty  o r  mass per  u n i t  volume. 

A = var iab le  denoting coe f f i c i en t  of Froude number; 
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APPENDICES 



APPENDIX A 

OBSERVATION DATA 



TABLE A-1 

Contraction Ratio: 0.68 
Spacing: 21 inches 

Data to Draw Flow Profiles 

Section Interval Water Depths for Channel Slopes of 
in inches 0% 1 % 2% 3 % 4 % 5 % 

* position of a slot orifice constriction 



TABLE A-2 

Contraction Ratio:  0.61 
Spacing: 16 inches 

Data f o r  S l o t  O r i f i c e  t o  Es tab l i sh  Backwater Relat ion 

qPm inches inches 



TABLE A-3  

Contraction Ratio: 0.68 
Spacing: 16 inches 

Data for Slot Orifice to Establish Backwater  elation 

clPm inches inches 



TABLE A-4 

Con t r ac t i on  Ra t io :  0.76 
Spacing: 1 6  i nches  

Data f o r  S l o t  O r i f i c e  t o  E s t a b l i s h  Backwater R e l a t i o n  

g ~ m  inches  i n c h e s  



TABLE A-5 

Contraction Ratio: 0.84 
Spacing: 16 inches 

Data for Slot Orifice to Establish Backwater Relation 

9Pm inches inches 



TABLE A-6 

Contraction ratio: 0.76; spacing: 16  inches 

Number of slots: 5; Slope: -03  

Data for Effect of Head Variation on CD 

gPm inches inches inches 



TABLE A-7 

Contraction Ratio: 0.76 
Spacing: 16 inches 

Data for  C Variation fo r  Varying Number of S lo ts  Considered 
D 

* Length considered = 16 n inches. 

Q Hi s 

gPm inches 

Section: I., n*= 3 

Hf Ht C~ 

inches inches 

Section: 2, n= 4 

Hf Ht C~ 

inches inches 



TABLE A-8 

Con t r ac t i on  Rat io :  0 .61 
Spacing: 16"; Number of  S l o t s :  5 

Data f o r  CD 

C (Average) 
D 

gpm inches  i nches  i nches  



TABLE A-9 

Contract ion Ratio:  0.68 
Spacing: 16";  Number of S l o t s :  5 

Data f o r  CD 

Q Hi H f  Ht s H J H ~  cD C D (Average) 

gpm inches inches inches 



TABLE A-10 

Contract ion Ratio:  0.76 
Spacing: 16"; Number of S l o t s :  5 

Data f o r  C 
D 

gpm inches inches inches (Average ) 



TABLE A - 1 1  

Contract ion Ratio: 0.84 
Spacing: 16 inches; Number of S lo t s :  5 

Data f o r  C 
D 

W m  inches inches inches (Average) 



TABLE A-12 

Contraction Ratio:  0.61 
Spacing: 20 inches,  Number of  S l o t s :  4 

Data f o r  C 
D 

gPm inches inches inches (Average) 



TABLE A-13 

Contraction Ratio: 0.68 
Sapcing: 20 inches, Number of Slots: 4 

Data for C 
D 

gPm inches inches inches (Average ) 



TABLE A-14 

C o n t r a c t i o n  R a t i o :  0.76 
Spacing:  20 i n c h e s ,  Number o f  S l o t s :  4 

Data f o r  C  
D 

gPm i n c h e s  i n c h e s  i n c h e s  (Average 1 



TABLE A-15 

C o n t r a c t i o n  R a t i o :  0.84 
Spacing:  20 i n c h e s ,  N u d e r  o f  S l o t s :  4  

Data f o r  C 
D 

Q H i  H f Ht s H ~ / H ~  C~ C~ 
-- 

gPm i n c h e s  i n c h e s  i nches  (Average ) 



TABLE A-16 

Cont rac t ion  Rat io :  0.61 
Spacing: 24 inches ,  Number of S l o t s :  4  

Data f o r  C 
D 

Wm i nches  inches  inches  (Average) 



TABLE A-17 

Contract ion Ratio:  0.68 
Spacing: 24 inches ,  Number of  S l o t s :  4 

Data f o r  C 
D 

Q Hi H f  Ht S H J H i  C~ C~ 

g P  inches inches  inches (Average ) 



TABLE A-18 

Con t r ac t i on  Rat io :  0.76 
Spacing: 24 inches ,  Number o f  S l o t s :  4  

Data f o r  CD 

gPm i nches  i nches  i nches  (Average) 



TABLE A-19 

C o n t r a c t i o n  Ra t i o :  0.84 
Spacing:  24 i n c h e s ,  N u m b e r  o f  S l o t s :  4  

D a t a  Fo r  C 
D 

gPm i n c h e s  i n c h e s  i n c h e s  (Average) 



TABLE A-20 

Slope:  0.05 

D a t a  f o r  Maximum Veloci-ty and Froude Number 

Extreme d /s  s l o t *  s l o t  n e x t  t o  d/s* 

m SP Q Hi f Ht dep th  w id th  dep th  wid th  

i n c h e s  gw" i nches  i n c h e s  i n c h e s  i n c h e s  i n c h e s  i nches  i nches  

.84 16 15.01 4.50 4.21 3.03 3.97 0.60 4.01 0.60 

.76 16  19.60 4.52 4.22 2.92 4.02 0.80 4.04 0.80 

.68 1 6  24.63 4.50 4.29 2.89 3 -93 1.15 4.00 1.15 

.61  16 28.46 4.44 4.20 2.62 3.93 1 .35  3.91 1.40 
-84 2 0 15.34 4.53 4.46 3.04 4.05 0.55 4.10 0.55 
.76 2 0 20.64 4.54 4.52 3.07 4.21 0.80 4.24 0.80 
.68 2 0 26.37 4.52 4.48 2.85 4.06 1.15 4.05 1.15 
- 6 1  20 30.80 4.52 4.63 3.11 4.34 1 .35  4.32 1.35 
-84  24 16.46 4.52 4.37 2.89 4.11 0.55 4.15 0.55 
.76 2 4 22.12 4.50 4.34 2.56 4.03 0.80 4.00 0.80 
.68 24 28.16 4.50 4.50 3.02 4.10 1.15 4.07 1.15 
.61 24 33.53 4.55 4.64 3.04 4 .31  1.35 4.27 1.30 

* Observat ion f o r  depth  and wid th  a r e  t aken  a t  Vena C o n t r a c t a  formed 
behind t h e  s l o t  o r i f i c e .  



APPENDIX B 

COMPUTER PROGRAMS 



Computer Program to Develop the Rating Curves for the Measuring Weirs 

DIMENSION QU (700) , D (1100) 
EQUIVALENCE (H , HF ) 
KI=1 

37 DO 10 I=1,500 
H=I-1 
H=H/1000. 
IF(KI.EQ.l) GO TO 35 
Q=3.33* (.5-.2*H)*H** (3./2.) 
IF(Q.EQ.O)GO TO 12 
V=12.*Q/(ll.* (H+.25) ) 
HO=V**2/ (2.*32.2) 

15 E=HE'+HO 
Q=3.33*(.5-.2*~)*((E)**(3./2.)-H0**(3./2-1) 
Hl=HO 
V=12.*Q/(11.* (H+.25) ) 
HO=V**2/ (2. *32.2) 
HI= (HO-H1) **2 
HJ=HI**. 5 
IF(HJ.LT. .0005)GO TO 12 
GO TO 15 

35 IF(H.GT. (71./(32.*12.) ) )GO TO 11 
Q=.6*8./15.*(2.*32.2)**.5*HF**2.5 



12 QU (I) =Q*7.4805*60. 
D (I) =H 
D (I+500) =QU (I) 

10 CONTINUE 
IF(KI.EQ.l)  WRITE(^,^) 
IF (KI . EQ -2) WRITE (3,7) 

7 FORMAT('l',T4OI'DISCHARGE FROM A RECTANGULAR WEIR'/) 
1 FOWIAT('1',T401'DISCHARGE FROM A V NOTCH WEIR WITH A RECTANGULAR T 
10P ' / )  
TWRITE (3,2) 

2 FONT(lX'-------------------------------------------------------- 

I---------' 1 
WRITE(3,3) 

3 FORMAT(/2XI'HEIGHT(FEET) ',T65,'DISCHARGE(GPM)') 
WRITE (3,2) 
WRITE (3,4) 

4 FORMAT (T10, ' : -000 : .001 : .002 : -003 : 
1004 : .005 : .006 : .007 : .008 : .009') 
WRITE (3,s) 

5 FORMAT('+',Tll,'-------------------------------------------------- 

HB=I-1 
HR=HB/~.~@. 
K= (1-1) "10 
WRITE (3,6)h'BIQU (K+1) ,QU (K+2) ,QU (K+3) ,QU (~+4) ,QU (K+5) ,QU (K+6) ,QU (K+ 
17) ,QU (K+8) ,QU (K+9) ,aU(K+lO) 
6 FORMAT (3XF3.2, ' : ' ,F8.2,9F12.2) 
20 CONTINUE 

CALL ~~0~(001,~,500,2,0,0) 
KI=KI+l 
IF(KI.EQ.~) GO TO 37 
CALL EXIT 
END 

The following relation is used in the computer program to calculate 

the rate of flow through a rectangular notch; 

where 

L = Length of the weir; and 

h = The approach velocity head. 
0 

The coefficient of discharge for a V-notch weir is taken as 0.60. 



Computer Program for the Design of a Slot Orifice Fishway 

WRITE (3,6) 
6 FORMAT(7XI'M SPACING SLOPE CD WIDTH LENGTH 

$ HI HT HF Q (CFS ) NO. OF SLOTS ' //) 
26 READ(l,l)XL,E,HI,HT,S 
1 FORMAT(5F 10.5) 
IF(XL.EQ.0) GO TO 27 

23 READ (1,2)CD,XN,SP 
2 FORMAT (3F10.5) 
IF(CD.EQ.0) GO TO 26 
HF=l. 4*HT 
QA=O 
N=XL/SP 
XN=N 

21 DH= (HI-HF) /XN 
H=HI 
SUM=O 
G=32.18 
DO 10 I=l,N 
SUM=SUM+l./H 
H=H-DH 

10 CONTINUE 
D=SUM 
A=G*E*B* (HI*HI-HF*HF) 
BB=2. * (1 ./HI-l./HF) 
C=XN*B*B*SP*G*S* (HI+HT) 
E=XM*D*CD 
Q=SQRT ( (A+C ) / (E-BE) ) 
FR=Q/ (B*HT* (G*HT) **. 5) 
HF=HT*((7.141*XM-2.275)*F~+.815) 
IF(ABS(Q-QA) .LT. (Q/200.) )GO TO 22 
QA=Q 
GO TO 21 

22 V=Q/ (B* (1. -XM) *HT) 
K=XN+l. 
WRITE(314)~M,SPISICDIB,XL,HI,HTIHFIQrK 

4 FORMAT (10F10.2,IlO) 
GO TO 23 

27 CALL EXIT 
END 




