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ABSTRACT 

The object  of t h i s  study was t o  develop design c r i t e r i a  fo r  a  

skewed s l o t  o r i f i c e  fishway ex i t .  Using these c r i t e r i a  the fishway e x i t  

can be constructed i n  culver t  wincpalls. The o u t l e t  would terminate i n  

a  skew angle,  and be designed t o  c rea te  flow conditions necessary fo r  

f i s h  passage. 

Values of s l o t  o r i f i c e  contraction r a t i o s  varied from 0.65 t o  0.82 

of culver t  width; cu lver t  slope varied from -015 t o  -045; skew angles 

measured varied from 30° t o  75O; th ree  l a t e r a l  posi t ions  of the  fishway 

channel were tes ted.  Dimensional analysis  was used t o  determine the  

s ign i f ican t  design parameters. Design curves, displaying the re la t ionsh ip  

between the  backwater r a t i o ,  ~ / h ,  and the  Froude number, a re  presented. 

The design curves and an equation, based on the  momentum pr inciple  

a re  used t o  design two types of skewed o r i f i c e  e x i t s .  One problem uses 

the  same contraction r a t i o  fo r  the skewed e x i t  and normal s l o t  o r i f i c e s  

placed downstream; the  other uses d i f f e r en t  values of contraction r a t i o  

fo r  the  skewed e x i t  and normal s l o t  o r i f i c e s  downstream. Necessary 

c r i t e r i a  regarding s u i t a b i l i t y  of flow fo r  f i s h  passage a re  a l so  discussed. 



CHAPTER I 

INTRODUCTION 

"Unrestricted passage of fish in streams is essential to the sur- 

vival of wild fish populations, "Gebhards and Fisher (1972) . A segment 

of Idaho's economy is dependent upon the maintenance and preservation of 

its fisheries. Unless free access is provided to spawning areas, valuable 

fisheries could be diminished or lost completely. 

To insure successful fish migration to upstream spawning areas it 

is essential that the velocity of downstream flow in man constructed 

structures be kept to a minimum. Examples of velocities for various 

selected slopes for a given discharge in circular and box culverts are 

reported in the app6ndix. These velocities are generally much higher than 

would occur for the same discharge in a natural channel on a similar slope. 

Earlier efforts to minimize the velocity within culvert barrels 

include pool and weir fishways, alternate paired baffles, and offset 

baffles (Dass, 1970). However, these measures sometimes proved unecon- 

omical and operated unsatisfactorily when operating at other than design 

head. Hydraulic efficiency is reduced and if the stream carries a heavy 

bed load, the fishway may fill with material and thus would be ineffective. 

When baffles are installed in the barrel of a culvert, water will pool 

upstream of the culvert to a depth necessary to drive the water through 

the culvert. This backwater could cause overtopping of the roadway fill 

and damage to the culvert roadway or nearby property. This damage to 

the culvert and associated structures is primarily due to the rapid scour 

below the culvert outfall and silt deposition upstream from the culvert. 
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Dass (1970), i n  h i s  research of the  f i s h  passage problem, proposed 

a s l o t  o r i f i c e  fishway. I n  t h i s  des ign,  the  e x i t  of t h e  fishway (upstream 

end of t h e  c u l v e r t )  would be b u i l t  ad jacent  t o  the  c u l v e r t  b a r r e l ,  t h e  

remainder of t h e  fishway would be constructed wi th in  t h e  main c u l v e r t  

b a r r e l .  S l o t  o r i f i c e s  would be evenly spaced i n s i d e  t h e  fishway passage 

a t  r egu la r  i n t e r v a l s  t o  t h e  upstream e x i t .  The flow p a t t e r n ,  energy, 

and momentum concepts were d e v e l o ~ e d  and discussed.  A sketch of t h e  

fishway i s  shown i n  Figure 1. 

Design c r i t e r i a  f o r  t h e  fishway t h a t  were considered inc lude  t h e  

con t rac t ion  r a t i o  m,  t h e  s lope  S ,  t h e  fishway width B, and t h e  s l o t  con- 

s t r i c t i o n  n. The con t rac t ion  r a t i o  i s  defined a s  a  measure of  r e l a t i v e  

c o n s t r i c t i o n  imposed on a given channel. It i s  t h e  r a t i o  of  s l o t  opening 

width t o  t h e  t o t a l  fishway channel width. The range of c u l v e r t  s lopes  t e s t e d  

ranged from hor izon ta l  t o  f i v e  percent .  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 entrance was s tudied  and the  backwater - 

discharge r e l a t i o n  f o r  the  s l o t  o r i f i c e  a l s o  was developed. The purpose 

of Dass l s  s tudy was t o  develop drag c o e f f i c i e n t s  f o r  the  v e r t i c a l  s l o t  

o r i f i c e s ,  and ob ta in  non-dimensional curves,  r e l a t i n g  t h e  discharge 

through t h e  entrance o r i f i c e  t o  the  r a t i o  of t h e  upstream depth t o  t h e  

downstream depth. These were used t o  so lve  t h e  design equation (based 

on t h e  momentum p r i n c i p l e )  which enables t h e  designer t o  f i n d  the  r a t e  

and v e l o c i t y  of  flow through t h e  fishway. The design procedure requi red  

a t r i a l  and e r r o r  s o l u t i o n  of two s e t s  of hydraul ic  r e l a t i o n s h i p s .  The 

reader i s  r e f e r r e d  t o  Dass (1970) f o r  a d d i t i o n a l  d e t a i l s .  

Because of economic r e s t r a i n t s ,  it i s  f requen t ly  d e s i r a b l e  t o  t e r -  

minate t h e  fishway a t  t h e  skewed wing wall  of a  c u l v e r t ,  The fishway 

e x i t  should be constructed a t  a  s u f f i c i e n t  d i s t a n c e  from t h e  c u l v e r t  





ent rance  such t h a t  t h e  p r o b a b i l i t y  of f i s h  sweepback i s  reduced. 

To analyze t h e  skewed s l o t ,  it i s  necessary t o  have an appropr i a t e  

c o e f f i c i e n t  of d ischarge  for t h e  skewed s l o t .  This  c o e f f i c i e n t  i s  a  

funct ion  of skew angle ,  p o s i t i o n  of s l o t  r e l a t i v e  t o  the c u l v e r t  s i d e  

wal l  and t h e  r e l a t i v e  width of t h e  s l o t  ( t h r o a t  width of s l o t  o r i f i c e  

divided by width of f ishway).  

The purpose of t h i s  s tudy i s  t o  determine t h e  hydraul ics  o f  t h e  

fishway e x i t  (water ent rance)  f o r  a  skewed s l o t  o r i f i c e  e x i t  where t h e  

e x i t  is a t  an angle  o t h e r  than  normal t o  t h e  c e n t e r l i n e  of t h e  c u l v e r t .  

Figure 2 i l l u s t r a t e s  t h i s  type of fishway. I n  previous  s t u d i e s  of f i s h -  

way c u l v e r t s  (Dass, 1970) t h e  fishway e x i t  was placed normal t o  t h e  

d i r e c t i o n  of flow. 

The o b j e c t i v e s  of t h i s  s tudy a r e  t o :  

1. Determine des ign  c r i t e r i a  f o r  skewed s l o t  o r i f i c e s  and complete 

t h e  development of a  des ign  procedure f o r  v e r t i c a l  s l o t  o r i f i c e  fishways. 

2 .  Determine t h e  c o e f f i c i e n t  of  d ischarge  f o r  a  skewed s l o t  o r i f i c e  

experimental ly by using a  hydraul ic  model. 

3 .  Prepare design graphs needed f o r  a n a l y s i s  and design of s l o t  

o r i f i c e  fishways. 

The b a s i c  requirements of the  o r i f i c e  fishway a r e  t h a t  t h e  flow 

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

a t  t h e  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 capac i ty  

of t h e  f i s h  which w i l l  use t h e  waterway. 

F i sh  Speed Considerat ions 

swimming a b i l i t y  (speed) of  a  f i s h  i s  a  funct ion  of i ts  s i z e ;  





the l a rger  the  f i s h ,  the  f a s t e r  it can s w i m .  Salmonids a r e  capable of 

burs t  speeds equivalent  t o  10 body-lengths per second. A 12-inch 

t r o u t ,  therefore ,  could be expected t o  reach a  burs t  speed of 10 f .p . s . ,  

and a  one-inch f i s h ,  0.8 f .p . s .  Maximum endurance speeds f o r  salmonids 

a re  around four body lengths per second fo r  a  period of several  minutes, 

depending upon water temperature, (Gebhards and Fl'sher, 1972; Blaxter,  

1969). Swimming performance may be reduced by high o r  low temperature 

po l lu tan t s ,  or  low dissolved oxygen. 

Abi l i ty  may a l s o  vary between species .  Maximum swimming speeds 

fo r  shor t  d is tances  i n  excess of 26 f e e t  per second have been recorded 

fo r  adu l t  s teelhead and 22 f e e t  per second for  adu l t  chinook salmon 

(Coll ins and El l ing ,  1960). This does not mean t h a t  water ve loc i t i e s  

up t o  26 f e e t  per second can be to le ra ted  fo r  steelhead passage. Maximum 

design ve loc i t i e s  must provide fo r  a  " f i sh  sa fe ty  fac tor"  which w i l l  

allow t o t a l  or  near t o t a l  passage fo r  a  given run of f i s h .  A pa r t i cu l a r  

run of f i s h  may cons i s t  of three  o r  four age c lasses  with a  wide range 

i n  f i s h  lengths.  The smallest  f i s h ,  the re fore ,  w i l l  s e t  the  design 

c r i t e r i a ,  and design ve loc i t i e s  should be such t h a t  maximum passage is  

achieved. Controlled experiments t e s t i ng  passage eff ic iency of salmon 

and steelhead i n  water ve loc i t i e s  ranging from 2  t o  16 f . p . s .  showed a  

veloci ty  of 2  f .p . s .  afforded the  be s t  passage condition (Coll ins and 

El l ing ,  1960). 

A t  any given water veloci ty ,  a  f i s h  can be expected t o  swim for  

only a  given period of time befoxe f a l l b g  hack. Endurance then becomes 

an important f ac to r  i n  de t e rmin i~g  proper c u l v e r t v e l o c ~ X ~ ? e s  and length 

of cu lver t .  A 40  foo t  cu lver t  with 8 f .p .s .  ve loc i t y  may s a t l s f a c t o r i l y  



pass  f i s h  whereas, one 80 f e e t  long with the  same v e l o c i t y  would not  

(Gebhards and F i she r ,  1972) . 

Fishway C h a r a c t e r i s t i c s  

To accomodate t h e  s a t i s f a c t o r y  and e f f e c t i v e  passage of f i s h ,  

the  fishway should be se l f -c leaning;  i .e . ,  heavy p a r t i c l e s  must f l u s h  from 

it. The fishway should be e f f i c i e n t  with l i t t l e  reduction of flow capa- 

c i t y  i n  t h e  cu lve r t .  S tab le  low v e l o c i t y  flow should e x i s t  throughout 

a wide range of discharge.  I t  should a l s o  be simple and economical t o  

cons t ruc t .  The fishway should have i ts  i n s i d e  o r i f i c e s  arranged such t h a t  

s lackwater  a r e a s  e x i s t  between t h e  s l o t  opening. This  allows d i s s i p a t i o n  

of t h e  k i n e t i c  energy con ten t  of water i n  each pool and al lows a  r e l a t i v e l y  

quiescent  r e s t  a r e a  f o r  the  f i s h  p r i o r  t o  each ascen t .  

The advantage of introducing a skewed s l o t  o r i f i c e  is p r imar i ly  

t o  f a c i l i t a t e  cons t ruc t ion .  Since most c u l v e r t s  used f o r  f i s h  passage 

use angled wingwalls along t h e i r  upstream e x i t ,  it would be comparatively 

simple and economical t o  i n s e r t  a  fishway with a  skewed e x i t  a longside 

t h e  main c u l v e r t .  

Proposed Fishway 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  i n  

Sect ion I is  shown i n  Figure 2. This  f i g u r e  is discussed  i n  t h e  following 

sentences.  

1. The fishway e x i t  (upstream end of the  c u l v e r t )  would be con- 

s t r u c t e d  o u t s i d e  the  c u l v e r t  b a r r e l .  The c r i t i c a l  c ross  s e c t i o n  f o r  cul-  

v e r t s  on s t e e p  grades is  t h e  ent rance  s e c t i o n  and t h e r e  would be no 



decrease i n  c u l v e r t  e f f i c i ency .  A t  a  d i s t a n c e  downstream of the  i n l e t ,  

such t h a t  t h e r e  is no i n t e r f e r e n c e  t o  flow e n t e r i n g  the  c u l v e r t ,  t he  f i s h -  

way would e n t e r  t h e  c u l v e r t  b a r r e l  and occupy t h e  reg ion  ad jacen t  t o  a  

wall .  The e f f e c t  o f  t h i s  is  t o  r a i s e  t h e  l e v e l  of flow' i n  the  lower 

c u l v e r t  reach. However, s i n c e  t h i s  reach i s  below t h e  con t rac t ed  en t r ance  

s e c t i o n  and i n  t h e  s u p e r c r i t i c a l  flow zone, it would no t  a f f e c t  t h e  c u l v e r t  

headwater l e v e l .  

2. The second major f e a t u r e  of t h e  fishway would be t h e  use  of 

v e r t i c a l  s l o t  o r i f i c e s  appropr i a t e ly  spaced throughout  t h e  e n t i r e  length  

of t h e  fishway. The s e r i e s  of v e r t i c a l  s l o t s  extending the  f u l l  s e c t i o n  

depth would be e f f e c t i v e  over a  very  l a r g e  range of d ischarges  and would 

provide a  s u i t a b l e  environment f o r  f i s h  passage.  

3. The i n v e r t  of t h e  fishway e x i t  would 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 ,  t h u s  a l l  of t h e  low 

flow would be routed  through t h e  fishway. F i s h  passage could be poss- 

i b l e  even dur ing  very  low flows. 

4. I f  degradat ion i s  expected a t  t h e  c u l v e r t ' s  lower end, t he  

fishway i n v e r t  can be cons t ruc ted  t o  t h e  e l e v a t i o n  of expected degradat ion.  

The s l o t  o r i f i c e  should func t ion  w e l l  throughout  a  l a r g e  range of t a i l w a t e r  

depths. 

5. The o r i f i c e  fishway could be cons t ruc ted  e n t i r e l y  ou t s i ck  of 

the  c u l v e r t  b a r r e l .  However, i t  appears  t h a t  t h i s  arrsngement would be 

more c o s t l y  a s  considerably more m a t e r i a l  would b e T r e q u i r e d  f o r  t h e  

roof and f l o o r .  From a cons t ruc t ion  viewpoint ,  forming of t h e  roof i n  

p lace  would be imprac t i ca l .  



Design C r i t e r i a  

Gebhards and F i she r  (1972) o u t l i n e d  t h e  des ign  procedures r equ i red  

i n  Idaho f o r  c u l v e r t  i n s t a l l a t i o n  t o  provide f i s h  passage. They a r e  

s t a t e d  a s  fol lows:  

1. Gradient  of t h e  c u l v e r t  should no t  exceed 1/2 of one pe rcen t .  

Gradients  i n  excess of t h i s  a r e  acceptable  i f  water  v e l o c i t i e s  w i th in  

t h e  c u l v e r t  i n f luence  zone do no t  exceed swimming performances of t h e  

spec ie s  involved dur ing  t h e  c r i t i c a l  passage pe r iod .  V e l o c i t i e s  can be  

maintained wi th in  f i s h e r y  s tandards  by use  of b a f f l e s ,  c o n t r o l s  and 

s e p a r a t o r s  on g r a d i e n t s  up t o  5 pe rcen t .  A fishway ( v e r t i c a l  s l o t  o r i f i c e )  

may a l s o  be incorpora ted  wi th  a  c u l v e r t ,  a l lowing passage with g r a d i e n t s  

up t o  10 pe rcen t  (Dass, 1970) . 
2. The bottom of t h e  c u l v e r t  a t  t h e  o u t f a l l  should be p laced  s i x  

inches  below t h e  n a t u r a l  streambed, o r  a s  may be requi red  t o  maintain 

streambed s t a b i l i t y .  

3 .  Minimum depths  of water a t  any p o i n t  i n  t h e  c u l v e r t  s h a l l  be 

e i g h t  inches  f o r  a d u l t  salmon o r  s tee lhead .  Depths s h a l l  vary o therwise ,  

depending upon spec ie s  and s i z e ' o f  f i s h  involved,  a s  recommended by t h e  

r eg iona l  f i s h e r i e s  b i o l o g i s t .  I t  may be necessary t o  u t i l i z e  a  s t o p  l o g  

and sepa ra to r  wal l  t o  provide adequate depths  dur ing  minimal flows. 

4. Water v e l o c i t i e s  should no t  exceed 8 f . p . s .  a t  any p o i n t  

wi th in  t h e  in f luence  zone of t h e  c u l v e r t ,  computed on a  ten-year average 

peak flow. I f  flow d a t a  a r e  unavai lab le ,  peak flow s h a l l  be es t imated  

by e x i s t i n g  high water  mark, stream g r a d i e n t ,  and o t h e r  phys ica l  da t a .  

These s p e c i f i c a t i o n s  allow f o r  t h e  use  of t h e  s l o t  o r i f i c e  f i s h -  

way; however, methodology f o r  eva lua t ing  t h e  hydrau l i c s  (po in t  v e l o c i t i e s )  
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of  t h e  fishway a r e  no t  included. The purpose o f  t h i s  experiment and t h e s i s  

is t o  provide t h i s  des ign  methodology. 



CHAPTER I1 

ANALYSIS OF THE PROBLEM 

Flow Pattern Description 

The successful application of the results from this study to prac- 

tical field problems will depend considerably on an understanding of the 

flow field. A plan and elevation view of a skewed slot orifice are shown 

in Figure 3. The fluid is accelerated when it passes through the slot 

opening. The beginning of the acceleration zone upstream of the constric- 

tion is indicated by a slight decrease in water surface level at a distance 

upstream from the constriction. This distance is approximately equal 

to the width of the opening. 

Deceleration occurs along the outer boundary of the culvert wall 

and a separation zone is created in the corner adjacent to the con- 

striction (Zone al). This separation zone is considerably smaller for 

the skewed angle entrance than for the normal angle entrance. A stagnant 

zone occurs alongside the constriction face due to the divergent stream- 

flow paths as most of the flow is directed toward the main culvert barrel 

(Zone a ) .  This phenomenon would obviously be greater for a skew angle 
2 

of 30°, for example, than for a skew angle of 75O, where conditions would 

approach that of a normal opening. 

Water from the sides enters the opening as a sharply curved and 

contracting stream, thus indicating that it is being accelerated in 

directions both normal and parallel to the streamlines. Just as the 

longitudinal acceleration and the consequent negative pressure gradient 

are reflected as a drop in the longitudinal profile, the normal acceleration 
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accounts  f o r  a cons iderable  d i f f e rence  i n  l e v e l  between o u t s i d e  f i l amen t s  

of flow and t h e  c e n t r a l  f i laments  of flow. Considerable energy is  used 

t o  c a r r y  t h e  flow f i l amen t s  through t h e  opening from t h e  c u l v e r t  b a r r e l  

s i d e  (Zone a ) . 
2 

A s  t h e  water  passes  through t h e  c o n s t r i c t i o n ,  t h e  con t rac t ed  s tream 

approaches a minimum width a t  Sec t ion  2 which corresponds t o  t h e  vena 

c o n t r a c t a  i n  o r i f i c e  flow. The flow i s  bounded here  by an eddying body 

of water ,  which marks a second sepa ra t ion  zone (Zone c ) .  For t h e  skewed 

o r i f i c e ,  t h i s  eddy i s  g r e a t e r  on t h e  o u t e r  boundary o f  t h e  fishway 

(Zone c 1 .  The stream passes  t-hrough t h e  c o n s t r i c t i o n  normal t o  t h e  
1 

o r i f i c e  f ace .  The s t ream i s  inunediately d i spe r sed  i n s i d e  t h e  c o n s t r i c t i o n  

f o r  a h igh  skew angle .  

Expansion of t h e  l i v e  stream begins a t  t h e  vena c o n t r a c t a  and ends 

a t  t h e  s e c t i o n  downstream approximately equal  t o  f i v e  times t h e  s l o t  

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

channel s ec t ion .  This  phenomenon i s  s i m i l a r  i n  both t h e  normal and t h e  

skewed o r i f i c e .  The amount by which t h e  j e t  i s s u i n g  through t h e  s l o t  

is drowned by t h e  "dead" water on each s i d e  ad jacen t  t o  t h e  o r i f i c e ,  

depends on t h e  flow r a t e ,  channel s l o p e ,  s l o t  spacing f u r t h e r  downstream 

e x t e n t  of c o n s t r i c t i o n ,  and t a i l w a t e r  depth.  I t  a l s o  depends on t h e  

skew angle ,  and occurs  a t  a s h o r t e r  d i s t a n c e  from t h e  c o n s t r i c t i o n  f a c e  

f o r  a g r e a t e r  skew angle .  

The upper p o r t i o n  of t h e  water j e t  may be f r e e  of s i d e  e f f e c t s  

f o r  a cons iderable  d i s t a n c e ,  i s s u i n g  i n i t i a l l y  as a v e r t i c a l  s h e e t ,  wi th  

apprec iable  su r face  s lope .  I n  t h i s  p a r t i c u l a r  case  t h e  c r o s s  s e c t i o n  

undergoes cons iderable  change i n  form between Sect ions  2 and 3 ,  developing 

a f l ange  a t  t h e  t c p  su r face  which broadens a s  t h e  su r face  h e i g h t  decreases  
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and loses  i t s  i d e n t i t y  i n  three-dimensional flow. For t h e  skewed o r i f i c e ,  

t h i s  phenomenon occurs more rap id ly  toward t h e  ou te r  surface  of t h e  f i sh -  

way (Zone C ) .  Depth H was observed t o  be q u i t e  s t a b l e ,  with l i t t l e  
1 

f luc tua t ion  of t h e  water surface .  

Flow through a s l o t  o r i f i c e  constructed normal t o  t h e  flow d i r -  

ec t ion  has been we l l  described by Dass (1970) and Kindsvater (1955). This 

study v e r i f i e d  t h e  condit ions described i n  the  previous paragraphs f o r  

a skewed s l o t  o r i f i c e  fishway e x i t .  

Momentum Concepts 

Dass (1970) derived and applied the  momentum equation f o r  the  

hydraulic ana lys i s  of s l o t  o r i f i c e  fishways. The momentum equation and 

experimental da ta  were used i n  h i s  s tudy t o  evaluate  t h e  drag c o e f f i c i e n t s  

necessary f o r  the  s o l u t i o n  of the  design equation. The drag c o e f f i c i e n t s  

deduced can be used by the  designer t o  f i n d  t h e  r a t e  of flow through s l o t  

o r i f i c e  fishways. The work performed by Dass w i l l  be summarized i n  the  

following paragraphs. 

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

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

the  ex te rna l  forces  t h a t  a r e  ac t ing  on the  body. This p r i n c i p l e  was 

applied t o  a channel of small s lope.  The expression f o r  the  momentum 

change f o r  t h e  body o f  water between sec t ions  1 and 2 of Figure 4 can 

be wr i t t en  a s  



Datum 

F igu re  4 .  D e f i n i t i o n  ske t ch  f o r  a p p l i c a t i o n  
of t h e  momentum p r i n c i p l e .  



Subscripts r e fe r  t o  Sections 1 and 2 i n  Figure 4 ;  P and P a re  1 2 

the pressure resu l tan ts  acting on the two sections;  w i s  the weight of 

water enclosed between the sections;  
F f r  

i s  the t o t a l  external f r i c t i o n  

force acting a t  the surface of contact between the water and channel; 

For 
i s  the force acting on the o r i f i ce s .  

Dass assumed a hydrostatic pressure d is t r ibu t ion  and gradually 

varied flow. The slope was considered small, the  channel was assumed 

t o  have constant width, and the term Ffr was considered a function of 

the number of s l o t s  between Sections 1 and 2 and the amount of contraction 

i n  each s l o t .  

The weight of water between Sections 1 and 2 was obtained by 

multiplying the average depth of water between the entrance and e x i t  or i -  

f i ce s  by the length of the fishway. The reader i s  referred t o  Dass's work 

for  de t a i l s .  

2 
Dass subst i tuted the drag force equation, Fd = %p Cd Av , in to  

the design momentum equation. (The term Cd represents a dimensionless 

coeff ic ient  of drag associated with the s l o t  o r i f i c e s ) .  The term F 
f  r 

i n  Equation (1) can be replaced by an expression similar t o  the one given 

for  Fd. 

After summing the drag forces associated with each o r i f i c e ,  the 

f i n a l  design equation for  the s l o t  o r i f i c e  fishway was given as 

1 1 1 9 B 2 g B  N n S  
2 

2 
2 

m C  1 - = 2  ( - - -  
d i Yi y1 Yf I +?;r (yl ' Y f )  + Q~ 

where y = i n i t i a l  water depth above f i r s t  s l o t  o r i f i c e ,  o r  
downstream depth below the skewed fishway e x i t  
o r i f  i ce ,  

Yf 
= water depth below the l a s t  s l o t  o r  upstream of 

the t a i lga t e ,  



and Y t  = t a i l w a t e r  depth.  

To des ign  a  s l o t  o r i f i c e  fishway wi th  a  skewed o r i f i c e  en t r ance ,  

t h e  momer.tum equa t ion  m u s t b e  combined w i t h  r a t i n g  equa t ions  developed 

i n  t h i s  s t udy  f o r  t h e  skewed o r i f i c e  e x i t .  The des ign  procedure f o r  a  

fishway w i l l  be desc r ibed  i n  a  l a t e r  s e c t i o n .  

Dimensional Ana lys i s  

It i s  r e q u i r e d  t o  s e l e c t  t h e  v a r i a b l e s  which have a major r o l e  i n  

i n f l u e n c i n g  t h e  flow p a t t e r n  through t h e  skewed s l o t  o r i f i c e .  A l l  

s i g n i f i c a n t  v a r i a b l e s  which appear  t o  app ly  t o  t h i s  problem w i l l  b e  

examined. Dimensional a n a l y s i s  w i l l  be  used t o  gene ra t e  t h e  a p p r o p r i a t e  

parameters  t o  be  inc luded  i n  t h e  f i n a l  equa t ions  and curves  f o r  u se  by 

t h e  des igne r .  

S e l e c t i o n  of  Va r i ab l e s  

The v a r i a b l e s  s e l e c t e d  and i l l u s t r a t e d  i n  F igu re  3 a r e  s u f f i c i e n t  

t o  d e s c r i b e  t h e  f low c h a r a c t e r i s t i c s .  Q deno te s  t h e  t o t a l  d i s cha rge ;  

B i s  t h e  width o f  t h e  channel ;  b  deno te s  t h e  wid th  o f  t h e  opening; H is  

t h e  water  l e v e l  upstream o f  t h e  c o n s t r i c t i o n ;  h  i s  t h e  water  l e v e l  down- 

s t ream o f  t h e  c o n s t r i c t i o n  and g i s  t h e  g r a v i t a t i o n a l  cons t an t .  

The s e l e c t e d  v a r i a b l e s  can be assembled i n  a  f u n c t i o n a l  r e l a t i o n -  

s h i p ,  

They can be combined by methods o f  dimensional  a n a l y s i s  i n t o  a  mimimum 

number o f  s i g n i f i c a n t  r a t i o s ,  
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The first ratio is known as the Froude number and is discussed in 

the following paragraph. The second ratio is representative of the 

geometric properties of the boundary. The third ratio is a depth measure- 

ment parameter relating the headwater to tailwater on either side of the 

constriction. The parameter e is the eccentricity of the orifice, s is 

the slope of the channel and $ is the skew angle. The significance of 

these parameters is described in the next sections. 

Froude Number 

The flow pattern in the vicinity of an open channel constriction 

is influenced by the physical properties of water, the rate of flow and 

the shape of the constriction and adjacent channel reaches. For the 

purpose of this study, the influence of fluid weight is assumed to be 

the dominant characteristic among the physical forces that govern the 

motion. The two properties that apply in this particular case are inertial 

forces and gravity forces. These forces can be combined to form a critical 

flow parameter. This dimensionless parameter, which is a ratio of in- 

ertial forces to gravitational forces, is known as the Froude number, F. 

It is expressed as: 

V is the mean velocity of flow and H is a significant depth. 

Because only tranquil flows have been considered in this study, 

the Froude number is always less than unity, or subcritical. (If F = 1, 

the flow is critical, and if F > 1, the flow is supercritical.) The 

velocity and unit discharge are limited to comparatively narrow bounds 

because the range of depth is fixed by arbitrarily defined, normal, 
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n a t u r a l  channel  cond i t i ons .  

From t h e  p r i n c i p l e  of c o n t i n u i t y ,  V = Q/BH; t h u s  t h e  Froude number 

can be expressed by 

It i s  noted t h a t ,  f o r  any given form of boundary, t h e  con f igu ra t ion  

o f  t h e  f r e e  s u r f a c e  i s  a  unique func t ion  of  t h e  Froude number of  t h e  con- 

t r a c t e d  s t ream, t h a t  i s  t h e  d ischarge  c o e f f i c i e n t  i s  a  cons t an t  f o r  any 

g iven  boundary and va lue  of  t h e  Froude number. 

Channel Cont rac t ion  Ra t io  

The width r a t i o ,  d/D, has  been used by previous  au tho r s  a s  a  

convenient measure of  boundary geometry. For a  r e c t a n g u l a r  c r o s s  s e c t i o n ,  

t h i s  r a t i o  i s  p r o p o r t i o n a l  t o  an a r e a  r a t i o .  With a  uniform v e l o c i t y  

d i s t r i b u t i o n  a c r o s s  t h e  s e c t i o n ,  t h i s  r a t i o  i s  a l s o  equ iva l en t  t o  a  d i s -  

charge r a t i o .  I f  t h e  r a t i o  q/Q is  s u b s t i t u t e d  f o r  d/D, however, q / Q  i s  

seen t o  possess  a  g r e a t e r  s i g n i f i c a n c e .  A s  i l l u s t r a t e d  i n  Figure 3 ,  q 

i s  t h a t  p a r t  of t h e  t o t a l  d i scha rge  Q which occupies  an  a r e a  of width d  

i n  t h e  t o t a l  c r o s s  s e c t i o n  upstream from t h e  c o n s t r i c t i o n .  To extend 

t h i s  d e f i n i t i o n  t o  t h e  gene ra l  ca se ,  q  i s  de f ined  a s  t h e  normal d i scha rge  

c a p a c i t y  of t h e  channel  having a r e a  c h a r a c t e r i s t i c s  of  t h e  opening. A s  

o r d i n a r i l y  de f ined  t h e  "con t r ac t ion  r a t i o "  i s  a  measure of t h e  r e l a t i v e  

c o n s t r i c t i o n  imposed on a  given channel.  Therefore ,  i f  m i s  def ined  a s  

t h e  channel -cont rac t ion  r a t i o ,  



A s i g n i f i c a n t  p h y s i c a l  i n t e r p r e t a t i o n  o f  t h e  channel -cont rac t ion  

r a t i o  i s  sugges ted  by t h e  l a s t  term i n    qua ti on C83. That  i s ,  m can be  

i n t e r p r e t e d  a s  a  measure of  t h a t  p a r t  o f  t h e  t o t a l  f low which e n t e r s  from 

t h e  s i d e s  i n t o  t h e  con t r ac t ed  s t ream. 

d 
For  t h i s  s t u d y ,  m = 1 - - i s  used t o  r e p r e s e n t  t h e  geometr ic  

D 

p r o p e r t i e s  o f  t h e  boundary. 

Slope 

The s l o p e ,  S ,  i s  d imens ionless  and r e p r e s e n t s  t h e  l o n g i t u d i n a l  

s l o p e  of  t h e  fishway. 

E c c e n t r i c i t y  

The degree  of  e c c e n t r i c i t y ,  r ep re sen t ed  by t h e  r a t i o  e ,  is  de f ined  

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

x  of t h e  l onge r  o b s t r u c t i o n .  This  may be expressed  a s :  
2 

Figure  3a i l l u s t r a t e s  e c c e n t r i c i t y .  The degree  of e c c e n t r i c i t y  w i l l  have 

a  va lue  between z e r o  and u n i t y .  

Skewness 

The skew ang le  o r  a n g u l a r i t y ,  $, is  de f ined  a s  t h e  a c u t e  angle  

between t h e  p l ane  of  c o n s t r i c t i o n  and a  l i n e  p a r a l l e l  wi th  t h e  t h r ead  

of  t h e  s t ream p a s s i n g  through t h e  c u l v e r t .  



General  isc charge Equation 

The functional relationship for the coefficient of discharge 

becomes 

ox if F is selected as the dependent variable, 

These parameters will be examined experimentally to determine which 

have a significant effect on the design of fishways. 



CHAPTER I11 

APPARATUS 

Flume Description 

The studies were performed in a recirculating tilting flume located 

in the hydraulics laboratory at the University of Idaho. A low volume 

centrifugal pump in series with an air activated regulating valve and 

electromagnetic flow meter delivered the flow to the flume headbox. 

The tilting flume is 24 feet in length and 1.5 feet (18 inches) wide 

with transparent side walls 2 feet high. The slope of the flume is 

adjustable from -3% to +5% with a hydraulic mechanism. The slope of the 

flume was determined by conventional leveling procedures (Figures 5 and 6). 

Model Details 

The details of the hydraulic model are shown in Figures 5, 6 and 7 

and a detailed drawing is shown in Figure 8. The model consists of the 

main culvert barrel and the orifice fishway. An 8-3/4 inch wide culvert 

was constructed on the right half of the flume. A 9 inch wide fishway 

was provided on the left half of the flume, separated by a 3/4 inch thick 

plywood wall. This model represents one-half of the entire culvert 

dimensions, symmetrical about the centerline. 

Four different slots were placed at the fishway exit. The slots 

were fabricated from .051 inch thick galvanized sheet metal 8 inches high. 

The slot widths examined were 1.16 inches, 1.36 inches, 1.82 inches, and 

2.22 inches. These slot widths correspond to contraction ratios of 0.82, 

0.79, 0.72, and 0.65, respectively. Water pressure held the slots in 
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place for the tests. 

A slotted strip gate was constructed at the extreme downstream 

end of the fishway. Metal plates of variable area were placed across 

the gate to regulate tailwater depth. 

Fishway widths were 3-1/4 inches, 4-1/2 inches, 5-1/2 inches, 

and 6 inches for skew angles of 30, 45, 60, and 75 degrees, respectively. 

Filler boards of varying widths were attached to the fishway sides to 

obtain the appropriate widths (Figures 11 to 15). 

This entire assembly rested on a 7 inch high wooden frame. The 

purpose of this was to elevate the culvert sufficiently so that tail- 

water from the measuring weir would not affect flow through the flume; 

thus the hydraulics of the fishwaywere not affected by the downstream 

measuring weir. To provide a smooth transition, the upstream face of 

the assembly was tapered to a 1:l slope and the downstream face was tapered 

to a 3:l slope. Enough clearance was provided between this frame and 

the sides of the flume to accommodate any wood expansion. 

'Discharge Measuring Device 

Culvert and fishway flows were kept separate by a dividing wall 

between the channels. Flow passing through the fishway was channeled 

through a stilling basin and was measured by a sharp edged V-notched 

weir. The weir arrangements inside the flume are shown in Figure 7. 

Dimensions are shown in Figure 10. Because of the slope ranges covered 

in these experiments, it was necessary to correct point Sage measurements 

taken upstream of the weir. This technique is illustrated in Figure 9. 

It is important to note that the point gage was mounted in the channel 

itself. Thus, the point gage reading corresponding to Point C when the 
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channel was hor izonta l  remains the  same fo r  Point  A i n  a sloping channel. 

The depth d can be measured by the  point  gage and the  cor rec t ion  (1.65) S 

i s  added t o  t h i s  value t o  obta in  the  ne t  s t a t i c  head. The volume of 

flow through the  fishway was obtained from t h e  weir r a t i n g  curve. 

Another po in t  gage was located a t  t h e  skewed s l o t  o r i f i c e  fishway 

e x i t  t o  measure water depth both above and below the  s l o t .  These data  

were used t o  compute t h e  r a t i o  of water depth,  H ,  above t he  o r i f i c e  t o  

water depth,  h ,  below the  o r i f i c e .  

A l l  readings of H and h were converted i n t o  f e e t .  For each s e t  

of da t a ,  t h e  Froude number was computed and the  r a t i o  H/h was obtained. 

Altogether 720 readings were obtained i n  t h i s  study. Typical da ta  shee t s  

a r e  shown i n  t h e  appendix. 



CHAPTER I V  

PROCEDURE 

The purpose of the  f i r s t  s e t  of runs was t o  examine the operating 

charac te r i s t ics  of the skewed s l o t  o r i f i c e  entrance and t o  ascer ta in  which 

of the  dimensionless parameters were s ign i f ican t .  The i n i t i a l  observations 

were performed with a  skewed angle of 45O. Data was obtained with four 

d i f fe ren t  contraction ra t ios :  -65, -72, .79 and -82. Four d i f f e r en t  slopes 

were observed: -015, -025, .035 and .045. Three d i f f e r en t  fishway posit ions 

were a l so  observed. In addition t o  the  center location,  the fishway 

location was a l so  t ransla ted one inch t o  the l e f t  and one inch t o  the 

r i gh t .  f his corresponds t o  an eccentr ic i ty  of -484 for  each of the r i gh t  

and l e f t  posit ions.  Figures 12 t o  15 show the various configurations 

which were examined. The data  collected for  d i f f e r en t  slopes and posit ions 

of the fishway model were examined t o  determine i f  slope and posit ion would 

be important factors  along with angles and contraction r a t i o s  i n  the 

f i na l  design r a t i ng  curves. 

The water depth, H I  above the o r i f i c e  was held constant while the  

water depth, h ,  below the o r i f i c e  was established systematically a t  

s i x  d i f fe ren t  levels .  Readings were obtained fo r  the  f loor  and water 

surface i n  the fishway and subtracted from each other.  Four readings 

were obtained, two immediately upstream and two immediately downstream 

of the s l o t , o r i f i c e .  Locationsof these measuring points are  i l l u s t r a t ed  

i n  Figure 16. The r e s u l t s  were then averaged. Weir measurements for  

obtaining discharge were a l so  obtained. The purpose of obtaining s i x  

d i f fe ren t  levels  of h  while holding H constant was t o  obtain d i f fe ren t  
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Figure 14. Dimension d e t a i l s  f o r  
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discharges  f o r  each run.  This  procedure was r epea ted  f o r  every c o n t r a c t i o n  

r a t i o ,  s lope  and p o s i t i o n .  

Two important  parameters ,  s lope  and e c c e n t r i c i t y  o f  fishway en t r ance ,  

a r e  d iscussed  i n  d e t a i l  i n  t h e  fol lowing paragraphs.  I t  w a s  o r i g i n a l l y  

hypothesized t h a t  t hey  would no t  have a  s i g n i f i c a n t  e f f e c t  on t h e  f i n a l  

equat ions  and r a t i n g  curves.  

E f f e c t  o f  E c c e n t r i c i t y  

Kindsvater and C a r t e r  (1955) performed a s tudy on t h e  e f f e c t  of 

e c c e n t r i c i t y  on open channel c o n s t r i c t i o n s .  The opening is  descr ibed  

a s  being e c c e n t r i c a l l y  loca ted  when the  l eng th  of one of t h e  o b s t r u c t i o n s  

which comprise t h e  c o n s t r i c t i o n  i s  g r e a t e r  than t h e  o t h e r .  The eccen t r i c -  

i t y  i s  def ined  a s  t h e  r a t i o  o f  t h e  s h o r t e r  l e n g t h  o f  t h e  channel c o n s t r i c t i o n  

t o  t h e  l eng th  of t h e  longer  channel c o n s t r i c t i o n  and ranges from ze ro  t o  

uni ty.  He suggested t h a t  t h e  p r i n c i p a l  e f f e c t  of e c c e n t r i c i t y  would be 

t o  change t h e  s i g n i f i c a n c e  of  channel con t rac t ion  r a t i o  i n  t h e  f u n c t i o n a l  

r e l a t i o n s h i p  of  t h e  d ischarge  c o e f f i c i e n t  C .  The experiments showed t h a t  

t h e  e f f e c t  of  e c c e n t r i c i t y  on t h e  s tandard  va lue  of  C ( a  measure of 

d ischarge  through t h e  weirlwas s o  small  t h a t  it can be ignored i n  most 

cases.  

I n  t h e i r  work Kindsvater and C a r t e r  (1955) determined t h a t  f o r  

va lues  of  e = 0.0, t h e  d ischarge  is  reduced only  f o u r  percent .  I f  

e = 0.1, t h e  d ischarge  is  reduced only one pe rcen t .  For any value of e  

g r e a t e r  than  0.12, t h e r e  is  no reduct ion  of  d ischarge .  

The r e s p e c t i v e  e c c e n t r i c i t i e s  obtained f o r  t h e  30°, 45O, 60°, and 

75O observa t ions  were -484, ,375, .273, and .200. This  would i n d i c a t e  t h a t  

t h e  c o r r e c t i o n  f a c t o r  f o r  e c c e n t r i c i t y  should be u n i t y  f o r  a l l  observa t ions .  
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F i g u r e  17. E f f e c t  of Position. $ = 45O; m = .72; S = - 0 2 5 .  
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t h a t  t h e  c o r r e c t i o n  f a c t o r  f o r  e c c e n t r i c i t y  should be u n i t y  f o r  a l l  obser-  

va t ions .  I t  was deduced t h a t  t h i s  concept should apply f o r  e i t h e r  normal 

c o n s t r i c t i o n s ,  a s  performed by Kindsvater ,  o r  f o r  skewed c o n s t r i c t i o n s ,  

a s  performed i n  t h i s  experiment.  Data f o r  t h e  45O skew ang le  runs  

shown i n  F igure  17 show t h e r e  i s  no sys t ema t i c  d e v i a t i o n  of  d i scha rge  

wi th  e c c e n t r i c i t y  f o r  t h e  range examined. 

E f f e c t  of Slope 

Measurements of  upstream water l e v e l  H were taken  immediately 

upstream of  t h e  skewed o r i f i c e .  Measurements of  downstream water  l e v e l  

h  were taken  immediately downstream o f  t h e  skewed o r i f i c e .  The water 

l e v e l  measurements were taken  approximately one i n c h  perpendicular  t o  t h e  

s l o t  o r i f i c e  f ace .  This  r e s u l t e d  i n  an e f f e c t i v e  l e n g t h  along t h e  flow 

pa th  of l e s s  than  two inches ,  o r  .17 f e e t .  The maximum s l o p e  used i n  

t h e  45O experiment was .045, r e s u l t i n g  i n  a  maxirnum c o r r e c t i o n  f a c t o r  of 

only  .008 f e e t .   his was considered smal l  enough t o  n o t  a f f e c t  t h e  va lues  

of  H and h ,  and was thus  d is regarded .  The o t h e r  s l o p e s  used wi th  t h e  

45O obse rva t ions ,  -035, ,025, and .015, would have even sma l l e r  s lope  

c o r r e c t i o n s  and thus  were n o t  considered.  I t  was then  deduced t h a t  because 

of t h e  comparat ively s h o r t  d i s t a n c e  between t h e  p o i n t s  measured and t h e  

r e l a t i v e l y  small  s l o p e s  t h e  he igh t  observed t o  compute t h e  parameter  H/h 

and d i scha rge  t o  u se  i n  t h e  Froude number express ion  would not  be a f f e c t e d .  

Dass (1970) found no d i s c e r n i b l e  d i f f e r e n c e  due t o  s lope  i n  h i s  obser-  

va t ions  f o r  normal c o n s t r i c t i o n s .  This  was t r u e  f o r  skewed c o n s t r i c t i o n s  

examined i n  t h i s  experiment.  An examination o f  F igu re  18 shows t h a t  s lope  

is n o t  a s i g n i f i c a n t  f a c t o r  f o r  skewed c o n s t r i c t i o n s .  Therefore it was 



4 0 

decided t o  reduce t h e  s lope  va lues  t o  .015 and -025 i n  t h e  success ive  300, 

60°, and 75O measurem3nts. No d i f f e r e n c e s  were noted i n  t h e  H/h va lues  

and corresponding d i scha rge  va lues  f o r  use  i n  t h e  Froude number express ion .  

Therefore it can  be s a i d  t h a t  t h e  s lope  does no t  a f f e c t  t h e  va lue  of 

Froude number wi th  given H/h r a t i o .  

E f f e c t  of  Cont rac t ion  Ra t io  

The d i scha rge  and Froude number a r e  s h a r p l y  reduced f o r  h igher  

va lues  of  t h e  c o n t r a c t i o n  r a t i o ,  m.  This  r e s u l t e d  i n  s t e e p e r  curves  

f o r  ~ / h  v s .  Froude number f o r  h ighe r  va lues  of m (Figure 1 9 ) .  Af t e r  flow 

approaches c r i t i c a l  depth  a t  t h e  c o n s t r i c t i o n  t h e  d i scha rge  i s  no longer  

a f f e c t e d  by t a i l w a t e r  depth t h u s  i s  no longer  a func t ion  o f  H/h. Two 

o t h e r  r e s e a r c h e r s ,  H i l l  (1969) and V a l l e n t i n e  (1958) observed t h i s  i n  

t h e i r  s t u d i e s .  Kindsvater  (1955) showed t h a t  t h e  c o e f f i c i e n t  o f  

d i scharge  was reduced t o  a va lue  of  0.68 f o r  t h e  va lues  o f  m used i n  

t h i s  s tudy .  

E f f e c t  of Angular i ty  

The d ischarge  and Froude number a r e  s h a r p l y  reduced f o r  h igher  

va lues  o f  skew angle .  Th i s  r e s u l t e d  i n  s t e e p e r  curves  f o r  H/h vs .  

Froude Number f o r  h ighe r  va lues  o f  + ( F i g u r e  20) .  The obse rva t ions  

0 0 
of  bo th  t h e  60 and 75 skewed openings show almost  i d e n t i c a l  r e s u l t s .  

The Froude number is a d i r e c t  func t ion  o f  d i scharge .  For t h i s  

reason  the  Froude number is s i g n i f i c a n t l y  l a r g e r  f o r  t h e  wider opening 

0 
a s s o c i a t e d  wi th  30° and 45  skew angles .  



Figure 19. E f f e c t  of Contract ion Ratio. 4 = 45O; S = , 0 2 5 ;  cen te r  pos i t ion .  





CHAPTER V 

RESULTS 

The primary ob jec t ive  of t h i s  experiment was t o  develop t h e  

necessary parameters f o r  the  design of an e f f e c t i v e  skewed s l o t  o r i f i c e  

fishway s t r u c t u r e .  The parameters which must be considered a r e  the  head- 

water t o  t a i l w a t e r  r a t i o  H/h, t h e  Froude number F  (which gives  an indi -  

ca t ion of ve loc i ty  and discharge through t h e  f ishway),  t h e  contrac t ion 

r a t i o  m ,  and t h e  angu la r i ty  4 ,  of the  upstream entrance o r i f i c e  t o  the  

fishway. 

H/h and Froude Number Relat ionship 

S u f f i c i e n t  depth of t a i lwa te r  was maintained a t  a l l  t imes t o  

provide s a t i s f a c t o r y  entrance condit ions a t  t h e  fishway downstream end. 

A c e r t a i n  t a i lwa te r  l e v e l  was a l s o  maintained (such t h a t  downstream control  

always occurs) t o  maintain s u b c r i t i c a l  flow condit ions ins ide  t h e  f i sh -  

way. 

The r a t i o  of headwater t o  t a i lwa te r  was recorded f o r  each measure- 

ment; the Froude number was ca lcula ted  f o r  each run by using t h e  discharge 

obtained from the  weir and measured water depths,  a s  explained previously.  

Graphs o f  H/h and Froude number F  a r e  shown i n  Figures 17 t o  36. 

The maximum Froude number obtained was .331, f o r  the  30° angle. 

For a l l  observations,  t h e  flow was s u b c r i t i c a l .  The maximum Froude number 

obtained fo r  o thc r  angles were .252, .184, and -166, f o r  45O, 60° and 75O, 

respcct iveiy  . 



E f f e c t  o f  Skewness 

D a t a  were eva lua t ed  and p l o t t e d  i n  F igu re s  21 t o  24 f o r  c o n t r a c t i o n  

r a t i o s  o f  - 65 ,  .72,  .79 and .82. The maximum H/h and fl v a l u e s  ob t a ined  
b 

were 1.778 and -331, r e s p e c t i v e l y ;  t h e  minimum H/h and F v a l u e s  ob t a ined  

were 1.054 and -099,  r e s p e c t i v e l y .  

Cons iderab ly  more t u rbu l ence  was no ted  f o r  t h e  30° skewed o r i f i c e  

than  w a s  noted f o r  any of  t h e  o t h e r  a n g l e s  t e s t e d .  I n  a d d i t i o n  t h e  d a t a  

w e w i d e l y  s c a t t e r e d .  T h i s  was probably due t o  t h e  h i g h l y  skewed ang l e  

and consequent  t u r b u l e n c e .  Seve ra l  s m a l l  e d d i e s  and v o r t i c e s  were 

no t i ced  immediately below t h e  s l o t  o r i f i c e .  The l a t e r a l  wid th  o f  t h e  

c o n t r a c t i o n  w a l l s  may a l s o .  have been a  f a c t o r .  For a l l  measurements, 

wa t e r  f l u c t u a t i o n s  made e v a l u a t i o n  o f  exac t  wa t e r  dep ths  somewhat d i f f i c u l t .  

Seve ra l  o b s e r v a t i o n s  had t o  be r epea t ed .  

Although t h e  30° skewed en t r ances  a r e  n o t  recommended f o r  u se ,  

t h e  cu rves  drawn through t h e  d a t a  p o i n t s  o f  F i g u r e s  17  t o  20 can be  used 

f o r  de s ign  purposes .  

Skew = 45O 

Data were eva lua t ed  and p l o t t e d  i n  F igu re s  25 t o  28 f o r  c o n t r a c t i o n  

r a t i o s  o f  -65 ,  - 72 ,  -79, and .82. The maximum H/h and F v a l u e s  ob t a ined  

were 1.713 and , 253 ,  r e s p e c t i v e l y ;  t h e  minimum H/h and F  v a l u e s  ob t a ined  

were 1.070 and ,091, r e s p e c t i v e l y .  

Turbulence w a s  a l s o  p r e s e n t  i n  t h e  4s0 o b s e r v a t i o n s ,  a l though  n o t  

0 a s  pronounced a s  was observed du r ing  t h e  30 runs .  Small  e d d i e s  and 

v o r t i c e s  were appa ren t  a l though  they  were n o t  as e x t e n s i v e  as t h o s e  

Observed f o r  t h e  30° o r i f i c e .  
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F i g u r e  26. R e l a t i o n s h i p  between Froude number and w a t e r  d e p t h  r a t i o ,  



F i g u r e  27. R e l a t i o n s h i p  be tween Froude number and w a t e r  d e p t h  ratio. 
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Figu re  28. R e l a t i o n s h i p  b e t y e e n  F roude  number a n d  w a t e r  d e p t h  r a t i o .  
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Skew = 600 

Data were eva lua ted  and p l o t t e d  i n  F igures  29 t o  32. The contra-  

t i o n  r a t i o s  were s i m i l a r  t o  300 and 4S0 obse rva t ions ,  .65, .72, .79 and 

.82. The maximum H/h  and^ va lues  obta ined  were 1.780 arId .184 r e s p e c t i v e l y ;  

t h e  minimum H / h  and F valuesobtained were 1.096 and -061, r e s p e c t i v e l y .  

Some turbulence  was observed dur ing  t h e  60° runs .  The i n t e n s i t y  

was l e s s  than t h a t  observed during t h e  30° and 4S0 runs .  Some eddies  

and v o r t i c e s  occurred ,  b u t  on a  l e s s e r  s c a l e  than  were apparent  dur ing  

t h e  30° and 4S0 runs .  These occurred p r imar i ly  dur ing  t h e  s m a l l  con- 

t r a c t i o n  r a t i o  runs.  The water  l e v e l  was cons iderably  more s t a b l e  than 

dur ing  t h e  30° and 45O runs .  

Skew = 7S0 

Data were eva lua ted  and p l o t t e d  i n  F igures  33 t o  36. The con t rac t ion  

r a t i o s  were t h e  same a s  f o r  t h e  30°, 45O and 60° readings ;  .65, .72, -79  

and .82.  The maximum H/h and F valuesobtained were 1.746 and .166, respec- 

t i v e l y .  The minimum H/h and F valuesobtained were 1.068 and .051, respec- 

t i v e l y .  Slope and fishway p o s i t i o n  d i d  no t  a f f e c t  t h e  readings .  

Figures 37a and 37b show t h a t  turbulence occurs  i n  t h e  fishway, 

even when t h e  o r i f i c e  was s e t  7S0 normal t o  t h e  flow a x i s .  Rhodamine B 

dye was added t o  t h e  water  through a pe r fo ra t ed  tube .  The purpose of 

t h i s  was t o  observe t h e  flow d i r e c t i o n  through t h e  fishway and c u l v e r t  

b a r r e l .  However, a  smooth laminar p a t t e r n  d i d  n o t  occur ,  a s  t h e  p i c t u r e s  

i l l u s t r a t e .  Some evidence of eddies  and v o r t i c e s  is  p resen t .  

The flow regime of  a l l  fou r  angles  can be c l a s s i f i e d  as s u b c r i t i c a l  

t u r b u l e n t  f o r  a l l  obse rva t ions  i n  t h i s  experiment.  
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Figure 29.  Relat-ionship between Froude number agd water depth  r a t i o .  

l;'igurc 3 0 .   elations ship between Froude number and water depth r a t i o .  



I$ = 60°; m = .79. 

F o r  symbol e x p l a n a t i o n  
see F i g u r e  21. 

F i g u r e  31. R e l a t i o n s h i p  between Fxoude number a n d  water d e p t h  r a t i o .  
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Figure 33 .  Relationship between Froude number and water depth r a t i o .  

Figure 34.  Relationship between Froude number and water depth r a t i o .  



F = Q/(G BH 3 3  

Figure 36. Relationship between Froude number and water depth r a t i o .  





CHAPTER V I  

DISCUSSION OF RESULTS 

A low value  of t h e  Froude number a t  any p o i n t  i n  a  f r ee - su r face  

flow p a t t e r n  o r d i n a r i l y  i n d i c a t e s  t h a t  g r a v i t y ,  o r  f l u i d  weight ,has a  l a r g e  

in f luence  on t h e  motion a t  t h a t  po in t .  I n  t h i s  p a r t i c u l a r  case ,  s i n c e  

t h i s  s tudy involves  t r a n q u i l  flow exc lus ive ly ,  t h e  Froude number va lues  

a r e  always l e s s  than c r i t i c a l .  Within t h i s  low range,  however, l a r g e r  

va lues  o f  F f o r  t h e  con t rac t ed  stream a r e  usua l ly  i n d i c a t i v e  o f  a  l a r g e  

drop i n  water l e v e l ,  H-h, o r  h igher  backwater r a t i o ,  H/h. 

The Froude number is d i r e c t l y  p ropor t iona l  t o  H/h, up t o  a  va lue  

of  about 1 .3  t o  1 .4 ;  then  it i s  independent of H/h. This  is c o n s i s t e n t  

wi th  t h e  work performed by H i l l  (1969) e t - a l . ,  i n  which t h e  d ischarge  

reaches a  maximum and i s  unaffec ted  f o r  va lues  o f  H/h g r e a t e r  than  1 .5 .  

An example problem i n  t h e  nex t  s e c t i o n  b e s t  i l l u s t r a t e s  t h e  use of  t h e  

design curves.  

Procedure f o r  Designing Fishway Cu lve r t  

1. S e l e c t :  B; b;  S; 4 ;  H ;  Ht;  Vmax; L; g  = 32.2.  

2. S e l e c t :  N = Spacing; n = number of spaces .  

B - b  D - d 
3. Ca lcu la t e  m = - and m = --- 

s l  B o r  D 

4. Find C by us ing  Figure  A-2 i n  t h e  appendix and s e l e c t i n g  t h e  
d 

appropr i a t e  o r i f i c e  spacing.  

5. Assume a va lue  f o r  d ischarge ,  Q. 

6. Analyze ent rance  cond i t ions  t o  determine H (depth immediately upstream 
f  

3/2) f r o m e n t r a n c e g a t e ) .  C a l c u l a t e F  = Q/(5.674 BH . W i t h t h i s v a l u e  



of F ob ta in  Hf/Ht from Figure A-3 i n  t h e  appendix. From t h i s  r e s u l t ,  

H can be determined from t h e  given value of Ht.  
f  

7. Analyze e x i t  condi t ions  t o  determine h, (depth immediately downstream 
I 

3/2 ) from skewed o r i f i c e  e x i t ) .  Calculate F = Q/(5.674 BH . With 

t h i s  value of F1 ob ta in  H/hl from Figures 17 t o  36 obtained i n  t h i s  

study. From t h i s  r e s u l t ,  h can be determined from t h e  given value 1 

of H.  
hi - Hf 

8. Ah i s  determined from h t o  hf by Ah = 
1 

. From t h i s ,  
n hn 

may be obtained. f - 1 = n. 

11. Use t h e  given values i n  t h e  momentum equation: 

n 
1 1 1 

2 
m c  e - = 2 ( -  - - I  + % ( h l  -' h f 2 ) +  NnS (hl + h f ) ) .  

d i=l hi hl hf Q 

12. Evaluate both s i d e s  of t h e  equation. I f  t h e  equation i s  i n  balance 

t h e  assumed Q i s  cor rec t .  I f  t h e  l e f t  s i d e  of t h e  equation i s  l e s s  

than t h e  r i g h t  s i d e ,  t h e  assumed Q i s  too small ;  i f  t h e  l e f t  s i d e  of 

t h e  equation i s  g r e a t e r  than t h e  r i g h t  s i d e ,  t h e  assumed Q i s  too 

l a rge .  In  the  l a t t e r  two cases ,  repeat  s t e p  5 u n t i l  both s i d e s  

of equation agree.  

13. I f  s t e p  12 is  s a t i s f i e d ,  check v e l o c i t i e s  a t  c r i t i c a l  po in t s  i n  t h e  

fishway t o  insure  t h a t  they equal o r  a r e  l e s s  than t h e  maximum design 

ve loc i ty .  S p e c i f i c a l l y ,  v e l o c i t i e s  should be checked a t  t h e  follow- 

ing locat ions :  

a .  Velocity V through t h e  skewed s l o t  e x i t .  V = Q 
UP up (1-m)DH 



b. Velocity V through the upper normal s l o t  o r i f i ce .  -2 - 
1 '1 (1-m) ~h~ 

c. Velocity V through the lowest normal s l o t  o r i f i c e  immediately 
f  

upstream from the entrance o r i f i ce .  

Velocity V through the fishway entrance. 
t 

14. I f  a l l  of the ve loc i t ies  i n  s tep 13 are  equal t o  or  l e s s  than V 
rnax 

the design is a l l  r i gh t .  I f  any of the ve loc i t ies  are  greater  than 

V s e l ec t  new values fo r  steps 1 and 2 and repeat the en t i r e  pro- 
max ' 

cedure u n t i l  a l l  ve loc i t ies  a re  equal or  l e s s  than V . 
max 

Desisn Exam~les 

This design procedure w i l l  be i l l u s t r a t ed  with two sample problems 

i n  which Q and the water depths inside the s l o t s  a re  t o  be determined. 

One problem w i l l  have the same contraction r a t i o  m for  normal width of 

the upstream skewed s l o t  and the downstream s l o t s ;  the other w i l l  use 

d i f fe ren t  contraction r a t i o s  for  the skewed s l o t  and the normal s l o t s  

downstream. 

The f i r s t  problem is  t o  design a  su i tab le  fishway culvert  100 f t .  

i n  length placed on a  5 percent slope. The maximum velocity a t  the throat  

of the entrance o r i f i ce  is  t o  be l e s s  than 6 f t / sec ,  and fishway width 

is  1.5 fee t .  The upstream depth i s  4  f e e t  and downstream o r  ta i lwater  

depth is  3  f ee t .  Channel f r i c t i o n  may be neglected. 
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Given : 

H = 4.00 f t .  S = .05 
H+ = 3.00 f t .  L = 100 f t .  

C. 
N = 9 f t .  

B = 1.50 f t .  . Cd 
= 28.0 (Fig.  A-2) . 

n = 10  s l o t s  (p lu s  
b = 0.525 f t .  

en t r ance  and e x i t  s l o t s )  
d = 0.742 f t .  

'max 
= 6.00 f t / s e c .  

= 450 

Design a fishway c u l v e r t  w i th  t h e  g iven  dimensions and s p e c i f i c a t i o n s  

above t o  m e e t  t h e  maximum v e l o c i t y  u s ing  t h e  graphs  ob t a ined  i n  t h i s  s tudy  

and s t u d i e s  performed by Dass (1970).  

Trv 1: 

Assume Q = 7.00 c f s .  

Downstream a n a l y s i s  : 

F = 
7.00 Hf 

3/2= .1583; - = 1.18 and H = 3.54 f t .  (F ig .  A-2) 
(5.674) (1.50) (3 .00)  H f 

t 

Upstream a n a l y s i s :  

F = 
7.00 H 

(5.674) (1.50) (4.00) 3/2 = 
.1028; - = 1.028 and hl = 3.89 f t .  (Fig.  25) 

hl 

S u b s t i t u t i n g  i n t o  momentum equat ion :  
9 

(10) (9) ( -05 )  (3.89 + 3.54)) 

48.922 ? .051 + 1.479 (36.035) - 
48.922 # 53.245 o r  48.9 # 53.2 

A h ighe r  va lue  o f  Q i s  assumed. 



Try 2: 

Assume Q = 7.30 c f s .  

Downstream a n a l y s i s :  

F = 
7.30 f 

(5.674) (1.50) (3.00) 3/2 
= .1651; - = 1 .21  and H = 3.63 f t .  (F ig .  A-2) 

Ht 
f 

Upstream a n a l y s i s  : 

F = 
7.30 H 

(5.674) (1.50) (4.00) 3/2 = 
.1072; - = 1.032 and hl = 3.88 f t .  (F ig .  25) 

hl 

3.88-3.63 
Ah = = .025; h10 = 3.655 f t .  

S u b s t i t u t i n g  i n t o  momentum equa t i on :  

Try 3: 

The c o r r e c t  va lue  o f  Q i s  between 7.30 and 7.40 c f s .  

The b e s t  approximate  va lue  t o  equa t e  b o t h  s i d e s  o f  momentum equa t i on  

is  Q = 7.31 c f s .  

With t h i s  v a l u e  o f  Q = 7.31 c f s ;  

Downstream a n a l y s i s  : 

f 
F = .1655; - = 1 . 2 1  and H = 3.63 f t .  

Ht 
f (F ig .  A-2) .. 



Figu re  38. D e f i n i t i o n  ske t ch  f o r  d i f f e r e n t  c o n t r a c t i o n  
r a t i o  m f o r  t h e  skewed opening and normal 
s l o t s  f u r t h e r  downstream. 

F igu re  39. P o s s i b l e  a l t e r n a t e  opening proposed by 
t h e  Idaho F i s h  and Game Commission. 



U ~ s t r e a m  a n a l v s i s :  

H 
F = .1075; - = 1.032 and hl = 3.88 f t .  

1 

3.88 - 3.63 
Ah = - 

10 
= .025; h10 = 3.655 f t .  

(Fig.  25) 

S u b s t i t u t i n g  i n t o  momentum equat ion :  
" 

48.357 ? - .034 + 1.356 (35.673) - 

48.357 - 48.339 o r  48.4 - 48.3 O.K.  

Check f o r  v e l o c i t y :  

a .  A t  f ishway e x i t :  

v = 
7.31 

= 2.46 f t / s e c  
up ( .35(2.12)  (4.00) 

b. Through f i r s t  normal s l o t :  

- - 7.31  
'1 ( - 3 5 )  (1.50) (3.853 = 3.59 ft/sec 

c. Through downstream s l o t  

d.  Through f ishway en t r ance  g a t e :  

- - 7.31 
't ( -35)  (1 .50)  (3.00) 

= 4.64 f t / s e c  O.K. 

The f i n a l  de s ign  i s  i l l u s t r a t e d  i n  F igure  40. 

D i f f e r e n t  Con t r ac t i on  C o e f f i c i e n t  f o r  Skewed E x i t  

The des ign  example i l l u s t r a t e d  i n  t h e  p rev ious  s e c t i o n  t a k e s  



i n t o  cons idera t ion  t h a t  the  cont rac t ion  r a t i o  of t h e  skewed e x i t  i s  t h e  

same value a s  t h e  o the r  normal pos i t ioned s l o t s .  This  means t h a t  the  

skewed s l o t  opening i s  l a r g e r  than t h e  nonnal s l o t  opening (Figure 38), 

i . e .  b = b o r  b < d. In  t h i s  p a r t i c u l a r  case  t h e  cont rac t ion  r a t i o  
1 2 2 

of  t h e  skewed e x i t  would be smaller  than o the r  s l o t s .  Though t h i s  could 

c r e a t e  higher v e l o c i t i e s  through the  skewed o r i f i c e  o r  decrease t h e  

discharge through t h e  fishway, it may i n  some ins tances  be a s a t i s f a c t o r y  

so lu t ion .  

Example 2 

This example i s  f o r  a design which i s  s i m i l a r  t o  Example 1 except 

t h a t  two d i f f e r e n t  values of m a r e  considered,  one f o r  t h e  skewed f i s h -  

way e x i t  a s  developed i n  t h i s  s tudy,  and t h e  o t h e r  f o r  t h e  remainder of 

t h e  o r i f i c e s  i n  t h e  fishway; The values of fishway width B, s lope  S ,  skew 

angle 4 ,  and maximum design ve loc i ty  a r e  se lec ted .  An upstream water 

depth H and downstream depth h a r e  assumed. A skewed s l o t  width d is 

se lec ted  and s e t  equal  t o  t h e  downstream width b of the  normal o r i f i c e s .  . 

The appropr ia te  H/h r a t i o  i s  determined and t h e  corresponding Froude number 

i s  obtained from the  curves. A value f o r  discharge Q is  assumed. The 

momentum equation developed by Dass is  used t o  determine t h e  value of Q. 

The ve loc i ty  of water through t h e  skewed s l o t  e x i t ,  through t h e  upper 

and lower normal s l o t  o r i f i c e s ,  and through the  fishway entrance a r e  eval- 

uated and compared t o  t h e  maximum allowable design v e l o c i t y .  

The problem 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 4.5 percent  s lope .  The maximum allowable v e l o c i t y  

a t  t h e  t h r o a t  of t h e  entrance o r i f i c e  i s  6 f t / s e c  and fishway width i s  

1.5 f e e t .  The upstream depth i s  5 f e e t  and downstream o r  t a i l w a t e r  depth 



6 3 

i s  4 f e e t .  Channel f r i c t i o n  i s  neglected. 

The ob jec t ive  of t h i s  problem is  t o  design a fishway with d i f f e r e n t  

contrac t ion r a t i o s  f o r  t h e  skewed upstream o r i f i c e  e x i t  and normal down- 

stream o r i f i c e s .  

Given : 

H = 5.00 f t .  
H+ = 4.00 f t .  

s = .045 
L = 100 f t .  

L 

N = 9 f t .  
B = 1.50 f t .  m = 

1.50 - -50 
n = 10 s l o t s  (plus = 0.67 

b = .50 f t .  s l  1.50 entrance and e x i t  s l o t )  
d = .50 f t .  

'max 
= 6.00 f t / s e c  

D = 2.121 f t .  C, = 31.0 (Fig. A-2) 

Design a fishway c u l v e r t  with the  dimensions and s p e c i f i c a t i o n s  

l i s t e d  above. 

Trv 1: 

Assume Q = 8.00 c f s .  

Downstream ana lys i s :  

Hf/Ht  = 1.08 and H = 4.32 f t .  
f 

Upstream analys is :  

H/hl = 1.05 and hl = 4.76 f t .  

(Fig. A-3) 

(Fig. 19) 



Substituting into momentum equation: 

Try 2: 

Assume Q = 8.10 cfs. 

Downstream analysis: 

- - 
M 

- 1.09 and Hf = 4.36 ft. 
t 

Upstream analysis: 

(Fig. A-3) 

H - = 1.05 and hl = 4.76 ft. 
hl 

4-76 - 4.36 = .040; h10 = 4.400 ft. Ah = 

Substituting into momentum equation: 
C1 

(Fig. 19) 



Try 3: 

The correct value for Q is between 8.00 cfs. and 8.10 cfs. 

The best approximate value to equate both sides of momentum 

equation is Q = 8.04 cfs. 

With this value of Q = 8.04 cfs: 

Upstream analysis: 

F = .1183; I- - 1.085 and Hf = 4.34 ft. 
Ht 

Downstream analysis: 

H F = .0846; - = 1.05 and h = 4.76 ft. 
hl 

1 

(Fig. A-3) 

(Fig. 19) 

4.76 - 4.34 
Ah = (  

10 
) = -042; h = 4.382 ft. 

10 

Substitute into momentum equation: 

Check velocities: 

a) At fishway exit V = 
8.04 

u (.24) (2.12) (5.00) = 3.16 ft/sec 

b) Through first normal slot V = 
8.04 

1 (. 33) (1.50) (4.76) = 3.41 ft/sec 

c) Through downstream slot - - 8.04 
'f (.33) (1.50) (4.382) 

= 3.71 ft/sec 

d) Through fishway entrance gate V = 8.04 
t (.33)(1.50)(4.00) = 4.06 ft/sec. 

The final design is illustrated in Figure 41. 



Skewed I 1 
O r i f  i c e  

H = 4.00 f t .  B = 1.50 f t .  b = .525 f t .  
h, = 3.88 f t .  S = - 0 5  d = .742 
I 

N = 9 f t .  
h10 

= 3.655 f t .  = ' m a  
= 4.64 f t / s e c .  

a t  f ishway g a t e .  
Hf = 3.63 f t .  + = 45O 

Ht = 3.00 f t .  

D = 2.12 f t .  

F i g u r e  40. F i n a l  d e s i g n  f o r  Example 1. 

m = .76 

,,; - .; ' ' 
L . 

Skewed 
O r i f  i c e  

t 

FI = 5.00 f t .  B = 1 .50  f t .  b = - 50  f t .  
hl = 4.76 f t .  S = .045 d = .50 f t .  

N = 9 f t .  h10 = 4.382 f t .  'max - 4.06 f t / s e c .  
n = 1 0  a t  f ishway g a t e .  

Hf = 4.34 f t .  + = 45O 

H = 4.00 f t .  
t 

D = 2.12 f t .  

F i g u r e  41. ~ i n a l  d e s i g n  f o r  ~ x a m p l e  2. 



A l t e r n a t e  Opening 

The Idaho F i s h  and Game Commission has  proposed des igning  a f i s h -  

way wi th  t h e  f i r s t  upstream s l o t  cons t ruc ted  one fishway width (B) down- 

s tream from t h e  opening (Figure 39).  This  d i s t a n c e  would be  measured 

from t h e  i n s i d e  ( s i d e  a longs ide  t h e  main c u l v e r t )  edge of t h e  fishway. 

It was hypothesized t h a t  t h i s  would be an adequate des ign .  The depth 

of  water  upstream o f  t h e  f i r s t  opening would be assumed equal  t o  t h e  

headwater depth a t  t h e  wingwall. The remainder of  t h e  flume would b e  

analyzed according t o  t h e  method and procedure o u t l i n e d  by Dass (1970) 

i n  h i s  s tudy o f  f ishways.  



CHAPTER V I I  

CONCLUSIONS 

A s tudy of  t h e  h a b i t s  and requirements of f i s h  and of  d i f f i c u l t i e s  

encountered i n  provid ing  s a t i s f a c t o r y  f i s h  passage through c u l v e r t s  l e d  

t o  t h e  development of  a  v e r t i c a l  s l o t  o r i f i c e  s t r u c t u r e .  Skewed s l o t  

o r i f i c e s  f o r  fishway e x i t s  were examined and hydrau l i c  des ign  c r i t e r i o n  

were developed f o r  hydraul ic  a n a l y s i s .  This  w i l l  a l low t h e  des igne r  t o  

i n s t a l l  t h e  fishway e x i t  i n  t h e  r e t a i n i n g  wal l  of t h e  c u l v e r t .  Design 

c r i t e r i a w r e  developed by us ing  t h e  concept of  hydrau l i c  laws and des ign  

a i d s  developed by model s t u d i e s .  A procedure t o  des ign  a  s l o t  o r i f i c e  

fishway was d iscussed .  I t  i s  expected t h a t  t h i s  fishway w i l l  f unc t ion  

s a t i s f a c t o r i l y  wi th  no l o s s  o f  hydraul ic  e f f i c i e n c y  i n  t h e  main c u l v e r t .  

I n  a d d i t i o n  t h e  fishway should be se l f -c leaning .  

Important f a c t o r s  i n  t h i s  a n a l y s i s  a r e  summarized i n  t h e  fol lowing 

d i scuss ion .  These p o i n t s  were observed i n  t h i s  s tudy:  

1. Flow through a  skewed s l o t  o r i f i c e  i s  a  func t ion  o f  skew ang le ,  

c o n t r a c t i o n  r a t i o  and t h e  r e l a t l v e  depth of  headwater t o  t a i l w a t e r  on 

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

2.  Slope and l a t e r a l  placement of t h e  fishway d i d  n o t  a f f e c t  t h e  

r a t i n g  curve f o r  t h e  skewed s l o t  o r i f i c e .  

3. Considerable turbulence was noted i n  a l l  t h e  obse rva t ions ,  i n -  

c luding  t h e  75O runs.  

4. F i sh  sweepback through t h e  main c u l v e r t  b a r r e l  w i l l  probably 

occur  f o r  t h e  30° skew o r i f i c e  when t h e  en t rance  i s  p laced  ad jacen t  t o  

t h e  c u l v e r t  b a r r e l .  
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5. For all angles and contraction ratios examined in this ex- 

periment, the curve seems to approach a Froude number and discharge of 

zero as the ~ / h  ratio approaches unity. More measurements for H/h ratios 

between 1.00 and 1.10 could have been made, specifically' for H/h< 1.05. 

6. Considerable turbulence and vortices were observed in the 

30° skewed slot runs, and therefore the use of a 30° skewed slot entrance 

is not recommended for fishways. The skew angle should range from 45O 

to 75O. 

7. Rate of flow was observed to increase with decreasing contrac- 

tion ratio. 

8. In any design of the fishway, considerations must be given to 

initial selection of the following variables: slope, fishway spacing, 

number of slots, headwater depth above skewed orifice, tailwater depth 

below entrance gate, and contraction ratio. The throat velocity through 

the fishway entrance slots, both normal and skewed, must be less than 

the fish performance capacity. In addition the ratio of the headwater 

to tailwater about the fishway entrance gate,' or H /H as discussed 
f t' 

in Dass(1970) should be checked to insure that velocity through the 

orifice does not exceed the specified design velocity. 



CHAPTER VIII 

RECOMMENDATIONS 

Because of limited time and resources available, many aspects of 

this investigation were not completely covered, Some of these are listed 

below. 

1. Additional data for the curve of F vs. H/h for low values of 

H/h would be helpful. Most prototype design problems for skewed slot 

orifices will require using ~ / h  values of 1.01 to 1.10. The lowest value 

obtained for H/'h was about 1.05. It was necessary in this study to extra- 

polate the curve to ~ / h  = 1.0 using a theoretical curve shape. 

2. This study did not include measurement of turbulence in the 

water flow. It appears obvious from the illustrations herein (Figures 37a, 

37b) that significant turbulence existed. A check should be made on the 

intensity of turbulence inside the fishway. 

3. An approximate check on the maximum velocity was obtained in 

this study. However, a study to determine the maximum velocity inside 

the fishway is recommended. 

4. It appears that the results of this study apply for a wide 

range of head variation. This range of the slot contraction ratio and 

channel slope should be expanded to provide more flexibility in design. 

5. Full scale prototype structures of the fishway should be 

constructed in the field and evaluated by both engineers and fishery 

biologists. What appears to be a good solution in the laboratory is not 

always satisfactory in the field, particularly when biological activity 

is concerned. 
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NOTATION 

cross sectional area of flow 

ft. normal width of fishway 

normal width of slot orifice ft. 

coefficient of discharge dimensionless 

skewed width of fishway ft. 

skewed width of slot orifice ft. 

eccentricity of slot orifice; x /x 1 2  
dimensionless 

Froude number; v/G or ~ / l j b ~ ~ ~ / ~ )  

force 

dimensionless 

lb. 

acceleration due to gravity; 32.2 

depth of flow above skewed slot orifice, measured 
perpendicular from channel bottom ft. 

depth of flow below skewed slot orifice, measured 
perpendicular from channel bottom ft. 

ft. depth of flow below tailgate 

coefficient dimensionless 

ft. length of fishway or culvert 

contraction ratio dimensionless 

ft. spacing between slots in fishway 

number of slots dimensionless 

hydrostatic pressure 

ratio of headwater to tailwater at skewed slot 
orifice; H/h dimensionless 

Q volume rate of flow; total discharge at channel 
cross section 

3 
ft /sec; gal/min 

dimensionless S slope of channel 



ve loc i ty  of flow 

weight of water between a r b i t r a r y  sect ions  

length of sho r t e r  cons t r i c t ion  

length of longer cons t r i c t ion  

v e r t i c a l  depth of water f o r  any locat ion i n  channel 

upstream reference po in t  above datum 

downstream reference po in t  above datum 

spec i f i c  weight of water; 62.4 

angle of channel with respect  t o  hor izonta l  datum 

densi ty  o r  mass pe r  u n i t  volume of water; y/g; 1.935 

angle of skewness measured with respect  t o  ax i s  
of flow 

change i n ;  d i f fe rence  

Subscripts  

c c r i t i c a l  

d drag force  

f f i n a l ;  above t a i l g a t e  

f r  f r i c t i o n a l  o r  drag fo rce  

o r  o r i f i c e  

s l  s l o t  

t ta i lwa te r ;  downstream 

7 2 

f t / sec  

l b .  

f t .  

f t .  

f t .  

f t .  

f t .  

lb/ft3 

dimensionless 

s lug  ( l b  secL) - .  
f t  

3 ' 
f t  

4 

dimensionless 

depends on term 
of parameter 

up upstream 



DEFINITIONS 

Approach Sec t ion  - This  i s . t h e  s e c t i o n  which marks t h e  beginning of flow 
a c c e l e r a t i o n  approaching t h e  o r i f i c e  c o n s t r i c t i o n ;  it marks t h e  boundary 
of  t h e  c u l v e r t ' s  i n f luence  zone. 

Cont rac t ion  Ra t io  - This  i s  t h e  r a t i o  o f  t h e  obs t ruc ted  width of o r i f i c e s  
i n  a  channel s e c t i o n  t o  t h e  t o t a l  width of  t h e  channel.  This  width can 

. b e  normal o r  skewed wi th  r e s p e c t  t o  d i r e c t i o n  of  flow. I n  equat ion  form: 
B-b m = -  D-d 
B 

o r m = -  
D . 

Contro l  Surface  - Boundary of  a  c o n t r o l  volume; it i s  considered t o  be  
a  f i x e d  region  i n  t h e  channel considered and i s  used i n  t h e  a n a l y s i s  o f  
s i t u a t i o n s  where flow occurs  i n  and o u t  of t h i s  reg ion .  It i s  normal t o  
t h e  d i r e c t i o n  of  flow. 

C r i t i c a l  Flow - The term used t o  d e s c r i b e  open channel flow when c e r t a i n  
r e l a t i o n s h i p s  e x i s t  between s p e c i f i c  energy and d i scha rge  and between 
s p e c i f i c  energy and depth. The proude Number i s  u n i t y .  

Cu lve r t  Ba r re l  - The main s e c t i o n  o f  t h e  fishway model, where most of  t h e  
water  flows downstream. The flow i n  t h i s  s e c t i o n  i s  s u p e r c r i t i c a l .  F i sh  
do no t  use  t h e  c u l v e r t  b a r r e l  f o r  t h e i r  upstream migra t ion ,  i n s t e a d  they 
use  t h e  ad jo in ing  fishway channel.  

Fishway E x i t  - The l o c a t i o n  of t h e  skewed o r i f i c e s  ( i n  t h i s  t h e s i s )  which 
marks t h e  upstream opening of  t h e  f i s h  channel.  

Froude Number - A dimensionless  parameter t h a t  i n d i c a t e s  whether flow i n  
open channel i s  s u b c r i t i c a l  (F < I), c r i t i c a l  (F = l ) ,  o r  s u p e r c r i t i c a l  
(F > 1). I t  is  a  r a t i o  o f  i n e r t i a l  f o r c e s  t o  g r a v i t y  fo rces .  I n  equat ion 
form, F = v/G. 

Headwater - Water flow i n  an  open channel immediately above o r  upstream 
of  an  o r i f i c e ,  c u l v e r t ,  sp i l lway,  o r  o t h e r  i n l e t .  

Headwater depth  - e l e v a t i o n  of  headwater,  measured from t h e  channel 
bottom t o  t h e  water  su r face .  

Hydraulic E f f i c i ency  - The r a t i o  of depth of  flow i n  a  c u l v e r t  ope ra t ing  
without  b a f f l e s  d iv ided  by t h e  depth of flow f o r  t h e  same d ischarge  and 
c u l v e r t  b a r r e l  dimensions wi th  b a f f l e s  i n  p l ace .  

Inf luence  Zone - Region of  flow i n  t h e  v i c i n i t y  of  o r  w i th in  a  c u l v e r t .  
The n a t u r a l  flow regime of t h e  channel i s  a l t e r e d ,  and t h e  flow depth 
and v e l o c i t y  a redependent  upon t h e  d iameter ,  s lope  and l eng th  of  t h e  
c u l v e r t .  

I n v e r t  - I n  a  c u l v e r t ,  t h i s  i s  t h e  lowest p o i n t  of  i t s  c ross - sec t iona l  
a rea .  For a  r ec t angu la r  c u l v e r t ,  it would be  t h e  e n t i r e  bottom s u r f a c e  
of i t s  c r o s s  s e c t i o n .  



Open Channel - A condu i t  o r  conveyance device i n  which water  f lows wi th  
a f r e e  s u r f a c e ,  o r  exposed t o  t h e  atmosphere. Th i s  d e f i n i t i o n  a l s o  a p p l i e s  
to culverts which flow p a r t l y  f u l l .  

Ta i lwa te r  - Water flow i n  an  open channel  immediately below o r  downstream 
of an  o r i f i c e ,  c u l v e r t ,  sp i l lway ,  o r  o t h e r  o u t l e t .  

Ta i lwater  Depth - e l e v a t i o n  of  t a i l w a t e r ,  measured from t h e  channel  
bottom t o  t h e  water  s u r f a c e .  
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APPENDIX 



Water Velocity in Feet per second 



Percentage Slope, S. 

Figure A-2. Value of drag coefficient for interpolated 
rn values at a spacing of 6B (Dass, 1970) . 



Backwater ratio, H /H 
f t  
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1 1 1  1 1 1  I I 1 I I I I I 1 I  - - 
- - 
- - 
- - 
- - 
- - 

- - 
- - 

- - 

b - 

- - 
- - 
- - 

- 
- 

Q = 37.5 c f s  - 
C i r c u l a r  C u l v e r t  3  f t .  
Sc = .0069 - 
Yc = 1.98  f t .  
Vc = 7.52 f t / s e c  

- Sect ion  
- 

Box C u l v e r t  6 '  x 4 '  
Fac to r  - Sc = .0054 

Yc = 2.56 f t .  
- Vc = 9.06 f t / s e c .  - 

- - -  C i r c u l a r  C u l v e r t  
- 3  f t .  d i m .  - 

Box C u l v e r t  
6 '  x 4 '  

I 1 ! I l l  1 1 I I I I I i 1 1  

Veloc i ty ,  F t / sec .  

F igure  A-4. C r i t i c a l  Ve loc i ty  a s  a  f u n c t i o n  o f  s l o p e  f o r  
r e c t a n g u l a r  and c i r c u l a r  c u l v e r t s .  . . 



TABLE A - 1  

Sample obse rva t ion  d a t a .  @ = 30° 

Angle & P o s i t i o n  30° c e n t e r  Slope Cor rec t ion  (SL) -041 
Slope .025 Weir Cor rec t ion  (W.C.) .250 f t  = 3" 
Normal Width .270 f t  = 3%" H c o r r  = H ' re f .  + SL - W.C. 

.540 f t  = 64" 
t t 

Skewed Width 

i n  i n  i n  i n  i n  

i n .  
1 

H 
2 hl 

h2 H-ref. 

Ref. 2.01 1.99 2.00 2.00 
.61 7.34 7.40 5.26 5.40 5.37 
.68 
.76 
.84 
.61 7.34 7.40 5.91 5.93 5.37 
.68 
.76 
.84 

h-ref  . 
Ht 

f t  f t  

H - r e f .  H c o r r  
t t 



TABLE A-2 

Sample observation data. 4 = 30° 

Angle & Position 30° center Slope Correction (SL) .041 
Slope 2'2% = .025 Weir Correctiqn (W.C.) .250 ft = 3" 
Normal Width .270 ft = 3+" H corr = H - ref. + SL - W.C. 
Skewed Width -540 ft = 6%" t t 

f t f t ft gpm cfs 

m H h I /  H 3/2 H corr Q Q F d / ~  
t 



TABLE A-3 

Sample o b s e r v a t i o n  d a t a .  4 = 45O 

Angle & P o s i t i o n  45O c e n t e r  S lope  C o r r e c t i o n  (SL) .041 
S lope  .025 Weir C o r r e c t i o n  (W.C.) -250 f t  = 3" 
Normal Width .375 f t  = 4%" H c o r r  = H - r e f .  + SL - W.C. 
Skewed Width .530 f t  = 6 3/8" 

t t 

in. H 
1 

Ref .  2.00 
.61 7.57 
.68 
.76 
- 8 4  
.61 7.57 
.68 
- 7 6  
-84 

H2 hl 
h2 H-ref. h - r e f .  Ht 

2.00 2.04 2.02 0.749 
7.59 5.52 5.52 5.58 3.28 1.308 

1 .285 
1 . 2 6 1  
1 .250 

7.59 5 .98 5.94 5.58 3.93 1 .299  
1 .275 
1 .249 
1 .239  

H c o r r  
t 

-350  
-327 
.303 
.292 
.341  
.317 
.291 
- 2 8 1  
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TABLE A-4 

Sample observation data. @ = 45O 

Angle & Position 45O center Slope Correction (SL) -041 
Slope 2?1% = .025 Weir Correction (W.C.) .250 ft = 3" 
Normal Width -375 ft = 44" H corr = H -.ref. + SL - W.C. 

t t 
Skewed Width -530 ft = 6 3/8" 

ft ft ft gprn cfs 

rn H h ~ / h  H 3/2 H corr Q Q F d / ~  
t 



TABLE A-5 

Sample o b s e r v a t i o n  d a t a .  $ = 60° 

Angle & P o s i t i o n  60° c e n t e r  S l o p e  C o r r e c t i o n  (SL) .041 
S l o p e  .025 Weir C o r r e c t i o n  (W.C.) .250 f t  = 3" 
Normal Width - 4 6 0  f t  = 5%" H corr = H 2 r e f .  + SL - W.C. 
Skewed Width .530 f t  = 6 3/8" 

t t 

i n .  

Ref .  
. 61  
.68  
.76 
- 8 4  
.61  
.68  
.76 
.84 

h - r e f .  

f t .  

H c o r r  
t 



TABLE A-6 

Sample observation data. + = 60° 

Angle & Position 60° center Slope Correction (SL) -041 
Slope 2%% = .025 Weir Correction (W.C.) .250 it = 3" 
Normal Width -460 it = 5+" H corr = H - ref. + SL - W.C. 

.530 it = 6 3/8" 
t t 

Skewed Width 

it i t f t gpm cis 

m H h ~ / h  H 3/2 H corr Q Q F 0 
t 



TABLE A-7 

Sample o b s e r v a t i o n  d a t a .  4 = 75O 

Angle & P o s i t i o n  75O c e n t e r  Slope C o r r e c t i o n  (SL) .04.l 
S lope  .025 Weir C o r r e c t i o n  (W.C.) .250 f t  = 3" 
Normal Width .500 f t  = 6" H c o r r  = H r e f .  + SL - W.C. 

.530 f t  = 6 3/8" 
t t 

Skewed Width 

i n .  
1 2 hl 

h2 H-ref.  h - re f .  Ht  H - r e f  H c o r r  t t 

Ref.  2.02 2.02 2.00 2.00 0.749 
- 6 1  7 .63 7.65 5.23 5 .31 5.62 3.27 1.290 
.68 1 .266 
.76 1.240 
-84  1.222 
.61  7.63 7 .65 5.69 5.77 5.62 3.73 1 .273 
-68  1.253 
-76  1.226 
.84 1 .211  



TABLE A-8 

Sample observation data .  4 = 75O 

Angle & Posi t ion 750 center  Slope Correction (SL) -041 
Slope 232% = .025 Weir Correction (W.C.) -250 f t  = 3" 
Normal Width .500 f t  = 6" H cor r  = H - r e f .  + SL - W.C. 
Skewed Width -530 f t  = 6 3/8" 

t t 

f t  f t  f t  gpm c f s  

m H h ~ / h  H 3/2 H co r r  Q Q F d / ~  
t 



TABLE A-9 

Skewed s l o t  open ing  w id th s  

dl ft .  . I 8 5  -151  . I 13  -097 

d in .  2.22 
1 1.82 1 .36 1 .16  

TABLE A-10 

S lope  c o r r e c t i o n s  

S lope  -015  .025 

Cor r .  .025 .041 

S lope  .035 -045  

Cor r .  -057 -074 




