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\ Abstract

TCiiNiZESiS presents the results of an experimental sStudy on

@

the hydraulics: of vertical slot fishways. 'Seven designs,

Y . [y A

.including some conventional desigms, have been tested. A

conceptual uniform flow state has been defined for\which a

“linear relation has been found between the dimensionless

. i . ,
flow rate and relative depth. Non-uniform flow, of both the

M1 and M3 types has been analysed using the Bakhmeteff-Chow

methqd.,Somé observations have also been made on the

velocity profiles in‘tﬁé.sldts and circulation patferns in
the pools. Energy dissipation ra;és énd discharée
coefficients haye’ﬁ@en calculated for a variet§ of flow
-sLthpions. |
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1. Introduction

1.1 General

Fish protection is a concern” for the commercial and\
sports fishing industries as well,a§ for environmental ’
protection groups. Fish populations may be reduced if
barriers, such as dams, block their migrétioﬁ routes,
especially for.spawhing; The law requires that\s&be means be
availéble for f{sh to bypass these barriers. Fish
- populations may Sﬁso be %xpanded if fish were able to bypass
waterfélls and rapids thé?45?35i85§l¢‘blockgdvtheir upstream
passage. Fishways are hydraulic structbres that provide a |
means for fish‘to overcome these obstacles.

Fishways are stegp,yaterways that enable fish to-gain
elevatlon rap1dk§ over a short d1stance wlthout encounterxng
proh1b1t1vely hlgh velocities. Bifause they are physically
steep, Kﬁ;hways must dlss1pate energy efficiently to limit
veloc1tfes. Many structures have been devised to dissipate
this energy but thrge ﬂypes are most prevalent:"the pool and-
weir, the Dehﬁl, and tﬁe-vertical slot.

The vert;cal‘sloﬁ“fishway has advantages over other
types of flshways. It requ1res no manual regulation of flow
wherfe head and talfwate% variations are comparable and
_maintains a constant flow pattern over a wide range of .
operatlng depths (Clay 1961 Bell 1973). 'Also, fish may swim

§ -

at any prefered depth and conﬂ1t10ns for resting are

satlsfactory (Clay 1961). One ‘possible d:sadvantage is that
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some fish prefer to swim at a constant velocity rather than

darting and resting as they would do in the vertical slot

fishway.

,/':

1.2 fish Behavior .
In the design of fishways, physiological data on the
. swimming capabilities and behavior of a fish species are-
used to set the Qater‘velocity and dimensions for a fishway.
Swimming speed varies with size of fish, water temperature,
oxygen level, and maﬁy other pafameters. The time for which
fhe effort is main;;ined is also a major factor. Swimming
speed is gene;ally divided into three categories: burst,
prolonged, and sustained (Blake 1983). The fastest speed a
figﬁ can swim is called the burst or darting speed; it can
be&Qaihtained only for peribds less than 15 seconds
(Kat;Bb§i§-1983). Thé fish is fueled by gpaerobic processes‘
and tires.quickly. Sustained speed, or cruising speed, is a
low level of aétivity used when schoolﬁng or migrating. This
activity is fueled aerobically; the fish can maintain it
indefinitély.‘Any intermediate acfivity, between 15 seﬁonds
énd 200 m?nutes invdﬁfation, is defined as prolonged speed.
| Swimming speedé‘are'pf major importance but other
behavioral aspects of fish species mpust also be ¢onsid4réa)
Fish_are able to sense.areas of low velocities and therefore
may take the'easiest path (Bell 1973). This makgs knowled;e
of the velocity field in the pools more important than

knowledge of the average velocity in the fishway. Also, when

-
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fish swim from a pool or resting area through an area of

high velocity into ano;her pool, they should be required to
make as little change in direction as possible (Decker

1967) . This helps to prevent the fish from hesitating or
refusihg to enter an area. The fishway desién should allow
fiéh to navigate the channel without undue delay or fatigue.

Attracting fish to the fishway is also importantj There
sypuld be enough flow from the fishway for the fish to
distinguish the entjyance from the main flow. Fish are
attracted to highe velocity flows coming out of the fishway
entrance. These velocities should be less than the burst
speed of the species but may be greater than the sustained
speed (Bell 19%;5. Considerable care sho%ld be taken in
placing the fishway entrance @here the fish naturally '
congtegate. In many instances, poof placement and design Qf,
. an entrance limits the effectiveness of a fishway..

" Fishways freQuehtly do not perform as expected. An
existing design that is considered to successfully pass one
species of fish ﬁay not be suitable for another ipegges.
Vertical slot fishdays have been built succéésfplly for
Pacific Salmon*but'now they are being used to pass fresh
water fish as well, with varying degrees of succgés; A more
co@plete.underStahding of the bydrauiics of these-fishways{A
.15 needed, as well as a knowlédgg of the differences in |
behavior of different fish épecies'so'that_they ﬁay be o

‘designed properiy for any éonditions.
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_“\.£1shways were de51gned u51ng the principle of the vertical

1.3 History of Vertical Slot Fishuays

A fishway resembling a vertical slot fishway was built
in Norway by Landmark in the late 1800's (Mcleod aﬁd Nemenyi
1940). He improved on the traditional pool fishway by
placing angled baffles in the channel with elots aloné one
wall. A jet deflector was put along the wall to direct the
jet away frum the wall.

The earliest true vertical slot fishway was built at
Hell s Gate on the Fraser River in British Columbla in 1946

(C.E. A 1985). It conszsted of a rectangular channel, 6.1 m

wide, with vertical baffles dividing the channel into 5.5 m

pools>(Fig. 1(a)). The slope of this fishway was 0.305 m (1
ft.) vertical in 5.49 m (18 ft.) horizontal (Andrews). In
the original design, two slots, 0.737 m wide, extended the
full height of the baffles. Water flowed from one pool €B
the next forming jets as it passed through the slots. The
energy in the jets was dissipated as they met in thg center
of the pool.lExtensive‘testing was done at the Univers¥ty of
Washington in~Seattle to select the baffle shape and slot
size which produced the pooi with the least turbulence (Clay:

1961) .Because of the success of this 1nstallat10n other’

“slot. ' L o -

A
The or1g1na1 flshway at Hell's Gate was de51gned to

pass a large number of f1sh Smaller, more econom1cal

'f1shways were neeé%d at other sites. The or1glnal baffle

design was cut -in half, leaving only one slot. ‘As well, the
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slo%?size was reduced to 0.305 m and the pool length
rdpproximately halved (Fig. 1(b)). Clay (1961) states that an
2.44 m (8 ft.) by 3.05 m (10 ft.) pool is the léést

turbulent and most satisfactory for the 0.305 & slot; while,

'a’pool 1.83 m (6 ft.) by 2.44 m (8 ft.) has pro‘éed'barﬁﬁly

satisfactory. Sills were added to the bottoms of the slots

ﬁand the slot angles adjusted to force the "jet into the

resting&pool where the jet energy coula‘bg dfésipgfed by
turbulent mixing before ét reached the next ;iat. The héad
drop perfpéol was typically 0.30 m. and the slope Qas 0.305
m (1 fﬁ.) in 3.05 m (10 ft.). |

- Vertical slot fishways have been used allsééervNorth
Ametica, but mostly on the east and west coasts. In Atlantic
Canada, there are 40 vertical slot fishways in operation.
There are 60 fishwéfs operating in British Columbia at
‘present, 39 are of the vertical slot variet} (C.E.A. 1985);
This gives some indication of the success these fishways

have had in passing Pacific Salmon. In Alberta, a vertical

slot fishway at Carsland Dam on the Bow Rivér'has been used

)
to pagg Rocky Mountain Whiteiféh successfully. Ahqther

vertical slot fishway on the Bow River in Calgary blbcked
fish passage because ofAeXCessive veldciﬁy'in~qﬁe slot. This‘
slot had a control gaté'installed that reduced the slot
width. If this modification were removed the fishway would
likéiy pass fiéh“%uccessfullf (Katbpodig {585). Temporary
fishways have been installed near Lesser Sla#e Lake and near .
Lake Afhabaécé; Studies are 'in progress to evaluate'thé’

N

-



performance of these installations. Y

Most vertical slot fishﬁays have' been generally
pattérned after either the full or one-half width Hell's
Gate fishway with its detailed béffle configuration. If the
baffle design was diffefeﬁt'than this, the details were
generally finalized based on hydraulic mbdelvstudies (C.E.A.
1985). The fishway is designed with a certain difference in
water level between two adjacent pools. The magnitude of
this head drop depends on the species of fish which would
ascend the fishway, using its burst speed to get through the
slot. Tﬂ:‘influence of the tailwater level on the variation
of head drops through the fishay is n;t well understood. As
well, the present understanding of the behavior of the jet
in the pools apbears to be incomplete. This investigation

was undertaken to gain insight into the hydraulics of the

conventional vertical slot fishway and also to develop

simplerwdesigns~ﬁpf—iis/bafffg;ﬁgn the fishway.
‘ - {

}

/)
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baffles were set verticai when the bed of the flume was set‘

R N

2. Experimental Arrangement‘

2.1 1:5.33 Scale Model

4

Designs -1-3 (these desighs are described later) were .

»

installed in a flume 0.46 m (18 in.) wide, 0.91 m (3 ft.)

deép, and 5 m (16 ft.) long. Tge baffles and floor of the
fishway were cpnstructed of wood while the walls were of 12
mm plex;glass: Water was supplied to this horizontal flume
from a sﬁ@p, 1ogated at the downstream end of the flume, by

means of a pump(lloéated in the pipeline leading from the

sump, to the head tank located at the upstréam end of the

flume. Fig. 2 shows a sectional view of this. flume with the -

\

Design 1 baffle afrangemnt installed. At the downstream end

-

of this flume, an adjustable tailgate was ihstalled which

was used to control the depth of flow in thg.ilume.

2.2 1:8 Scale Model

DesiQns‘3-6 were installed in a flume 0.305 m (12 in.)

wide, 0.560 m (22 in.) deep, and 4.88 m (16 ft.)vlong. This
[ .

flume had 12 mm pléxigléss walls and an aluminum floor. The
, .

"

at-a 10% slope. The flume was set on blocks at the desired

'sldpe. Water was pumped from a sump to the head ‘tank, which
- was separated from the fishway yi?h a hogs-hair baffle. An

~adjustable tailgate, located at a distance of 0.96 m

downstream frop the last baiflé[ controlled the tailwatér.

'g'leégl at the dbwnstream‘éﬁd4of the flume.

7
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2.3 1:16 Scale Mode]l

Designs 3 and 7 were installed in a flume 0.152 m (6
in.) wide, 0.545 m (21.5 in.) deep, and 4.88 m (16 ft.)
long. This flume had 12 mm pbexigléss walls and floor. The

water for this flume was supplied by the same system as

described for-the 12 in. wide flume. The adjustable tailgate

. : Pzl
was 0.67 m downstream from the last baffle. A 0.038 m (1.
in.) diameter hole in the bottom of the flume just upstream
of the tailgate was fitted with a valve for more accurate

control of the tailwater.

2.4 Baffle Geometry
Design.I was a standard,baffle geometry for vertical
slot fishways, similar to the baffles used in the Hell's
Gate fishways (Fig. 3). In terms of prototype.dimensions,
the pool size was choeen as 3.05 m (10 ft.) in length and
2.44 m (8 ft.).in width. The width of the slotlﬁas taken as

0.305 m (1 ft.). These dimensions were used in all the
L

‘beffle designs. More details of this design are shown;iﬁ

Fig. 3. The baffles were made of wood except for a thin

section extending from one wall to the baffle head near. the
slot. This thin section was made of alumlnum sheeting. All
tests on Des;gn ! were performed in the 1:5.33 model. The

B
<

mpdel‘had;fibe sets of baffles making four‘pools.}

Design 2 was a modifioetion of Design~1"The baffles \

were left the same but a sill of height 0. 15 m (6 in.) and

w1dth 0 15 m (6 in. ) prototype ‘was placed across the bottom

.

N
v
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of each slot.
The baffles used in Design 3 were simple flat plates
extending across the flume, leaving a 0.305 m (1 ft.) slot

against the wall. The slots were staggered as can be seen in

~

Fig. 4. The prototype dimensions of the pools were the same
as for Design 1. Design 3 was tested ip all three scale
models. On the 1:5,33 scale model‘ the baffles were made
from 19 mm (3/4 in.) plywood; whlle in the other two models
6 mm (1/4 in.) aluminum was used. The 1:5.33 scale model had
four pools; the 1:8 had 9 pools; and the 1.16vhad'both 1Q

peols and 18 pools.

£

The baffles used 1n De51gn 3 were used in Des1gn 4 as
well. The slots in De51gn 4 were alllalong the same wall

rather than on alternatzngxs;des. Design' 5 was a «

modification of Design.4. An auxiliary baffle, pfojectihg;

0.305 m (prototype) iht@ the flow, was placed 0.305 m: P,
: Q';u‘, ' 1

downstream of each slot. ‘Design 6 was 1dent1cal to Des;gn §

)

except forﬁghe length of the auxiliary baffle. The aUX111ar¢>

iﬁbaffle prOJected 0.152 m into the flow -in thi’s. des1gn. ThlS»-

8
auxiliary baffle was made from 38 mm (1.5 in.) alumlnum_nj '

-

‘afigle. The slot in Design-7 was along the centerline of the

flume rather than along a wall. These designs can be seen in

Fig. 4.
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2.5 Instrumentation : -
The depth of flow in the 1:5.33 scale model was ]
measured with a point gauge of least count of 0.3 mm (0.001

ft.). In the wo flumes, a thin metal ruler with a @®

least count of 0.25 mm {0.01 in.) was inserted into the

flow. The velocity profiles in the slots were measured with

a 2 mm external diamefe Prandtl-type pitot-static tube. In
regions where the vel city appedgred to be three dimensional,
a calibrated le probe, of external diameter of 3 mm,
was used. In %the ;ecirculation areas of the pool, some
velocity méasureméhts were made using a mini-current meter
with 2 10 mm diameter impeller. The circulation patterns in
the pools were obtained by using a tuft-probe which was a 3
mm diaméter rod with a 30 mm woolen thread tied to its lower
end. The flow rate was measured by means of a magnetié flow

meter located in the supply line of each of the three

models. - o .



3. Experiments and Experimental Results

3.1 Uniform Flow Experiments

Even though fishways are not of uniform cross-section,
they do exhibit uniform flow characteristics. Fig, 5 shows -
the side_view of an experiment, gor Design 3 in the 1:16
model, gone with the tailwater depth set -in such a way that
all the pools‘ére of equal depth. If thé‘average deptﬁ per
podl is plotted against horizontal distance, the line
passing through the points would be parallel to the bed of
“the fishway. Such a flow can be refered to as uniform flow
in a vert?cal slot fish;;y.

Uniform flow experiments were performed on all seven
designs for a number of slopes énd discharges; the
significant details of these experiments are given in Table
1..The aQerage pool depth, for uniform flow conditions, is
denojed by Yoo This average pool dep;h‘was obtained by
megsuring the pool depth in the quiescent area behind ﬁhe

ma i baff}e and converting this to center of pool depth. In

N - : L
- Table 1, &l1 the quantities have been converted to prototype

vt .
R o -
. e
. @

o he . oo P .
values using the Froudian similitude .criterion:

_ 2.5 : S | |
Q, ) (L )" B : S A

where Q  is the ratio of protbtype‘diécharge to model

i
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discharge and L. is the ratio of the prototype length to the
model length (the scale size). TheQReynold's number R, was
checked in the 1:16 scale model to ensure that turbulent
flow existed in the model as it would in‘the prototype.
Putting the values of the slot velocity in the model,
um=0.61 m/s, the slot width, bo=0.019 m, and the‘kinematic
viscousity of water at ZOOC,’v=1m006x10—6m2/s into the’

Reynold's number formula:

-
nPo _ 0.61m/s-0.019m |
R, = 5 — = — <35 = 11,521 S (2)
.1.006x10 “m“/s L ‘

<

This value is greater than the Re=5000 or more needed to
produce turbulent flow, therefore turbulent flow would exist

in the model.

3.2 Non-uniform Flow Experiments

1)

Fig. 6 shows the side view of a non-uniform fiow.
experiment .for Design 3. These non- unlform flow experlments
.were performed in the 1:16 model on Design 3. Varlous |
discharges and tailwater Ievels were(tested for two slopes,
'10% and 15. 2%, and the results are given in Table 2. Care.
'was taken to 1nsure that un1form flow existed in'the
upstream end of - the flshway so that the full prof11es‘yere
ufobtalned Fig. 7 shows the non- unlform flow proflles |

obta1ned by plottlng average pool depth aga1nst horlzontal

1stan¢e. These show typ1cal_M1 and Mz‘type backwater curves-

Ca
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(as well as approximate uniform flo; profiles). Fig. 8 shows
the variation in head drop across the baffles for these eame
experiments. When the depth_increased in the downstream
direction, Ah decreased, and when the depth decreased in the,
downstngam direction, Ah increased. - |
3.3 Submergence Experiments

If the tailwater level 1is relat}vely low, the last
downstream slot, called the fishway entrance;gwill act as
some fogp of flow control. In orderyto find the relationship.
between the tallwater level, Ygr and the depth in the next
upstream pool, Y,» @ few experiments were per&gcyed with
Designs 1 and é. The results are given in Table-3. In Figqg.
9} Yq and y, are the flowldepths in the. tailwater regionvand
in the adjacent pool, above a datum pas$ing through the bed
in the center of the connecting slot. The figure shows that
below a certain value of'yd,_yu was invariant;-above tnis

<

vvalue of yd, y, vas affected.
“3.4 Veloc1ty Profxles in the Slots

_ Veloc1ty proflles in the centerllne of the slots vere .
"obtalned for various dlscharges and tailwater levels in.
De51gns 1-3. The prof1les can be divided into two zones,>as'
can be seen in Fig. 10, 11; and 12. In the lower‘zone,gthe
~'veloc1ty distribution is uniform; 1n the upper zone, ﬁbnec-
the lower pool level the veloc1ty decreases towards the

surface. The magnltude of the head drop, Ah, across the
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:glg cohpareé to the depth in théhslot determines. the

, i ] .
,iveusize Qfleach zdne; In slot 57 thes last slot,bthE'
ld%er uniform Zone is non- exlstent when there ?s very low.
taniyater. ;;15 results in a profile with tne ma x imum

h;,

velp®ity near the bottom (Flg 100r)), Iike a wall jet.
. . ] -
A fewktransvggse.profiles were measured, one for Design

1 and éﬁe fd; Design 3 . {Fig. 13). Both profiles show a

reglon ‘of slowér vel?c1ty near the edge of the main baffle.

] o
v

3.5 Circulation in Pools .

b P

To 'gét some appreciation of the waterssurface
. . . 3

‘confiquration in'Design 1, the water surface elevations in’

XS

the 'pools were measured for one experiment with a.pfototype
discharge ka1.67’m3/s and a very low tailwater level. The |
results are presented in Fig. 14 and 15. Fig. 14 shows the

longitudinal water surface profiles in two planes, one

" passing-through the slots and the other further. ‘ipto the

_ , ¢
pools (away from the slot). Fig. 15(a-d) showahe local dips

»

and high points in the pools while Fid. g5(e) shows the
deformafpion of the jet as it falls to6 the floor of the
channel due tO-the_very low tailwater level.

Thg_circulation»patterns, obtained from the tuft probe -

and flow visualization experiments with dye, are shown in -

-

F1g 16 fofAthé séme dischargé and»tailwater level as for
the surface contour measurements. The figures show the

c1rculat10n 1n three horlzonta; planes, one near the.

"surfacegﬁone near the m1d depth, and one near the bed The

1 %
! -

s
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coherent jet, recirculation cells, and regions of upwelling
an sinpking can be seen clearly. Fig. 17 shows the flow in
th;ee_vertical planes located at different distances from
the side wall. These diagrams eﬁphasize the complicated

- three dimensional nature of the turbﬁlent flow in the pooys.

To obtain some appreciation of the velocity field iqi

the pools; the yélocity field in the second pool was mapped,{
using a five-hole probe, Prandtl probe and mini-current

meter, for the same éxperiment as for the surface profiles
and circu}ation patterns. Fig. 18 shows the coord;nate

system uséd, while Figs. 19(a-d) show the velocity contours
at four cross-sections located at 0.49 m, 0.76 m, 1.30 m and
1.84 m downstream of‘the-slot. In these four figufes, one ’
can see the gradual w&dening of the jet from the slot. Fig.
20 'shows the three velocity combonents at one location as
‘measured with the five-hole probe. The velocity is primarily
in the-longitudinal direction. Figure 21 shows the path, in
plan view, of the maximum velocity filament of the jet.

The addition of the 0.15 m sills to Design 1 changed
the circulation pattérn sli;htly. The jet ahgle changed; it
was directed more to the opposite corner of the pool as
shown in }ig. 221 This caused the eddies on either side of
the jet to be of ﬁore or less equal size. _ &\

" The baffle geometry sf Design 3 caused the jet to s%ay
along the wall (Fig. 22). Whén the jet hit theinexé’baffle,
“it was forced to turn and flow across the pool. The

direction of the jet changed abruptly again at the next
‘.0 . v
[~
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.slot. The jet split against the side wall, just upstream of
the slot opening, with one part goind through the slot and
the other recirculating in the pool. This éet up an eddy
that was centered neaf the center of the pool.

Since all the slots were against-one wall in Design 4,

_the jet sta?ed along that wall (Fig. 22). This set up a
large eddy in .the pool which rotated about thg center of the
pool. The water surface roée just,upstream of each slot as
the jet was obstructed by the baffle constriction. The flow
appeéred more turbulent in this model than in others.

The auxiliary baffle installed in Design 5 caused the
jet to be deflected along the back side of the main baffle
(Fig. 22). The circulation in this aesign was similar to
that of Design 3 except the jet traveled along three walls
instead of two.

In Design 6, a shorter auxiliary baffle was used. This
baffle configuration had different flow patterns for
different flow rates (Fig. 22). With the low flow rate, the
flow pattern was similar to that of Design 1; the jet
-reattached to the side wall tﬁree-duarters of the distance
to the next baffle. With higher flow rétes,athe jet
penétrated much'deeper into the pool before being'deflectpd

.‘back to the next ‘slot 6pening. At a flow rate of 0.90 m3/s
‘énd a 5.7% slope, the flow w;é obg&:vedto change from the
lower flow rate pattern to the higher flow rate pattern.

This was accompanied by an increase in uniform flow de?th.k
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The jet did not stay along the center line of the flume
in Design 7. On the surface, the jet appeared to swing over
to one side wall before going through the next slot. It
would then go to the opposite wall in the next pool. An éddy
formed in the opposite sidg of thé pool from the jef. Near
the bottom, the jet behavior was completely opposite. If the
jet swung to one side on the surface, it would swing to the
opposite wall near the bottom (Fig. 22). This change took

place near the midpoiht in depth.



4. Analysis

4.1 Uniform Flow

Uniform flow in the vertical slot was pfeviously

defined as the condition when all or most of pools were

of the same depth. For such an idealized uﬁif ®iow, a
simple approximate analysis can be developed;:ﬁainly to find
a functional form involving the flow rate Q, with the hope
of developing a rating curve fér the vértical slot fishway.

With this in mind, an approximate force balance can be

written:

b,y AxYS = 7omyoAx ) (3)

where b_ is taken approximately as the width of the stream
. :

in the pool, Yo is the depth in the pool, y is the unit

~weight of water, Ax is the length of the element, 7_ is the

o
shear stress between the stream and the-recircuiating water
mass; the bed shear stress on the stream is neglected in'
comparison with 70; m = 1 when the stream i; bounded on one
side by-a solid wall And'm = 2 when surrounded by fluid on

”boﬁh'sides. Obviously, thg slope So.will have to be adjusted
for each design because the sﬁream path will be differént.

The shear stress T, can be written as:

<18 ’ ' Lo



where Cf is a fluid friction coefficient, V is a
charactleristic velocity, and p is the density of

Combining Eg. 1 and 2:

95,%

Ce

<
I
3N

This can be reduced further using:

©
"

vYObO

- where the Q is the discharge, to obtain:

-

—
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(4)

<

water.

(5)

(6)

(7)

where Q. is a dimensionless discharge arameter, If C. is a
, * . :

constant, then Q_ will be a linear function of yo/bo.

Experimental results on Design 3 are shown plotted with

Q, against y /b, for a number of scales and slopes in Fig.

23(a). Tangent slopes, rather than sine slopes, were used

for convenience in'thesg?Calculations. All the experimental

4
\-
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results were correlated by this simple analysis; a linear
relation appears to exist between Q  and yo/bO indfcatihg

that C. is approximately constant. This can be seen in Fig.

f
24, where values of Cf‘are plotted against yo/bo, especially:
“for y,/b, greater than about 5.

The equation:

v .
Q, = A(g2 + D | (8)

was fitted to the data using linear}regression to find the
slope of the line, A, and the intercept, D. Table 3 lists
these velues, as well as the correlatlon coeff1c1ents, for
the "various de51gns. As can be seen in Fig. 23{3) the
slopes of the lines describing Designs 1 and 2 are greeter_
than that for Design 3. ThlS means that these designs
require more discharge to obta1n a given depth of flow. The
line describing Design 4 has a much greater slope than any
of the others. The slope of the 11nes for Designs 5 and 7
are s1m11ar to that of Design 3. For Des1gn 6, for smaller
values of y, /b the‘experlmental results fall on”the line
descr1b1ng De51gn 1 whereaé for Yo /b‘ greatef thén ebout‘
‘10 they are close to the 11ne for De51gn 3, ihdicating a
Shlft in the path of the jet in the pool v |
The rat1ng curves must obv1ously pass- through the

orlgln becausg there can be no depth of flow w1thout

d;scharge. These best fzt curves,do not pass through»the

~
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origin but have negative y-intercepts eicept for Desigﬁ 4,
assuming tﬁat the curves are linear throughout. For yo/bo <
2, the linear rélationship breaks down because bed friction,
which was neglected in the derivation, becomes more
significant as the depth to width ratio decreases. This is
of no consequence; the fishway will not functiqn'properly at
these depths. The minimum functional depth in a fishway,
according to Decker (1967) and Clay (1961) is 0.6 m%lwhich
makes yo/bo = 2,

The baffle configuration of Design 7 was similar to
that of the standard Denil type\fishway studied by Katopodis
and Rajaratnam (1983) in that it haa a centerline slot. The
Denil fishway had a pool width to slot width ratio, B/b_ =

1.58 while Design 7 had a B/bo = B8.0. As well, the Denil had

a baffle spacing to slot width ratio of a/bo 0.72 while
Design 7 had a/b; = 10. These differences in geometry make
the rating curves drastically different fFig. 23(b)). The
Denil rating curve is exponential (Katopodis) while Design 7
has a lidéaf rating curve. A linear rating curve has the
advantage that lérge depths can be used without using
extremely largg,dischapges and slot belocities.

This'simple analysis has helped in developing a
,dimensionleSS'célibration‘of_rating curve for prédicting»tﬁé
aiséharge‘characteristics of the vertical slot fishway. éf
'the seven designs testeé, Desi§n§4 gave the the highest flow
‘rate‘fbr a given valué,qf Yo/bo with tﬁg‘sémecbed‘slobe
“while Désign 3 gave the lbwest. Ail‘the deéigns had»linear

i
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rating curves for uniform\flow conditions.
e
CS
4.5 Non-uniform Flow |
Often, the depth of flow through the fishway is not
uniform; it varies gradually. These gradually varied flow

profilés can -be analysed using the Bakhmeteff-Chow gradually

jed flow theory (Chow 1959). According to this theory,

he function:

Y
°G [n, N, M, 5] E , (9)

can be written, where ﬁ‘is the longitudinal distance along
the bed (from some origin), Yo 1s the normal (or uniform)
flow dépth, So is the bed slope, G is the Bakhmeteff-Chow
varied flow function, 7 = y/yo with y being the depth at any
x,‘N and M are respectively the hydraulic exponents for
uniform and c%itical flow, and Yo is the critical .depth.

The hydraulic expgpent for uniform flow, N, can be

defined as:

, |
QL oY . | .
3 _CYo | o (10)

o g

‘The hydraulié'equqgnt for critical flow, M, may be defined

as: o o v .
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O kO
1

o)

<
K4

(11)

For a rectangnggféhannel, such as a slot, Chow (1959)
states that M = 3 for all depths of flow, therefore it can

be"eliminated as a variable from the function in equation 9.

As well, because M 3, yc/yo may be replaced by the Froude

number F _:
o)

. yC
F~ = (;;) (12)

Aiso, the term yo/SO can be expressed as LO. This reduces

the function to: ) ' A

-G [n, N, F] - (13)
(o]

x|

The'experimeh;al results were plotted‘wiﬁh y/yo versus
'i/Lo where X is the horizontal distance ﬁeasured downstream
from the section where the (verticél) dépth y is equal to
1.05 yg for M1 curves and 0.95 y for M2 curves, and L, is
yo/So. Even for the largest slope of 15%, the differghce

between longitudinal and horizontal distances was less than

2%; ﬁ\wizontal'distances were used for convenience. From

N
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Fig. 25 it can be se;n that the results are well described
by two curves, one for M1 profiles and one for M2 profiles.
This shows that the relative distance ;/LO is a strong
function of the'felative depth y/&o, at least for this
specific geometry. The variation of §/LO with N and Fo is
lost in the scatter of the experimental results, therefore
they are assumed to much less importanf than y/yO in
dete;hiﬁing the shape of the profile, at least for the range
of N and FO studied. The values.of N and Fo did not Qagy

greatly for these experiments. Table 2 shows that N ranged

from 2.035 to 2.176 and F_ ranged from 0.198 ‘to 0.518.

4.3 Submergence of Fishway Eﬁtrance

Even though fish may pass thfouéh the fishway during
uniform flow condifions,.they may be blocked from entering
the fishway 1f an M2 profile occurs in the fishway. To show
wvhat ocgcurs iﬁ this situation, valugé of y /y. were plotted
against yd/yé“in Fig. 26(a),‘where the critical dépth in the

slot, y_, is defined by:

2

(14)

<
0w
n
ONF)N

.gb

. This collapses the»data from various diséharges onto the
same curve, Fig. 26(b) éhows all the results from thé
experiﬁents,done/on’Desiéns 1 and 3. Each design appears to
have a separate curve, wiih each curve varying‘slightly with

R
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slope. For wvalues of yd/yC less than about’ 0.5, yu/yC is
independant of yd/yC in both designs. As the tailwater level
rises abo%g this point, the pool depth increaaqs and the

head drop across the slot decreases.

4.% Velocity Profiles in the Slots
The maximum velocity in each slot, u,. was equal to the
: : / ,

velocity of the lower uniform zone of that slot (Fig. 10).

Bernoulli's equation: '“)

(13)

is used to approximate the slot velocity, V where p isythe

2’ ot

pressure.and h is the height above a datum. On the water

surface, the pressures, P, and pé upstream and downstream of
the slot, are zero and the losses are assumed to be

negligible. Making‘hfh2 equai to Ah, eguation 15 reduces

to:

V, = VZgBh ¥ V- ' . ¢ T (18)

1f the upstream velocity is small and v, is taken/éé Un then

'equation 16 can be approximated as:
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u_ = y2gAh (17)

’

. Fig. 27 shows u, Pplotted against Ah. The Yalues for U fall
slightly below the curve described by the equation 17,
probably because the incoming Veloeity, Vi is not
negligible. Equation 17 gives a good upper bound for uo and
may be used to approximate slot velocities from Ah's.
A

4.5 Circulation in Pools

The flow in the fishway oan be described as a confined
three-dimensional turbulent jet. When the water flows ~
through the slot, the surface dlps as the jet plunges into
the pool (Fig. 15). It is underneath this dip that the |
maxinum veloéities in the pool occur (Fig. 21). After this
peint, the maximum velocity of the jet decfeeses as it flows
through the pool and the jet Spreads (Fig. 28). The jet
seems to spread more on the surface than on the bottom, at
least for the more detailed measurements in Design 1’(Fig;
19). The water in the pool is entrained by the Jet as it
enters the pool, but becauseuthe same dlscharge leaves the
pool as enters it (sﬁbad} flow7 " the excess’ dxscharge_ ff/“
" entrained by the Jet is tqrned back 1nto the pool as the 3et ﬂ“j
enters the downstream slot/ Tn;s Sets Up one or two edd1es f an
in the pool depend1ng on whether the Jet flows along a Wall _
tor through the mlddle of the pool (Fxg. 22) Flgure 16 shows;'i

th1§ c1rculat10n in detazl for De51gn 1. Th1s backflow 1s
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much slower than the flow in the main jet (Fig. 19). Enefgy
is dissiPated due to the turbulent mixing between the jet
and these eddies. This is qonly a gualitative analysis, more
"detailed velocity measurements must be made to perform a
guantitative analysis of this complex three-dimensionahﬁg

A

flow.

' 4.6 Energy Dissipation i

To get a measure of the rate of energy dissipation, «,

in each pool, the equation:

.

_ QyaAh 3 (18"

Kk = 18)
BLyO

[N

was used, whereaQ is the discharée, Ah is the head drop into
the pool ‘under consideration, Yo is the avefage pool debth
and B and L are the pool width and length respectively. In
this equation, it is assumed that the energy is cqmpletely
dissipated ih the pool and there is no carry-over into the

. hext pool. For unlform flow condltlons, the energy

»dissipatibn rate per unlg volume, x should be relatively

constant fofﬁgimilar Lopes. Table 1 shows that this 1s the.
case. The value of % - -gives some 1nd1cat10n of how turbulent>'

'the f%pw 1s 1n a pool A hxgh value for K would suggest that

*athe flow is very turbulent No quantltatlve turbulence \¥:¢ {;4,
N e e : T

measuremeﬂts have been ﬁf&e yet,f@b a defxnlte relat1onsh1p

LR
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- maximum allowable energy -dissipation rate be 0.19 1‘kw/m§

>N, 2 8
é‘arx

(
ftlb/s-ft3). For uniform flow, Designs i, 2, and 4 exc?eded

pahis rate at a 10% slope. Design 4 had rates lower thah this
“allowable rate at a slope of 5.6% while Design.3 exceeded_it

<at'a.slope of 15.2% (Table 1). The energy dissipatioh rates

for some non-uniform cases are given in Table 4. They range

from 0.007 kw/m3 for”smail drops in head to 1.32 kw/m3 for
large drops in head. Eguation 18 may be used to find a |
minimuﬁ pool volume for a certain head drop, so as not to

excegd'a maximum level of turbulence.

)

L 4,7 Discharge Coefficient

Andrew and Clay (1961) have defined a discharge

coefficient, Cd' for the slot with the eguation:
}

-Q = C4(b,y)v2gah | ' (kg)

“where y 1s the depth of flow on the upstream 51de .of -the

C
slot (Flgf 29). Discharge coefficients were calculated for -

yariéus discharges and tailwater levels for Designs 1 -2,

ahd 3. Tﬁbles 5, 6, and 7 llSt the data used to calculate
'\\

‘these dlscharge coefflclents. ‘The average ‘values of’ Cd for

Des1gns 1, Zw and 3 were 0.71, 0.64, and 0. 57 respectlvely.
The values ﬂﬁ Cd tended to be lower for smtuat1ons WIEE high

Ah and log_depth.
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Discharge coefficients were calculated for the uniform
flow data as well (Table 1). Figure 30 shows Fa plotted
against yo/bo. All the different designs shoﬁéd an increase
in Cd'with an increase in yo/bo. The two designs tested at
high values of yo/bo,vDesigns 3 énd 7. showeq a t;qnd towatd
a constant Cd Qf about 0.60 as yo/bO increased. Designs 1
and 2 have*ca
from 0.3 to 0.6, Design 4 from 1.05 to 1.35, and Design 6

ranging from 0.6 to 0.8, Designs 3, 5, and 7-

from 0.55 to 0.7. For the Héll's Gate Design, Andrew
obtained an average value of 0.76.for.Cd. Equation 19
describes the flow through the slots rather than the flow
throﬁgh the pools. It is more general in that it will handle
both uniform and non-uniform flow conditions but has the
limitation that bd varies with the depth and head drop. As
Qell, it does not relate the depths and Ah's of the various
pools to each other but only defines the flow though an

individual slot.
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flow rate, Q

5. Conclusions and Recommendatiofns

5.1 Conclusions
"It was felt that the present day knowledge of the
hydrauliés of vertical slot fiShways was incomplete. This

R}
experimental study was undertaken to gain insight into the

hydraulics of the conventional type vertical slot fishway

and also to develop simpler designs for the baffles.’Seven
slot designs were tested, including more detailed studies of
the Hell's Gate slof configuratidn; Depths, head drops,
velocitigs, and flow patterns were recorded and analysed.
Based on these results, a conceptual idea of uniform
and non-uniform flow states has been developed. For this
idealized uniform flow state, using a simple analysis and
the experimental results, a calibration or rating curve has
been developed for each design-ifi"terms of the dimensionlesé
,+ and the relative depth of flow, yo/bb. It was
found that each of these designs had a linear rating curve.
For non-uniform flow, general M1 and M2 surface profiles
have been developed using the Bakhmeteff-Chow method as a
guide. As well, the submergence of the fishway entrance by

the tailwater has been studied. It was found that when the

"tailwater was below half of the critical depth in the slot,

the pool depths were not affected by a change in the
tailvater level. c
The jets formed in the slots were also studied. The

maximum velocity in a slot was found to-vary directly with

30
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the square root of the head difference across that slot.
This velocity was independant of depth and was essentially
constant for all depths below the lower pool surface. The
flow patterns in the pools cgnsisted of a coherent jet
issuing from the slot with lower velocity eddies taking up
the remainder of the volume. Energy dissipation rates and
discharge coefficients were calculated for various
experiments. The energy dissipation rates per unit volume
were higher for pools with high head drops and low tailwater
levels. The énergy dissipation rate per unit volume is an
‘indication of the level of turbulence in a pool. Discharge
coéfficients varied considerably from pool to, pool depending
on the depths and\head differences.
T

5.2 Recommendationg

A number of retommendations for further research'on |
vertical slot fish&éys can be made. Fi;sf of<all,'morg
detailed measurement of the flow structu;é for various
baffle designs may bexpelpful in identifyjng the flow types
which are mogg attféctive to fish. As well, numerical
analysis could be appl1ed to the flow in the fishway to
predict the best slot arfangement both in terms of energy
d1551pat1on and attractlv?ness to fish, Variations in length
and wxdth of the pool in Qbrms of the slot w1dth should also

be studied. These studzes are best done in a hydraul1cs

laboratory. e \» /
. ' \
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Field studies are also necessary in evaluating the
performance of fisﬁways in passing various fish species.
Biological studies as well as hydraulic studies should be
carried out in the field. When biological studies are done,
"slot velocities and flow depths should be recorded as well,
In this way the various biological and hydraulic data can be
pieced together to give a more complete pictufe of vertical

slot fishways.
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“ TABLE 3: Rating Curve Constants for Various Designs

L J

Design Slope Intercept Correlation

D Coefficient .
A $
1 3.77 ~1.11 0.998
. 2 3.75 -3.52 0.998 - 1

3 2.84 -1.62 0.998

4 5.85 +0.67 0.995

5 2.7 -0.52  0.999

' 6 ——==  meme- ==
) 7 2.91 -3.22 0.997



Energy Dissipation Rates’

305B0.33N2.65

022

43

Table 4: (kW/cu.m)
Pool Pool Pool Pool
1 2 3 T4
Experiment :
105B1.67N0.00 0.423 - 0.552 0.649 1.021
105B1.67N0.44 0.378 0.490 0.557 0.786
105B1.67N0.62 0.364 0.442 0.45¢9 0.583
105B1.67N0.92 0.283 0.306 0.309 0.331
105B1.20N0.00 0.356 0.395 0.515 0.778
105B1.20N0.43 0.331 0.364 0.451 0.645
105B1.20N0.76 . 0.301 0.325 0.366 0.412
105B1.20N1.14 0.221 0.232 0.219 0.196
105B1.20N1.37 0.177 0.163 0.152 0.138
105B0.66N0.00 0.253 0.296 0.333 0.474
105B0.66N0.39 0.264 0.283 0.327 0.414
105B0.66N1.20 0.207 0.183 0.167 0.134
105B0.66N2.23 0.065 0.047 *0.039 0.025
©105B0.33N0.00 0.203 0.257 0.257 0.289
105B0.33N1.97 0.172 0.151 0.094 0.058
105B0.33N3.40 0.054 0.026 0.014 0.0M1
* 205B1.67N0.05 0.546 0.744 0.929 1.322
205B1.67N0.42 0.561 0.730 o843 1.107
205B1.67N0.58 0.509 0.658 0.681 0.860
205B1.67N0.87 0.440 0.495 0.525 0.504
205B1.20N0.04 0.350 0.462 0.559 0.841
205B1.20N0.37 0.341 0.450 0.525 0.834
205B1.20N0.66 -0.327 0.446" 0.462 0.564
205B1.20N0.99 0.267 0.305 0.303 0.302
205B1.20N1,18 0.207 0.214 0.201 0.182
205B0.66N0.03 0.185 0.235 0.246 0.332
205B0.66N0.34 0.182 0.234 0.234 0.332
205B0.66N1.04 0.153 0.156 0.157 0.182
205B0.66N1.93 0.051 0.049 0.041 0.036
205B0.33N0.05 0.105 ° 0.134 - 0.129 0.168
205B0.33N1.52 0.093 0.083 0.064 0.044
205B0.33N2.63 0.029 0.019 0.012 0.007 .
305B1,41N0.36 0.480 0.478 0.673 0.898
305B1.41N0.60 0.458 0.407 0.584 0.659
"305B1.41N0.93 0.370 0.251 - 0,378 0.340
305B1.20N0.36 0.345 0.374 . 0.501 0.644.
305B1.20N0.62 0.303 0.357 0.387 0.469
305B1.20N0.94 0.253 0.229 0.282 0.226
305B1.20N1.05 0.232 0.183 - 0.247 - 0.175
305B0.66N0.32 0.1721 0.204 0.240 0.297
305B0.66N0.97 0.141 0.148 0.146 0.131
305B0.66R1.91 0.053 0.047 0.037 0.024
305B0.33N1.45 ~0.083 0.075 0.066 0.037
0.029 0. 0.013 ©0.007
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Design7

Fig. 4 Baffle geometry - all designs.
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Fig.

7

Variation of popl depth with distance.
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Variation of Ah with distance.
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Fig. 9

Effect of tailwater on pool submergence.
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« Velocity profiles in the slots'- Design 1.
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‘Water surface contours.
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\ Circulation patterns (horizontal) for Design 1.
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Fig.. 17 Cireulation patterns (vertical) for Design 1.
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Fig. 19 Velocity contours in{pool 2.
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Variation of yu/yC against yu/yc.
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O

Q = C4 (bgxy) N2gAh

b= slot width; Ah = differential head
between adjacent pools

y = depth of flow at slot (on upstream side)

Fig. 29 Definition sketch for the discharge
' , o coetficient,‘cd.‘
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