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From the biological point of view, fishways are structures that enable fish to continue
their migration past obstructions. In terms of hydraulics, fishways are energy dissipat-
ing structures. One of themost effectivefishwaysin energy dissipationisaDenil fishway.
This paper presents the most important results of the studies on Denil fishways carried
out at the Hydraulics and Water Resources Engineering Laboratory at the University of
Oulu. The studies were focused on Denil fishways with wide relative baffle width (B/
b = 2). Dimensionless discharges for Denil fishways with B/b = 2 are higher for the
same water depth than for the standard Denil reflecting higher water velocities in the
cross section. The dimensionless discharge curves for the standard Denil and for de-
signs with different baffle angles are quite close to each other. The experiments show,

however, clear trends in using different baffle angles to the bed.

Introduction

Biologically speaking, fishwaysare special struc-
tures built in connection with weirs and other ob-
structions to enable fish to continue their migra-
tion. Hydraulically speaking, fishwaysareenergy
dissipating structures. One of the most effective
fishway types in energy dissipation is the Denil
fishway. It consists of achannel containing sym-
metrical closely spaced baffles (or fins, or vanes)
on the side wall and the floor. The baffles con-
duct a part of the energy of the main flow to the
walls and to the bottom of the channel. This ar-
rangement provides considerable energy dissipa-

tion and establisheslow velocity flow in the cen-
tral zone of the fishway.

Denil fishway wasfirst conceived by G. Denil
in 1908. The intricacy of the origina design led
to the development of simpler versions of this
fishway. In England, the Committee on Fishpasses
gave general design criteriafor plain Denil fish-
ways already in 1942. Nowadays, this design is
considered as the standard Denil, and in many
studieson Denil fishways, theresultsobtained are
compared to the hydraulics of the standard de-
sign. The most advanced studies have been car-
ried out at the University of Alberta, Canada,
wherethe studieson Denil fishways started in the
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early 1980s. Special interest has been paid on the
hydraulics of the standard Denil fishway, and the
hydraulic characteristics of modified structures
have been compared to those of the standard struc-
ture (Katopodisand Rajaratnam 1983, Rgjaratnam
et al. 1987, Katopodis et al. 1997).

This paper is based on the experimental stud-
ies on the hydraulics of Denil fishways carried
out at the Hydraulics and Water Resources Engi-
neering Laboratory of the University of Oulu. Di-
mensional analysisis based on experiments and
the results are compared to the hydraulic charac-
teristics of Denil fishways defined at the Univer-
sity of Alberta.

Standard design of plain Denil fish-
way and the main characteristics of
the flow

The standard design of a Denil fishway consists
of arectangular channel with a total width B of
0.56 mand aclear central widthb of 0.36 m(Fig. 1).
It has a set of bafflesinclined at an angle (= 45°
(against the flow) with the perpendicular height
k" (to the crest of V) equal to 0.13 m. The water
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Fig. 1. A schematic repre-
sentation of a plain Denil
fishway with definitions for
dimensions. For standard
design, B =056 m, b =
0.36m,a=0.25m, k=K =
0.13 mand = 45°.

depthsin aDenil may vary even equal to 5 times
b (or 1.8 m). Slopes of the flumes are as high as
33%, but most commonly 20% or less (Katopodis
etal. 1997). Thedimensionsof the standard Denil
fishway can a so be expressed asrel ations between
total width B, clear opening b, baffle spacing a,
and height k” as B:b:a:k” = 1.5:1.00:0.69:0.36.
The flow in a Denil fishway consists of two
interacting parts, namely, of the main stream in
the central portion of the channel and of a series
of systematic latera streams, each one correspond-
ing to aside pocket created by baffles. Thereisa
very extensive mixing between the predominantly
undirectional main stream and thelateral streams.
The baffles direct the water of the main stream
into the side pockets where large circul ation pat-
terns are set up; subsequently, the water is redi-
rected to strike and to counteract the main stream.
Theflow isvery turbulent and air entrainment is
considerablethroughout theflow. Themain stream
is characterized by symmetry, strong surface un-
dulations, and sizable, systematic, and periodic
water level fluctuations. The lateral streams are
symmetric, homologous and isodynamic when
compared to one another. Theinteraction between
the main stream and the lateral ones providesthe
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Fig. 2. Study arrangements and water circulation: (1)
collection tank, (2) equalizing flume, (3) head tank,
and (4) tail tank.

main mechanism for transferring mass and mo-
mentum, and producing considerable turbulence
and energy loss. In the Denil fishway, the water
mass on the surface is fast moving and reason-
ably smooth. The water level in the side pockets
is lower than in the main stream. Spiral motion
forms in the side pockets around an axis parallel
to the vanes (Katopodis and Rajaratnam 1983).

Experimental arrangements and ac-
complishment of the research

Laboratory and field studies on the hydraulics of
Denil fishways have been carried out at the Uni-
versity of Oulu, Finland, since 1993. All the stud-
ies have been conducted for practical purposesin
close connection to the design process of the Iso-
haarafishway at the Kemijoki, ariver in northern
Finland. Thisproject haslargely defined therela-
tivedimensionsof themodel and directed the stud-
ies. When possible, thehydraulic function of scale
model s has been compared to that of prototypes.

The basic experimental arrangements are
showninFig. 2. Water was pumped from the col-
lection tank into the equalizing flume and con-
ducted from there through the head tank with a
well-designed inlet into the model and through
thetail tank back into the collection tank. A sim-
pletilting arrangement was used to set the model
on any desired slope. Discharge was controlled
by valves. The walls of the flume were made of
polycarbonate plates and the baffles of plywood.

Discharges were determined by volumetric
measurements and confirmed afterwards with a
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Fig. 3. The dimensions of the baffles in the model.

magnetic flow meter. Water depths and veloci-
ties were measured at the centerline of the flume
in the middle of the baffles perpendicular to the
bottom. The water depths were measured from
the bottom of the flume by using aruler. For di-
mensiona analysis, the mean depths were trans-
formed into depths from V. Time-averaged ve-
locities were measured paralel to the flow by
using a current meter with a propeller of 8 mm
surrounded by an external ring of 11 mmindiam-
eter. Discharges, water depths, and water veloci-
tieswere measured several timesto minimizethe
effects of fluctuationsand mean valueswere used
in analysis.

Flume and baffle dimensions were the same
in al the experiments with B/b = 2, a/b = 1.17,
and @ =45° (Fig. 3). Theratio B/b =2 waschosen
for the experiments because it has been used asa
default parameter in the Isohaara fishway. The
studies were made with different slopes and dis-
charges. Because of the poor pump capacity, only
small values of relative water depths could be
reached.

First, the main characteristics of the flow in
Denil fishways with B/b = 2 were determined.
Velocity distribution along one baffle was meas-
uredinorder tofind out wherein thereduced cross
section the maximum velocities locate (Fig. 4).
After that, several modifications were studied to
solve the problems in existing fishways. The ef-
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Fig. 4. Measuring points in the baffle opening (dimen-
sions along the baffles, in millimeters).

fect of baffle spacing was studi ed because the baf -
fle spacing used has been larger than in the stand-
ard Denil fishway. Also, thebaffle anglesin many
existing fishways have been noticed to deviate
from the designed 45 degrees, ranging from 40 to
50 degrees. While no references were found on
the hydraulics of other than the 45-degree baffle
angle, the effect of different baffle angles to the
bottom also needed to be studied. Degrees of 40,
45 and 50 were chosen for closer studies.

For all the experiments, water depths and ve-
locity distribution were measured in the region of
fully devel oped flow and in addition in the upper-
most region for the experiments on baffle angle
and baffle spacing. Rajaratham and Katopodis
(1984) point out that the velocity distribution in
the central plane of a standard Denil isfully de-
veloped after a short distance from the water in-
let. Thisis due to considerable resistance caused
by the baffles which brings about an extremely
turbulent flow asthe water entersthefishway from
the head tank.

Analyses and comparison

In fishways, basically the same structure in dif-
ferent scaleis suitable for different sites and pur-
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poses. If geometric symmetry between structures
exists, the structures operate under the same hy-
drauliclaws. In such cases, dimensionless param-
eters are useful. With dimensionless parameters,
structures of different scale can easily be com-
pared. Dimensionlessparameter isthedimension-
lessrelation of factors that affect in dynamically
similar systems. In fishways, dimensionless pa-
rameters are valid for different slopes and dis-
charges, and actual discharges and water depths
can be calculated by substituting the fishway di-
mensions in equations for dimensionless param-
eters.

Denil fishways have been studied intensively
at the University of Alberta, Canada. The studies
have included both the standard Denil fishways
and Denil fishwayswith modified baffle spacings,
modified ratios of free opening to channel width
and different heights of the upper part of the bot-
tom baffle. Hydraulic function of modified Denil
fishways has been compared to that of the stand-
ard Denil fishway. The results obtained on Denil
fishways with varying geometry have been gath-
ered by Katopodis et al. (1997).

Rajaratnam and K atopodis (1984) introduced
adimensionless discharge Q. for standard Denil
fishwaysto be used for awiderange of discharges
and slopes. Therelation between Q. and Q is

- Q

MR @

where Q. = dimensionless discharge, Q = dis-
charge in fishway, g = acceleration due to grav-
ity, § = bed slope of fishway, and b = free open-
ing.

Similarly, dimensionless velocity u. can be
defined as

u
‘= o @

where u istime-averaged longitudinal velocity.
For dimensional analysis, avelocity scaleu’,
for Denil fishwaysisdefined asthevelocity uat a
relative depth y/d = 0.75, wherey isnormal water
depth from the V notch and d is the depth of flow
perpendicular to the bottom (Katopodis 1983). It
is used for determining dimensionless velocity
scales and normalized vel ocity profiles. Normal-
ized velocity profiles describe the velocity distri-
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butioninthecenterline of thefully developed flow.
Dimensionlessdischarges can betransformedinto
fishway discharges and dimensionless velocity
scales into velocities at the depth of y/d = 0.75.

Dimensionless discharge curve, dimen-
sionless velocity scale and normalized ve-
locity profile for standard Denil fishway

For the standard Denil fishwayswith therelation
B/b equal to 1.56, an equation for dimensionless
discharge Q. isintroduced as

Q. = 0.94* (d/b)2° A3)

where d/b is normalized water depth (Katopodis
and Rajaratnam 1984). Katopodis et al. (1997)
suggested that Eq. 2 can be applied for Denilswith
varying geometry within the limitsof 1.5 <r, <
2.4,0.78<rgz<2.34,055<r,<1.90andfor d/b
<25,0.78<r,<1.27, where

6, @, 6
(3) (5), " (%)

with the suffix s denoting the respective valuein

standard design of Denil fishway.

Dimensionless velocity scale u. for standard
Denil fishway can be described by equation

U = 0.76(Q.)°% 4

Normalized velacity profilesfor standard De-
nil fishways for different dimensionless depth
ranges d/b can be described with Egs. 5, 6 and 7
(Katopodis et al. 1997):

_ DVD
— 055+14EHD (5)
for d/b from0.7to 1.1
oyl
" _035+16EHD (6)

m

for d/bfrom1.1.to 2

—=150+134-2¢ yd” ™

m

for d/b from 2t0 5.3.

o 157
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Fig. 5. Dimensionless discharge curves for B/b = 2
with different ratios of a to b.

Dimensionless discharge curves, dimen-
sionless velocity scales and normalized
velocity profiles for Denil fishways with
b/b of 2.0 and different ratios of a/b

The most important parameter that affectsthe di-
mensionless discharge and velocity curves for
Denil fishwaysisbaffle spacing (Katopodiset al.
1997). As the baffle spacing increases in Denil
fishways, the latera streams become less effec-
tivein slowing down the main stream. In the stud-
ies at the University of Oulu, the values describ-
ing the deviation from standard Denil werer, =
0.820rr,=1.63,r;=0.89,r,=1and 1<d/b<25
for all discharges

Thesevaluesfall withintherangewhere Eq. 3
is valid. Thus it should be applicable to al the
studied designs when analyzing the results. Plot-
ting al the curvesfor dimensionless dischargein
the samegraph, it can be seen that they are almost
paralel to each other (Fig. 5). The difference in
the curve created at the University of Oulu could
be explained by the narrower range of depth ratio
d/b. The curvesindicate that at the same relative
depth d/b, dimensionless discharge is higher for
other thanthe standard design (Fig. 5and Table 1).
This means that for the same discharge, veloci-
tiesin the same cross section are higher, ascan be
seen from the curves of normalized velocities
(Fig. 6 and Table 2).
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Fig. 6. Dimensionless velocity curves for B/b = 2 with
different ratios of a to b.

Katopodiset al. 1997 stated that increasing B/
b from 1.56 to 2.0 does not affect the normalized
velocity profiles to any noticeable extent. Thus,
most likely, Eq. 6 should describe the normalized
velocity profilefor all thestudied designs, if noth-
ing else affects them. On the other hand, velacity
profilesfor designswith r,> 1.5 depart from that
of the standard Denil (Katopodis et al. 1997).
Normalized velocity profilesfor experimentswith
baffleangles40° and 45° areplotted in Fig. 7 with
the delineator of Eq. 6. There seemsto be only a
dlight difference when compared to the delinea-

Table 1. Curve definitions for Fig. 5.

Curve a/b Q- Defined at

1 2.58 1.61(d/b)**  University of Alberta
2 1.17 1.32(d/b)*™  University of Oulu

3 0.91 1.35(d/b)*" University of Oulu
Standard

Denil 0.72  0.94(d/b)>*  University of Alberta

Table 2. Curve definitions for Fig. 6.

Curve a/b u. Defined at

1 2.58 1.37(Q)°?°  University of Alberta
2 1.17  1.10(Q)***  University of Oulu
3 0.91 0.84(Q.)%®  University of Oulu
Standard

Denil 0.72 0.76(Q.)°%*  University of Alberta
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tor for the standard Denil. The few values that
deviate from the main trend are values for small
dimensionless discharge Q. (lessthan 1.5). Most
likely, thedifferencesin normalized vel ocity pro-
files are due to larger baffle spacing and exces-
sive baffles should bring the normalized vel ocity
profile closer to that for the standard Denil.

Velocity distribution in the cross section
of fully developed flow

Velocity distributioninthe Denil flumewas meas-
ured along one baffle. Results are plotted by ver-
tical and horizontal measuring axes (Figs. 8 and
9). The highest velocitiesin the cross section of a
Denil fishway are not located in the centerline but
on the sides. The location of the highest veloci-
ties can be explained by the formation of vortices
in the side pockets: water flows from the main
stream with accel erating speed into the side pock-
etswherethewater level islower thaninthemain
stream.

The velocities are not distributed symmetri-
cally to the mid-axis C-C. Thisisespecially true
for lower values of d/b (less than 1.3) and for
steeper slopes. This is probably due to the non-
uniform flow in the fishway.

Denil fishways with different baffle
angles

The effect of baffle angle to the bottom was stud-
ied by using 40-, 45- and 50-degree angles. Si-
multaneously, the effect of baffle spacing was
studied by dividing the uppermost spacingsin half.
The excessive baffles were removed one by one
starting from the lowest one. Water velocity, wa-
ter depth and discharge measurementswere made
after every changeinthestructure. Different struc-
tures were named according to the baffle angle
and the number of divided spacings (Table 3).

Dimensionless discharge curves for Denil
fishways with different baffle angles

With equal water depths, the dimensionless dis-
charges for Design 450 with B/b = 2.0 were al-
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For Design 500, with equal water depth, the dis-
charges were dightly lower than for the standard
Denil athough the difference can be regarded as
negligible. For Design 400, the measured dis-
chargesfor equal water depthswith all discharges
and dopeswerehigher than for the standard Denil.
In other words, with the same discharge, themean
velocitiesin the centerline are lower for Designs
500 and 450 than for Design 400.

The dimensionless discharge curves for the
standard Denil and for designswith different baf-
fle angle do not differ very much. A clear trend,
however, can be noticed for Design 400.

Normalized velocity profiles for
Denil fishways with different baffle
angles

Normalized velocity profileswerebuilt for all the
designs and the curves were compared to that for
the standard Denil (Fig. 11). As stated earlier, it
was found that for Designs 400 and 450, the nor-
malized velocity profiles are of the sameform as
for the standard Denil, only the normalized ve-
locities are dlightly greater. For Designs 450 and
400, equation

u_ oy

m

Normalized velocity profile for Design 500
could better be described by equation

u_ yo
— =130 +1.l§—a[} (9)

m

It can be noticed that the velocity distribution
for Design 500 was vertically more even at the
centerline than for the other designs.

Table 3. Names and description of the designs and
design series.

Design Design Baffle Number of
Series angle uppermost
spacings divided
40 40° free
400 40° none
401 40° one
402 40° two
403 40° three
45 45° free
450 45° none
451 45° one
452 45° two
453 45° three
50 50° free
500 50° none
501 50° one
502 50° two
503 50° three
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The effect of excessive baffles

In Denil fishways with B/b = 2, flow develop-
ment is not as fast and energy dissipation not as
effective asin Denil fishways with B/b less than
2. In addition, in Denil fishways with B/b = 2,
velocity distribution in the centerline is greatly
affected by the discharge. The velocity distribu-
tion for low discharges deviates from that of the
standard Denil which worsens the operation of
the fishway. For the studies, it was assumed that
excessive baffles in the uppermost region of the
fishway would improve its hydraulic function.

The nature of the velocity field in the upper
part of the Denil fishway with B/b = 2 and baffle
angles of 40°, 45° and 50° were studied by meas-
uring the vertical distribution and the magnitude
of the velocity u (time-averaged) in the direction
of the centerline of the fishway. Measurements
were madein the uppermost region of thefishway
in several cross sectionsin the middle of the baf-
flesand in several depths.

Dividing the uppermost baffle spacings in-
creasesthe flow friction for Designs 400 and 450
which can be seen as higher water depths at the
same discharges (Fig. 12a and b). For Design
Series 50, there is practically no noticeable dif-
ference (Fig. 12c). For al the designs, the effect
isclearer with higher discharges. For practica pur-
poses, this means that adding excessive bafflesis
advantageous with higher discharges for designs
with baffle angle less than 45° because this in-
creasesthewater depthsin thefishway. Thestud-

ied discharges were, however, reasonably low.

Excessive baffles in the uppermost spacings
decreased the scatter in the normalized velocity
profilesfor all the designs, in exception with the
smallest dimensionless discharges (Fig. 11). For
Design Series 40, excessive baffles brought the
normalized velocity profile closer to that of the
standard Denil.

Dividing the uppermost baffle spacings in-
creases the flow friction in the uppermost region
of the Denil fishway, thus accelerating the flow
development. Thisresultsto higher water depths
in the fishway (Fig. 12). Velocity distribution in
the centerline of the fishway approaches that of
the standard Denil fishway (Fig. 11).

Conclusions

Thehighest vel ocitiesin the cross section of Denil
fishways are not located in the centerline but on
the sides. The velocities are not distributed sym-
metrically to the mid-axis because of the non-uni-
form flow in the fishway. Thisis especially true
for lower valuesof d/b (lessthan 1.3) and for steep-
er slopes.

Thecurvesfor dimensionlessdischargefor the
studied designs and for the standard Denil were
noticed to be amost parallel to each other. En-
ergy dissipationin Denil fishwayswithB/b=2is
not as effective and flow development is not as
fast asin Denil fishwayswith B/b lessthan 2. Di-
mensionless discharges for equal water depth are
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Fig. 11. Normalized veloc-
ity profiles for Designs (A)
400 and 403, (B) 450 and
453, (C) 500 and 503.
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higher for Denil fishwayswith B/b = 2 than for the
standard Denil reflecting higher water velocities
in the cross section. Thereis only a dlight differ-
ence in normalized velocity profiles when com-
pared to the delineator of normalized vel ocity pro-
filesfor the standard Denil. Differencesin normal-
ized velocity profiles are most likely dueto larger
baffle spacing. In Denil fishways with B/b = 2,

Series 45, (C) Design Se-
ries 50.

velocity distributionin the centerlineisgreatly af -
fected by the discharge. For lower dischargeswith
d/blessthan 1.3, velocity distribution deviatesfrom
that of the standard Denil.

The dimensionless discharge curves for the
standard Denil and for designswith different baf-
fle angles are quite close to each other. Only for
the designs with baffle angle of 40° to the bot-
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tom, the dischargesare higher with the samerela-
tivewater depth d/b. Normalized vel ocity profiles
for designs with baffle angles of 40° and 45° dif-
fered only dightly when compared to that of the
standard Denil. The few valuesthat deviate from
themain trend arethevaluesfor small dimension-
lessdischarge Q. (lessthan 1.5). Thevelocity dis-
tribution for designs with baffle angle of 50° is
vertically moreeven at the centerlinethan for other
designs.

Flow friction increases in the uppermost re-
gion of Denil fishwayswith B/b = 2 and flow de-
velopment accel erates by dividing the uppermost
baffle spacings. Thisresultsto higher water depths
inthefishway and vel ocity distributionin the cen-
terline of thefishway approachesthat of the stand-
ard Denil fishway. For designs with baffle angle
of 40°, the effect of excessive baffleswasclear in
all the discharges and for designs with baffle an-
gleof 45° with higher discharges. For designswith
baffle angle of 50°, excessive baffles had no no-
ticeable effect.

The uppermost part of the Denil fishway is
the most difficult for fish because thereisaways
aregion of higher velocities. The shorter the re-
gionisthe easier the exit from the Denil flumeis
for fish. In Denil fishwayswith low relative depth
d/b (less than about one), the flow has alow ve-
locity region of significant thickness (Rgjaratham
et al. 1987). Thus, for higher discharges, exces-
sive baffles seem to be advantageous because they
accelerate flow development in the upper part of
the fishway. Even one excessive baffle may be
enough. The studied discharges were, however,
reasonably low and increasing the water depth
over acertain limit (d/b more than about 3) might
worsen the conditions for fish passage (Rgjarat-
nam et al. 1987).
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Clear trendswere noticed inthedimensionless
discharge curves and in normalized vel ocity pro-
files for designs with different baffle angles to
the bottom when compared to those for the stand-
ard Denil. Thus, new experiments with a larger
range of baffle angles and with wider discharge
variety should be carried out.
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